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摘 要

摘 要
基于格点量子色动力学（Lattice QCD）的研究阐明一种夸克处于解禁闭状

态的全新物质状态——夸克胶子等离子体（Quark Gluon Plasma, QGP）可以在极
端相对论重离子对撞中产生。寻找 QGP形成的信号并深入研究其时空演化和特
性，已成为目前高能重离子对撞研究的核心方向。通过重离子对撞产生的 QGP
存续时间极短，对其性质的研究只能通过 QGP对特定物理过程或粒子产生的影
响来间接实现。在众多用于研究 QGP性质的探针中，重味夸克偶素和双轻子在
产生后可以穿越 QGP并反映 QGP早期性质，是研究 QGP的重要探针。对相对
论重离子碰撞中重味夸克偶素和双电子产生的实验研究，可以为 QGP性质的研
究提供重要的实验依据，具有重要的物理意义。
重味夸克偶素主要在重离子对撞初期于 QGP形成之前的部分子硬散射过程

中产生。在穿越 QGP这一热密介质时，解禁闭的夸克和胶子会屏蔽组成重味夸
克束缚态的正反重味夸克之间的强相互作用，造成相对论离子对撞中重味夸克
偶素产额压低现象，这被认为是 QGP形成的标志信号。重味夸克偶素还可以通
过 QGP中自由的重味夸克和反夸克的重组合产生，与上述屏蔽效应形成的竞争
会给实验上通过重味夸克偶素研究 QGP的性质造成了很大的困扰。由于两种效
应都具有很强的对撞能量依赖，通过研究不同对撞能量下重味夸克偶素的产生，
可以帮助人们更好的理解QGP的性质。本论文测量了 54.4 GeV金核-金核对撞中
J/𝜓 的产额压低效应，并与 SPS能区 17.3 GeV铅核-铅核和 RHIC能区 200 GeV
金核-金核对撞中的测量结果进行对比。实验结果显示，在 17.3 GeV到 200 GeV
能量范围内的核核中心碰撞中，J/𝜓 产额压低效应没有明显的对撞能量依赖关系，
这表明色荷屏蔽效应和重组合效应形成了很好的平衡。我们进一步研究了 J/𝜓 产
额压低的横动量依赖关系，发现不同对撞能量下该横动量依赖关系有很大的差
别。在 54.4 GeV金核-金核对撞中，其横动量谱的上升趋势比 200 GeV金核-金核
对撞中明显得多。由于重组合产生的 J/𝜓 主要集中在低横动量区间，该横动量依
赖的差异从实验上证实了 54.4 GeV能量下重组合效应的贡献明显低于 200 GeV
对撞中的重组合贡献。

J/𝜓 介子还可以通过光核相互作用产生，该过程是研究相对论重离子碰撞产
生的极强电磁场的主要探针。在相对论重离子对撞的初始阶段，以接近光速运动
的带电原子核可以产生 1014−16T的极强电磁场。极强电磁场下的 QED可以产生
许多新奇的量子反常现象，已成为相对论重离子对撞领域一个研究热点，然而
许多研究都集中在寻找 QGP中极强电磁场相关的信号反而对电磁场本身的研究
较少。理论指出该极强电磁场可以等效为一束准实光子，而光子与原子核相互
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摘 要

作用可以产生横动量很低的 J/𝜓。因此，实验上可以通过测量光致产生的极低横
动量 J/𝜓 产额研究极强电磁场的性质。本论文测量了 200 GeV同质异位素对撞
（96

44Ru+
96
44Ru和 96

40Zr+
96
40Zr）中极低横动量下 J/𝜓 介子的产额。这两种原子核的核

子数相同，但电荷数相差 10%，对撞产生的系统除了电磁场强相差约 20%外其
他情况基本相同，是研究相对论重离子对撞产生的电磁场性质的理想实验室。实
验结果发现 96

44Ru+
96
44Ru对撞中 𝑝T< 0.2 GeV/𝑐的 J/𝜓 产额高于 96

40Zr+
96
40Zr对撞中的

产额，两者的比例服从 𝑍2 的标度。我们进一步将结果与 200 GeV 197
79 Au+197

79 Au
和 193 GeV 238

92 U+238
92 U对撞中的结果进行比较，发现将产额用 1

𝑍2 进行归一之后，
其在四种对撞系统中的结果符合得很好。
极强电磁场还可以诱导光子光子相互作用产生正负电子对（双电子），这一

产生过程的截面正比于 𝑍4，因此对相对论重离子对撞过程初始阶段的电磁场更
加敏感。本论文测量了 200 GeV 96

44Ru+
96
44Ru和 96

40Zr+
96
40Zr对撞中极低横动量下双

电子的产额。实验发现 96
44Ru+

96
44Ru和 96

40Zr+
96
40Zr对撞中极低横动量下双电子的产

额比为 1.44±0.18，与基于量子电动力学的计算结果相符合。本论文还将同质异
位素对撞中 60-80%中心度下极低横动量双电子产额和同中心度下金核-金核和
铀核-铀核对撞中的产额进行比较，发现 1

𝑍4 归一的双电子的产额随着 Z的增加
而下降，这可能是由于不同对撞系统的碰撞参数差异造成的。该测量结果为研究
极强电磁场的空间分布提供了重要的依据。本论文还测量了 60-80%中心度下同
质异位素对撞中极低横动量下双电子的方位角调制，观测到了明显的 cos(4Δ𝜙)
调制（3.6𝜎）。该角度调制被认为和真空双折射有关。

关键词：相对论重离子对撞 夸克胶子等离子体 极强电磁场 夸克偶素 双
轻子
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Abstract

ABSTRACT
Lattice QCD calculations reveal that a novel state of matter known as the Quark

Gluon Plasma (QGP), where quarks and gluons are in a deconfined state, is produced
at high temperature or densit, which can be achieved in relativistic heavy-ion collisions.
Searching for the evidence of the QGP formation and studying its evolution and proper-
ties stand at the forefront of high-energy heavy-ion fields. Given the brief lifetime of the
QGP, its properties can only be investigated indirectly, such as by examining the impact
of the QGP on specific physical processes or particle production. Among the array of
probes employed, heavy-flavor quarkonia and dileptons can offer unique insights into
the early-stage dynamics of the collision and QGP’s thermal and transport properties.

Quarkonia are primarily produced before the formation of the QGP through the
initial hard partonic scatterings. As they travel through the QGP, the deconfined quarks
and gluons can dissociate the bound quark and anti-quark state, leading to a suppression
of quarkonium yields in heavy-ion collision, which was envisioned as a “smoking gun”
signal of the QGP formation. Quarkonia can also be generated through recombination
of heavy quarks and anti-quarks in the QGP, acting against the dissociation effect, which
poses significant challenges to inferring QGP properties from measurements of quarko-
nia suppression. As both dissociation and recombination effects are strongly dependent
on the collision energy, investigating the suppression of quarkonia at different energies
can help disentangle the two effects. In the thesis, the suppression of J/𝜓 production
in 54.4 GeV Au+Au collisions is measured, and compared to those in 17.3 GeV Pb+Pb
collisions and 200 GeV Au+Au collisions. The experimental results do not show a sig-
nificant collision energy dependence of J/𝜓 suppression in central collisions from 17.3
GeV to 200 GeV within uncertainties, indicating a balanced interplay of dissociation
and recombination effects. We also report the transverse momentum dependence of J/𝜓
suppression in 54.4 GeVAu+Au collisions. The results show that the J/𝜓 suppression at
54.4 GeV is more pronounced at low 𝑝T region compared to that at 200 GeV, indicating
weaker recombination effect at 54.4 GeV.

The J/𝜓 meson can also be produced through photon-nucleus interactions, which
can be used to study the properties of the initial electromagnetic field during relativis-
tic heavy-ion collisions. In such collisions, charged atomic nuclei moving at nearly
the speed of light can produce a strong electromagnetic field reaching a magnitude of
1014−16 Tesla. Under such strong fields, Quantum Electrodynamics (QED) can manifest
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many novel quantum anomalous phenomena, making it a hot topic in the field of rela-
tivistic heavy-ion collisions. However, while much of the research focus has been on
searching for signals related to intense electromagnetic fields trapped in the QGP, direct
studys of the strong electromagnetic field are relatively scarce. This electromagnetic
field can be equivalently regarded as a flux of quasi-real photons, and the interaction
between photons from one of the colliding nuclei with the other nucleus can generate
J/𝜓 mesons at characteristically very low 𝑝T. Therefore, measuring the yield of such
low 𝑝T J/𝜓 mesons allows us to directly study the properties of the electromagnetic
field at initial stages. In the thesis, the yield of J/𝜓 mesons at very low 𝑝T is measured
in 96

44Ru+
96
44Ru and 96

40Zr+
96
40Zr at 200 GeV. There are same atomic number while the

number of charges are different, which means the electromagnetic field are different be-
tween isobaric collisions. The yield ratios between 96

44Ru+
96
44Ru and

96
40Zr+

96
40Zr collisions

is higher than unity, consistent with the expected 𝑍2 scaling. Further comparisons with
the published results in 200 GeV 197

79 Au+197
79 Au and 193 GeV 238

92 U+238
92 U shows good

agreement among these four collision systems after normalizing the J/𝜓 yields by 1
𝑍2 .

These equivalent photons can also take part in photon-photon interactions. The
cross section for coherent photon-photon interactions to produce 𝑒+𝑒− pairs is propor-
tional to 𝑍4, enhancing its sensitive to the electromagnetic field. In this thesis, we
report the yields of 𝑒+𝑒− pairs at very low 𝑝T in isobaric collisions. The 𝑒+𝑒− excess
yield beyond the hadronic contribution measured in 96

44Ru+
96
44Ru collisions systemati-

cally exceeds that in 96
40Zr+

96
40Zr collisions in all the centralities. The ratio between the

two deviates from unity by 2.4 𝜎, indicating that the initial electromagnetic field in
96
44Ru+

96
44Ru collisions is stronger than that in 96

40Zr+
96
40Zr collisions, which is expected

due to the larger charge number of the Ru nucleus. Comparing the measured results
in 96

44Ru+
96
44Ru and

96
40Zr+

96
40Zr collisions with the published results in

197
79 Au+197

79 Au and
238
92 U+238

92 U collisions, a significant system dependence is seen. After scaling the ex-
cess 𝑒+𝑒− yields with 1

𝑍4 , there still remains a clear collision system dependence for
same centrality, likely due to the impact parameter (𝑏) dependence of photon-photon
interactions. The azimuthal anisotropy for 𝑒+𝑒− at very low 𝑝T in 60-80% centrality in
96
44Ru+

96
44Ru and

96
40Zr+

96
40Zr collisions is also measured, and a significant cos(4Δ𝜙) mod-

ulation (3.6𝜎) is observed, which is believed to be related to the vacuum birefringence.
Theoretical calculations based on Equivalent Photon Approximation can well describe
the results, confirming that the excess yields are very likely originating from coherent
photon-induced interactions.
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Key Words: Relativistic Heavy-Ion Collisions, Quark-Gluon Plasma, Ultra-strong
Electromagnetic Field, Quarkonia, Dilepton
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 The Particles and Interactions

Figure 1.1 The constituents of the Standard Model, including quarks, leptons, vector gauge
bosons and higgs. The Figure is from wikipedia [1]

The vast expanse of the known universe is composed of a myriad of fundamental
particles, each subject to the governance of fundamental forces including electromag-
netic, weak, strong, and gravitational. The interactions among these fundamental parti-
cles, with the exception of gravitational interaction, are encompassed by a theory known
as the Standard Model, which was formulated in the 1970s. This model elegantly en-
capsulates the behaviors of seventeen named particles, delineated in Fig. 1.1. Over the
course of experimental endeavors, all of these elementary particles have been unearthed,
culminating in 2012 when the Higgs boson was discovered by the Large Hadron Col-
lider (LHC). The Standard Model stands as a comprehensive framework, embracing all
known subatomic particles and delineating their intricate interactions. It serves as our
pinnacle understanding, elucidating the interplay between these particles and three of
the fundamental forces. Virtually every experimental observation finds a harmonious
explanation within the bounds of the Standard Model, which also boasts precise predic-
tions for a myriad of phenomena. Rooted in the gauge group SU(3)×SU(2)×U(1), the
Standard Model remains a cornerstone of modern physics.
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Chapter 1 Introduction

The fundamental constituents of matter, as delineated by the Standard Model, are
classified into two main categories: quarks and leptons. Each category encompasses six
particles, arranged into pairs or “generations”. The first generation comprises the light-
est and most stable particles, while the second and third generations consist of heavier
and less stable particles. Stable matter in the universe is exclusively composed of par-
ticles from the first generation, as any heavier particles undergo rapid decay into more
stable forms.

Quarks are categorized into three generations. The first generation consists of the
up quark (𝑢) and the down quark (𝑑), followed by the charm quark (𝑐) and strange quark
(𝑠) in the second generation, and finally the top quark (𝑡) and bottom (or beauty) quark
(𝑏) in the third generation. The 𝑢, 𝑐, and 𝑡 carry +2

3 electric charge, while the others carry
a charge of -1

3𝑒. Quarks exhibit three distinct “colors” and combine in a manner that re-
sults in colorless objects. Additionally, besides electric and color charge, quarks also
possess weak charge, allowing them to engage in strong, electromagnetic, and weak in-
teractions. Although quarks have mass and are susceptible to gravitational interactions,
gravitational effects are typically negligible at the microscopic scale.

Leptons follow a similar pattern, organized into three generations: the electron (𝑒−)
and the electron neutrino (𝑣𝑒), the muon (𝜇−) and the muon neutrino (𝑣𝜇), and the tau
(𝜏−) and the tau neutrino (𝑣𝜏). While the electron, muon, and tau possess an electric
charge and significant mass, neutrinos are electrically neutral and have minimal mass.
Charged leptons (𝑒−, 𝜇−, and 𝜏−) possess both electric charge andweak charge, enabling
their participation in the electroweak interaction. Meanwhile, the neutrinos (𝜈𝑒, 𝜈𝜇, and
𝜈𝜏) only carry weak charge and participate in weak interactions.

In the universe, interactions among particles and matter are governed by four fun-
damental forces: the strong force, the weak force, the electromagnetic force, and the
gravitational force. These forces operate across varying distances and exhibit differ-
ing strengths. While gravity has an infinite range, it is the weakest force. Conversely,
the electromagnetic force, also infinite in range, is considerably stronger than gravity.
The weak and strong forces, effective only over short distances, dominate interactions at
the subatomic level. Despite being weaker than the electromagnetic and strong forces,
the strength of the weak force significantly surpasses that of gravity. Each fundamen-
tal force corresponds to a specific gauge boson: the strong force utilizes the “gluon”
which can be elucidated by QCD, the electromagnetic force, described by the quantum
electrodynamics (QED), employs the “photon”, and the weak force relies on the “W±

and Z bosons”. Above the unification energy, known as the Fermi scale on the order of
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246 GeV, the electromagnetic and weak forces could be merge to a single force, called
electroweak force.

In addition to quarks, leptons, and gauge vector bosons, the Standard Model also
incorporates a scalar boson, referred to as the Higgs boson, to explain the mass of the
other elementary particles (except the photon and gluon). A fundamental issue hinder-
ing the application of a similar approach to the weak interaction in quantum field theory
was the theory’s inability to accommodate particle mass. To address this, the Brout-
Englert-Higgs (BEH) mechanism was proposed. This mechanism consists of two pri-
mary elements: a novel quantum field and a unique technique. The newly introduced
field is now referred to as the Higgs field, while the technique is called spontaneous
symmetry breaking. The Higgs boson is the particle associated with the Higgs field,
and the discovery of this boson can confirm the BEH mechanism and the existence of
the Higgs field.

1.2 The Quantum Electrodynamics

Quantum electrodynamics (QED) stands as the definitive relativistic quantum field
theory governing electrodynamics. It delineates the intricate dynamics of interaction
between light and matter, marking a watershed achievement as the first theory to har-
monize quantummechanics with special relativity in full accord. QED provides a rigor-
ous mathematical framework to encapsulate all phenomena involving the interaction of
electrically charged particles through the exchange of photons, serving as the quantum
counterpart to classical electromagnetism and offering a comprehensive elucidation of
the interplay between matter and light.

From a technical standpoint, QED serves as a highly precise tool for calculating
the probability distributions of particle positions and movements, including massless
entities such as photons. The theoretical calculations in this thesis regarding the photo-
induced production process are based on QED. Next, a brief introduction to the funda-
mental equations and properties of QED will be provided.

1.2.1 Coupling to Matter

a Lagrangian (ℒ) which couples 𝐴𝜇 to some matter fields, could be writen as:

ℒ = −1
4𝐹𝜇𝑣𝐹 𝜇𝑣 − 𝑗𝜇𝐴𝜇, (1.1)
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where 𝑗𝜇 is the function stands for the matter fields, either scalars or spinors. The equa-
tions of motion are expressed as follow：

𝜕𝐹 𝜇𝑣 = 𝑗𝑣,

𝜕𝜇𝑗𝜇 = 0,
(1.2)

which means the 𝑗𝜇 must be a conserved current. While, the Dirac Lagrangian, written
as:

ℒ = �̄�(𝑖��𝜕 − 𝑚)𝜓, (1.3)

has an internal symmetry 𝜓 → 𝑒−𝑖𝛼𝜓 and �̄� → 𝑒+𝑖𝛼�̄� . This leads to the conserved
current 𝑗𝜇

𝑉 = �̄�𝛾𝜇𝜓 . So we could look at the theory of electromagnetism coupled to
fermions, with the Lagrangian:

ℒ = −1
4𝐹𝜇𝑣𝐹 𝜇𝑣 + �̄�(𝑖��𝜕 − 𝑚)𝜓 − 𝑒�̄�𝛾𝜇𝐴𝜇𝜓, (1.4)

where 𝑒 is the introduced coupling constant. The coupling constant 𝑒 also represents the
electric charge of the 𝜓 particle, thus the total charge 𝑄 can be defined as:

𝑄 = 𝑒 ∫ 𝑑3𝑥�̄�(�⃗�)𝛾0𝜓(�⃗�) = 𝑒 ∫
𝑑3𝑝

(2𝜋)3

2

∑
𝑠=1

(𝑏𝑠†

𝑝 𝑏𝑠
𝑝 − 𝑐𝑠†

𝑝 𝑐𝑠
𝑝), (1.5)

which is the number of particles minus the number of anti-particles. For QED, the
electric charge is usually written in terms of the dimensionless ratio 𝛼 as:

𝛼 = 𝑒2

4𝜋ℏ𝑐 ≈ 1
137, (1.6)

QED has set the standard as the model and template for all subsequent quantum
field theories. A prominent example is quantum chromodynamics (QCD),detailed in
the next Section, which emerged in the early 1960s and matured into its present form
during the 1970s.

1.3 The Quantum Chromodynamics

Quantum chromodynamics, commonly referred to as QCD in high-energy physics,
is the quantum field theory that describes the strong interactions. The symmetry group
of QCD is known as color SU(3), with eight conserved charges. Strong interactions are
understood as the collective consequences arising from the interactions of gluons with
both themselves and the quarks described in the Standard Model, organized into three
generations. In this thesis, the strong interaction is one of the focuses of the research.
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The discovery of the neutron as a constituent of atomic nuclei alongside the pro-
ton in 1932 by James Chadwick [2] marked the recognition of strong interactions as a
separate force of nature. Neutrons and protons, collectively known as nucleons, exhibit
an attractive force at intermediate distances. This force is so potent that it overrides the
electric repulsion between protons. A comparison of the relative strengths of the elec-
tromagnetic and strong interactions can be inferred from the typical distances between
mutually repulsive electrons within an atom, approximately 10−10 m, and the typical
distances between protons within a nucleus, on the order of 10−15 m.

Subsequently, a series of theories emerged aiming to describe strong interac-
tions, culminating in the establishment of QCD. The historical journey began with the
Yukawa’s theory in 1935 [3] , proposing that the strong force between nucleons in atomic
nuclei is mediated by the exchange of a hypothetical spinless particle, which Yukawa
named the pion, with mass between protons and electrons and has been discovered later
by experiments. During the 1930s and 1940s, significant strides were made in under-
standing the force between nucleons through the development of non-relativistic poten-
tial models. These models, more flexible than quantum field theories, provided valu-
able insights into nuclear structure, particularly attractive potentials at large distances
combined with repulsive potentials at short distances. Examples include the Paris po-
tential, Bonn potential, and the shell model of the nucleus. However, as relativistic
collisions became experimentally feasible, non-relativistic potentials proved inadequate
in describing them.

The emergence and development of the non-abelian gauge theories since 1953 rep-
resent crucial milestones in theoretical physics. During the summer of 1953, Yang and
Mills broadened the framework of gauge theory from abelian groups to non-abelian
groups. They chose the SU(2) group to elucidate isospin conservation in interactions
governed by strong forces. Other related advancements include the identification of
the quantum number known as strangeness, which led to the development of the quark
model. In 1964, Gell-Mann [4] and Zweig [5] pointed out that the observed pattern of
baryons can be qualitatively explained by assuming that these are composed of three
constituent particles while the mesons contain only two of these. Zweig called the con-
stituents “aces” while Gell-Mann uesd the word “quarks”. Then, Bjorken noted that
if nucleons consist of point-like constituents, the cross-section of 𝑒𝑝 scattering should
adhere to scaling laws in the deep inelastic region [6] . This inference was finally demon-
strated by the scattering experiments carried out by the MIT-SLAC collaboration in
1968-1969 [7] . Later, independently, Bogolyubov, Struminsky, and Tavkhelidze, Han
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and Nambu [8] , and Miyamoto pointed out that certain issues encountered in the quark
model are resolved if the u, d, and s quarks exist in three states. Gell-Mann introduced
the term “color” for this new quantum number. The proposal of color as a global sym-
metry and the observation of “scaling” in deep-inelastic scattering finally established
QCD as the unique explanation for strong interaction.

When the electroweak gauge fields, leptons, and scalars are omitted, the La-
grangian of the Standard Model simplifies to QCD, which can be defined by the follow
formula：

ℒ𝑄𝐶𝐷 = − 1
4𝐹 𝐴

𝜇𝑣𝐹 𝐴𝜇𝑣 + 𝑖 ̄𝑞𝛾𝜇(𝜕𝜇 + 𝑖𝑔𝑠
1
2𝜆𝐴𝒜𝐴

𝜇 )𝑞

− ̄𝑞𝑅ℳ𝑞𝐿 − ̄𝑞𝐿ℳ† ̄𝑞𝑅 − 𝜃𝜔,
(1.7)

The strong force-carrier, gluons, are described by the gauge field 𝒜𝐴
𝜇 in this defini-

tion, which belongs to the color group 𝑆𝑈𝑐(3) and the corresponding coupling constant
is 𝑔𝑠. The term of field strength tensor, 𝐹 𝐴

𝜇𝑣, is defined by:

𝐹 𝐴
𝜇𝑣 = 𝜕𝜇𝒜𝐴

𝑣 − 𝜕𝑣𝒜𝐴
𝜇 − 𝑔𝑠𝑓𝐴𝐵𝐶𝒜𝐵𝒜𝐶 , (1.8)

where the term, 𝑓𝐴𝐵𝐶 , represents the structure constants of SU(3). The compact nota-
tion in the Eq. 1.7 suppresses the labels for flavor, colour and spin: the various quark
flavors are represented by Dirac fields, 𝑞 is from [𝜇, 𝑑, 𝑠, 𝑐, 𝑏, 𝑡], 𝑞𝑅 = 1

2(1 + 𝛾5)𝑞 and
𝑞𝐿 = 1

2(1 − 𝛾5)𝑞 are the right- and left-handed components, respectively. The field 𝜇(𝑥)
contains 3×4 components. The Gell-Mann matrices 𝜆𝐴 act on the color label and satisfy
the commutation relation which is displayed by:

[𝜆𝐴, 𝜆𝐵] = 2𝑖𝑓𝐴𝐵𝐶𝜆𝐶 , (1.9)

the Dirac matrices 𝛾𝜇 operate on the spin index while the mass matrix ℳ takes role in
the flavor space. The constant 𝜃 is referred to as the vacuum angle and 𝜔 represents the
winding number density:

𝜔 = 𝑔2
𝑠

32𝜋2 𝐹 𝐴
𝜇𝑣 ̃𝐹 𝐴𝜇𝑣, (1.10)

where ̃𝐹 𝐴𝜇𝑣 = 1
2𝜖𝜇𝑣𝜌𝜎𝐹 𝐴

𝜌𝜎 is the dual of the field strength.

1.3.1 Asymptotic Freedom and Confinement

Asymptotic freedom stands as a fundamental characteristic of QCD, signifying
that the strong interaction between quarks weakens considerably at high energy scales
or short distances. Following the proposal of quarks by Gell-Mann and Zweig in the
early 1960s, confirmation came from scattering experiments at the Stanford Linear Ac-
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Figure 1.2 The diagrammatic representation of the screening effect of charges in QED [9] .

celerator. This shift in understanding, with hadrons no longer considered the small-
est building blocks, prompted exploration into the nature of quark interactions within
hadrons. It became apparent that quarks hardly interacted when closely situated. The
groundbreaking concept of asymptotic freedom in QCD emerged independently in 1973
through the work of David Gross and Frank Wilczek [10] , as well as David Politzer [11] .
Further validation came from detailed analyses of electron, muon, and neutrino deep
inelastic scattering data at the Stanford Linear Accelerator [12] . These studies revealed
remarkable consistency between experimental findings and the predictions of asymp-
totic freedom, particularly at large momentum transfers (𝑄2>2 𝐺𝑒𝑉 2). This alignment
suggested that quarks inside the hadron behaved as if they were free particles when hit
hard.

The change in a physical coupling constant when the scale changes can be qual-
itatively understood as arising from the interaction of the field with virtual particles
carrying the relevant charge. For example the charge screening occurs in the QED, as
depicted in Fig. 1.2. Close to a charged object, the vacuum becomes polarized: virtual
particles with opposite charges are attracted to the charge, while those with like charges
are repelled. This polarization leads to a partial cancellation of the field at finite dis-
tances. As one approaches the central charge, the influence of the vacuum diminishes,
resulting in an increase in the effective charge.

Similar to the charge screening effect in QED, screening effect also exits in the
strong interaction due to color charges. The excited virtual quark and anti-quark pair,
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Figure 1.3 The lowest order of screening (a) and anti-screening (b) effects among partons
with the color charges.

illustrated in the Feynman diagram in Fig. 1.3 (a), exists in the vacuum. However, QCD
introduces an additional complexity: its force-carrying particles, the gluons, can also
carry color charge. The overall effect of the polarization of virtual gluons in the vacuum
is not to shield the field but to enhance it and alter its color, sometimes referred to as
anti-screening effect, as shown in Fig. 1.3 (b). So, as one approaches a quark, the anti-
screening effect of the surrounding virtual gluons diminishes, leading to a weakening
of the effective charge with decreasing distance, which is the essence of the Asymptotic
Freedom.
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Figure 1.4 The experimentally measured 𝛼𝑠 as function of the energy scale Q. The experimen-
tal points are consistent with the curve obtained from calculations based on QCD. The NLO
is next-to-leading order, NNLO is next-to-next-to-leading order, and NNLO+res is the NNLO
matched to a resummed calculation, and N3LO represents the next-to-NNLO). The picture is
taken from [13] .

At different renormalization scale 𝜇, the effect value of the QCD coupling constant
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𝛼𝑠 changes. The leading order of the perturbative solution is written as:

𝛼𝑠(𝜇) ≈
𝛼𝑠(𝜇2

0)
1 + 𝑏0𝛼𝑠(𝜇2

0𝑙𝑛(𝜇2/𝜇2
0))

= 1
𝑏0𝑙𝑛(𝜇2/Λ2

𝑄𝐶𝐷)
, (1.11)

where the 1-loop 𝛽-function coefficient 𝑏0 = (11𝐶𝐴 − 2𝑛𝑓 )/12𝜋 = (33 − 2𝑛𝑓 )/12𝜋,
the 𝑛𝑓 is the number of “light” quark flavors with mass is lower than 𝜇, the Λ𝑄𝐶𝐷 is
the non-perturbative constant, which is close to 200 MeV from experiment. When the
renormalization scale, 𝜇, is much larger than the ΛQCD, the perturbation approximation
is then vaild. Figure 1.4 presents the values of 𝛼𝑠 at different energy scales from exper-
imental measurements (markers) and the QCD predictions (curves). As we can see, the
QCD predictions show good agreements with the experimental measurements within
uncertainties.

Asymptotic Freedom in QCD corresponds to the behavior of the QCD coupling
constant 𝛼𝑠 at very large momentum transfers (𝑄2 ≫ Λ2QCD), as depicted in Fig. 1.4.
At such scales, the interaction between quarks becomes nearly zero as 𝛼𝑠 approaches
zero. However, when 𝑄2 decreases, or equivalently, at larger distances, another phe-
nomenon in QCD arises known as color confinement. Color confinement describes the
phenomenon wherein color-charged particles like quarks and gluons cannot be individ-
ually isolated and observed directly. As shown in Fig. 1.5, when quarks within a hadron
attempt to separate, the gluon field arranges into narrow strings of color charge, serving
to bind the quarks together effectively. As the distance between quarks increases signif-
icantly, the strong interaction intensifies sharply, leading to a rise in the 𝛼𝑠 parameter.

Eventually, a new quark-antiquark pair will be created by the gluon field from the
vacuum instead of allowing further separation of the quarks. This results in the forma-
tion of new hadrons with quarks still confined within them. Additionally, the existence
of colorless glueballs composed solely of gluons is consistent with confinement, al-
though their experimental identification poses challenges. In such situations, the promi-
nence of higher-order processes renders perturbative QCD invalid. Hence, researchers
resort to methods like Lattice QCD or other non-perturbative approaches to analyze
strong interaction phenomena.

1.4 Quark Gluon Plasma and Phase Transition

According to the color confinement in QCD, quarks are confined within hadronic
matter, forming the color-neutral quark bound states (𝑞 ̄𝑞, 𝑞𝑞𝑞 or ̄𝑞 ̄𝑞 ̄𝑞). However, under
extreme conditions such as increasing density, the quarks and gluons can become de-
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Figure 1.5 The diagrammatic representation of the color confinement in QCD [14] .

confined from hadrons. In such scenarios, the hadrons overlap until each quark finds
itself surrounded by numerous other quarks. Beyond a certain threshold, it becomes
impossible for a quark to discern which other quarks were its counterparts within a spe-
cific nucleon in a lower density state. Consequently, the notion of a hadron becomes
irrelevant, leading to a transition from nuclear matter to a system composed of unbound
quarks as its fundamental constituents. This state of matter is known as Quark-Gluon
Plasma (QGP), primarily consisting of free quarks and gluons.

Two primary methods can generate QGP: through “heating” (extremely high tem-
perature) or “compression” (extremely high baryon density). These conditions result in
more quarks per hadronic volume than is meaningful for partitioning into color-neutral
hadrons. The definition of QGP proposed by the STAR collaboration states that “Quark-
Gluon Plasma is defined as a (locally) thermally equilibrated state of matter in which
quarks and gluons are deconfined from hadrons, so that they propagate over nuclear,
rather than merely nucleonic, volumes [15]”. Since the results in this thesis are based on
experiments of high-energy heavy-ion collisions, which can also create a “Little Bang”,
we will focus on discussing the method of extremely high temperature.

Here is a simple example illustrating how hadronic matter transitions to QGP by
increasing the temperature. The simplest form of confined matter is an ideal gas of
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massless pions, whose pressure is given by:

𝑃𝜋 = 𝜋2

90 × 3𝑇 4 ≃ 1
3𝑇 4, (1.12)

where three possible pion charge states have been considered. In the scenario of decon-
fined matter, the simplest instance is an ideal quark-gluon plasma, characterized by two
massless quark flavors, two quark and two gluon spin orientations (𝑞 and ̄𝑞), as well as
three quark and eight gluon color degrees of freedom, the pressure giving as:

𝑃𝑄𝐺𝑃 = 𝜋2

90[2 × 8 + 7
8(2 × 2 × 2 × 3)]𝑇 4 − 𝐵 ≃ 4𝑇 4 − 𝐵, (1.13)

where 𝐵 represents the “bag pressure” exerted by the physical vacuum on the colored
medium. As nature tends to favor states with the highest pressure (lowest free energy),
then the critical temperature (𝑇𝑐) for a pion gas transition to a QGP can be obtained
from:

𝑃𝑄𝐺𝑃 ≃ 4𝑇 4 − 𝐵 = 1
3𝑇 4 ≃ 𝑃𝜋

𝑇𝑐 ≃ (0.3𝐵)1/4,
(1.14)

if we use the 𝐵1/4 ≃ 200 MeV from quarkonium spectroscopy, the 𝑇𝑐 is approximately
equal to 150 MeV.

Figure 1.6 The presumed QCD phase diagram depicts temperature (T) plotted against bary-
onic chemical potential (𝜇𝐵) [16] .

Figure 1.6 illustrates our current conjectured phase diagram of QCD matter as a
function of temperature and baryonic potential 𝜇𝐵

[16] . The phase structure consists
of two distinct phases: the de-confined state of quarks and gluons, known as the quark-
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gluon plasma (QGP), and the confined state comprising a gas of hadrons and resonances
(HRG). In the diagram, a solid black line delineates the phase boundary between the
hadronic gas phase and the QGP, representing the first-order phase transition line. This
line starts at a high baryon chemical potential (𝜇𝐵) and low temperature (T) and ter-
minates at the conjectured position of the QCD critical end point, denoted by a square.
The exact location of this critical end point remains uncertain both theoretically and
experimentally.

As wemove towards smaller 𝜇𝐵, a crossover is marked by a dashed line. The dotted
red-yellow line represents the chemical freeze-out derived from fitting particle yields in
heavy-ion collisions using a thermal model. Additionally, the yellow line signifies the
first-order liquid-gas transition, connecting the second-order critical point (red circle)
to the ground state of nuclear matter at T ∼ 0 and 𝜇𝐵 ∼ 925 MeV (black circle) [17] .
The regions where previous (the Alternating Gradient Synchrotron(AGS) and the Su-
per Proton Synchrotron(SPS)), current (LHC, RHIC, SPS, and RHIC operating in fixed
target mode), and upcoming (the Facility for Antiproton and Ion Research(FAIR), the
Nuclotron-based Ion Collider Facility(NICA), and the High Intensity heavy-ion Accel-
erator Facility(HIAF)) experimental facilities play a crucial role are also highlighted in
Fig. 1.6.

Searching for critical end points is one of the most important physics objectives
at RHIC. At highest energy of RHIC, the baryonic chemical potential approaches zero
in Au+Au collisions. However, at lower collision energies, the initial baryon number of
the colliding nuclei increasingly contributes to the formation of QCDmatter. Therefore,
it becomes feasible to raise 𝜇𝐵 and explore the QCD phase diagram by reducing the
collision energy.

STAR has concluded the first phase of the Beam Energy Scan (BES-I) program,
and the published results, compared with lattice QCD calculations, disfavor the possible
location of the QCD critical point being in the region where 𝜇𝐵/𝑇 ≤ 2 [18-19] , as shown
by the dot-dashed line. The second phase of the BES program (BES-II), with much
higher collision energies (10-20 times higher), including a fixed target program, was
conducted during 2019-2021, and the results are currently undergoing analysis. Figure
1.7 illustrates the BES program at RHIC and future new experiments designed with
high rates at energy regions where the baryonic density is high (500 MeV < 𝜇𝐵 < 800
MeV) [20] . Collider modes are represented by blue symbols (such as ALICE, sPHENIX,
RHIC BES-II, and NICA), while those operating in fixed target mode are denoted by red
symbols (including STAR fixed target (FXT), FAIR (CBM, SIS), HADES, and HIAF).
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Moreover, measurements of experimental observables at various collision energies
aid in better comprehending the formation and evolution of the QGP, as its properties,
such as temperature, vary across different collision energies. The Beam Energy Scan
program at STAR provides an excellent opportunity to study the dependence of the QGP
properties on collision energy. In this thesis, the suppression of J/𝜓 in Au+Au collisions
at √𝑠NN = 54.4 GeV is measured and compared to its suppression in various collision
systems at different collision energies. This comparison aims to deepen our understand-
ing of the effects of the QGP medium on J/𝜓 meson production. Relativistic heavy-ion
collisions, as the primary approach for studying QGP, also serve as the unique way of
simulating cosmic explosions (known as the Big Bang) in laboratory settings. This will
be elaborated upon in the next section.

Figure 1.7 Interaction rates (in Hz) for high-energy nuclear collision facilities as function of
√𝑠NN [20] .

1.5 Relativistic Heavy Ion Collisions

Scientific research encompasses two seemingly opposing directions: one delves
into the fundamental constituents of matter, advancing towards the micro world, while
the other investigates the origin and evolution of the universe, exploring the boundaries
of the material world. The science of “small” - elementary particle physics - is deeply
intertwined with the science of the “large” - cosmology. This connection is illustrated
in Fig. 1.8, showing the temperature history of the universe shortly after the Big Bang.
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Approximately 10 𝜇𝑠 after the Big Bang, there existed a state of QGPwith a temperature
exceeding 200MeV. Today, Colliding two relativistic heavy ions, often referred to as the
“Little Bang”, provide a remarkable means to recreate this primordial state of matter
within laboratory settings, albeit for fleeting moments.

Figure 1.8 The temperature history of the universe. The Big Bang and the Little Bang [21] .

The experimental facilities currently available include the Relativistic Heavy-Ion
Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN. Before the
construction of RHIC, the Alternating Gradient Synchrotron (AGS) at BNL stood as a
leading particle accelerator, holding the title of the world’s highest energy accelerator
until 1968. Despite 21st-century accelerators now reaching energies in the TeV range,
the AGS has played a significant role, earning researchers three Nobel Prizes, including
the discovery of the J/𝜓 meson. Today, it serves as the injector for RHIC. Similarly,
at CERN, prior to the operation of the LHC, the Super Proton Synchrotron (SPS) was
utilized for accelerating protons, antiprotons, electrons, positrons, and heavy ions. Ad-
ditionally, upcoming lower-energy facilities include the Facility for Antiproton and Ion
Research (FAIR) atGSI and the Nuclotron-based Ion Collider Facility (NICA) at JINR.
Over 30 years of high energy heavy-ion collisions experiments, a series of indirect ev-
idence regarding the existence of QGP in heavy-ion collisions has been found [15,22-26] .
However, direct signals of the existence of QGP have still not been measured. The
question of whether QGP truly exists remains a significant issue in relativistic heavy-
ion collision research. In the following chapters, the formation and evolution of the
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QGP created in the relativistic heavy ion collisions, along with relevant experimental
observations, will be discussed.

1.5.1 Space-time evolution of Heavy-ion Collision

Figure 1.9 The high-energy heavy-ion collisions involve a dynamic space-time evolution,
where the QGP is created. The picture is taken from [27] .

The Fig. 1.9 illustrates the space-time evolution of a typical nucleus-nucleus col-
lision at near-light speed. In the initial state of the collision, each incoming nucleus ap-
pears flattened due to Lorentz contraction, resembling a color-glass condensate (CGC)
plate [28] . The collision can be conceptualized as the interaction of two CGC plates.
Further discussion on the initial collision geometry and the strong electromagnetic field
arising from the charges in the colliding nucleus will be provided in Section 1.6.

When the two colliding nuclei meet in the center-of-mass frame, this moment is
defined as 𝜏 = 0 fm/𝑐. A significant portion of the incoming kinetic energy is de-
posited in the collision region, resulting in a highly non-equilibrium state known as the
glasma [28] . This state typically lasts for a fraction of a fm/𝑐 until partons are liberated
from the glasma. After a brief period, collisions among partons lead to a state of near-
thermal equilibrium (local thermalization), signifying the formation of the Quark-Gluon
Plasma (QGP). This process occurs within a timescale of about 1 fm/𝑐, although it is
not fully understood why it transpires so rapidly.

Before hadronization occurs (𝜏 < 𝜏had), the state approaches local thermal equi-
librium and can be effectively described by relativistic hydrodynamics. The notable
suppression of Quarkonia production in high-energy heavy-ion collisions, attributed to
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the color screening effect, serves as a crucial indicator for QGP formation, although
other factors may also influence their yields. Investigating Quarkonia production in nu-
clear collisions is a primary objective of this thesis, and Section 1.7.3 will delve further
into its significance as an important observable.

As the system expands, both temperature and density diminish. When the sys-
tem’s temperature drops below the critical temperature (𝑇𝑐), the transition from QGP
to hadronic matter occurs, a phenomenon termed hadronization. During this process,
hadrons undergo elastic collisions, altering their energy and momentum, as well as in-
elastic collisions, which impact the abundance of individual species. Chemical freeze-
out occurs when inelastic processes cease, while kinetic freezeout occurs when elastic
scatterings come to a halt. Approximately 10-15 fm/𝑐 after the collision, hadrons de-
couple from the system and propagate towards the surrounding detector. At this stage,
the relativistic kinetic theory framework proves useful for simulating the late stages of
evolution when the system is no longer in local equilibrium.

A “standard model” of ultra-relativistic heavy-ion collisions has been developed:
The initial phase is constructed using either the Glauber model [29] or one of the mod-
els implementing concepts from CGC [30] , with a review paper discussing these ap-
proaches [31] . Intermediate evolution from ∼ 1 fm/𝑐 to ∼ 10 fm/𝑐 is examined through
various versions of the Müller-Israel-Stewart theory [32-33] . This theory incorporates
causal relativistic imperfect fluid dynamics, along with a QCD equation of state span-
ning both the partonic and hadronic phases [34] . For the final evolution of the hadron-rich
medium leading to freezeout, the Boltzmann equation in relativistic transport theory is
employed [35] . This comprehensive model ultimately yields a plethora of particles, in-
cluding mesons, baryons, leptons, photons, and light nuclei. These particles have been
meticulously measured using various observables in different collision systems, ranging
from the Super Proton Synchrotron (SPS) to RHIC to LHC. The objective is to attain
a quantitative comprehension of the thermodynamic and transport properties of QGP,
encompassing its equation of state and transport coefficients (such as shear and bulk
viscosities, diffusivity, conductivity), etc.

1.6 Initial Heavy Ion Collision State

In this section, we delve into the initial stages of high-energy heavy-ion collisions,
focusing on the geometric structure of the colliding nuclei and the ultra-strong elec-
tromagnetic fields surrounding them. These aspects are particularly pertinent to the
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research undertaken in this doctoral thesis.

1.6.1 Initial Geometric Structure

In Fig. 1.9, we observe the pancake-shaped nuclei approaching each other at speeds
close to that of light prior to collision. However, regardless of the incoming kinetic
energy and consequent Lorentz contraction factor, the nucleus is constrained in thick-
ness to about 1 femtometer (fm) due to the presence of so-called “wee partons” [36] .
This phenomenon is related to the description of ordinary collisions from a short-range-
correlation or parton picture of hadrons, such as the proton.

In a simplistic view, understanding the wave function of a proton in its rest frame
would suffice to characterize it under acceleration or at high momentum. By boost-
ing the proton, the spherical volume containing its three quarks would transform into
a flattened, pancake-shaped region with a thickness inversely proportional to the pro-
ton’s momentum (𝑝 ≫ 1 GeV/c). However, according to the parton picture, this isn’t
the complete story. In addition to the original three partons, vacuum fluctuations, like
quark-antiquark pairs, also need to be considered. These fluctuations could couple to
the boosted proton and are relevant for describing high-energy collisions.

For a relativistic proton with momentum 𝑝, we anticipate the original three quarks
along with a quantity (approximately of order 𝑙𝑜𝑔(𝑝)) of vacuum fluctuations with de-
creasing momentum. These fluctuations are successively connected to the initial three
quark system, with the lowest-momentum fluctuations termed “wee fluctuations” re-
maining uncontracted. The resting nucleus is typically viewed as a cluster of nucleons,
within which exists a group of quarks. If the boost is significant, the pancake’s thickness
will be less than 1 fm. Under such conditions, the impact of vacuum fluctuations on the
structure of the moving nucleus, akin to that observed for the moving proton, must be
reconsidered. As the nucleus is further boosted, the same process observed for a single
nucleon repeats itself. The initial vacuum fluctuations attach to vacuum fluctuations of
lower rapidity until the last layer of vacuum fluctuations are once again the “wees”. The
longitudinal thickness of a vacuum fluctuation with momentum ∼ 𝑝 is inversely pro-
portional to 𝑝. Thus, the thickness of a moving nucleus in the longitudinal direction is
never less than 1 fm.

The overall shape and longitudinal thickness of colliding nuclei, along with the ini-
tial geometry overlap and nucleonmomentum, collectively determine the energy density
of the collision. Figure 1.10 depicts an illustrative view of a relativistic heavy-ion colli-
sion, the distance between the centers of the two nuclei is known as the impact parameter
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Figure 1.10 The illustrative view of collision geometry for a relativistic heavy-ion collision [37] .

𝑏. The nucleons are divided into two groups based on whether their nucleons partici-
pate in inelastic scattering with others: Participants (blue markers) and Spectators (red
markers).

In studying the suppression of Quarkonia production in heavy-ion collisions, the
number of binary nucleon-nucleon collisions (𝑁coll) is commonly used to scale the pro-
duction yield relative to 𝑝+𝑝 collisions. The variable 𝑁part, defined as the number of
nucleons participating in inelastic scattering during the collision, is directly related to
the energy deposited in the collisions and is frequently employed to study the depen-
dence of observables on the scale of QGP. However, direct measurement of 𝑏, 𝑁coll,
and 𝑁part by detectors is not feasible. Instead, measurable variables in the final state,
such as the number of charged particles 𝑁ch (as depicted in Fig. 1.11), change with 𝑏
and have a one-to-one correspondence. In experiments, 𝑁ch is typically compared to
calculations from the Glauber model [29] to determine the event centrality.

Additionally, 𝑁coll and 𝑁part can be calculated by the Glauber model at a specific
𝑏. Centrality can also be determined by the energy deposition in detectors at zero degree
from the beam direction (ZDC), particularly for ultra-peripheral collisions (UPCs, 𝑏 >
2𝑅𝐴, where 𝑅𝐴 is the radius of nuclei). In UPCs, neutrons from the colliding nuclei can
be produced by either theQEDprocess ofmutual Coulomb excitation or nuclear breakup
from hard scattering processes [38] . The patterns of neutron emission are categorized
from a higher probability of larger 𝑏 to a smaller one as follows: 0𝑛0𝑛 (neither ZDCs at

18



Chapter 1 Introduction

two sides of the detector have detected neutrons); 0𝑛𝑋𝑛 (one ZDC has detected at least
one neutron and the other has none); and 𝑋𝑛𝑋𝑛 (both ZDCs have detected at least one
neutron).

Figure 1.11 The final state observable 𝑁𝑐ℎ with Glauber-calculated 𝑏 and 𝑁𝑝𝑎𝑟𝑡 are compared.
The picture is taken from [29] .

1.6.2 Strong Electromagnetic Field

In the initial state of high energy heavy ion collisions, a strong electromagnetic
field can be generated by the colliding. Heavy-ion collisions produce magnetic fields
because the positively charged nuclei, in motion, create electric currents that induce
magnetic fields. Figure 1.12 illustrates a non-central collision, where two nuclei col-
lide with a finite impact parameter (𝑏). The resultant magnetic field at the center of the
overlapping region aligns perpendicularly to the reaction plane beacuse the collision ge-
ometry exhibits left-right symmetry. Based on some numerical simulation, the strength
of the magnetic field in Au+Au collisions at RHIC top energy can reach the order of
1014 - 1015 T while much larger, ∼ 1016 T, in Pb+Pb collisions at √𝑠NN= 2.76 TeV at
LHC [39-48] . This estimation can also be made based on the Biot-Savart law, for exam-
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ple, considering the magnetic field at the center of Au+Au collisions at a fixed impact
parameter 𝑏 = 10 fm at √𝑠NN = 200 GeV:

−𝑒𝐵𝑦 ∼ 2 × 𝑍𝐴𝑢𝛾 𝑒2

4𝜋 𝑣𝑧(2
𝑏)2 ≈ 10𝑚2

𝜋 ≈ 1019Gauss, (1.15)

where 𝛾 ≈ 100 is the Lorentz factor, the velocity of the nucleus, 𝑣𝑧 = √1 − (2𝑚𝑁 /√𝑠)2,
is ≈ 0.99995, and 𝑍𝐴𝑢 = 79 is the number of charge in gold nucleus. The direction of
the magnetic field points towards the negative ̂𝑦 direction, which results in the negative
sign on the left-hand side, as shown in the Fig. 1.12. In the relevant literature, people
usually use 𝑚2

𝜋 or MeV2 as the unit of 𝑒𝐵 and 𝑚𝜋 ≈ 140 MeV is the pion mass. In
converting to the Gaussian units, the 1 MeV2 = 𝑒 ⋅ 1.6904 × 1014 Gauss (if ℏ = 𝑐 = 1).

Figure 1.12 The geometric depiction of a non-central relativistic heavy-ion collision. The
picture is taken from [49] .

The magnetic field generated by colliding nuclei far surpasses even the magnetic
fields of neutron stars, whose surface magnetic fields are on the order of 1010 - 1011

T [50-51] , making the magnetic fields produced in high-energy heavy-ion collisions the
most powerful observed in the current universe. In the early universe, there was a chance
of generating an even stronger magnetic field through the electro-weak transition, as
discussed in [52] . For a more accurate calculation of the electromagnetic fields in heavy-
ion collisions, the simplified Biot-Savart law should be replaced with the full relativistic
Liénard − Wiechert potentials, which account for the retardation effect:
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𝑒E(𝑡, r) = 𝑒2

4𝜋 ∑𝑛
𝑍𝑛

R𝑛 − 𝑅𝑛𝑣𝑛
(𝑅𝑛 − R𝑛 ⋅ 𝑣𝑛)3 (1 − 𝑣2

𝑛)

𝑒B(𝑡, r) = 𝑒2

4𝜋 ∑𝑛
𝑍𝑛

𝑣𝑛 × R𝑛
(𝑅𝑛 − R𝑛 ⋅ 𝑣𝑛)3 (1 − 𝑣2

𝑛),
(1.16)

where the summation is over all the charged particles, 𝑍𝑛 represents the charge of the
𝑛th particle, the relative position of the field point r in reference to the source point r𝑛
of the 𝑛th particle is denoted as R𝑛 = r−r𝑛, 𝑣𝑛 stands for the velocity of the 𝑛th particle
at the retarded time 𝑡𝑛 = 𝑡 − |r − r𝑛|.

Figure 1.13 A cartoon example of the chiral magneitic effect in heavy-ion collisions. The
picture is taken from [53] .

Anticipatedly, such an immense magnetic field could significantly influence the
dynamics of the quark-gluon matter generated during heavy-ion collisions. One of the
most renowned phenomena is the chiral magnetic effect, often abbreviated as CME,
which refers to the production of a current in a chirality-imbalanced medium where an
strong magnetic field exits [39,54] . In the high energy heavy-ion collisions, the imbal-
ance of left- and right- handed chiral quarks in the QGP will generate an electric current
parallel to the magnetic field. This will lead to a separation of charges relative to the
reaction plane as shown in the Fig. 1.13. If a definitive detection of the CME were
to be confirmed in heavy-ion collisions, it would indicate the presence of CP-violating
domains, the restoration of approximate chiral symmetry within the QGP, and the in-
fluence of an exceptionally intense magnetic field within the collision region. One of
the motivations of this thesis is to deepen our understanding of the current experimental
measurements of the CME-sensitive signals in heavy-ion collisions. This will be elab-
orated upon in Sec. 1.8.1. Additionally, some relatives were also proposed, including
the chiral separation effect (CSE) [55-56] , chiral electric separation effect (CESE) [57] ,
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chiral magnetic waves (CMW) [58] , chiral vortical effect (CVE) [59-61] , chiral vortional
wave [62] , chiral heat wave [63] , chiral Alfven wave [64] , which will not be delved here.

The CME can be succinctly formulated for each specie of massless fermions with
charge 𝑒 as:

J𝑉 =𝜎𝑉 𝐴B,

𝜎𝑉 𝐴 = 𝑒2

2𝜋2 𝜇𝐴,
(1.17)

where the J𝑉 is determined by 𝐽 𝜇
𝑉 = 𝑒⟨�̄�𝛾𝜇𝜓⟩, 𝜇𝐴 is a parameter that characterizes

the chirality imbalance of the medium. In the QGP medium, the current resulting from
the CME is calculated by summing up all the contributions from light quarks, so the
conductivity 𝜎𝑉 𝐴 should be NC𝜇𝐴 ∑𝑓 𝑞2

𝑓 /(2𝜋2), 𝑞𝑓 is the charge of quark with flavor 𝑓
and NC is the number of color.

1.6.3 Photon Induced Processes in Heavy-Ion Collisions

Figure 1.14 A cartoon view of the Lorentz contracted electric field in heavy-ion collisions.
The picture is taken from [65] .

As mentioned earlier, the colliding nuclei with speeds close to the speed of light,
due to the Lorentz contraction effect, will appear pancake-shaped in the longitudinal
direction. So, what is the spatial distribution of the ultra-strong electromagnetic field
excited by the colliding nuclei? The electric field of colliding nuclei will also point
radially outward, as shown in Fig. 1.14, and the magnetic field will circling the electric
field. This field at a point located some distance from the nucleus’s trajectory exhibits
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characteristics similar to those of a real photon.
In 1924, a paper titled “On the Theory of Collisions Between Atoms and Elasti-

cally Charged Particles” was published by Enrico Fermi in Zeitschrift für Physik [66] .
In this paper, Fermi introduced a technique called the equivalent (or virtual) photon
method (EPA), wherein he represented the electromagnetic fields of a charged particle
as a stream of virtual photons. A decade later, Weiszsäcker andWilliams expanded upon
this method to encompass ultra-relativistic particles, leading to its characterization as
the Weiszsäcker-Williams method [67] .

The flux of equivalent photons emitted by a charged particle can be calculated by
performing a Fourier transform of the electromagnetic field produced by the moving
charge. Based on the EPA method, the distribution of these photons for heavy-ion col-
lision case can be calculated by:

𝑑3𝑁𝛾 (𝜔𝛾 , �⃗�⊥)
𝑑𝜔𝛾𝑑�⃗�⊥

= 4𝑍2𝛼
𝜔𝛾

×
|
|
|
||
∫

𝑑2𝑘𝛾⊥
(2𝜋)2 �⃗�𝛾⊥

𝐹𝛾 (�⃗�𝛾 )

|�⃗�𝛾 |
2 𝑒𝑖�⃗�⊥⋅�⃗�𝛾⊥

|
|
|
||

2

�⃗�𝛾 = (�⃗�𝛾⊥,
𝜔𝛾
𝛾𝑐

),

(1.18)

where Z signifies the nuclear charge number, 𝛼 represents the electromagnetic coupling
constant, 𝜔𝛾 is the energy of photon, 𝐹𝛾 (�⃗�𝛾 ) is the nuclear electromagnetic form fac-
tor and the �⃗�𝛾 is two-dimensional momentum vectors of the equivalent photons in the
transverse momentum space. In the lab frame, the maximum photon energy is:

𝜔𝑚𝑎𝑥 = ℏ
Δ𝑡 ∼ 𝛾ℏ𝑣

𝑏 , (1.19)

where the Δ𝑡 is the interaction time at an nucleus-nucleus collision with impact param-
eter 𝑏, 𝛾 is the Lorentz factor of the particle. At RHIC, the center of mass energy of
photon-gold interaction could reach about 30 GeV, and photon-photon center of mass
energy up to 6 GeV in Au+Au collisions at √𝑠NN= 200 GeV [65] . The virtuality of these
photons can be estimated by −𝑞2 < (ℏ/𝑅𝑅)2, which means these photons are almost
real.

According to the Eq 1.18, the photon flux is proportional to Z2, making relativistic
heavy-ion collisions well-suited for studying photon-induced processes. As depicted in
Fig. 1.15, a photon from one nuclei can strike the others (panel a), resulting in the pro-
duction of a vector meson, or photons from each nucleus can collide with each other to
generate a lepton pair (panel b). The photonuclear interaction generating vector mesons
can be classified into coherent and incoherent processes, distinguished by different in-
teraction mechanisms. In the coherent process, quasi-real photons originating from one
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nucleus interact with the entirety of the other nucleus, whereas the incoherent process
involves interactions with individual nucleons within the traget nucleus. The transverse
momentum (𝑝T) of the photo-produced vector meson can be estimated by the size of
the interacting target, based on the uncertainty relation. Therefore, the coherent pro-
cess will cause the vector meson to concentrate in the very low 𝑝T region. The coherent
photon-photon process, two photons emitted by two colliding nuclei interact to produce
dilepton with a very small pair 𝑝T, is also referred to as Breit-Wheeler process, which
will be further discussed in the Sec 1.8.1.

Figure 1.15 Lowest order Feynman diagrams for 𝐽/𝜓 meson (a) and dileptons (b) photopro-
duction in ultra-peripheral Au+Au collisions are depicted. The picture is taken from [68] .

1.7 Quarkonia Measurements in Heavy-Ion Collisions

Quarkonia, bound states of heavy-flavor quarks and their antiquarks, serve as cru-
cial tools in studying Quantum Chromodynamics (QCD) in high-energy hadronic col-
lisions. Understanding quarkonia production in 𝑝+𝑝 and 𝑝+A collisions elucidates their
production mechanisms and modifications due to cold nuclear matter. Investigating
quarkonium properties in A+A collisions provides insights into the properties of the
Quark-Gluon Plasma (QGP).

The J/𝜓 meson, discovered independently by experiments led by Samuel Ting [69]

and Burton Richter [70] in 1974, stands out as one of the most notable quarkonia in parti-
cle physics and also a primary probe in this thesis. Excited charmonium states, can cas-
cade down to lower states, contributing to the observed J/𝜓 meson production alongside
directly produced ones. These contributions collectively constitute the “prompt” pro-
duction. Conversely, “non-prompt” production refers to contributions from the decay
of hadrons containing a 𝑏 quark (B-hadrons) with significantly longer lifetimes.
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1.7.1 Quarkonium production from initial hard scattering

In heavy-ion collisions, various mechanisms contribute to the production of heavy-
flavor quarkonium. One significant mechanism involves partonic hard scattering pro-
cesses during the initial stages of the collision. This process encompasses both pertur-
bative and non-perturbative aspects of QCD.

Heavy-quark pairs (𝑞 ̄𝑞) are produced through hard scattering processes which can
be calculated perturbatively, necessitating momentum transfers of at least the mass of
the heavy quark involved. Subsequently, these 𝑞 ̄𝑞 pairs can form quarkonium states.
However, the transition from the 𝑞 ̄𝑞 pair into the quarkonium bound state is a non-
perturbative process.

In theoretical calculation of the quarkonium production, the perturbative part, the
𝑞 ̄𝑞 pair production process involving large momentum transfer, can be separated with
the non-perturbative process of forming a bound state within small momentum scales.
This separation is known as the “factorization”, is a common approach used in various
models. There are several models for quarkonium production with differences primarily
lying in the treatment of the non-perturbative part, like the Colour-Evaporation Model
(CEM) [71-72] , the Colour-Singlet Model (CSM) [73-75] , and the Color-Octet Mechanism
(COM) [76] . These models offer different perspectives on quarkonium production, with
varying emphases on perturbative and non-perturbative aspects of the process. Each
model has its strengths and limitations, and their predictions can be compared with
experimental data to test their validity and refine our understanding of quarkonium pro-
duction in high-energy collisions.

1.7.2 Cold Nuclear Matter Effects

Cold Nuclear Matter (CNM) effects refer to the modifications of quarkonium pro-
duction due to the presence of the nuclei in the initial state, without the formation of a
Quark-Gluon Plasma (QGP). These effects are typically studied in collisions involving
a projectile proton or deuteron (or nucleus) colliding with a target nucleus, denoted as
𝑝+A or 𝑑+A collisions, respectively.

Indeed, the modification of parton distribution functions (PDFs) in colliding nuclei
compared to those in free nucleons is a significant Cold Nuclear Matter (CNM) effect
in the initial state of heavy-ion collisions. As shown in the Fig. refnPDF, the ratio of the
valence quark, sea quark, and gluon in the moving Pb (nPDF) to that in a free nucleon
(PDF) as a function of momentum fraction 𝑥 at 𝑄2 = 1.69 𝐺𝑒𝑉 2 provides crucial infor-
mation about the nuclear medium’s influence on parton distributions. Schematically, we
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Figure 1.16 Comparision of the average valence and sea quark, and gluon modifications at
𝑄2 = 1.69GeV2 for Pb nucleus from LO global DGLAP analyses EKS98 [77] , EKPS [78] , nDS [79] ,
HKN07 [80] and EPS09LO [81] .

can identify three distinct regimes for the ratio of nPDF to PDF: at 𝑥 smaller than∼ 0.01,
the nPDF is suppressed (shadowing); at intermediate 𝑥 from ∼ 0.01 to ∼ 0.1, there is an
possible enhancement (anti-shadowing); at 𝑥 larger than ∼ 0.1, deviations from unity in
the nPDF/PDF ratio are observed, indicating the EMC (European Muon Collaboration)
effect. In addition to the modification of PDFs, partons in colliding nuclei can experi-
ence multiple scattering interactions within the nuclear environment before and/or after
hard scattering processes. These interactions lead to energy loss mechanisms such as
radiative or collisional processes, resulting in parton energy loss and transverse momen-
tum broadening. This broadening effect is known as the Cronin effect and is observed
as an enhancement of the transverse momentum distributions at intermediate 𝑝T region
(∼fewGeV/𝑐) of produced particles in nuclear collisions compared to proton-proton col-
lisions. The Cronin effect arises from the increased number of scattering centers in the
nuclear medium, leading to additional transverse momentum kicks for partons before
they undergo hard scatterings.

In additional to the CNM effects associated with partons inside the colliding nuclei,
𝑞 ̄𝑞 bound states may also undergo absorption as they traverse through the nucleus, a
phenomenon commonly referred to as “nuclear absorption”. The breakup cross section,
denoted as 𝜎abs, serves as a crucial parameter for assessing this effect. Studies have
demonstrated that the breakup cross section of J/𝜓 mesons depends on the center-of-
mass energy√𝑠𝑁𝑁 and is largely independent of the chosen nuclear Parton Distribution
Function (nPDF) parametrization [82] . Anticipations suggest that at energies reached by
the Large Hadron Collider (LHC), nuclear absorption effects are expected to diminish
significantly, given that the formation time of quarkonium greatly exceeds the size of
nuclei across all rapidity values.
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In a study by McGlinchey et al. [83] , it was observed that the suppression of J/𝜓
mesons, when scaled by the crossing time (𝜏cross), appears to be independent of the
center-of-mass energy when the crossing time exceeds approximately ∼ 0.05 fm/c. The
crossing time is defined as:

𝜏𝑐𝑟𝑜𝑠𝑠 = 𝐿
𝛽𝑧𝛾 , (1.20)

where the 𝐿 is the longitudinal path of the 𝑞 ̄𝑞 pair through the nucleus, 𝛽𝑧 and 𝛾 =

√1 − 𝛽2
𝑧 are the velocity and Lorentz factor of the J/𝜓 mesons in the direction of the

beam, both provided in the rest frame of the nucleus. Additionally, J/𝜓 mesons can
be dissociated by “comovers”, which pertain to partons or hadrons generated in the
collision in close proximity to the J/𝜓 meson. These comovers may interact further
with the J/𝜓 meson, leading to its dissociation.

Studying CNM effects in 𝑝+A or 𝑑+A collisions provides valuable insights into the
nuclear structure and dynamics, and it serves as a baseline for understanding the modifi-
cations of quarkonium yield in relativistic heavy-ion collisions, where both CNM effects
and QGP effects may contribute to the observed phenomena. Comparing quarkonium
production in 𝑝+A or 𝑑+A collisions with that in A+A collisions allows researchers to
disentangle the contributions of CNM effects and QGP effects, advancing our under-
standing of the properties of the produced quark-gluon matter.

1.7.3 Quarkonium in medium

In a hot and deconfined environment, such as the QGP, the production of quarko-
nium is expected to be significantly suppressed compared to its scaled yield in 𝑝+𝑝
collisions according to the 𝑁𝑐𝑜𝑙𝑙, assuming the overall charm cross-section remains un-
changed. This suppression in QGP is believed due to the color screening of the force that
binds the 𝑐 ̄𝑐 or 𝑏 ̄𝑏 state, which has been proposed by T. Matsui and H. Satz in 1986 [84] ,
known as color screening effect.

To further understand the color screening effect, particularly the suppression of
J/𝜓 mesons in the QGP, several questions need to be addressed. Firstly, can J/𝜓 mesons
escape from the production region before the QGP forms? The typical time (𝜏0) for QGP
formation after the collision is expected to be on the order of one femtosecond (fm/c).
While the time for 𝑐 ̄𝑐 pair production is much smaller than 𝜏0, the transition from 𝑐 ̄𝑐
pair to a J/𝜓 meson will require a time of order 𝜏0. Additionally, anything produced
in the interaction region must travel at least a distance of about 𝐴1/3 fm before it can
exit. Therefore, J/𝜓 mesons produced by the initial hard scattering have the possibility
to traverse the QGP.
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Next, at what temperature could J/𝜓 mesons no longer maintain their bound state?
Inside the QGP, the color-screened Coulombic potential can be calculated as:

𝑉 (𝑟) = −
𝛼𝑒𝑓𝑓

𝑟 exp[− 𝑟
𝜆𝐷

], (1.21)

where 𝜆𝐷 is the Debye screening radius, and 𝑟 is the distance between interacting par-
tons in a bound state. If the Debye radius, which is inversely proportional to the medium
temperature, becomes smaller than the radius of the 𝑞 ̄𝑞 bound state, then the confining
force between the 𝑞 ̄𝑞 pair can no longer hold the bound state and dissociation occurs.
According to the calculation [85] , the dissociation temperature (𝑇𝐷/𝑇𝑐) for J/𝜓 is about
2.0. Thus, the J/𝜓 could be dissociated in the QGP at certain collision energy. There-
fore, the dissociation points of the various quarkonium states offer a means to gauge
the temperature of the medium. As the temperature increases, the different charmo-
nium states are anticipated to ”melt” sequentially based on their binding strength: the
most loosely bound state disappears first, followed by subsequent states, with the ground
state being the last to dissolve. As one can see in Fig. 1.17, this sequential suppression
is illustrated schematically by the various charmonium states.

Figure 1.17 Charmonium spectra at different temperatures. The picture is taken from [85] .

However, the reality is far more complex than this; the color screening effect is
not the sole influence on heavy quarkonium in hot and dense matter, such as the dy-
namical screening effect [86-88] and regeneration effect [89-90] . The dynamical screening
effect refers to the dissociation of quarkonium in a medium due to collisions with its
constituents. This dissociation process occurs primarily through the gluon absorption
process 𝑔 + 𝑄�̄� → 𝑄 + �̄� at the leading order in the coupling constant, where (𝑄�̄�)
denotes a quarkonium state. Additionally, at the next-leading order, inelastic scattering
between𝑄�̄� and medium constituents, 𝑙( ̄𝑙, 𝑔)+𝑄�̄� → 𝑙( ̄𝑙, 𝑔)+𝑄+�̄�where 𝑙 represents
a light quark, also contributes to the dissociation.

As mentioned above, the heavy quark and anti-quark within a quarkonium bound
state are no longer constrained by a confining force and tend to diffuse away from each
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other during the lifetime of the Quark-Gluon Plasma (QGP). As the system cools and
the deconfined phase dissipates, these heavy quarks are likely to combine with the much
more abundant light quarks to form final hadronic states. However, new quarkonium
states may also form from combinations of heavy quarks and anti-quarks. This process,
known as the regeneration effect, involves the recombination of unbound quark and anti-
quark pairs within the medium [91] .

Figure 1.18 (a) J/𝜓 𝑅𝐴𝐴 as function of 𝑁part for Au+Au collisions. Mid (forward) rapidity data
are shown with open (filled) circles. (b) Ratio of forward/mid rapidity J/𝜓 𝑅𝐴𝐴 as function of
𝑁part.

Experimental measurements of the J/𝜓 suppression in heavy-ion collisions have
been conducted for over thirty years, initially at the SPS (√𝑠NN= 17.3 GeV) and subse-
quently at RHIC from√𝑠NN= 39 to√𝑠NN= 200 GeV, as well as at much higher energies
of √𝑠NN= 2.76 and 5.02 TeV at the LHC. The measured suppression of the J/𝜓 at SPS
[92-94] is comparable to that at RHIC energy [95-96] at mid-rapidity, despite the consider-
able difference in center-of-mass energies by a factor of ten. This observation suggests
the existence of additional effects that set in already at RHIC energies and may offset
some of the quarkonium suppression due to screening in the QGP. Furthermore, as de-
picted in Fig. 1.18, a lesser suppression at mid-rapidity compared to forward rapidity
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has been observed, despite the higher energy density at mid-rapidity [95] . Among these
effects, J/𝜓 production from recombination in the medium [97-98] could account for the
similar suppression at SPS and RHIC energies [99] . However, the contribution from
recombination is expected to exhibit minimal dependence on rapidity [100-101] . Thus,
the observed rapidity dependence of J/𝜓 suppression could also be elucidated by cold
nuclear matter effects [102] .

Figure 1.19 The 𝑅AA of 𝐽/𝜓 as a function of collision energy in central collisions [103-107] , in
comparison with transport model calculations from the TAMU group [99] . The transport model
calculations are shown as dashed line for the total 𝐽/𝜓 𝑅AA, dash-dot-tripled line for the sup-
pressed primordial production and long dash line for the regeneration.

Figure 1.19 illustrates the nuclear modification factor 𝑅𝐴𝐴 results as a function of
collision energy for 0-20% centrality. The calculations [99] , depicted by the solid line,
encompass two components: the direct suppression from color screening and CNM
effects, represented by the blue line; and the regeneration contribution, depicted by the
red line. The suppression solely due to CNM effects in central Au+Au collisions at

√𝑠NN= 200 GeV is estimated to be approximately 0.6 according to calculations [99] .
Hence, the measured suppression at the same energy encompasses contributions from
the hot medium effect. Furthermore, the regeneration effect could elucidate why the
measured 𝑅𝐴𝐴 at the LHC is even larger than that at RHIC. Within the uncertainties, no
significant energy dependence of 𝑅𝐴𝐴 for 0-20% centrality is observed up to 200 GeV.

There are several theoretical models which employ different dynamic processes,
such as 𝐽/𝜓 mesons considered to be dissociated and regenerated continuously during
the medium evolution [99,108-110] or be completely melted above the dissociation temper-
ature and then regenerated at the chemical freeze-out [89,111] , and can quantitatively de-
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scribe the experimental measurements. However, the uncertainties on theoretical calcu-
lations are still large because the underlyingmechanisms responsible for the hot medium
and CNM effects are not well understood, and the model parameters, such as the disso-
ciation temperatures of quarkonium states, the temperature profile of the medium, the
heavy quark production cross section and their dynamic evolution in the medium, are
badly constrained. All these aspects strongly depend on the collision energy, and thus
a fine collision energy dependence of quarkonium suppression in relativistic heavy-ion
collisions can provide stringent constraints on theoretical calculations, which are essen-
tial for inferring the properties of the QGP from quarkonium measurements.

The RHIC beam energy scan program, mainly designed for the exploration of the
QCD phase structure and searching for the critical end point, enables a collision energy
scan of 𝐽/𝜓 production between the SPS energy and the top RHIC energy. In 2017,
the STAR collaboration recorded a significantly larger sample of Au+Au collisions at

√𝑠NN = 54.4 GeV compared to those at 39 and 62.4 GeV. Measurements of the 𝐽/𝜓
production at a new energy with improved precision will shed additional light on both
the cold and hot medium effects on the 𝐽/𝜓 production in heavy-ion collisions.

1.7.4 J/𝜓 Production from Photon-Nucleus Interaction

As depicted in the panel (a) of Fig. 1.15, the production of J/𝜓 can occur in photon-
nucleus interactions via Pomeron exchange under the influence of strong electromag-
netic fields generated by the colliding nuclei. In the coherent process, where the incom-
ing quasi-real photon interacts with the entire target nucleus, the final products typically
consist of two intact nuclei and a J/𝜓 meson with very low transverse momentum (𝑝T <
0.1 GeV/c), making it sensitive to the nuclear gluon distribution at low Bjorken 𝑥 [112] .
In order to keep coherent condition, this process are conventionally expected to be only
detectable when there are no accompanying hadronic interactions, in the so-called ul-
traperipheral collisions (UPC) where the impact parameter 𝑏 exceeds twice the nuclear
radius (𝑅𝐴). The first measurement of photon-nucleus production of charmonium in
UPC of relativistic heavy ion was performed by the PHENIX Collaboration in Au+Au
collisions at √𝑠NN= 200 GeV [68] . This measurement corresponded to 𝑊𝛾𝐴𝑢 ≈ 24 GeV
(𝑥 ≈ 1.5×10−2). Although this measurement has a large uncertainty, it was very impor-
tant as a proof of principle.

However, a question arises: Can the coherent photon-nucleus interaction also occur
in the heavy-ion collision where the nuclei collide and break up? In 2017, a significant
excess of J/𝜓 production at very low 𝑝T has been first observed by the ALICE Collabo-
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Figure 1.20 The J/𝜓 𝑅𝐴𝐴 as a function of ⟨𝑁𝑝𝑎𝑟𝑡⟩ for 3 𝑝T ranges in Pb+Pb collisions at √𝑠NN=
2.76 TeV.

rations in peripheral hadronic heavy-ion collisions [113] , as shown in the Fig. 1.20.
The J/𝜓 𝑅𝐴𝐴 in Fig. 1.20 at the 𝑝T from 0 to 0.3 GeV/c shows a strong excess in

the most peripheral Pb+Pb collisions, which can not be explained by any transport mod-
els [114-115] . Then, the similar excesses were observed at RHIC in the peripheral Au+Au
at √𝑠NN= 200 GeV and U+U collisions at √𝑠NN= 193 GeV by the STAR collaboration,
shown in the Fig. 1.21.

Explaining this excess with existing theoretical models, which solely incorporate
hadronic processes, would pose a significant challenge. While the coherent photopro-
duced J/𝜓 could be formed in the initial state of the heavy-ion collisions, and then con-
tribute to the final J/𝜓 yield at very low 𝑝Tregion. If we assume that the coherent pho-
toproduction is responsible for the excess of J/𝜓 yield at very low 𝑝Tregion, then the
excess in U+U collisions is expected to larger than that in Au+Au collisions at similar
collision energies due to more number of charges in U than that in Au. While due to the
uncertainties, the observed difference is only ∼ 2.0𝜎, which is shown in the Fig. 1.22.
The isobaric collisions, 96

44Ru+
96
44Ru and

96
40Zr+

96
40Zr, taken in 2018 at √𝑠NN= 200 GeV,

will provide a ideal chance to further understanding this excess.
Different lines in the Fig. 1.22 stands for the model calculation [116] for Au+Au
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Figure 1.21 The J/𝜓 𝑅𝐴𝐴 as a function of 𝑝T in different centrality bins in Au+Au collisions
at √𝑠NN= 200 GeV and U+U collisions at √𝑠NN= 193 GeV.

Figure 1.22 The 𝑝Tintegrated J/𝜓 yield (𝑝T<0.1GeV/c) as a function of 𝑁𝑝𝑎𝑟𝑡 in 30-80% cen-
trality in Au+Au collisions and 40-80% centrality in U+U collisions, after estimated hadronic
contribution subtraction.
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collisions with the coherent photon-nucleus assumption. For the theoretical calcula-
tion, photon and Pomeron emitters can be either the entire nucleus or just the spectator,
resulting in four possible configurations: (1) nucleus for photon emitters + nucleus for
Pomeron emitters, (2) nucleus for photon emitters + spectator for Pomeron emitters, (3)
spectator for photon emitters + nucleus for Pomeron emitters, and (4) spectator for pho-
ton emitters + spectator for Pomeron emitters. All four configurations are consistenct
with the measurements in 60– 80% centrality class, while the results in semi-central col-
lisions appear to favor the nucleus for photon emitters + spectator for Pomeron emitters
or spectator for photon emitters + nucleus for Pomeron emitters scenarios. The (1) sce-
nario significantly overestimates the results in the more central collisions, which means
there may exist a partial disruption of the coherent production by the intense hadronic
interactions in this centrality.

In this thesis, the measurements of very low 𝑝T J/𝜓 production in 96
44Ru+

96
44Ru and

96
40Zr+

96
40Zr provide a direct investigation into the initial electromagnetic dependence of

this photon-nucleus process in high-energy hadronic heavy-ion collisions, given that the
flux of quasi-real photons is ∝ 𝑍2. From this perspective, the photon-photon process is
more conducive to studying the dependence of the initial electromagnetic field gener-
ated by the colliding nuclei, as discussed in the following Section 1.8.1. Additionally,
since the coherent photon-nucleus process is sensitive to the nuclear gluon distribution
due to its involvement with Pomeron exchange, the measurements of very low 𝑝T J/𝜓
production in Ru+Ru and Zr+Zr collisions will also contribute to our understanding
of the gluon distribution in different nuclei when compared to published results from
Au+Au, U+U, and Pb+Pb collisions.

1.8 Photon-Photon in Heavy-Ion Collisions

1.8.1 Very-Low 𝑝T Dilepton Production

Besides the photon-nucleus process, the quasi-real photons generated by the rela-
tivistic contraction and large number of charges in the colliding nuclei, could also partic-
ipate in the photon-photon interactions, for example the so-called Breit-Wheeler process
(𝛾 + 𝛾 → 𝑙+ + 𝑙−), as depicted in Fig. 1.15. in 1934, Breit and Wheeler proposed this
process, suggesting that the collision of two photons could produce a dilepton pair [117] .
This phenomenon, wherein light is transformed intomatter, directly embodies Einstein’s
mass-energy equation 𝐸 = 𝑚𝑐2, illustrating the interconversion of energy and mass.
These photon interactions have been extensively investigated in UPCs [38,68,118-119] . The
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Figure 1.23 The 𝑒+𝑒− pair distributions as a function of 𝑝Tfor three mass regions in 60-80%
200 GeV Au+Au and 193 GeV U+U collisions. The hadronic cocktail is displayed as the solid
lines.

STAR collaboration first measured a significant excess yield of 𝑒+𝑒− pair production at
very low 𝑝Tin 200 GeV Au+Au collisions as well as 193 GeV U+U collisions, as de-
picted in Fig. 1.23. As one can see, the excess yields of 𝑒+𝑒− pair are concentrated
below 𝑝T≈0.15 GeV/𝑐, while the hadronic cocktail (solid lines) describes the data well
for 𝑝T> 0.15 GeV/𝑐 in all three pair mass regions.

The invariant mass distributions for excess 𝑒+𝑒− pairs at very low 𝑝T (< 0.15GeV/𝑐)
are shown in the panel (a) and (b) of Fig. 1.24 for 60-80% and 40-60% centralities,
and the hadronic contribututions were subtracted statistically. The 𝑒+𝑒− excess yield
are obtained by integrating the very low-𝑝T invariant mass distributions over the three
aforementioned mass regions, as shown in the panel (c) of Fig. 1.24. Various model cal-
culations are compared to the measured excess yield in Au+Au collisions [116,120-121] .
The calculated results from [120] , which consider the charge distribution in the collid-
ing nucleus to estimate the photon flux, describe the 60-80% centrality data quite well.
However, calculations from the STARlight MC generator [121] , which considers the nu-
cleus as a pointlike charge when evaluating the photon flux and ignores 𝑒+𝑒− production
within the geometrical radius of the nucleus, underestimate the data, as illustrated in Fig.
1.24. Comparisons with model calculations strongly suggest that the observed excess
for 𝑝T < 0.15 GeV/𝑐 is attributed to photon-photon production.

In this thesis, the measurements of very low 𝑝T 𝑒+𝑒− pair production in 96
44Ru+

96
44Ru

and 96
40Zr+

96
40Zr collisions offer a unique opportunity to examine the dependence of
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Figure 1.24 After hadronic contribution subtraction, the mass spectra of 𝑒+𝑒− excess yield at
low-𝑝T region within the STAR acceptance in (a) 60-80% and (b) 40-60% for Au+Au at √𝑠NN =
200 GeV and U+U at √𝑠NN = 193 GeV collisions. (c) The centrality dependence of excess yields
is shown in three different mass regions for both collision systems. Additionally, the hadronic
cocktail yields in different centralities in the mass region of 0.76-1.2 GeV/𝑐2 is displayed for
both collisions to facilitate comparison.

photon-photon interactions on the initial electromagnetic field. The rationale behind
this lies in the fact that the yields of 𝑒+𝑒− pairs from photon-photon interaction are pro-
portional to 𝑍4, while the contributions from hadronic processes are similar within the
same centrality class due to the identical atomic number (both collision systems have a
Z value of 96). Furthermore, the difference of the strong magnetic field between Ru+Ru
and Zr+Zr collisions is crucial for searching the signals related to Chiral Magnetic Ef-
fect (CME) in isobaric collisions. Therefore, studying the initial electromagnetic field
through photon-photon interaction is imperative for gaining further insights into the ob-
served CME-sensitive signals in isobaric collisions.

1.8.2 Vacuum Birefringence

The vacuum is not simply empty vacuumwhen there is a existence of a background
field, it can be polarized due to the interaction between the field and short-lived particles
which are continuously and nearly instantaneously created and annihilated. In the 1930s,
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the work of Euler, Heisenberg, and Schwinger showed that the presence of a background
field will polarizes the vacuum [122-124] . If the field is Strong enough, for example the
existence of electric or magnetic field is comparable to the critical field𝐸𝑐𝑟 = 𝑚2𝑐3/𝑒ℏ =
1.3 × 1016V/cm or 𝐵𝑐𝑟 = 𝑚2𝑐3/𝑒ℏ = 4.4 × 1013G, the electron-positron pairs can be
efficiently produced, known as Schwinger effect.

Subsequently, Toll conducted groundbreaking research aimed at comprehending
vacuum polarization in the strong-field regime of QED [125] . The core concept high-
lighted in his research is that the vacuum exhibits characteristics of a polarizable and
magnetizable medium. This behavior can lead to birefringence, also known as double
refraction, of light when it traverses a space region under the influence of an external
magnetic field. This is known as vacuummagnetic birefringence (VMB), a phenomenon
in which the QED vacuum gains unique refractive indices which depends on the relative
angle between the photon polarization and the magnetic field direction.

As we mention in Sec. 1.6.1, the colliding nuclei with appear pancake-shaped
in the longitudinal direction, due to the Lorentz contraction effect. Also, the electric
field outside the colliding nuclei can be treated as a linearly polarized photon flux. The
photon-photon processes can be described as a scenario where a linearly polarized pho-
ton originating from one nucleus traverses through the electromagnetic field generated
by the other nucleus, known as vacuum birefrigence. This process could cause the an-
gular modulation of the produced dileptons. The angular modulation of 𝑒+𝑒− pair at
very low 𝑝T in 60-80% and ultra-peripheral 200 GeV Au+Au collisions has been ob-
served by STAR collaboration, as shown in Fig. 1.25. As one can see, a clear cos(4Δ𝜙)
modulation are observed, and theoretical calculation [126] based on QED can describe
the measurements very well. In this thesis, the measurements of 𝑒+𝑒− angular mod-
ulation in Ru+Ru and Zr+Zr collisions, will allow us to explore any collision system
dependence of this phenomenon.

1.9 Motivation of this Thesis

The suppression of J/𝜓 mesons, considered a “smoking gun” of Quark-Gluon
Plasma (QGP) formation in heavy-ion collisions, has been extensively studied over
nearly three decades across various collision systems. These investigations have sig-
nificantly enriched our comprehension of QGP properties. It’s now acknowledged that
J/𝜓 suppression is influenced by several factors. Dissociation in the medium involves
color screening and dynamic screening effects. Additionally, the regeneration effect,
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Figure 1.25 The angular modulation in 60-80% and ultra-peripheral 200 GeV Au+Au colli-
sions for 𝑀𝑒𝑒 > 0.45 GeV.

which entails the recombination of unbound 𝑐 and ̄𝑐 quarks in the deconfined medium,
contributes to J/𝜓 production. Alongside these medium effects, Cold Nuclear Matter
(CNM) effects alter J/𝜓 production due to nuclear presence. Different theoretical mod-
els have been proposed based on various assumptions and considerations regarding these
effects. However, due to imperfect understanding of QGP properties and CNM effects,
uncertainties in theoretical calculations remain significant. In this thesis, we measure
inclusive J/𝜓 production at a novel collision energy (54.4 GeV) in Au+Au collisions. We
calculate the centrality and 𝑝T dependence of the nuclear modification factor 𝑅AA for
inclusive J/𝜓 mesons. These results are compared with previous results from different
collision systems, aiming to explore the energy dependence of J/𝜓 suppression.

In addition to J/𝜓 mesons originating from initial partonic hard scattering, they can
also be generated by the photon-nucleus interaction in relativistic heavy-ion collisions.
Conventionally thought to occur primarily in Ultra-Peripheral Collisions (UPC), the co-
herent photon-nucleus process was first observed by the ALICE collaboration in Pb+Pb
collisions at 2.76 TeV in 2017. In this process, a quasi-real photon emitted by one nu-
cleus interacts with another nucleus via Pomeron exchange, leading to the production of
vector mesons at very low 𝑝T, such as the J/𝜓 meson. The Pomeron exchange, involv-
ing two gluons, makes this process sensitive to the gluon distribution of the colliding
nuclei. The flux of quasi-real photons is proportional to 𝑍2. In 2018, the STAR collab-
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oration collected a substantial sample (∼ 4 billion events) of 96
44Ru+

96
44Ru and

96
40Zr+

96
40Zr

collisions, providing an excellent opportunity to investigate the dependence of photon-
nucleus processes on the initial electromagnetic field, as well as the gluon distribution in
the colliding nuclei. Furthermore, the production of very low 𝑝T 𝑒+𝑒− pairs in heavy-ion
collisions from photon-photon interactions, initially observed by the STAR collabora-
tion, is anticipated to be even more sensitive to the initial electromagnetic field. This is
because the cross section of 𝛾 + 𝛾 → 𝑒+ + 𝑒− is proportional to 𝑍4. In this thesis, the
production of very low 𝑝T 𝑒+𝑒− pairs and J/𝜓 mesons is measured in Ru+Ru and Zr+Zr
collisions, and compared with published results from Au+Au and U+U collisions. The
possible collision system dependence of photon-induced interaction are studied. The
angular modulation measurements in Ru+Ru and Zr+Zr collisions can be used to fur-
ther explore the collisions system dependence of the vacuum birefringence phenomenon
in heavy-ion collisions. Through comparisons between experimental measurements and
theoretical models based on the equivalent photon method (EPA), we have deepened our
theoretical understanding of photon-induced interactions.

In the upcoming chapters, we will meticulously introduce the analysis methods
concerning the production of 𝑒+𝑒− pairs and J/𝜓 mesons. Since the techniques for J/𝜓
production are highly analogous, whether it’s measuring its photon-nucleus production
at very low 𝑝T in 200 GeV Ru+Ru and Zr+Zr collisions or assessing its suppression in
54.4 GeV Au+Au collisions, we will initially present the analysis setup for J/𝜓 mesons
production in Ru+Ru and Zr+Zr collisions, alongside 𝑒+𝑒− pairs measurements in these
same collision systems, in a cohesive manner in Chapter 3. Subsequently, Chapter 4 will
offer a succinct overview of the analysis setup for J/𝜓 suppression in 54.4 GeV Au+Au
collisions, with a primary focus on the distinctions inmeasuring J/𝜓 production between
200 GeV Ru+Ru and Zr+Zr collisions versus 54.4 GeV Au+Au collisions. Following
this, we will delve into a discussion on the results obtained in this thesis, along with
exploring future prospects.
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Chapter 2 Experimental Setup

2.1 Relativistic Heavy Ion Collider

The Relativistic Heavy Ion Collider (RHIC), as depicted in the Fig. 2.1, is the US
Department of Energy’s forefront research facility for nuclear physics at Brookhaven
National Laboratory (BNL) in New York. It is also one of the two operating heavy
ion colliders in the world [127] . The RHIC facility could accelerate the Au ions up to
100 GeV/nucleon and protons to 255 GeV. The primary research target of RHIC is to
investigate the formation and properties of the QGP, a hot and dense QCD matter.

Figure 2.1 RHIC accelerator complex.

Figure 2.1 shows a sketch of the accelerator complex, which includes ion and proton
sources, linear accelerator (LINAC), Booster Synchrotron (BS), Alternating Gradient
Synchrotron (AGS), RHIC, and transition lines. RHIC is a two-ring superconducting
hadron collider with 3.8 km in circumference. The two rings, ”Blue Ring” for the beam
traveling clockwise and ”Yellow Ring” for counter-clockwise, are designed to intersect
at six locations. For the Au ion beam, the pulsed sputter ion source at the Tandem Van
de Graaff (100𝜇A, 700𝜇s) first provides negatively charged gold ions (𝑄 = −1). By the
second stage of the Tandem, electrons are further stripped with a foil at the Tandem’s
high voltage terminal and the ions are accelerated to the energy of 1MeV/nucleon. After
undergoing additional stripping at the Tandem exit and charge selection via bending
magnets, gold ions with a charge state of 𝑄 = +32 are transported to the BS, where
they are subsequently accelerated to 96 MeV/nucleon. The ions are stripped again when
exiting from the Booster with the chagre state of +77 to be injected to the AGS in 24
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bunches. In the AGS, the gold ion beams are accelerated to the RHIC injection energy
of 10.8 GeV/nucleon. After reaching that energy, the ion beams are debunched and
then re-bunched to 4 bunches which will be ejected one bunch at a time and transferred
to RHIC at the injection front porch prior to the acceleration. After exiting from the
AGS, the gold ions are fully stripped to the charge state of +79. For the proton beam, a
slightly differnt acceleration procedure is used. The polarized protons are injected from
the existing LINAC to the BS with a energy of 200 MeV, and then to the AGS and RHIC
ring finally. Since year 2021, RHIC has successfully collided various collision systems
at different energies, and will continue to deliver p+p, p+Au and Au+Au collision at top
energy, a summarized Table2.1 can be found below.

Year Collision species Total events

2023

Au+Au @ 200 GeV 6.74 B
Au+Au (500A) @ 200 GeV 66.77 M

Au+Au (half field) @ 200 GeV 256.87 M
Au+Au (zero field) @ 200 GeV 223.68 M

2022 p+p @ 500 GeV 11.3 B

2021

Au(Fixed) @ 100(lab)/13.7(cms) GeV 69.76 M
Au(Fixed) @ 70(lab)/11.5(cms) GeV 75.81 M
Au(Fixed) @ 44.5(lab)/9.2(cms) GeV 69.72 M
Au(Fixed) @ 26.5(lab)/7.2(cms) GeV 126.98 M
Au(Fixed) @ 3.85(lab)/3.0(cms) GeV 2.45 B

Au+Au @ 17.3 GeV 890.94 M
Au+Au @ 7.7 GeV 959.48 M
d+Au @ 200 GeV 356.2 M
O+O @ 200 GeV 577.34 M

O+O(pre-scaled) @ 200 GeV 788.07 M
O+O(full field minbias) @ 200 GeV 208.08 M

Table 2.1 Summary of collision systems at RHIC, from year 2021 to the near future
2025.

BNL has been selected by US DOE as the host lab for the future Electron-Ion
Collider (EIC) in the United States in 2030s, and therefor RHIC will be upgraded to
eRHIC [128] by adding a high current, multi-pass Energy Recovery Linac (ERL) and
electron recirculation rings to the existing RHIC facility. This will enable eRHIC to
deliver a polarized electron beams with energies up to 15.9 GeV, which can collide with
hadrons like polarized protons with the top energy of 250 GeV or fully stripped Uranium
ions with energies up to 100 GeV/nucleon. The EIC is aimed to produce snapshots of
those hadrons’ internal structures, like a CT scanner for atoms.

2.2 The Solenoidal Tracker At RHIC

The layout of detectors encircling the RHIC ring is also depicted in Fig. 2.1, at 6
o’clock is STAR, at 8 o’clock is PHENIX, at 10 o’clock is PHOBOS, and at 12 o’clock
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is BRAHMS.. The PHENIX (2000~2016), PHOBOS (2000~2005) and BRAHMS
(2000~2006) experiments have decommissioned after finishing their physics researches,
while the STAR detector is still operating and is expected to shutdown after data taking
in 2025 together with RHIC. A new detector, called sPHENIX, has been constructed at
the old PHENIX hall, and started to take data in 2023.

Figure 2.2 The illustrated depiction of the STAR detector.

The STAR experiment, short for the Solenoidal Tracker at RHIC, was designed for
studying the properties of the QGP in the high multiplicity environment of heavy-ion
collisions, as shown in the Fig. 2.2. The STAR detector has full azimuthal coverage at
mid-rapidity, which makes STAR well suited for event-by-event characterization. The
direction of the magnetic field, generated by a solenoidal magnet, is along the beam pipe
with the maximum magnitude being |𝐵| = 0.5 T. All sub-detectors in the barrel region,
with the exception of the Muon Telescope Detector (MTD), are encompassed within the
magnetic field. STAR can be operated in full field, reverse full field, half field and zero
field configurations.

The main tracking system at STAR is the large cylindrical Time Projection Cham-
ber (TPC) [129] , which is 4.2 meters long along the beam axis (serves as the z axis).
Located at radial distances of 50 and 200 cm, respectively, away from the beam line,
are the inner and outer field cages of the TPC. The center of the TPC is also the original
point of the lab coordinates, and the 𝑥 direction points towards to the south and the 𝑦
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direction is away from the ground. The TPC provides pseudo-rapidity (𝜂) range from
-1.8 to 1.8 and full azimuthal angle range (𝜙). Beside tracking, the TPC can also en-
ables particle identification based on measurements of ionization energy loss (𝑑𝐸/𝑑𝑥).
Outside the TPC is the Time-of-Flight (TOF) detector which has same azimuthal cover-
age as the TPC but smaller 𝜂 coverage from -0.9 to 0.9. Particularly, TOF can separate
slow hadrons from fast electrons by measuring particles’ arrival time at TOF. The Bar-
rel ElectroMagnetic Calorimeter (BEMC) [130] , outsider of TOF with a acceptance of
0 < 𝜙 < 2𝜋 and |𝜂| < 1, is used to trigger on and measure the deposited energy and
position information of the high transverse momentum (𝑝T) electrons and photons. The
energy and position information can be used to improve the electron purity at high 𝑝T.
What’s more, for the vertex reconstruction in high luminosity 𝑝+𝑝 collisions, the BEMC
and Endcap Electromagnetic Calorimeters (EEMC) together with TOF, are used to mit-
igate pile-up effects since they are all fast detectors, and thus resilient to pile-up. The
MTD [131] , located at the outermost of STAR and covering about 45% in azimuth from
-0.5 to 0.5 in 𝜂, is used to trigger on di-muon event and distinguish muons from hadrons
based on time and position measurements. The magnet in front of the MTD serves as a
hadron absorber as most of the hadrons are stopped by the coils and steel while muons
can pass through.

In the forward and backward region, there are three fast trigger detectors which are
located on both west and east side of the TPC, the Beam Beam Counter [132] , the Vertex
Position Detector (VPD) [133] , and the Zero Degree Calorimeter (ZDC) [134] . The BBC,
shown in Fig. 2.3 and located at 3.75 meters from the center of the TPC, consists of two
sets of scintillator annuli installed around the beam pipe on the pole tips of the magnet.
The each side of the BBC has two annuli, the inner hexagonal tile annulus covering |𝜂|
range from 3.3 to 5.0 and the outer annulus that overlaps slightly with the inner one.
There are two rings of scintillator tiles in both inner and outer annuli. The inner ring
comprises six tiles, whereas the outer ring consists of twelve tiles. The BBC based
minimum-bias trigger, using only the inner annuli, requires a coincidence signal in east
and west sides and corresponds to a 𝑝 + 𝑝 cross section of about 26 mb [132] .

The VPD shown in the Fig. 2.4 is another trigger detector used at STAR. Addition-
ally, it furnishes position information regarding the collision vertex along the beam line
and the “start time” of the collision for other timing sub-detectors, such as the TOF and
MTD. The VPD is made of two identical assemblies, with 19 channels in each assem-
bly in order to provide good trigger efficiency for 𝑝 + 𝑝 and Au+Au collisions at lower
energies with low multiplicities of very forward particle production. The location of the
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Figure 2.3 The arrangement of innner and outer tile annuli in the BBC.

VPD is a distance of 5.7 meters away from the center of the STAR along the beam line,
and the 𝜂 coverage is from 4.24 to 5.1.

Figure 2.4 The schematic front view of a VPD assembly

As shown in the Fig. 2.5, the two assemblies of the ZDC, designed to detect emitted
neutrons from colliding beam, are located 18 meters away from the center of STAR. The
coincidence of the signals from the two ZDC assemblies could be used to select hadronic
heavy-ion collisions, which makes ZDC a trigger detector and a luminosity monitor.
Also, the neutron emission is correlated with the impact parameter of the collision, so
the information from the ZDC could be used to estimate the collision centrality.

The STAR experiment proposed a second phase of the BES (BES-II) at RHIC,
aiming to search for the critical point and first-order phase transition with much bet-
ter precision and more focused energy regions based on the results from BES-I. To
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Figure 2.5 The top view of the ZDC location along the beam line.

facilitate achieving these physics goals, STAR installed three upgrades to improve the
detector acceptance and particle identification abilities, including the inner TPC up-
grade (iTPC) [135] , the Event Plane Detector (EPD) [136] , and the end-cap Time-of-Flight
(eTOF) [137] . The data-taking of BES-II has been completed during 2019 - 2021.

After the BES-II program, STAR proposed upgrades in the forward region as
shown in the Fig. 2.6, including a Forward Tracking System (FTS) that consists of three
layers of Silicon mini-strip detectors (FST) and four small-Strip Thin-Gap Chamber
(sTGC) as well as a Forward Calorimeter System (FCS) that is made up of a sampling
electromagnetic calorimeter (ECal) and a hadronic calorimeter (HCal) of sandwiched
iron and scintillator plates. Both FTS and FCS share the same 𝜂 range from 2.5 to 4,
and are located on the west side of the TPC. The three silicon disks reside at 152, 165
and 179 cm from the center of the TPC, and each disk has 12 wedges covering the full
2𝜋 range in azimuth and 2.5 to 4 in pseudo-rapidity. The four sTGC disks are 307, 325
, 343 and 361 cm away from the TPC center, and each disk consists of four pentagon
modules. The spatial resolution of the sTGC is better than 200 𝜇𝑚 and the working gas
is a mixture of n-pentane (45%) and CO2 (55%). The FCS is located 7 m away from the
center of the TPC, and there are a total of 1496 channels for ECal and 520 channels for
HCal. The FTS can measure charged particles of 0.2 < 𝑝T < 2 GeV/c with a momentum
resolution of 20-30% in Au+Au collisions. The designed energy resolution for ECal
and HCal are 10%∼20%/√𝐸 and ∼60%/√𝐸, respectively. The forward upgrades will
enable STAR to study the internal structures of proton and nucleus at high and low 𝑥
regions. Furthermore, these upgrades will allow the investigations of the initial stages
of Au+Au collisions, the measurements of flow harmonics and their correlations at for-
ward rapidity and longitudinal de-correlation. They can also extend the 𝑊𝛾𝐴𝑢 range of
measurement in Ultra-Peripheral Collisions (UPC).

For the results presented in this thesis, the TPC, TOF and BEMC are the most rele-
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Figure 2.6 An overview of the STAR forward upgrades.

vant sub-detectors, therefore we will introduce them in details in the following sections.

2.2.1 Time Projection Chamber

The TPC serving as the primary tracking device at STAR, has the ability tomeasure
the event multiplicity even for most central Au+Au collisions at top RHIC energy. The
TPC measures 4 m in diameter by 4.2 m long. Charged particles with momenta from
0.1 to 30 GeV/c can be reconstructed, while the particle identification can be carried out
by the TPC up to 1 GeV/c.

The STAR TPC is shown schematically in Fig. 2.7. A large solenoidal magnet
that operates at 0.5 T surrounds the TPC, and inside the TPC is a volume of the P10
gas (90%Ar+10%CH4) in a well defined, uniform, electric field (≈ 135 V/cm). When
charged particles from nuclear collisions pass trough the gas volume, released secondary
electrons from the pathlengths of the charged particles will drift to the readout end-caps
at both ends of the chamber due to the existence of the electric field, and then the paths
of the primary ionizing particles can be reconstructed with high precision based on these
secondary electrons. The position precision of the reconstructed tracks can achieve sub-
millimeter level and the secondary electrons can drift up to 2.1 meters in the TPC, so the
uniformity of the electric field is of paramount importance. The electric field within the
TPC is determined by several components: a thin conductive Central Membrane (CM)
located with -28kV, concentric field-cage cylinders, and the readout end-caps at ground
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Figure 2.7 An overview of the STAR TPC.

potential. The transverse and longitudinal diffusions are about 𝜎𝑇 = 3.3 mm (230 𝜇m
per √cm) and 𝜎𝐿 = 5.2 mm (360 𝜇m per √cm) after drift paths up to 2.1 meters.

The STAR TPC’s readout system employs Multi-Wire Proportional Chambers
(MWPC) featuring readout pads.The MWPC comprises a pad plane along with three
wire planes including a gating grid, a ground plane, and anode wires, which are illus-
trated in Fig. 2.8. In the high fields surrounding the 20 𝜇𝑚 anode wires, the drifting
electrons undergo an avalanche, leading to an amplification of 1000 to 3000. A tempo-
rary image charge is created by the positive ions generated from the avalanche, which
will disappear when the ions move away from the anode wire. The end-cap readout
planes consist of the MWPC chambers with readout pads, and the planes are mounted
on aluminum support wheels with 12 sectors around the circle. Figure. 2.9 illustrates
how each sector is divided into an outer and inner sub-sector. The total number of pads
in the readout system is 136608. There is a continuous pad coverage to optimize the en-
ergy loss measurement and tracking resolution in the outer sub-sector, while the inner
sub-sector, subject to the maximum track density, is adjusted to ensure enough two-hit
resolution.

For the track reconstruction, first, the clusters are found separately in the 𝑥-𝑦 plane
(𝑟-𝜙 plane) and in the 𝑧 direction. The recorded charges in a single pad row with ad-
jacent pads are used to determine the x and y coordinates of a cluster. The z position
is calculated by considering the measured drift time from the ionization point to the
anodes and the average drift velocity of the released secondary electrons, which is ap-
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Figure 2.8 A cutaway of an outer sub-sector pad plane.

proximately ∼5.45 cm/𝜇𝑠. Then, individual clusters (hits) found in the TPC are used
to reconstruct the charged particle tracks with a Kalman filter routine. These tracks are
called global tracks. In order to improve the momentum resolution, the global track,
with a Distance of Closest Approach (DCA) to the primary vertex less than 3 cm, is refit
including the primary vertex position during the reconstruction, and the resulting track
is called a primary track. The detailed procedure for primary vertex reconstruction can
be found in Section 3.2. The primary track’s momentum resolution, 𝜎(𝑝T)/𝑝T , could
reach 1% + 0.5%×𝑝T in 𝑝 + 𝑝 collisions.

Besides the track reconstruction, the TPC could also be used to identify particle
species through the energy loss (𝑑𝐸/𝑑𝑥) measurement. The Bichsel function is usually
used to describe mean 𝑑𝐸/𝑑𝑥 of a certain particle species, and different particle species
at the same momentum may exhibit varying values of 𝑑𝐸/𝑑𝑥. The resolution of the
𝑑𝐸/𝑑𝑥measurement in nuclear collisions is about 8%, which enables 𝜋/K identification
up to about 0.7 GeV/c while (𝜋,K)/𝑝 separation can reach about 1.1 GeV/c, as shown in
Fig. 2.10.

48



Chapter 2 Experimental Setup

Figure 2.9 One full sector of the anode pad plane is depicted.

Figure 2.10 TPC dE/dx versus momentum in 54.4 GeV Au+Au collisions.

2.2.2 The Time Of Flight Detector

The barrel Time-of-Flight (TOF) detector which employs the Multi-gap Resistive
Plate Chamber (MRPC) technology [138] , was fully installed at STAR in 2010, with the
design goal of extending STAR’s particle identification capability to higher 𝑝T by mea-
suring the arrival time of charged particles. TOF consists of 120 trays with 60 trays on
each side with respect to 𝜂 = 0. Each tray has 32 modules of the MRPC, which is shown
in Fig. 2.11, and each module has 6 single-end readout pads (called “cell”).

The TOF system also includes the VPD, in addition to the barrel TOF. As men-
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tioned in the previous section, the VPD provides the “start” time (𝑡0) of the collision.
“stop” time (𝑡1) is measured by the barrel TOF. The VPD achieves a measured time
resolution of approximately 30 ps, while the barrel TOF achieves a time resolution of
less than 80 ps, in heavy-ion collisions. After obtaining the time of flight from TOF and
path length information from TPC, the inverse velocity of charged particles (1/𝛽) can be
calcualated as:

1
𝛽 = 𝑐 Δ𝑡

𝐿 = √𝑝2 + 𝑚2𝑐2

𝑝 , (2.1)

where the Δ𝑡 = 𝑡1 − 𝑡0.

Figure 2.11 The configuration of a single MRPC module, depicted in both long (upper) and
short (lower) side views.

In Fig. 2.12, charged particles’ 1/𝛽 distribution, as measured by the TOF system
in Au+Au collisions at √𝑠NN = 54.4 GeV/c, is shown. As one can see, the momentum
range of 𝜋 and K is extended from 0.7 to 1.6 GeV/c, and from 1.1 GeV/c to 3 GeV/c for
proton identification. For electron identification, TOF is crucial for rejecting hadrons at
low momentum range , where the 𝑑𝐸/𝑑𝑥 band for electrons crosses with hadrons, while
for high momentum electron identification, the BEMC is more efficient than the TOF,
which will be introduced in the next section.

2.2.3 The Barrel Electromagnetic Calorimeter

In this section, the details concerning the design, fabrication and performance of
the STAR BEMC is described. The BEMC is designed to trigger on and study rare,
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Figure 2.12 The momentum dependence of 1/𝛽 distribution in 54.4 GeV Au+Au collisions.

high 𝑝T object, including jets, heavy quarks, and so on in p+p and heavy-ion collisions
including UPCs. A sampling calorimeter using lead and plastic scintillator was selected
in order to achieve these physics goals, including adequately containing 60 GeV electro-
magnetic showers, and to satisfy all the mechanical constraints of the STAR experiment.
The BEMC has a total depth of about 20 radiation lengths at 𝜂 = 0. All of the scintilla-
tion light is transported to outside of the magnet steel in order to have enough space to
accommodate the photomultiplier tubes (PMT), bases, high-voltage system and front-
end electronics. This design reduces the PMT system cost and complexity since the
PMT is operated in a near zero magnetic field environment. For the high-resolution
measurement of electromagnetic showers, a shower maximum detector (two layers of
gaseous wire pad chambers) is inserted inside the BEMC lead/scintillator stack. Finally,
an independent preshower readout is installed for each BEMC tower. It can measure the
longitudinal shower development after only 1 to 1.5𝑋0, which significantly improves
the separation power between 𝜋0 and 𝛾 and between electrons and hadrons. For ex-
ample, the electron will exhibit a substantially higher ionization dE/dx than hadrons
even before the ionization of electromagnetic showers. On the top of this, about 63%
of electrons shower before reaching preshower and about 84% around the middle of the
preshower detector, which is much higher than the corresponding interaction probabil-
ities for hadrons (3% and 6%, respectively).

Installed within the aluminum coil of the STAR solenoid, the BEMC covers |𝜂| ≤
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Figure 2.13 Left panel: Cross-sectional view of the STAR detector showing the location of
the BEMC, which is labelled as “Barrel”. Right panel: The projective nature of the towers are
displayed by a side view of a calorimeter module.

1 and the full azimuthal angle, aligning with the TPC acceptance. The left panel of
Fig. 2.13 shows the position of BEMC, labelled as “Barrel”, inside the STAR detector
schematically. The front face of the BEMC is about 220 cm away from the center radi-
ally. The BEMC comprises 120 calorimeter modules, each spanning 0.1 rad in Δ𝜙 and
1.0 unit in Δ𝜂. They are arranged in a grid of 60 in 𝜙 and 2 in 𝜂. Each module measures
approximately 26 cm wide and 293 cm long, with an active depth of 23.5 cm, in addi-
tion to 6.6 cm of structural plates (of which approximately 1.9 cm is situated in front
of the detector). A module is divide into 40 towers with 2 in 𝜙 and 20 along the beam
direction, and each tower occupies approximately 0.05 in Δ𝜙 and 0.05 in Δ𝜂. Thus, the
full BEMC is physically constiuted by 4800 towers, each pointing back to the center of
the STAR detector, as shown in the right panel of Fig. 2.13.

The mounting system and the compression components of a tower is shown in
Fig. 2.14. There are 21 active scintillating layers, with 19 of them being 5 mm thick, and
2 associated with the preshower detector are 6 mm thick. All the scintillator layers alter-
nate with 20 layers of thick lead absorber plates. The energy resolution of the BEMC is
≈1.5%⊕14%/√𝐸 GeV. Electrons deposit close to 95% of their energies through elec-
tromagnetic showers while hadrons deposit a much smaller fraction. Such a difference
can be utilized to identify electrons from hadrons.
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Figure 2.14 The mechanical assembly of a BEMC module is displayed, including the com-
pression components and the rail mounting system.
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Understanding the formation and properties of the novel QCD matter, the quark-
gluon plasma (QGP), is a main science goal for RHIC [15,24-26] . Dileptons, pairs of
oppositely charged leptons, can be produced during the entire evolution of the QGP and
don’t take part in the strong interactions. Therefore, they are considered one of the ideal
probes to study the QGP. Measurements of dilepton invariant mass spectra have been
carried out at the Super Proton Synchrotron (SPS) [139-144] and RHIC [145-148] , which
show a signficant enhancement with respect to known hadronic sources in the mass
region below ∼0.7 GeV/𝑐2. This excess can be explained by the in-medium broaden-
ing of the 𝜌 meson spectral function [149-151] . In addition to dileptions, the J/𝜓 meson
(𝑐 ̄𝑐) suppression in heavy-ion collisions due to the color screening effect inside the hot
and dense medium was proposed as a “smoking gun” for the QGP formation [84] . The
J/𝜓 suppression has been measured in different collision systems and energies over the
past 20 years, and these measurements indicate that the observed J/𝜓 suppression is
an interplay of different effects, not only the color screening effect, but also dynamical
dissociation, the regeneration effect [152] and Cold Nuclear Matter (CNM) effect [153] .

Strong electromagnetic fields, generated by highly-charged nuclei traveling at rel-
ativistic speed in high-energy heavy-ion collisions, can be approximated as a large flux
of high-energy quasi-real photons [65,154] . Dileptons and vector mesons, for example
the 𝑒+𝑒− pair and J/𝜓 meson, can also be produced through interactions involving these
photons, such as the photon-photon process (𝛾 + 𝛾 → 𝑒+ + 𝑒−) and photon-nucleus
process via Pomeron exchange (𝛾 + 𝐴 → 𝐽/𝜓 + 𝐴) respectively. Among these pho-
tons interactions, the coherent interaction will lead to a distinctive configuration that the
final products consist of two intact nuclei and only an 𝑒+𝑒− pair or a J/𝜓 meson with
very low 𝑝T (usually 𝑝T < 0.1 GeV/c) and nothing else. The characteristics of very low
𝑝T products can be used to select coherent photon-photon and photon-nucleus produc-
tion experimentally. Conventionally, these interactions are only studied in UPCs where
there are no hadronic interactions. So, could the coherent photon-photon or photon-
nucleus processes also occur in collisions where the colliding nuclei break up? The
answer is yes. Significant excesses of J/𝜓 and 𝑒+𝑒− pair production in peripheral high-
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energy heavy-ion collisions at very low 𝑝T have been observed by the ALICE [113] and
STAR [155-156] collaborations. These excesses can not be explained by any medium ef-
fects on the hadronic production, while model calculations based on photon-induced
interactions could describe the observed excesses quite nicely. [116,120-121,157-160] .

What can we do to further our understanding of photo-induced processes in pe-
ripheral high-energy heavy-ion collisions? In 2018, STAR recorded high-quality, large-
statistics datasets of 96

44Ru+
96
44Ru and 96

40Zr+
96
40Zr collisions. The colliding nuclei share

the same atomic number (𝐴) of 96, but differ in the charge number (𝑍) by 10%. Since
the flux of quasi-real photons is expected to be proportional to 𝑍2 of the colliding
nuclei, the cross section of 𝛾 + 𝛾 → 𝑒+ + 𝑒− process is proportional to 𝑍4 while
𝛾 + 𝐴 → 𝐽/𝜓 + 𝐴 cross section is proportional to 𝑍2. Consequently, the isobaric
Ru+Ru and Zr+Zr collisions provide a unique opportunity to study the electromagnetic
field dependence of photon-induced production. Furthermore, comparing these results
to those from 197

79 Au+197
79 Au and 238

92 U+238
92 U collisions allows for further studies of elec-

tromagnetic filed dependence as well as an additional exploration of nucleus structure
dependence. It is worth mentioning that the isobar dataset primarily aims at search-
ing for signals related to the Chiral Magnetic Effect (CME), since the effect from large
background in hadronic heavy ion collisions could be significantly reduced [161] . By
measuring photo-induced processes, we could test the difference of the initial electro-
magnetic field between Ru+Ru and Zr+Zr collisions, which provides important input to
CME search efforts in these collisions.

3.1 Data Set and Event Selection

In this analysis, the data set was collected in 2018 for 200 GeV Ru+Ru and Zr+Zr
collisions by the STAR experiment. The minimum-bias (MB) trigger was employed for
data taking, which is defined as a coincidence between the two VPDs. The trigger IDs
used in this analysis are 600001, 600011, 600021 and 600031, which are summarized in
Table 3.1 together with offline production tag, production library as well as the number
of triggered events. The total number of MB events recorded is around 6.27 billion, and
about 5.16 billion events were reconstructed for further analysis.
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data set trigger id production tag library number of event

production_isobar_2018

600001

P20ic SL20c

39.58 M
600011 476.2 M
600021 105.87 B
600031 5.61 B

Table 3.1 Summary of trigger ids, offline production libraries and recorded number
of minimum-bias events.

3.2 Vertex Selection and Track Quality Cuts

Dielectron pair and J/𝜓 meson production from photon-photon and photon-nucleus
interactions, the main interest of this work, are originated from the interaction point,
also referred to as the event vertex or event primary vertex, since those photon-induced
processes occur instantaneously when the two colliding nuclei move close to each other.
Thus, primary tracks produced at the primary vertex are used in this analysis.

Efficient and precise event vertex finding plays a vital role for almost all the analy-
ses carried out at STAR, including the ones presented in this work. Due to much longer
readout time of the TPC compared to the time span between consecutive collision events,
the recorded event which is initiated by a collision that fires the trigger, is likely to con-
tain tracks from other beam crossings or additional collisions in the same beam crossing
when the instantaneous luminosity is high. This is usually referred to as the pile-up ef-
fects, which can interfere with finding the correct collision vertex using reconstructed
tracks. Such effects can be mitigated by using tracks matched to fast detectors, such as
the TOF detector, BEMC and EEMC, when reconstructing the event vertex. There are
two main vertex-finding algorithms used by the STAR experiment: the Minuit based
vertex finder (MinuitVF) and the Pile-Up Proof Vertexer (PPV) [162] . TheMinuitVF is
primarily utilized for heavy-ion collisions characterized by high track multiplicity and
low pile-up effects, while the PPV is commonly used in lowmultiplicity p+p events with
a high pile-up rate. The MinuitVF method find the three-dimensional location of the
vertex where the Distance of Closest Approach (DCA) for all associated tracks is at the
minimum, while the PPV uses a one-dimensional truncated log-likelihood method to
determine the most probable 𝑧 location of the vertex and the 𝑥 and 𝑦 positions are deter-
mined from beam line [163] . For both MinuitVF and PPV, the vertex seeding procedure
is based on finding clusters of tracks along the 𝑧-axis. The main difference between two
methods is that there is additional re-weighting used in PPV, such as the uncertainty of
the track’s projection at the point of closest approach to the beam line and the extrapo-
lation of the track to either an EMC or TOF cell with a signal above a certain threshold.
The primary vertex used in this analysis is reconstructed with the MinuitVF method
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using the global tracks, and primary tracks are found by combining primary vertex with
global tracks in the fitting to improve the momentum resolution.

The 𝑧 position of the primary vertex determined with the MinuitVF method is
denoted as 𝑉𝑧(TPC). In this analysis, to ensure good TPC acceptance, the vertex position
should fall within -35 cm to 25 cm relative to the TPC center along the 𝑧 direction. The
𝑉𝑧(TPC) distributions in isobaric Ru+Ru collisions at √𝑠NN= 200 GeV are displayed in
Fig. 3.1. The black solid line stands for the distribution of 𝑉𝑧(TPC) for MB-triggered
events before vertex selection cuts while the red dash lines are the vertex selection cuts.
The difference between 𝑉𝑧(TPC) and 𝑉𝑧(VPD) should be within 3 cm to reject the event
with wrong reconstructed TPC or VPD vertex due to pile-up effects. The left panel of
Fig. 3.2 shows the two-dimensional distribution of 𝑉𝑧(TPC) versus 𝑉𝑧(VPD), while the
right panel of Fig. 3.2 is the distribution of the distance between 𝑉𝑧(TPC) and 𝑉𝑧(VPD).
The horizontal and vertical bands in the right panel of Fig. 3.2 are events with wrongly-
reconstructed vertices, which need to removed from further analysis. Furthermore, to
reject events originating from the beam striking the beam pipe, the radial distance (𝑉𝑟)
of the primary vertex is required to be less than 2 cm with respect to the beam pipe
center. As shown in Fig. 3.3, the survived events are concentrated around (0,0). The
vertex selection cuts are summaried in Table 3.2 and the total number of events used in
this analysis after vertex selection is around 1.8 billion for each collision system.

Event selection criteria
-35 cm < 𝑉𝑧(TPC) < 25 cm

|𝑉𝑧(TPC) − 𝑉𝑧(VPD)| < 3 cm
𝑉𝑟(TPC) < 2 cm

Table 3.2 Summary of event selection cuts.

3.3 Centrality Definition

The centrality definition in nucleus nucleus collisions used by the STAR collabo-
ration is based on the offline charged-track multiplicity (𝑁offline

tracks ) measured by the TPC
within |𝜂| < 0.5. The reconstructed tracks used for centrality classification must have a
DCA to the primary vertex less than 3 cm and at least 10 TPC hit points for reconstruc-
tion (nHitsFit ≥ 10). The TPC tracking efficiency affects the number of reconstructed
tracks offline, and it is dictated by the TPC occupancy which is related to the instanta-
neous luminosity monitored by the ZDC coincidence rate. So, the ⟨𝑁offline

tracks ⟩ is found
to decrease linearly with increasing ZDC coincidence rate, and the parameterization of
this dependence is used to correct 𝑁offline

tracks for luminosity effect. In addition, the 𝑁offline
tracks
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Figure 3.1 Distribution of 𝑉𝑧(TPC) for primary vertex, the vertex selection cuts are shown as
the red dash lines.
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Figure 3.2 Left panel: Two-dimensional distribution of 𝑉𝑧(TPC) versus 𝑉𝑧(VPD) before ap-
plying vertex cuts. Right panel: Distance between 𝑉𝑧(TPC) and 𝑉𝑧(VPD) before applying vertex
selection cuts.

Figure 3.3 Two-dimensional distributions of 𝑉𝑥(TPC) versus 𝑉𝑦(TPC) before (left panel) and
after (right panel) vertex cuts in MB-triggered isobar collisions at √𝑠NN= 200 GeV.
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is also affected by the TPC acceptance which is variational as a function of 𝑉𝑧(TPC).
The correction factor is obtained by normalizing the 𝑁offline

tracks distribution, 𝑃 (𝑁offline
tracks ),

in different 𝑉𝑧(TPC) bins with a step of 2 cm to a certain reference 𝑉𝑧(TPC) range. Af-
ter the correction of luminosity and 𝑉𝑧(TPC) dependence, the 𝑁offline

tracks distributions at
different ZDC coincidence rates and 𝑉𝑧(TPC) ranges become very similar. Then the
corrected 𝑁offline

tracks distribution is fitted with the distribution P(𝑁MC
tracks) fromMCGlauber

model simulations [29,164] . Usually, a discrepancy between 𝑁offline
tracks and 𝑁MC

tracks can be
observed at low event multiplicity due to trigger inefficiency in peripheral collisions.
This discrepancy can be corrected for by ratio of 𝑁MC

tracks / 𝑁offline
tracks as weights in analyz-

ing data.

Figure 3.4 Distributions of the number of charged tracks (𝑁offline
tracks ) from the TPC in Ru+Ru

(upper left panel) and Zr+Zr (lower left panel) collisions. The luminosity and vertex position
𝑉𝑧(TPC) dependence have been corrected for Glauber model distributions using two sets of WS
parameters , as listed in Table 3.3, are used to fit the experimental distributions. Ratios of the
𝑁offline

tracks distribution in Ru+Ru collisions over that in Zr+Zr collisions, using the experimental
data and those from Glauber model fits, are shown in the upper right and lower right panels.

Distributions of charged-track multiplicity, 𝑃 (𝑁offline
tracks ), are shown in Fig. 3.4 for

Ru+Ru and Zr+Zr collisions. In MC Glauber Model simulations [29,164] , the nuclear
thickness function and the inelastic nucleon-nucleon cross section (𝜎𝑖𝑛𝑒𝑙

NN = 42 mb for

√𝑠 = 200 GeV [165] ) are needed as inputs.
The nuclear thickness function is obtained by sampling nucleons in the colliding

nuclei based on the nuclear density distribution described by the Woods-Saxon (WS)
distribution. One challenge is that the nuclear density distributions of 96

44Ru and 96
40Zr

nuclei are not measured accurately [166-168] . So, three sets of WS parameters are investi-
gated in defining the centrality for isobaric collisions [166,169] . The WS distribution can
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be defined as:
𝜌(𝑟, 𝜃) = 𝜌0

1 + exp[ 𝑟−𝑅(1+𝛽2𝑌 0
2 )

𝑎 ]
, (3.1)

where 𝑅 is the radius parameter, a is the diffuseness parameter, 𝛽2 quatifies the
quadruple deformation, 𝑌 0

2 (𝜃) = 1
4√

5
𝜋 (3𝑐𝑜𝑠2𝜃 − 1), and 𝜌0 is the normalization factor.

The three tested sets of parameters for 𝑅, 𝑎, and 𝛽2, are summarized in Table 3.3.
Case-1 Case-2 Case-3

Nucleus 𝑅 (fm) 𝑎 (fm) 𝛽2 𝑅 (fm) 𝑎 (fm) 𝛽2 𝑅 (fm) 𝑎 (fm) 𝛽2
96
44Ru 5.085 0.46 0.158 5.085 0.46 0.053 5.067 0.500 0
96
40Zr 5.02 0.46 0.08 5.02 0.46 0.217 4.965 0.556 0

Table 3.3 Woods-Saxon parameters used in MC Glauber model simulations for the
centrality determination.

Since the Ru nucleus contains more protons than Zr nucleus, Ru has a larger charge
radius, which is reflected in Case-1 and Case-2. The two cases differ in the deformation
parameter 𝛽2. The third set of parameters (Case-3) are obtained from recent calculations
based on energy density functional theory (DFT) [169-170] and assume that both nuclei are
spherical without any deformation. In the Case-3, distributions of protons and neutrons
are calculated separately and the overall size of Ru is found to be smaller than Zr because
of a significantly thicker neutron skin in the Zr nuclei. The first set of parameters (Case-
1) is rejected since it yields the largest 𝜒2/ndf values. Although the Case-2 and Case-3
sets have similar𝜒2/ndf values when fitting P(𝑁offline

tracks ) distributions in data with Glauber
model., the Case-3 set is chosen for the centrality definition because the Case-3 could
reproduce the ratio of the𝑁offline

tracks distributions between the two collision systems at large
multiplicity values (Fig. 3.4, right panel), despite there is room for future improvement.
The centrality definition and the corresponding ⟨𝑁offline

tracks ⟩, ⟨𝑁part⟩ and ⟨𝑁coll⟩ for 200
GeV Ru+Ru and Zr+Zr collisions are listed respectively in Table 3.4 and Table 3.5.

Centrality (%) Ru+Ru
Centrality (%) 𝑁offline

tracks ⟨𝑁offline
tracks ⟩ ⟨𝑁part⟩ ⟨𝑁coll⟩

0-5 0-5.01 258.-500. 289.32 166.8±0.1 389±10
5-10 5.01-9.94 216.-258. 236.30 147.5±1.0 323±5
10-20 9.94-19.96 151.-216. 181.76 116.5±0.8 232±3
20-30 19.96-30.08 103.-151. 125.84 83.3±0.5 146±2
30-40 30.08-39.89 69.-103. 85.22 58.8±0.3 89.4±0.9
40-50 39.89-49.86 44.-69. 55.91 40.0±0.1 53.0±0.5
50-60 49.86-60.29 26.-44. 34.58 25.8±0.1 29.4±0.2
60-70 60.29-70.04 15.-26. 20.34 15.83±0.03 15.6±0.1
70-80 70.04-79.93 8.-15. 11.47 9.34±0.02 8.03±0.04

Table 3.4 Centrality definition by 𝑁offline
tracks (efficiency-uncorrected charged-track mul-

tiplicity in the TPC within |𝜂| < 0.5) in Ru+Ru collisions. The first column is the cen-
trality range labels , while the second column denotes the actual centrality ranges
which are slightly different from the first column because of integer edge cuts used
for centrality determination.
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Centrality (%) Zr+Zr
Centrality (%) 𝑁offline

tracks ⟨𝑁offline
tracks ⟩ ⟨𝑁part⟩ ⟨𝑁coll⟩

0-5 0-5.00 256.-500. 287.36 165.9±0.1 386±10
5-10 5.00-9.99 213.-256. 233.79 146.5±1.0 317±5
10-20 9.99-20.08 147.-213. 178.19 115.0±0.8 225±3
20-30 20.08-29.95 100.-147. 122.35 81.8±0.4 139±2
30-40 29.95-40.16 65.-100. 81.62 56.7±0.3 83.3±0.8
40-50 40.16-50.07 41.-65. 52.41 38.0±0.1 48.0±0.4
50-60 50.07-59.72 25.-41. 32.66 24.6±0.1 26.9±0.2
60-70 59.72-70.00 14.-25. 19.34 15.10±0.03 14.3±0.1
70-80 70.00-80.88 7.-14. 10.48 8.58±0.02 7.12±0.04

Table 3.5 Centrality definition by 𝑁offline
tracks (efficiency-uncorrected charged-track mul-

tiplicity in the TPC within |𝜂| < 0.5) in Zr+Zr collisions. The first column is the cen-
trality range labels , while the second column denotes the actual centrality ranges
which are slightly different from the first column because of integer edge cuts used
for centrality determination.

3.4 Electron Identification

To select high-quality primary tracks, the following selection criteria are applied:
the track’s transverse momentum (𝑝𝑇 ) should be larger than 0.2 GeV/c to ensure the
track can pass through the TPC; the pseudorapidity of the selected tracks is required to
be less than 1 to stay within the TOF acceptance; the number of TPC hit points (nHitsFit)
used for track reconstructed larger than 20, out of a maximum of 45, to high enough
momentum resolution, and the ratio of nHitsFit over the number of maximum possible
TPC hit points along the track trajectory (nHitsPoss) is required to be larger than 0.52
in order to reject track splitting; to ensure good 𝑑𝐸/𝑑𝑥 resolution, the number of points
for ⟨𝑑𝐸/𝑑𝑥⟩ calculation (nHitsDedx) should be more than 15; last but not the least, the
DCA between the primary track and the primary vertex is less than 1 cm to suppress
tracks from secondary decays. The track selection criteria is summarized in the Table
3.6.

Primary track selection criteria
𝑝𝑇 > 0.2 GeV/c

|𝜂| < 1
nHitsFit > 20
nHitsDedx > 15

nHitsFit/nHitsPoss > 0.52
DCA < 1 cm

Table 3.6 Summary of primary track quality cuts.

In order to measure the yields of 𝑒+𝑒− pair and J/𝜓 meson (through the dielectron
decay channel) production from photon-induced interactions in Ru+Ru and Zr+Zr col-
lisions at mid-rapidity (|𝑦|<1), it is crucial to separate electron (denoting both electron
and positron if not specified) candidates from all other particles. The sub-detectors used
to identify electrons are the TPC through the ionization energy loss (dE/dx) and the TOF
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flight time measurements. For electrons from J/𝜓 meson decays, their 𝑝T are around 1.5
GeV/c, and therefore information fromBEMC can also be used for identifying electrons.

3.4.1 Particle identification with the TPC

In addition to measuring charged-particles’ momenta, the TPC can also be utilized
for particle identification (PID) through measurement of ionization energy loss per unit
length (𝑑𝐸/𝑑𝑥). The 𝑑𝐸/𝑑𝑥 distribution for charged particles as a function of momen-
tum (𝑝) is shown in Fig. 3.5. Different particle species with the same momentum have
different 𝑑𝐸/𝑑𝑥 values. To perform PID, 𝑑𝐸/𝑑𝑥 is first normalized by the expected ion-
ization energy loss for electrons predicted by the Bichsel function ((𝑑𝐸/𝑑𝑥)theory) [171] ,
and then scaled by the 𝑑𝐸/𝑑𝑥 resolution (𝑅𝑑𝐸/𝑑𝑥) to obtain the possibility of a track
being an electron, known as the 𝑛𝜎𝑒. The variable 𝑛𝜎e is defined as:

𝑛𝜎e =
ln(𝑑𝐸/𝑑𝑥)measured − ln(𝑑𝐸/𝑑𝑥)etheory

𝑅𝑑𝐸/𝑑𝑥
, (3.2)

The 𝑛𝜎e distribution for electrons is expected to follow a Gaussian distribution with a
mean of 0 and width of 1. Thus the 𝑛𝜎𝑒 (based on 𝑑𝐸/𝑑𝑥) variable can be used for
electron identification.

Figure 3.5 The dE/dx of charged particles in Ru+Ru collisions at √𝑠NN = 200 GeV.

Figure3.6 shows the 𝑛𝜎𝑒 distribution as a function of 𝜂 for a pure electron sample
in 0-10% central Ru+Ru collisions at √𝑠NN= 200 GeV/c. The procedure to obtain the
pure electron sample will be introduced in Sec. 3.4.5. The black points are the mean
value in each 𝜂 bin, which shows a strong 𝜂 dependence caused by imperfect calibration.
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The solid line is the fitting result of the black points with the formula:

𝑓(𝜂) = 𝑝0 − 𝑙𝑛(𝑒−𝜂 + 𝑒𝜂) × 𝑝1, (3.3)

where the 𝑝0 and 𝑝1 are free parameters.
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Figure 3.6 𝑛𝜎𝑒 distribution as a function of 𝜂 for a pure electron sample in 0-10% central in
Ru+Ru collisions at √𝑠NN= 200 GeV.

This strong 𝜂 dependence of 𝑛𝜎𝑒 distribution affects the raw signal extraction and
detector efficiency correction in this analysis. In order to simplify the 𝑛𝜎𝑒 and avoid
additional complications when estimating the 𝑛𝜎𝑒 cut efficiency, we correct for this 𝜂
dependence before determining the electron identification cuts. We also checked if the
𝑛𝜎𝑒 distribution depends on track’s 𝑝𝑇 and 𝜙, as shown in the left and right panels of
Fig. 3.7. As one can see, the 𝜙 distribution shows some dip structure while the 𝑝T
dependence shows a flatter trend. Since a track’s 𝑝T 𝜂 and 𝜙 are independent variables
and the 𝜂 dependence is the strongest, we identify the 𝜂 dependence as the leading-order
effect and the structures of the 𝜙 dependence as the second-order effect in the correction
scheme. The correction factor is calculated as:

Δ𝑛𝜎𝑒 = ⟨𝑛𝜎𝑒(𝜂)⟩ + ⟨𝑛𝜎𝑒(𝜙)⟩ − ⟨⟨𝑛𝜎𝑒(𝜙)⟩⟩, (3.4)

where ⟨𝑛𝜎𝑒(𝜂)⟩ is the mean value of 𝑛𝜎𝑒 in each 𝜂 bin obtained from the fitting (Fig. 3.6),
⟨𝑛𝜎𝑒(𝜙)⟩ is the mean value of 𝑛𝜎𝑒 in each 𝜙 bin read off from the black points in the
right panel of Fig3.7, and ⟨⟨𝑛𝜎𝑒(𝜙)⟩⟩ is the mean of the black points in the right panel
of Fig. 3.7.

The corrected mean 𝑛𝜎𝑒 distribution in different centrality bins are shown in
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Figure 3.7 𝑛𝜎𝑒 distribution as function of 𝑝T (left) and 𝜙 (right) for a pure electron sample in
0-10% central Ru+Ru collisions at √𝑠NN= 200 GeV.

Fig. 3.8. The left panel is the 𝑛𝜎𝑒 distribution as a function of track’s 𝜂 in Ru+Ru and
Zr+Zr. The solid points are the mean values of 𝑛𝜎𝑒 in Ru+Ru collisions before cor-
rection, while the open markers are the same but for Zr+Zr collisions after correction.
As one can see, after the 𝑛𝜎𝑒 correction, the strong 𝜂 dependence is eliminated and the
mean values of 𝑛𝜎𝑒 in different 𝜂 ranges are all close to zero, which makes it easier to
apply 𝑛𝜎𝑒 cut and estimate the 𝑛𝜎𝑒 cut efficiency. The right panel of Fig. 3.8 shows the
𝜙 dependence of the 𝑛𝜎𝑒 distribution in different centrality bins. Similar as shown in
the left panel, after correction, not only the mean values in different 𝜙 bins are shifted
to zero, but also dip structure is gone.
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Figure 3.8 𝑛𝜎𝑒 as a function of electron’s 𝜂 (left panel) and 𝜙 (right panel) in different cen-
trality classes of isobaric collisions at √𝑠NN= 200 GeV before (solid symbols) and after (open
symbols) the 𝑛𝜎𝑒 correction.

After applying the correction, the 𝑛𝜎𝑒 distributions of pure electron and hadron
samples are obtained to check the PID capability with 𝑑𝐸/𝑑𝑥 does not deteriorate. The
pure 𝜋, K and 𝑝 samples are selected by combining tight 𝑚2 and loose 𝑛𝜎𝜋/𝐾/𝑝 cuts. The
𝑚2 can be calculated as:

𝑚2 = 𝑝2(1 − 𝛽2)
𝛽2 = 𝑝2(𝑐2Δ𝑡2

𝐿2 − 1), (3.5)

A pure sample of “merged 𝜋”, caused by two tracks of the same charge and similar
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momenta get reconstructed into one track, is selected by the same 𝑚2 cut as for selecting
the pure 𝜋 sample but with a 𝑛𝜎𝜋 > 6 cut since the ionization energy loss of a “merged
𝜋” is expected to two times that of a regular. The 𝑛𝜎𝑒 mean values for pure hadron and
electron samples as a function of 𝑝T after the correction are displayed in Fig. 3.9. As
expected, the 𝑛𝜎𝑒 distribution of the pure electron sample (blue marker) shows a flat
trend around zero. Still, the electron 𝑛𝜎𝑒 distribution shows a clear distinction to other
hadrons, which is the basis for identifying electrons with the TPC.
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Figure 3.9 Mean 𝑛𝜎𝑒 values as a function of 𝑝T for different particle species in isobaric colli-
sions at √𝑠NN= 200 GeV.

However, in some specific momentum regions, the 𝑑𝐸/𝑑𝑥 values are very similar
for different particles, these overlap regions can be clearly seen in Fig. 3.9, such as the
𝑑𝐸/𝑑𝑥 for electrons and kaons around 𝑝 ≈ 0.5 GeV/c, for electrons and protons around
𝑝 ≈ 1 GeV/c. Furthermore, the 𝑑𝐸/𝑑𝑥 values are close to each other at 𝑝 > 1.3 GeV/𝑐
for all charged particles. So the TOF (low momentum) and BEMC (high momentum)
are used to improve the electron identification in different momentum regions.

3.4.2 Particle identification with the TOF

Given its very small mass (0.511 MeV/𝑐2), an electron is expected to have a ve-
locity around 1 (1/𝛽 ≈ 1), while heavier hadrons (like 𝜋, K and 𝑝) will spend more
time to reach the TOF at a given momentum. Therefore, the velocity of charged particle
with different mass measured by the TOF can be used to select electrons from heavier
hadrons, especially in the low momentum regions. As shown in Fig. 3.10, 1/𝛽 can be
used to identify electrons from heavier hadrons in the low momentum region up to 1.5
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Figure 3.10 The momentum dependence of 1/𝛽 for charged particles. Black soild lines indi-
cate the default 1/𝛽 cut (|1/𝛽 − 1| < 0.025) for selecting electrons.

GeV/c, even though it could not completely eliminate pions due to their low masses
and limited TOF resolution. In the higher momentum region, velocities of all parti-
cles approaches the speed of light (𝑐) and hadrons can no longer be discriminated from
electrons, for which the BEMC, based on the measurements of deposited energies by
incident particles, can be used to suppress hadron contamination. Figure 3.11 shows
𝑛𝜎𝑒 as a function of momentum before (left panel) and after (right panel) the 1/𝛽 cut.
As one can seen, the 1/𝛽 cut can reject most of heavier hadrons (like 𝜋, 𝑘 and 𝑝) and the
remaining 𝜋 can be removed with the 𝑛𝜎𝑒 cut.
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Figure 3.11 Momentum dependence of 𝑛𝜎𝑒 distribution before (Left panel) and after (Right
panel) 1/𝛽 cut in MB triggered isobaric collisions at √𝑠NN = 200 GeV. The solid black lines in
the right panel indicate the 𝑛𝜎𝑒 cuts.
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3.4.3 Particle identification with the BEMC

Asmentioned before, the BEMC can be used to discriminate between electrons and
hadrons in the high 𝑝𝑇 region (𝑝𝑇 > 1 GeV/c). The BEMC-related PID cuts are only
used for J/𝜓 reconstruction since the daughter electrons have 𝑝T around 1.5 GeV/c most
of the time, while for low-mass 𝑒+𝑒− pairs from photon-photon interactions, BEMC
is not useful for identifying such electrons. The deposited energy in the BEMC by an
electron is approximately equal to its momentum while for a hadron it is considerably
smaller. So the deposited energy to momentum ratio (𝐸/𝑝) is used for electron identifi-
cation. However, the BEMC cluster energy (𝐸) of an incident electron may be effected
by other particles, especially in high-multiplicity central heavy-ion collisions, since the
BEMC cluster is reconstructed by grouping adjacent towers which can be hit by mul-
tiple particles including an electron. To mitigate such effects, the highest tower energy
in a BEMC cluster (𝐸0) is used instead of 𝐸. The 𝐸0/𝑝 distributions for electrons and
hadrons (mainly 𝜋) in different 𝑝𝑇 regions can be found in Fig. 3.12. The black lines
are for pions selected by a tight 𝑚2 cuts, the red open rectangles represent electrons
from photon conversion and 𝜋0 Dalitz decay selected with the invariant mass method
(see in Sec. 3.4.5). As shown in the figure, the separation between electrons and pions
increases with increasing 𝑝𝑇 , and the 𝐸0/𝑝 cut, indicated by vertical dashed lines in the
figure, could keep most of electrons while significantly reducing hadron contamination.

The distance distributions between track projection and the matched BEMC clus-
ter in 𝜂 and 𝜙 planes are displayed in Fig. 3.13 for electron and hadron samples within
2 < 𝑝𝑇 < 3 range GeV/c. Hadrons (black lines) show similar distributions as the elec-
tron sample (red markers) in both 𝜂 and 𝜙 plane. Therefore, these information is not
used for electron identification. The absence of the Barrel Shower Maximum Detector
(BSMD), which is positioned at approximately 5.6 radiation lengths deep within the
Barrel Electromagnetic Calorimeter (BEMC), results in the loss of high spatial reso-
lution capability. The BSMD is usually turned off in heavy-ion collisions during the
data-taking because of its much slow readout compared to that of TPC.

3.4.4 Electron identification cuts

Table 3.7 summarizes detectors used for electron identification in different 𝑝T
ranges and corresponding cuts for reconstructing J/𝜓 from photon-nucleus processes
in isobaric collisions. For tracks with 𝑝T ≤ 1 GeV/𝑐, a momentum dependent 𝑛𝜎e cut,
in combination with the |1/𝛽 − 1| < 0.025 requirement, is used. For 𝑝T > 1 GeV/𝑐,
different combinations of PID cuts are used, depending on the availability of TOF and
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Figure 3.12 𝐸0/𝑝 distributions of electron samples and hadrons (mainly 𝜋) in different 𝑝𝑇
regions. The black line stands for hadrons, the red open rectangles are electron samples from
photon conversions and 𝜋0 Dalitz decays. The vertical brown dash lines indicate 𝐸0/𝑝 cuts from
0.5 to 1.5.
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Figure 3.13 The distance distributions between track projection and matched BEMC cluster
in 𝜂 (left panel) and 𝜙 (right panel) planes in the 𝑝𝑇 range from 2 to 3 GeV/c.
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Track 𝑝T Detectors used Electron PID cuts

𝑝T≤ 1.0 GeV/𝑐 TPC, TOF
|1/𝛽 − 1| < 0.025;

for 𝑝 > (≤)0.8 GeV/c:
−0.75 (3 × 𝑝 − 3.15) < 𝑛𝜎𝑒 < 2

𝑝T > 1.0 GeV/𝑐

TPC, TOF and
not matched to BEMC

|1/𝛽 − 1| < 0.025;
−0.75 < 𝑛𝜎𝑒 < 2

TPC, BEMC and
not matched to TOF

−1 < 𝑛𝜎𝑒 < 2 ;
0.5 < 𝐸0/𝑝 < 1.5

TPC, TOF and
BEMC

|1/𝛽 − 1| < 0.025;
−1.5 < 𝑛𝜎𝑒 < 2;
0.5 < 𝐸0/𝑝 < 1.5

Table 3.7 List of electron PID cuts for J/𝜓 alaysis in isobaric collisions at √𝑠NN =
200 GeV.

BEMC information, in order to maximize the hadron rejection power while maintaining
a high PID efficiency. In the case when only the TOF information is available, PID cuts
of |1/𝛽 − 1| < 0.025 and −0.75 < 𝑛𝜎e < 2 are used. If a track leaves a signal in the
BEMC but not in the TOF, the BEMC cut of 0.5 < 𝐸0/𝑝 < 1.5 is utilized in conjuncture
with the TPC cut of −1 < 𝑛𝜎e < 2. A third scenario is that the PID information from
TPC, TOF and BEMC can all be used, and the corresponding electron selection cuts
are: |1/𝛽 − 1| < 0.025, −1.5 < 𝑛𝜎e < 2 and 0.5 < 𝐸0/𝑝 < 1.5. It is worth noting
that the 𝑛𝜎e cut is asymmetric with a tighter lower boundary on the negative side. This
is because charged pions are the most abundant hadron species that contaminates the
electron sample and their ⟨𝑛𝜎e⟩ values are smaller than that of electrons. The lower
boundary of the 𝑛𝜎e cut also changes with 𝑝T, while the upper boundary is kept at 2.

For reconstructing 𝑒+𝑒− pairs from photon-photon interaction in isobaric colli-
sions, only TPC and TOF related PID cuts are used, which are summarized in Table3.8.
As mentioned before in Sec 3.4.2, the BEMC information, most relevant for electron
identification above 1 GeV/c, is not used for this part of the analysis.

Track’s 𝑝𝑇 Detectors Electron PID cuts

𝑝𝑇 > 0.2 GeV/c TPC, TOF
|1/𝛽 − 1| < 0.025;

for 𝑝 > (≤)0.8 GeV/c:
−0.75 (3 × 𝑝 − 3.15) < 𝑛𝜎𝑒 < 2

Table 3.8 List of electron PID cuts for 𝑒+𝑒− pair reconstruction in isobaric collisions
at √𝑠NN = 200 GeV.

3.4.5 Method to obtain a pure electron sample

An electron sample with high purity (usually more than 99%) is usually needed for
optimizing electron identification and estimating various efficiencies for electrons in a
data-driven manner. However, such a high purity can not be achieved with only TPC,
TOF and BEMC PID cuts. Alternatively, one can exploit the physics property of two
specfic processes, the photon conversion and the 𝜋0 Dalitz decay, 𝑖.𝑒., resulting electron
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pairs have near zero invariant mass, which can be used to obtain an almost pure electron
sample. Since primary tracks, forced to originate from the primary vertex, are used in
the main analysis, they are also used for obtaining the pure electron sample based on the
invariant mass method. However, the photon conversion point typically doesn’t coin-
cide with the primary vertex. This discrepancy introduces an artificial angular separa-
tion between the electron and positron, consequently yielding a non-zero invariant mass
measurement. The magnitude of the opening angle hinges on the separation between
the photon conversion point and the primary vertex. Thus, distinct conversion points
will yield varying invariant masses for 𝑒+𝑒− pairs. Usually, a 𝑀𝑒𝑒 < 0.015 𝐺𝑒𝑉 /𝑐2

is used to select electrons from the photon conversion and 𝜋0 Daliz decay. However
the background will increase when the collision centrality becomes central, thus the
𝑀𝑒𝑒 cut should be tighter in order to keep the signal-to-background ratio high enough.
The invariant mass distributions of electron pairs in four different centrality classes in
isobaric collisions at √𝑠NN= 200 GeV are displayed in Figure 3.14. The black points
are unlike-sign pairs while the red points stand for like-sign for background estimation.
The signal can be obtained by subtracting like-sign pairs from unlike-sign pairs. The
first peak in the unlike-sign distribution is electrons from the 𝜋0 Daliz decay while the
second peak is from the photon conversion, and two processes can be easily singled out
by a 𝑀𝑒𝑒 cut. For each centrality class, the pink dash line stands for the 𝑀𝑒𝑒 cut used, a
looser cut is used in peripheral centrality classes, and the signal-to-background ratio (as
listed in each sub-figure) is all above 100, high enough for obtaining an electron sample
with larger than 99% purity.

3.5 𝑒+𝑒− pair and J/𝜓 meson yield extraction

As previously carried out in Au+Au collisions at STAR [155-156] , 𝑒+𝑒− pair and
J/𝜓 → 𝑒+𝑒− (5.94±0.06%) decay are reconstructed using electron candidates identified
by the cuts described in Sec. 3.4.4. The rapidity of 𝑒+𝑒− pair and J/𝜓 candidates are
constrained to be within |𝑦| < 1.0. In order to select 𝑒+𝑒− pair and J/𝜓 from coherent
processes, the candidates are required to have very low 𝑝T (𝑝T ≤ 0.15 GeV/c) to suppress
contributions from hadronic sources. Although the hadronic contamination is very small
in such low 𝑝T region, the knowing hadronic contribution will still be estimated and sub-
tracted from the measurement (detials in Sec. 3.7). A mixed-event technique (detailed
in Sec. 3.5.2) is used to estimate the combinatorial background, which gets subtracted
from the unlike-sign electron pair distribution (detailed in Sec. 3.5.1). The 𝐽/𝜓 sig-
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Figure 3.14 Electron pair invariant mass distributions in different centrality classes of iso-
baric collisions.

nal shape from detector simulations with additional momentum smearing to match data
(detailed in Sec 3.5.4) is used to obtain the J/𝜓 yield through a fitting procedure.

3.5.1 Pair reconstruction in same event

The unlike-sign pairs originating from the same event (𝑁+−), inclusive of both
signal and background elements, are reconstructed by merging all candidate electrons
and positrons, also known as the foreground. The 𝐽/𝜓 signal is mainly included in
the invariant mass range from 2.9 to 3.2 GeV/𝑐2 of the unlike-sign pair distribution,
while the 𝑒+𝑒− signal has a continuous invariant mass distribution, mainly in the mass
range of 0.4 to 2.6 GeV/𝑐2. The lower limit is due to the 𝑝T cut on primary tracks, and
the upper limit is selected to avoid interference with the J/𝜓 signal region. There are
other physical processes that will contribute to the invariant mass range interested in this
analysis (0.4 - 2.6 and 2.9 - 3.2 GeV/𝑐2) in the unlike-sign pairs, like radiative decay,
QGP thermal radiation, vector mesons in-medium decay, heavy flavor semi-leptonic
decay and Drell-Yan production, which should be estimated and subtracted from final
yield, called hadronic cocktail. Within the mass range of interest, background sources
also consist of both combinatorial and correlated backgrounds. The former arises from
pairing of electrons and positrons which are not derived from the same decay process,
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whereas the correlated background is the pairs from Dalitz decay (e.g. 𝜋0 → 𝛾 + 𝑒+ +
𝑒− → 𝑒+ + 𝑒− + 𝑒+ + 𝑒−). The like-sign technique, which pairs electrons of the same
charge within a same event (𝑁++ and 𝑁−−), is employed to address both combinatorial
and correlated background contributions. The geometric mean, 2√𝑁++ ⋅ 𝑁−−, can
describe the background well in the unlike-sign pairs distributions for the 𝑒+ and 𝑒−

are produced in statistically independent pairs. Thus the combinatorial background and
correlated background, 𝑁++&−−, can be defined as:

𝑁++&−−(𝑀𝑒𝑒) = 2√𝑁++(𝑀𝑒𝑒) ⋅ 𝑁−−(𝑀𝑒𝑒), (3.6)

The statistical uncertainty in the like-sign pairs distribution will contributes to the
uncertainty in the 𝑒+𝑒− pair and 𝐽/𝜓 signal when the like-sign pairs removed as the
background, and to minimize this, a mixed-event background calculation was used in
this analysis for 𝐽/𝜓 signal extraction, while for 𝑒+𝑒− pair extraction, the the like-sign
pairs distribution from same event is still used due to the lack of the correlated back-
ground in mixed event.

3.5.2 Mixed-event technique

In order to improve the statistical precision in estimating the combinatorial back-
ground, the mixed-event technique, which pairs electrons and positrons from different
events with similar characteristics, is used. The dataset is partitioned into various event
pools based on the following global properties: the direction of field, the position of
collision vertex along the beam direction, and the event centrality. The collision vertex
position and centrality are used to ensure that events in the same event pool have similar
detector acceptance and reconstruction efficiency. The vertex 𝑧 position, from -35 to
25 cm, is divided into 20 equidistant bins, while the event centrality is divided into 16
bins of equal intervals within 0-80%. Each event pool holds 100 events at maximum,
and one event in the event pool is randomly updated when the poll is full. Since mixed
events can be reconstructed with arbitrary statistics, a normalization factor is needed
for utilizing the mixed events as an estimate of the combinatorial background, which is
obtained by taking the ratio in like-sign distributions between same-event and mixed-
event. Of course, the normalization factor should be established within a kinematic
region where the correlated background in the same-event like-sign distribution is min-
imal, since mixed events do not include this kind of background. In this analysis, the
kinematic region is chosen to be from 2.6 to 3.6 GeV/𝑐2 in 𝑀𝑒𝑒 for all 𝑝T bins. Then the
normalized combinatorial background (𝐵𝑐𝑜𝑚𝑏

+− ) can be calculated as the following [172]
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can be:

𝐴+ =
∫𝑁.𝑅. 𝑁++(𝑀, 𝑝𝑇 )𝑑𝑀𝑑𝑝𝑇
∫𝑁.𝑅. 𝐵++(𝑀, 𝑝𝑇 )𝑑𝑀𝑑𝑝𝑇

𝐴− =
∫𝑁.𝑅. 𝑁−−(𝑀, 𝑝𝑇 )𝑑𝑀𝑑𝑝𝑇
∫𝑁.𝑅. 𝐵−−(𝑀, 𝑝𝑇 )𝑑𝑀𝑑𝑝𝑇

𝐵𝑛𝑜𝑟𝑚
++ = ∫

∞

0
𝐴+𝐵++(𝑀, 𝑝𝑇 )𝑑𝑀𝑑𝑝𝑇

𝐵𝑛𝑜𝑟𝑚
−− = ∫

∞

0
𝐴−𝐵−−(𝑀, 𝑝𝑇 )𝑑𝑀𝑑𝑝𝑇

𝐵𝑐𝑜𝑚𝑏
+− =

2√𝐵𝑛𝑜𝑟𝑚
++ 𝐵𝑛𝑜𝑟𝑚−−

∫∞
0 𝐵+−(𝑀, 𝑝𝑇 )𝑑𝑀𝑑𝑝𝑇

𝐵+−(𝑀, 𝑝𝑇 )

(3.7)

where𝑁.𝑅. signifies the normalization region, 𝐴+/− represents the normalization factor
based on like-sign distributions, 𝐵𝑛𝑜𝑟𝑚

++/−− stands for the normalized mixed-event like-sign
distribution and 𝐵𝑐𝑜𝑚𝑏

+− represents the normalized mixed-event unlike-sign distribution.
The statistical uncertainty of 𝐵𝑐𝑜𝑚𝑏

+− is negligible and thus the significance of the 𝐽/𝜓
signal can be defined as 𝑆/√𝑆 + 𝐵, where the 𝑆 is 𝑁+− − 𝐵𝑐𝑜𝑚𝑏

+− and the 𝐵 is 𝐵𝑐𝑜𝑚𝑏
+−

plus the residual background estimated by the fitting (detailed in Sec 3.5.3).

3.5.3 Signal extraction

The 𝑒+𝑒− pair invariant mass spectrum for |𝑦𝑒𝑒| < 1 in 70-80% Ru+Ru collisions
is shown in Fig. 3.15 for pair 𝑝T < 0.1 GeV/𝑐. The like-sign distribution, shown as the
black open circles, is employed as an estimate for both the combinatorial and correlated
background. The raw invariant mass distribution of 𝑒+𝑒− pairs rapidly decreases with
increasing mass, while the peak of the J/𝜓 can also be observed. The raw 𝑒+𝑒− pair sig-
nal is obtained by subtracting the like-sign distribution from unlike-sign distribution.
As one can see, the signal of background ratio is about 0.25 and the 𝑒+𝑒− signal signif-
icance reaches 11.5 in the 70-80% Ru+Ru collisions at √𝑠NN= 200 GeV/c, within the
invariant mass region of 0.4 to 2.6 GeV/𝑐2 and 𝑝𝑒𝑒

T < 0.1 GeV/𝑐. Similar invariant
mass spectra of 𝑒+𝑒− in 60-70% and 40-60% Ru+Ru collisions are displayed in the left
and right panels of Fig. 3.16, the 𝑆/𝐵 ratios decreases towards central collisions while
the significance is similar.

Figure. 3.17 shows the results in Zr+Zr collisions within same centrality classes
and kinematic regions. The trends of 𝑆/𝐵 ratios and significance are similar to that of
Ru+Ru collisions.

The electron pair invariant mass distribution, used for extracting J/𝜓 yield, is shown
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Figure 3.15 𝑒+𝑒− pair invariant mass distribution for pair 𝑝T smaller than 0.1 GeV/𝑐 in 70-
80% Ru+Ru collisions at √𝑠NN= 200 GeV. The black solid circles represent the unlike-sign
distribution, while the like-sign distribution are shown by the black open circles, and the blue
solid circles stand for the raw signal of 𝑒+𝑒− pairs by subtracting like-sign distribution from
unlike-sign.
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Figure 3.16 𝑒+𝑒− pair invariant mass distribution for pair 𝑝T smaller than 0.1 GeV/𝑐 in 60-
70% (left panel) and 40-60% (right panel) Ru+Ru collisions at √𝑠NN= 200 GeV. The black
solid circles represent the unlike-sign distribution, while the like-sign distribution are shown
by the black open circles, and the blue solid circles stand for the raw signal of 𝑒+𝑒− pairs by
subtracting like-sign distribution from unlike-sign.
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Figure 3.17 𝑒+𝑒− pair invariant mass distribution for pair 𝑝T smaller than 0.1 GeV/𝑐 in Zr+Zr
collisions at √𝑠NN= 200 GeV. The black solid circles represent the unlike-sign distribution,
while the like-sign distribution are shown by the black open circles, and the blue solid circles
stand for the raw signal of 𝑒+𝑒− pairs by subtracting like-sign distribution from unlike-sign.

in Fig. 3.18 in 40-80% Ru+Ru collisions at √𝑠NN= 200 GeV at pair 𝑝T smaller than 0.2
GeV/𝑐. Here, the raw signal of 𝐽/𝜓 is more pronounced compared to that in the 𝑒+𝑒−

analysis, primarily because in the 𝐽/𝜓 analysis, PID is optimized using BEMC for the
high mass region. The total 𝐽/𝜓 counts are obtained in the invariant mass region from
2.9 to 3.2 GeV/𝑐2 by the bin-counting method as the following:

𝑁𝐽/𝜓 = 𝑁𝑢𝑛𝑙𝑖𝑘𝑒−𝑠𝑖𝑔𝑛,𝑠𝑎𝑚𝑒−𝑒𝑣𝑒𝑛𝑡 − 𝑁𝑢𝑛𝑙𝑖𝑘𝑒−𝑠𝑖𝑔𝑛,𝑚𝑖𝑥𝑒𝑑−𝑒𝑣𝑒𝑛𝑡 − 𝑁𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙, (3.8)

The unlike-sign distributions is fitted with three components using the binnedMax-
imum Likelihood (ML) method:

• The 𝐽/𝜓 signal template with a Crystal-Ball function from detector simulation,
as detailed in Sec 3.5.4

• The combinatorial background (brown histogram in Fig. 3.18) from mixed event,
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as described in the previous section.
• A first-order polynomial function used to account for the residual background,
mainly from 𝑐 ̄𝑐 pair decay and the Drell-Yan process.

The black solid squares in Fig. 3.18 are the 𝑒+𝑒− pair invariant mass distribution after
the combinatorial background substraction, and the fitted results of the 𝐽/𝜓 shape and
residual background are shown as the black solid line and pink dashed line, respectively.
The overall fit result is shown as the red solid curve in Fig. 3.18.
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Figure 3.18 The 𝑒+𝑒− pair invariant mass distribution at pair 𝑝T smaller than 0.2 GeV/𝑐 in
40-80% Ru+Ru collisions at √𝑠NN= 200 GeV. The black open circles represent the same-event
unlike-sign distribution, the brown solid line stands for the mixed-event and the black solid
squares represent the raw signal of J/𝜓 by subtracting combinatorial background.

Within the invariant mass region of 2.9 to 3.2 GeV/𝑐2, the 𝑆/𝐵 ratio is about 3.9
and the J/𝜓 signal significance is about 12.4 in the 40-80% centrality Ru+Ru collisions
at √𝑠NN= 200 GeV/c. Since the J/𝜓 from coherent photon-nucleus processes are dom-
inated in very low 𝑝T region, we use a pair 𝑝T cut to select the raw J/𝜓 signal interested
in this analysis. This pair 𝑝T cut is related to the nuclear radius according to the uncer-
tainty relation, smaller nuclear radius will lead to larger pair 𝑝T distributions, that’s why
the pair 𝑝T cut utilized in Ru+Ru and Zr+Zr collisions is larger than that employed in
Au+Au collisions at same collision energy (𝑝T < 0.1 GeV/𝑐). The similar J/𝜓 raw signal
spectrum at pair 𝑝T smaller than 0.2 GeV/𝑐 in 40-80% Zr+Zr collisions at √𝑠NN= 200
GeV is shown in Fig. 3.19.
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Figure 3.19 The 𝑒+𝑒− pair invariant mass distribution at pair 𝑝T smaller than 0.2 GeV/𝑐 in
40-80% Zr+Zr collisions at √𝑠NN= 200 GeV. The black open circles represent the same-event
unlike-sign distribution, the brown solid line stands for the mixed-event and the black solid
squares represent the raw signal of J/𝜓 by subtracting combinatorial background.

3.5.4 Momentum smearing in simulation

As aforementioned, when fitting the invariant mass distribution to estimate the
residual background contribution, the 𝐽/𝜓 signal template is parametrized using a
Crystal-Ball function. Its parameters are extracted from a Toy Monte Carlo (ToyMC)
simulation with the momentum resolution of tracks from embedding (the details of em-
bedding in Sec 3.6.1). However, the primary track momentum resolution extracted from
embedding is observed to be better than that in the real data, probably because of the
exclusion of primary vertex resolution. Therefore, additional momentum smearing is
needed to match embedding with real data. To obtain this additional smearing, the J/𝜓
width as a function of 𝑝T is compared between data and embedding. First, we extract the
primary track 𝑝𝑇 resolution as a function of 𝑝𝑇 from embedding for different centrality
bins, which is shown in Fig. 3.20. The momentum resolution deteriorates rapidly as the
track 𝑝T increases, and it can be parameterized with an empirical function:

𝜎(𝑝𝑇 ) = √𝑎2𝑝2
𝑇 + 𝑏2, (3.9)

Since the first term dominates the resolution in Eq. 3.9, the additional momentum
smearing is done by varying parameter 𝑎, and for each varied parameter, we denote it
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Figure 3.20 The primary track resolution as a function of 𝑝T in various centrality bins from
dielectron embedding in Ru+Ru collisions. The red line represents fitted result to the 𝑝T de-
pendence.

as 𝑎′. The smeared 𝑝T for each 𝑎′ is calculated as:

𝑝𝑇 ,𝑠𝑚𝑒𝑎𝑟 = 𝑝𝑇 ,𝑡𝑟𝑢𝑒 − 𝑝𝑇 ,𝑡𝑟𝑢𝑒 × Δ𝑝𝑇
𝑝𝑇 ,𝑡𝑟𝑢𝑒

×
√(𝑎′)2𝑝2

𝑇 ,𝑡𝑟𝑢𝑒 + 𝑏2

𝜎(𝑝𝑇 ,𝑡𝑟𝑢𝑒) , (3.10)

where 𝑝𝑇 ,𝑡𝑟𝑢𝑒 is the true 𝑝T for a MC track, 𝑝𝑇 ,𝑟𝑒𝑐𝑜 is the reconstructed 𝑝T of the
corresponding MC track, and the Δ𝑝𝑇 is 𝑝𝑇 ,𝑡𝑟𝑢𝑒 −𝑝𝑇 ,𝑟𝑒𝑐𝑜. We then scan the parameter 𝑎′

from 0 to 0.02 in the ToyMC and extract the resulting 𝐽/𝜓 signal width as a function of
𝑝𝑇 , compare it to the 𝐽/𝜓 signal width from real data and calculate the 𝜒2 between the
two distributions. The resulting 𝜒2 as a function of 𝑎′ in 0-80% centrality can be found
in Fig. 3.21. A 4th-order polynomial function is fit to the distribution of 𝜒2 vs. 𝑎′, as
shown in Fig. 3.21, in order to obtain the 𝑎′ value with minimum 𝜒2, which is around
0.0056 for the 0-80% centrality bin. The best value 𝑎′ in 0-80% is used to all the other
centrality class due to no significant centrality dependence of the estimated best value.

3.6 Efficiency Correction

To obtain the invariant mass spectrum of 𝑒+𝑒− pair within the STAR acceptance
(𝑝𝑒

𝑇 > 0.2 GeV/c, |𝜂𝑒| < 1 and |𝑦𝑒𝑒| < 1), the raw mass spectrum, as obtained in Sec.
3.5.3, should be corrected for efficiency loss. The 𝑒+𝑒− pair efficiency is calculated by
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Figure 3.21 The 𝜒2 between the J/𝜓 width vs. 𝑝T distribution from ToyMC and real data as
a function of the smearing factor in 0-80% Ru+Ru collisions.

folding single electron track efficiencies, including the TPC tracking efficiency, the TOF
matching efficiency and electron identification efficiency. The single electron efficiency
can be written as:

𝜖𝑒 = 𝜖TPC × 𝜖TOF × 𝜖eID(𝛽, 𝑛𝜎𝑒), (3.11)

Silimar, to obtain the invariant yield for the 𝐽/𝜓 meson, the raw counts need to
be corrected for efficiency and acceptance loss. The 𝐽/𝜓 meson (𝜖𝑝𝑎𝑖𝑟) reconstruction
efficiency is evaluated by folding the single track efficiency (𝜖𝑒), similar as for the 𝑒+𝑒−

analysis. For daughter electrons from 𝐽/𝜓 meson decays, the single track efficiency is
the same as Eq. 3.15 for 𝑝T smaller than 1 GeV/c. For the case of 𝑝T larger than 1 GeV/c,
the combined single track efficiency can be defined as:

𝜖𝑒 =𝜖TPC × 𝜖TOF × (1 − 𝜖BEMC) × 𝜖eID(𝛽, 𝑛𝜎𝑒)+

𝜖TPC × (1 − 𝜖TOF) × 𝜖BEMC × 𝜖eID(𝐸0/𝑝, 𝑛𝜎𝑒)+

𝜖TPC × 𝜖TOF × 𝜖BEMC × 𝜖eID(𝛽, 𝐸0/𝑝, 𝑛𝜎𝑒),

(3.12)

where:
• 𝜖𝑇 𝑃 𝐶 : TPC tracking efficiency
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• 𝜖𝑇 𝑂𝐹 : TOF matching efficiency
• 𝜖𝐵𝐸𝑀𝐶 : BEMC matching efficiency
• 𝜖𝑒𝐼𝐷: electron PID efficiency

3.6.1 Tracking reconstruction efficiency

The tracking reconstruction efficiency is evaluated via the standard STAR embed-
ding technique, which is done by mixing Monte Carlo signals with real data to simulate
realistic running conditions. The MC tracks, sampled from specified kinematic ranges,
start from event vertex in real data, and their energy losses in the TPC are simulated with
GEANT and the TPC respose simulator [173] , during which MC TPC electronic signals
are generated. These MC signals are then mixed with those from real data to reconstruct
TPC clusters, hits, as well as tracks. For this analysis, embedded particles are electrons
and positrons with a flat 𝑝T distribution from 0 - 10 GeV/𝑐, a flat 𝜂 distribution from
-1.2 to 1.2 and a flat 𝜙 distribution within 0 to 2𝜋. To prevent any influence on the
tracking reconstruction efficiency, the quantity of embedded Monte Carlo (MC) tracks
is restricted to 5% of the particle multiplicity observed in the actual event.

The tracking reconstruction efficiency is established by the ratio of the number of
reconstructed Monte Carlo (MC) tracks (𝑁Rec) that meet the track quality criteria to the
number of embedded MC tracks (𝑁Mc), as shown in the following equation:

𝜖𝑇 𝑃 𝐶 = 𝑁𝑅𝑒𝑐(|𝜂| < 1, 𝑛𝐻𝑖𝑡𝑠𝐹 𝑖𝑡 > 20, 𝑛𝐻𝑖𝑡𝑠𝐷𝑒𝑑𝑥 > 15, 𝐷𝐶𝐴 < 1, 𝑛𝐻𝑖𝑡𝑠𝑅𝑎𝑡𝑖𝑜 > 0.52)
𝑁𝑀𝐶 (|𝜂| < 1) , (3.13)

We do not expect any difference in the TPC tracking efficiency between Ru+Ru and
Zr+Zr collisions, since they have similar multiplicities and the two data sets were taken
under almost identical conditions. Nevertheless, this is checked by taking a ratio of
the TPC tracking efficiency between Ru+Ru and Zr+Zr collisions, shown in Fig. 3.22.
As we can see, ratio is consistent with unity within statistical errors, and therefore, a
single TPC tracking efficiency is used for both collision systems. The TPC tracking
efficiencies as a function of 𝑝T in different centrality classes of isobar collisions are
shown in Fig. 3.23, while the 3-D (𝑝T 𝜂, 𝜙) dependence of the TPC tracking efficiency
is used in the final correction.

3.6.2 TOF matching efficiency

The TOF matching efficiency is evaluated via a data-driven method by using a
pure electron samples from photon conversion and 𝜋0 Daliz decay (see Sec. 3.4.5 for
details). It is estimated by the number of electron which are matched to TOF and has a
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Figure 3.22 Ratios of the TPC tracking efficiency between Ru+Ru and Zr+Zr collisions as a
function of 𝑝𝑇 in different centrality bins.
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Figure 3.23 The TPC tracking efficiency in isobaric collisions as a function of 𝑝𝑇 in different
centrality bins.
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valid TOF measurements (𝑁𝑚𝑎𝑡𝑐ℎ𝑒𝑑,𝛽>0) over the total number of photonic electrons in
the TPC (𝑁TPC). Here the electron tracks should pass the track quality cuts. To generate
3-D (𝑝T 𝜂, 𝜙) TOF matching efficiency, a pure pion sample, selected by a tight 𝑛𝜎𝜋 cut
( |𝑛𝜎𝜋| < 0.6), is used [155] , due to the limited statistics of the pure electron sample. To
correct for the difference in the TOF matching efficiency between electrons and pions,
the ratio of the 𝑝T dependence of TOFmatching efficiency from electron samples to that
from pion samples is used to correct for the pion TOF matching efficiency in each 𝜂 and
𝜙 bin. The 𝑝T dependence of the TOF match efficiency for electrons and poins, as well
as their corresponding in 70-80% centrality bin are shown in the left and right panels of
Fig. 3.24.
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Figure 3.24 The TOF matching efficiency distribution of pure electron and pion samples in
70-80% Ru+Ru collisions (left panel) and the corresponding TOF matching efficiency ratio of
electron over pion (right panel).

3.6.3 BEMC matching and PID efficiencies

The BEMC matching and PID efficiencies are evaluated from the electron embed-
ding sample mentioned above. Tracks reconstructed from Monte Carlo electrons are
matched to the BEMC to determine efficiency. For the BEMC matching efficiency, it
is calculated as:

𝜖𝐵𝐸𝑀𝐶 = 𝑁𝑅𝑒𝑐(𝐸0 > 0.1, |𝜂| < 1, 𝑛𝐻𝑖𝑡𝑠𝐹 𝑖𝑡 > 20, 𝑛𝐻𝑖𝑡𝑠𝐷𝑒𝑑𝑥 > 15, 𝐷𝑐𝑎 < 1, 𝑛𝐻𝑖𝑡𝑠𝑅𝑎𝑡𝑖𝑜 > 0.52)
𝑁𝑅𝑒𝑐(|𝜂| < 1, 𝑛𝐻𝑖𝑡𝑠𝐹 𝑖𝑡 > 20, 𝑛𝐻𝑖𝑡𝑠𝐷𝑒𝑑𝑥 > 15, 𝐷𝑐𝑎 < 1, 𝑛𝐻𝑖𝑡𝑠𝑅𝑎𝑡𝑖𝑜 > 0.52)) , (3.14)

When the 𝐸0/𝑝 is used as one of the electron identification cuts, the PID cut effi-
ciency is combined with the BEMC matching efficiency, which is evaluated as:

𝜖𝐵𝐸𝑀𝐶&𝑃 𝐼𝐷 = 𝑁𝑅𝑒𝑐(𝐸0 > 0.1, 0.5 < 𝐸0/𝑝 < 1.5, |𝜂| < 1, 𝑛𝐻𝑖𝑡𝑠𝐹 𝑖𝑡 > 20, 𝑛𝐻𝑖𝑡𝑠𝐷𝑒𝑑𝑥 > 15, 𝐷𝑐𝑎 < 1, 𝑛𝐻𝑖𝑡𝑠𝑅𝑎𝑡𝑖𝑜 > 0.52)
𝑁𝑅𝑒𝑐(|𝜂| < 1, 𝑛𝐻𝑖𝑡𝑠𝐹 𝑖𝑡 > 20, 𝑛𝐻𝑖𝑡𝑠𝐷𝑒𝑑𝑥 > 15, 𝐷𝑐𝑎 < 1, 𝑛𝐻𝑖𝑡𝑠𝑅𝑎𝑡𝑖𝑜 > 0.52)) ,

(3.15)

Figure 3.25 shows the BEMC matching efficiency for electrons as a function of 𝑝T
in different centrality classes of isobar collisions.

As one can see, there is no obvious centrality dependence in the BEMC matching
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Figure 3.25 The BEMC matching efficiency as a function of 𝑝T in isobaric collisions at √𝑠NN=
200 GeV/c for different centrality classes.

efficiency. Since the BEMC coverage is similar as the TPC and TOF, the 3-D (𝑝𝑇 , 𝜂, 𝜙)
BEMC matching efficiency is used for final efficiency correction. Figure 3.26 shows
the BEMC matching combining 𝐸0/𝑝 cuts efficiency for electrons as a function of 𝑝T in
different centrality classes of isobar collisions.
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Figure 3.26 The BEMC matching plus PID cut efficiency as a function of 𝑝T in isobaric col-
lisions at √𝑠NN= 200 GeV/c for different centrality classes.
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3.6.4 𝛽 and n𝜎𝑒 cut efficiencies

The electron identification cut efficiency (𝜖𝑒𝐼𝐷) includes three components: the
TOF velocity (1/𝛽) cut efficiency, the 𝐸0/𝑝 cut efficiency (only for J/𝜓 signal recon-
struction) and the 𝑑𝐸/𝑑𝑥 (𝑛𝜎𝑒) cut efficiency. The 𝐸0/𝑝 cut efficiency has been esti-
mated together with the BEMC matching efficiency, as discussed in previous section.
The pure electron sample from data is used to evaluate the 1/𝛽 and 𝑛𝜎𝑒 cut efficiencies,
separately, because the 𝑛𝜎𝑒 distribution from embedding cannot reproduce that in data,
as illustrated in Fig. 3.27.
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Figure 3.27 The 𝑛𝜎𝑒 distribution for electrons within 1-1.4 GeV/c from data and embedding.

The distribution of 1/𝛽 versus momentum is shown in the left panel of Fig. 3.28,
where the red dashed lines stand for the 1/𝛽 cuts used in this analysis. Its efficiency is
calculated using two methods: the Gaussian fit and bin counting. The default 1/𝛽 cut
efficiency is calculated via the counting method, shown in the right panel of Fig. 3.28,
while the difference between this two methods is treated as the systematic uncertainty.

The 𝑛𝜎𝑒 cut efficiency is derived fromfitting the 𝑛𝜎𝑒 distribution in eachmomentum
bin with a Gaussian distribution, and shown in Fig. 3.29 for three different sets of cut
values, corresponding to different combinations of detectors used for PID. The left panel
of Fig. 3.29 shows the 𝑛𝜎𝑒 cut efficiency for tracks with 𝑝T smaller than 1 GeV/c and
those matched only to TOF (for 𝑝𝑇 > 1 GeV/c), the middle panel is for tracks only
matched BEMC (for 𝑝T > 1 GeV/c) and the right panel is for tracks matched to both
TOF and BEMC (for 𝑝T > 1 GeV/c). For the analysis of 𝑒+𝑒− pair production, no
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BEMC-related PID cuts are used, and only the 𝑛𝜎𝑒 cut efficiency shown in the left panel
of Fig. 3.29 is used.

Figure 3.28 The 𝑝 dependence of electron 1/𝛽 in 70-80% isobaric collisions (left panel) and
the corresponding 1/𝛽 cut efficiency (right panel).

0 0.5 1 1.5 2 2.5 3
p (GeV/c)

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

 c
ut

 E
ffi

ci
en

cy
eσn

Centrality: 70-80%

Ru+Ru@200 GeV

<2
e

σ p-3.15<n×p>0.8 : 3
<2eσ0.8 : -0.75<n≤p

 

0 0.5 1 1.5 2 2.5 3
p (GeV/c)

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

 c
ut

 E
ffi

ci
en

cy
eσn

Centrality: 70-80%

Ru+Ru@200 GeV

 < 2eσ-1.0 < n

 

0 0.5 1 1.5 2 2.5 3
p (GeV/c)

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

 c
ut

 E
ffi

ci
en

cy
eσn

Centrality: 70-80%

Ru+Ru@200 GeV

 < 2 eσ -1.5 < n

 

Figure 3.29 The 𝑝 dependence of the 𝑛𝜎𝑒 cut efficiency for different cut values.

3.6.5 Total Detection Efficiency

After the single electron efficiencies are obtained, the 𝑒+𝑒− pair efficiency is eval-
uated within the STAR acceptance (𝑝𝑒

𝑇 > 0.2 GeV/c, |𝜂𝑒| < 1 and |𝑦𝑒𝑒| < 1) based on
a virtual photon simulation. In such a simulation, a flat distribution of virtual photons
in 𝑝𝑒𝑒

T and 𝑀𝑒𝑒 decay into electron and positron pairs isotropically. The single track ef-
ficiencies, including 3-D TPC tracking and TOF matching efficiencies in (𝑝T 𝜂, 𝜙) and
1-D electron identification efficiency in 𝑝, are folded to obtain the 2-D 𝑒+𝑒− pair effi-
ciency in 𝑝𝑒𝑒

T and𝑀𝑒𝑒. Figure 3.30 shows the 𝑒+𝑒− pair efficiency projected to𝑀𝑒𝑒 from
the virtual photon simulation in different centralities of isobaric collisions at √𝑠NN =
200 GeV.

The total 𝐽/𝜓 reconstruction efficiency is determined by folding the efficiencies of
the electron daughters using the 𝐽/𝜓 decay kinematics. A ToyMC model simulation,
taking realistic 𝐽/𝜓 kinematic distributions and single electron efficiencies as inputs,
is used to calculate the total 𝐽/𝜓 efficiency. The 𝐽/𝜓 𝑝T distribution follows a Tsallis
function fit to the RHIC data at 200 GeV in Au+Au collisions. Flats distributions in
rapidity (𝑦) from -1 to 1 and in 𝜙 from -𝜋 to 𝜋 are used. In the decay process, the 𝐽/𝜓
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Figure 3.30 The projected 1-D 𝑒+𝑒− pair efficiency as a function of 𝑀𝑒𝑒 in different centralities
of isobaric collisions at √𝑠NN= 200 GeV/c.

at very low 𝑝𝑇 (< 0.2 GeV/c) is set to be fully transversely polarized due to that the
coherent produced 𝐽/𝜓 inherits the polarization of colliding photons (fully transverse),
while the 𝐽/𝜓 at higher 𝑝T are set to be unpolarized. The 𝑝T and centrality dependence
of the total 𝐽/𝜓 reconstruction efficiency in isobaric collisions at √𝑠NN= 200 GeV/c are
shown in Fig. 3.31. There is no clear centrality dependence, and the efficiency decreases
as the pair mass increases.

3.7 Hadronic Cocktail for 𝑒+𝑒− pairs

In addition to 𝑒+𝑒− pairs from photon-induced interactions, they can also be pro-
duced through hadronic decays, known as the hadronic cocktail, whose contribution
should be evaluated and subtracted from the corrected inclusive 𝑒+𝑒− pair mass spec-
trum. MC simulations are used to estimate the contributions from the following pro-
cesses:

1) Two-body decays:
• 𝜔 → 𝑒+𝑒−

• 𝜙 → 𝑒+𝑒−

• 𝐽/𝜓 → 𝑒+𝑒−

• 𝜓′ → 𝑒+𝑒−

2) Dalitz decays:
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Figure 3.31 The 1-D 𝐽/𝜓 reconstruction efficiency as a function of 𝑝T for different centralities
of isobaric collisions at √𝑠NN= 200 GeV/c.

• 𝜋0 → 𝑒+𝑒−𝛾
• 𝜂 → 𝑒+𝑒−𝛾
• 𝜂′ → 𝑒+𝑒−𝛾
• 𝜔 → 𝑒+𝑒−𝜋0

• 𝜙 → 𝑒+𝑒−𝜂
3) Heavy-flavor decays:
• 𝑐 ̄𝑐 (𝑜𝑟 𝑏 ̄𝑏) → 𝑒+𝑒− + 𝑋
4) Drell-Yan process
The 𝜌0 meson, whose spectral function is broadened by the QGP medium, is not

considered in the cocktail simulation in this analysis.
Due to the lack of measurements for the hadron yield in isobaric collisions at

√𝑠NN= 200 GeV, their spectra [147] in Au+Au collisions at the same energy, shown
in Fig. 3.32, are used for the cocktail simulation. The measured spectra of various light
hadrons, including 𝜋, 𝐾 , 𝜂 meons, shown as markers in Fig. 3.32, are simultaneously
fitted with a core-corona-based Tsallis Blast-Wave (TBW) model [174-175] . The reason
why the J/𝜓 meson is excluded from simultaneously fit is that the J/𝜓 is not considered
as a component of the bulk medium which can be described by the core-corona-based
TBW. The 𝑝T spectra for unmeasured mesons, like the low 𝑝T 𝜂, 𝜂′ and 𝜔 , are predicted
based on the TBW parameters from fitting light hadron spectra, and shown as solid lines
in Fig. 3.32. The rapidity and azimuthal distributions of all input hadrons are assumed
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Figure 3.32 Invariant yields of various hadrons in MB Au+Au collisions at √𝑠NN= 200 GeV.
The simultaneous TBW fit to the measured yields of 𝜋, 𝐾 and 𝜙 mesons and the predicted
yields for 𝜂, 𝜂′ and 𝜔 based on the fitted TBW parameters are shown as the solid lines. The
dashed lines stand for a TBW fit to the measured J/𝜓 yield and the predicited yield for the 𝜓′

meson.

to be flat.
In addition to the 𝑝T spectrum shapes, the total yields (dN/dy) or cross sections (𝜎)

of input hadrons are also needed. These yields or cross sections in Au+Au collisions
at √𝑠NN= 200 GeV, along with their uncertainties and corresponding decay branching
ratios, can be found in Table III of Ref. [147] . Their yields in isobaric collisions are de-
rived from those in Au+Au collisions based on the 𝑁𝑝𝑎𝑟𝑡-scaling. For 𝜔, 𝜙, 𝜂, and 𝜂′ in
a certain centrality class of the isobaric collisions, the following procedure is followed:
i) choose a centrality interval in Au+Au collisions which has the closest 𝑁𝑝𝑎𝑟𝑡 to that in
desired centrality class in isobaric collisions; ii) calculate the hadron yield inAu+Au col-
lisions in chose centrality interval as 𝑑𝑁

𝑑𝑦 (ℎ𝑎𝑑𝑟𝑜𝑛𝑠, 0−80%)× 𝑑𝑁/𝑑𝑦(𝜋0,𝐶𝑒𝑛𝑡)
𝑑𝑁/𝑑𝑦(𝜋0, 0−80%) ; iii) scale

the hadron yield in the chosen Au+Au centrality interval with the 𝑁𝑝𝑎𝑟𝑡 ratio between
Au+Au and isobar collisions. For the 𝜋0 meson, the yields have already been measured
in different centrailty bins of Au+Au collisions, and therefore can be directly scaled by
the 𝑁𝑝𝑎𝑟𝑡 ratio between Au+Au and Isobar collisions. The J/𝜓 and 𝜓′ mesons, as the
bound state of heavy flavor quark(𝑐), are mainly produced during the initial hard scat-
tering which have different production mechanism compared to the light flavor mesons.
So, the yields of J/𝜓 and 𝜓′ meson are from the direct measurement in isobaric colli-
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sions.
The daughter electrons’ kinematics (𝑝T, 𝜂 and 𝜙) are mainly determined by the

decay mode when the kinematics and species of the parent hadron fixed. There are
two different decay mode for the simulated cocktail processes, the two-body decay and
Dalitz decay.

The contributions of heavy flavor decays and the Drell-Yan process are simulated
by the PYTHIA (version 6.419) event generator [176] . Their contributions in a certain
centrality class of isobaric collisions are obtained by simulating these processed in 𝑝+𝑝
collisions at √𝑠 = 200 GeV and then scaling them by the 𝑁𝑐𝑜𝑙𝑙 value of the correspond-
ing centrality class. The parameters used for PYTHIA simulations are the following:

• 𝑐 ̄𝑐 → 𝑒+𝑒−: MSEL = 4 (𝑐 trigger), PARP(91) = 1 (⟨𝑘𝑇 ⟩ = 1.0 GeV/𝑐), PARP(67)
= 1.0 (parton shower level)

• 𝑏 ̄𝑏 → 𝑒+𝑒−: MSEL = 5 (𝑏 trigger), PARP(91) = 1.5 (⟨𝑘𝑇 ⟩ = 1.5 GeV/𝑐)
• Drell-Yan: MSEL = 11 (𝑍0 or 𝛾∗ trigger), PARP(91) = 1.5 (⟨𝑘𝑇 ⟩ = 1.5 GeV/𝑐)
For 𝑐 ̄𝑐 production, the PYTHIA parameters are tuned to match the measured

charmed-meson spectrum and charm-quark production cross section 𝑝+𝑝 collisions at
STAR [177-178] . For the Drell-Yan process and 𝑏 ̄𝑏 → 𝑒+𝑒−, the same PYTHIA parame-
ters are used except for the trigger setting. The input cross sections for the 𝑏 ̄𝑏 pair and
Drell-Yan production are 𝜎𝑏 ̄𝑏

𝑝𝑝 = 3.7 𝜇b and 𝜎𝑏 ̄𝑏
DY = 42 nb, respectively.

The cocktail simulation is done in the same STAR acceptance (𝑝𝑒
T > 0.2 GeV/c,

|𝜂𝑒| < 1 and |𝑦𝑒𝑒| < 1) as the 𝑒+𝑒− measurement with the same momentum resolution,
as evaluated in the Sec. 3.5.4.

Since the ⟨𝑁𝑝𝑎𝑟𝑡⟩ and ⟨𝑁𝑐𝑜𝑙𝑙⟩ values for the same centrality in Ru+Ru and Zr+Zr
collisions are slightly different, the cocktail simulation is carried out for the two collision
systems separately. The interested signal of 𝑒+𝑒− pairs are from coherent photon-photon
interactions, the pair 𝑝T is dominated by the very low 𝑝T region (< 0.15 GeV/𝑐), so, the
cocktail simulation for this 𝑝T region is obtained and shown in Fig. 3.33.
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Figure 3.33 The cocktail simulation within the STAR acceptance (solid line) in Ru+Ru col-
lisions at √𝑠NN= 200 GeV for 𝑝T < 0.15 GeV/𝑐. The different styles of dashed lines are for
different processes.

3.8 Systematic Uncertainties

The systematic uncertainties in this work are calculated by comparing the default
results with the results obtained from varied cuts as the following::

𝜎𝑖
𝑠𝑦𝑠 = Resultsvaried cut i − Resultsdefault

Resultsdefault

𝜎𝑡𝑜𝑡
𝑠𝑦𝑠 =

√√√
⎷

𝑘

∑
𝑖=1

(𝜎𝑖
𝑠𝑦𝑠)2

(3.16)

where the 𝜎𝑖
𝑠𝑦𝑠 is the systematic uncertainty from varying cut 𝑖, and different sources are

added quadratically to obtain the total systematic uncertainty, 𝜎𝑡𝑜𝑡
𝑠𝑦𝑠.

Due to the differences in the analysis procedures for the measurements of 𝑒+𝑒−

pair and J/𝜓 production, the systematic uncertainties of the two analyses are evaluated
separately.

3.8.1 Systematic uncertainties for 𝑒+𝑒− pair production

For the meaurements of the 𝑒+𝑒− pair production, the final results include the in-
variant mass and 𝑝T spectra, the excess yield of 𝑒+𝑒− pair production and the excess
yield ratio between Ru+Ru and Zr+Zr collisions, which will be presented in details in
Sec. 5.1. The systematic uncertainties are estimated by varying the tracking quality cuts
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and electron identification cuts.
The track quality cuts are varied as the following:
• The DCA cut is changed from the default value of 1.0 cm (DCA < 1.0 cm) to 0.8
cm and 1.5 cm

• The nHitsDedx and nHitsFit (default: nHitsDedx < 15 and nHitsFit < 20) cuts are
changed to nHitsDedx < 10 and nHitsFit < 15
The track quality cuts are changed simultaneously in real data and embedding to

estimate the associated uncertainties. The differences between default 𝑒+𝑒− pair invari-
ant mass spectrum and those obtained with varied cuts in 70-80% Ru+Ru collisions are
shown in Fig. 3.34. From left to the right panel, they correspond to varied track qual-
ity cuts of tighter dca cut, looser dca cut and looser nHitsFit/nHitsDedx cut. Since no
significant dependence on the invariant mass is observed, the differences are fit with a
constant, which is taken as the systematic uncertainty from the certain cut variation. The
fit results are also listed in the figure. Similar results for 𝑒+𝑒− pair 𝑝Tspectrum, excess
𝑒+𝑒− yield and excess yield ratio between Ru+Ru and Zr+Zr collisions are shown in
Fig. 3.35,3.36,3.37,3.38.
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Figure 3.34 Invariant mass dependence of the differences between default and varied results
due to changes in track quality cuts in 70-80% Ru+Ru collisions. The red lines are the fit
results to the differences using a constant function.

Figure 3.35 Pair 𝑝T dependence of the differences between default and varied results due to
changes in track quality cuts in 70-80% Ru+Ru collisions. The red lines are the fit results to
the differences using a constant function.

The uncertainties of electron PID for 𝑒+𝑒− pair production measurement are evalu-

91



Chapter 3 Measurements 𝑒+𝑒− pair and J/𝜓 meson production in 96
44Ru+

96
44Ru and

96
40Zr+

96
40Zr

collisions at √𝑠NN= 200 GeV

Figure 3.36 ⟨𝑁𝑝𝑎𝑟𝑡⟩ dependence of the differences between default 𝑒+𝑒− pair excess yield and
varied results due to changes in track quality cuts in 70-80% Ru+Ru collisions. The red lines
are the fit results to the differences using a constant function.

Figure 3.37 ⟨𝑁𝑝𝑎𝑟𝑡⟩ dependence of the differences between default 𝑒+𝑒− pair excess yield ratio
and varied results due to changes in track quality cuts in 70-80% Ru+Ru collisions. The red
lines are the fit results to the differences using a constant function.

Figure 3.38 Pair 𝑝T dependence of the differences between default 𝑒+𝑒− pair excess yield ratio
and varied results due to changes in track quality cuts in 70-80% Ru+Ru collisions. The red
lines are the fit results to the differences using a constant function.
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ated by varying 𝑛𝜎𝑒 and 1/𝛽 cuts, as the electron candidates sample selected based only
on the TPC and TOF information. The specific cut variations are listed below:

• The boundaries of the n𝜎𝑒 cut is reduced by 0.1.
• The boundaries of the n𝜎𝑒 cut is increased by 0.1.
• The boundaries of the 1/𝛽 cut is increased by 0.005.
The electron identification cuts are also changed simultaneously in real data and

efficiency correction to estimate the associated uncertainties. Figure 3.39 shows the
corresponding differences of the 𝑒+𝑒− pair mass spectra with respect to those using
varied electron identification cuts in 70-80% Ru+Ru collisions. As is the case for the
tracking quality cut uncertainty, the difference are fitted by a constant function, which
are shown as the red lines. Similar results for 𝑒+𝑒− pair 𝑝T spectrum, excess 𝑒+𝑒−

yield and excess yield ratio between Ru+Ru and Zr+Zr collisions are shown in the Fig-
ure3.40,3.41,3.42,3.43.

Figure 3.39 The invariant mass dependence of the differences between default 𝑒+𝑒− pair pro-
duction and varied results in 70-80% Ru+Ru collisions. The red lines are the fit results using
a constant function.

Figure 3.40 The pair 𝑝T dependence of the differences between default 𝑒+𝑒− pair production
and varied results in 70-80% Ru+Ru collisions. The red lines are the fit results using a constant
function.

The systematic uncertainties for measurements in Zr+Zr collisions are estimated
using the same method as in Ru+Ru collisions, and the results are summarized in Table
3.10, Table 3.11, Table 3.12 for both systems.
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Figure 3.41 The ⟨𝑁𝑝𝑎𝑟𝑡⟩ dependence of the differences between default 𝑒+𝑒− pair excess yield
and varied results in 70-80% Ru+Ru collisions. The red lines are the fit results using a constant
function.

Figure 3.42 The ⟨𝑁𝑝𝑎𝑟𝑡⟩ dependence of the differences between default 𝑒+𝑒− pair excess yield
ratio and varied results in 70-80% Ru+Ru collisions. The red lines are the fit results using a
constant function.

Figure 3.43 The pair 𝑝T dependence of the differences between default 𝑒+𝑒− pair excess yield
ratio and varied results in 70-80% Ru+Ru collisions. The red lines are the fit results using a
constant function.

Ru/ Zr (%) 70 - 80 % 60 - 70 % 40 - 60 %
Dca 3.6/12.1 8.4/2.6 7.8/4.3

nHitsDedx/nHitsFit 4.8/3.5 2.5/7.2 0.2/0.2
n𝜎𝑒 6.0/10.0 4.0/6.0 6.0/8.0
1/𝛽 5.0/1.5 1.0/7.0 3.0/5.0
Total 9.8/16.0 9.7/12 10.3/10.4

Table 3.9 The systematic uncertainties for the 𝑒+𝑒− pair mass spectra in Ru+Ru and
Zr+Zr collisions respectively, the number on the left side (black) is results in Ru+Ru
collisions and the right (red) one is from Zr+Zr collisions.
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Ru/ Zr (%) 70 - 80 % 60 - 70 % 40 - 60 %

Dca 2.9/2.2 1.3/3.5 0.4/0.6
nHitsDedx/nHitsFit 0.4/1.0 1.9/0.8 0.3/0.2

n𝜎𝑒 2.4/1.4 0.6/1.9 0.4/0.5
1/𝛽 0.5/3.3 0.5/0.9 0.4/0.4
Total 3.8/4.3 2.4/4.2 0.8/0.9

Table 3.10 The systematic uncertainties for the 𝑒+𝑒− pair 𝑝T spectra in Ru+Ru and
Zr+Zr collisions respectively, the number on the left side (black) is results in Ru+Ru
collisions and the right (red) one is from Zr+Zr collisions.

Ru/ Zr (%) Excess Yield (vs ⟨𝑁𝑝𝑎𝑟𝑡⟩)
Dca 1.2/3.0

nHitsDedx/nHitsFit 0.9/1.7
n𝜎𝑒 0.4/4.6
1/𝛽 2.6/0.3
Total 3.0/5.8

Table 3.11 The systematic uncertainties for the 𝑒+𝑒− pair excess yield as function
of ⟨𝑁𝑝𝑎𝑟𝑡⟩ distribution in Ru+Ru and Zr+Zr collisions respectively, the number on the
left side (black) is results in Ru+Ru collisions and the right (red) one is from Zr+Zr
collisions.

Excess Yield ratio (vs ⟨𝑁𝑝𝑎𝑟𝑡⟩) Excess Yield ratio (vs 𝑝T )
Dca 3.4 0.8

nHitsDedx/nHitsFit 2.8 0.2
n𝜎𝑒 3.2 0.3
1/𝛽 2.7 1.1
Total 6.1 1.4

Table 3.12 The systematic uncertainties for the 𝑒+𝑒− pair excess yield ratio as func-
tion of ⟨𝑁𝑝𝑎𝑟𝑡⟩ and pair 𝑝T distribution in Ru+Ru and Zr+Zr collisions respectively, the
black one is results in Ru+Ru collisions and the red one is from Zr+Zr collisions.

3.8.2 Systematic uncertainties for J/𝜓 production

For the measurement of J/𝜓 production at very low 𝑝T in isobaric collisions, the
systematic uncertainties are estimated for the following sources: signal extraction, TPC
tracking efficiency, TOF and BEMC matching efficiencies as well as the electron iden-
tification efficiency. The total systematic uncertainties are determined by summing the
individual sources in quadrature, are 7.4%, 9.0%, and 12.5% in 20-40%, 40-60%, and
60-80% centrality respectively.

The J/𝜓 raw signal extraction procedure is described in Sec. 3.5.3 and the associ-
ated systematic uncertainty is evaluated by applying the following variations:

• The invariant mass range used to obtain the normalization factor for mixed events
is varied from [2.6, 3.6] GeV/𝑐2 to [2.5, 3.7] GeV/𝑐2 and [2.7, 3.5] GeV/𝑐2.

• The bin width of the invariant mass distribution is changed from 20 MeV/𝑐2 to 50
MeV/𝑐2.

• The fitting range for extracting residual background contribution is changed from
[2.6, 3.4] GeV/𝑐2 to [2.7, 3.3] GeV/𝑐2 and [2.5, 3.5] GeV/𝑐2.
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• The fit function for the residual background is changed from a linear function to
a constant function.

• The raw counts are obtained from fitting instead of the default bin-counting
method.
After changing the signal extraction procedure, the raw J/𝜓 yields are obtained

and compared to the default one as a function of 𝑝T bins in different centrality classes.
Ratios of varied results to the default one are displayed in the Figure 3.44. The red
lines in Fig. 3.44 stand for the fit results via a constant of the maximum ratio which is
shown as the black dash lines in each 𝑝T bins, due to quite weak dependence of 𝑝T. The
maximum deviation is taken as the uncertainty for each 𝑝T while the fitting result in
each centrality is taken as the uncertainty for this centrality class.

Figure 3.44 Ratio of the raw 𝐽/𝜓 counts as function of 𝑝T between different variations and the
default case. From left to right are results in 20-40%, 40-60%, and 60-80% centrality classes,
respectively.

The systematic uncertainties for the TPC tracking efficiency are estimated by var-
ing the track quality cuts, the same method as used for the 𝑒+𝑒− pair production mea-
surement. The changes in the corrected 𝐽/𝜓 yields are shown in Fig. 3.45 by taking into
account both the variantions in the raw 𝐽/𝜓 counts and the corresponding TPC tracking
efficiency. The black dash lines are the maximum deviations in each 𝑝T bin and the red
solid lines are the fitted results to the maximum deviation by a constant line, since its
𝑝T dependence is quite weak. The fitted result in each centrality class is taken as the
uncertainty.

Figure 3.45 The ratio of the corrected 𝐽/𝜓 counts as function of 𝑝𝑇 between different varia-
tions and the default case in different centrality bins. From left to right are results in 20-40%,
40-60%, and 60-80% respectively.

The third systematic source for the 𝐽/𝜓 analysis is related to the electron iden-
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tification, including those originating from the 𝑛𝜎𝑒, the 𝐸0/𝑝 and 1/𝛽 cuts. These are
estimated using the same procedure as for the 𝑒+𝑒− pair production analysis. The 𝑛𝜎𝑒

cut is varied from the default one to those increased or decreased by 0.1 for both lower
and upper bounds. The 𝐸0/𝑝 cut is changed from the default cut of (0.5,1.5) to (0.4,1.6)
and (0.6,1.4). The uncertainty of 1/𝛽 has been discussed in the Sec. 3.6.4. The varia-
tions of corrected 𝐽/𝜓 counts using different 𝑛𝜎𝑒 and 𝐸0/𝑝 cuts, compared to the default
one, are shown in Fig. 3.46 in each 𝑝𝑇 bin for different centrality classes. Similarly, the
fitted results to maximum deviations are used as the uncertainties.

Figure 3.46 The ratio of the corrected 𝐽/𝜓 counts as function of 𝑝𝑇 between different varia-
tions and the default case in different centrality bins. From left to right are results in 20-40%,
40-60%, and 60-80% respectively.

The BEMC matching efficiency and the TOF matching efficiency are not com-
pletely independent, however the acceptances of TOF and BEMC are largely over-
lapping which largely reduces the correlation between BEMC and TOF matching ef-
ficiency. Such a correlation is considered as one of systematic uncertainty sources.
Its magnitude is estimated as the difference in the BEMC matching efficiency with or
without matching to TOF. The systematic uncertainties for the measurement of 𝐽/𝜓
production at very low 𝑝T in isobaric collisions are summarised in the Table 3.13.

Systematic(%) 20 - 40 % 40 - 60 % 60 - 80 %
Signal Extraction 4.4 3.5 3.6
TPC tracking 3.0 2.9 5.5

PID 4.7 5.1 8.4
TOF&BEMC Geometry 2.2 5.9 6.5

Total 7.4 9.0 12.5
0-0.2 GeV/c 8.1 8.9 10.3
0.2-1.0 GeV/c 6.4 8.0 9.7
1.0-1.5 GeV/c 7.4 7.8 9.9
1.5-2.0 GeV/c 6.4 8.0 9.1
2.0-2.5 GeV/c 5.8 8.2 8.9
2.5-3.0 GeV/c 6.4 8.3 11.1
3.0-4.0 GeV/c 6.0 7.7 9.4
4.0-5.0 GeV/c 6.6 8.7 10.9
5.0-8.0 GeV/c 9.7 13.0 15.1

Table 3.13 Total and individual systematic uncertainties for the 𝐽/𝜓 production at
very low 𝑝T in isobaric collisions.
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Chapter 4 J/𝜓 Yield in Au+Au Collisions at √𝑠NN=
54.4 GeV/c

Among various probes utilized for studying QGP properties, quarkonia play a
unique role. These are bound states of heavy quarks and their anti-quarks, with masses
significantly larger than the QCD scale. Quarkonia production yields are subject to
modifications in the presence of the QGP. Effects of the hot medium on quarkonia en-
compass dissociation due to static color screening of the potential between the heavy
quark pair [179] , dynamical color screening or collisional dissociation caused by interac-
tions with medium constituents [86-88] , and regeneration from deconfined heavy quarks
and anti-quarks [89-90] . Additionally, due to the presence of nuclei in the collisions, there
are unavoidable modifications from Cold Nuclear Matter (CNM) effects. These arise
from changes in parton distribution functions in nuclei compared to those in free nucle-
ons, energy loss in the colliding nuclei, the Cronin effect, nuclear absorption, and other
final state effects such as dissociation by co-movers [180-184] .

The 𝐽/𝜓 meson, themost abundantly produced quarkonium state accessible experi-
mentally, has been studied extensively over the past nearly thirty years [185-189] . Inclusive
𝐽/𝜓 yield includes three main sources: 𝐽/𝜓 mesons produced directly during the initial
partonic scatterings, those from decays of excited charmonium states, such as 𝜒𝑐 and
𝜓(2S), as well as those from decays of long-lived 𝑏-hadrons (called non-prompt 𝐽/𝜓).
Measurements of 𝐽/𝜓 production yields at mid-rapidity have been achieved in Pb+Pb
collisions at center-of-mass energy per nucleon-nucleon collision (√𝑠NN) of 17.3 GeV
at SPS [103-104] , 2.76 and 5.02 TeV at the LHC [105,190] , as well as in Au+Au collisions
at √𝑠NN = 39, 62.4 and 200 GeV at RHIC [96,106-107,191-192] . Significant suppression is
observed at SPS and RHIC compared to the scaled 𝐽/𝜓 yields in 𝑝+𝑝 collisions of the
same energy, and the level of the suppression is found to be similar although the temper-
ature and energy density of the produced medium are significantly different due to an
order of magnitude difference in √𝑠NN. The similarity of the suppression is interpreted
as the interplay of the energy dependent dissociation in the QGP, CNM effects, and the
regeneration contribution. The importance of the regeneration contribution is corrob-
orated by the observation of decreasing 𝐽/𝜓 suppression from the top RHIC energy to
LHC energies [105,193-194] .

In this chapter, we explore the transverse momentum (𝑝T) and centrality depen-
dence of the nuclear modification factor for inclusive 𝐽/𝜓 at mid-rapidity (|𝑦| < 1) using
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a significantly larger sample of Au+Au collisions at √𝑠NN = 54.4 GeV. Additionally,
we present the average transverse momentum as a function of collision centrality. To
gain further insights into the collision energy dependence of inclusive 𝐽/𝜓 production,
we compare the new measurements with published data and theoretical calculations.

4.1 Analysis setup

4.1.1 Data set information

The dataset was collected during the RHIC year run 2017 in Au+Au collisions at

√𝑠NN = 54.4 GeV by STAR. The MB trigger was employed for event selection, defined
as a coincidence between the two vertex position detectors (VPD) or a coincidence be-
tween the two zero-degree calorimeters (ZDC). The trigger IDs used in this analysis are
580001, 580011, and 580021, as summarized in Table 4.1, along with the offline pro-
duction tag, production library, and the number of triggered events. The total number
of minimum-bias events utilized in this analysis is approximately 1.3 billion.

data set trigger id production tag library number of event

AuAu54_production_2017
580001

P18ic SL20c
201 M

580011 1.04 M
580021 1.13 B

Table 4.1 Summary of trigger ids, offline production libraries and recorded number
of minimum-bias events

The event-level and track quality cuts employed in this analysis are similar to those
used in the isobaric analysis, as introduced in Section 3.2, summarized in Table 4.2 and
Table 4.3 , respectively.

Figure 4.1 depicts the distribution of primary vertex positions along the beam line,
reconstructed from offline tracks. The black solid line represents the distribution before
event-level cuts, while the red dashed line indicates the same distribution after applying
event-level cuts. In this analysis, the offline primary vertex is required to be within 60
cm of the TPC center along the z direction (along the beam) to ensure reasonable TPC
acceptance. The consistency check between 𝑉𝑧(TPC) and 𝑉𝑧(VPD) is displayed in the
left and right panels of Figure 4.2.

Event Selection Criteria
|𝑉𝑧(𝑇 𝑃 𝐶)| < 60 cm

|𝑉𝑧(𝑇 𝑃 𝐶) − 𝑉𝑧(𝑉 𝑃 𝐷)| < 3 cm
|𝑉𝑟(𝑇 𝑃 𝐶)| < 2 cm

Table 4.2 Summary of event selection cuts.

In Au+Au collisions at √𝑠NN = 54.4 GeV, the centrality is determined based on
the uncorrected charged particle density (𝑑𝑁ch/𝑑𝑦), similar method which has been in-
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Figure 4.1 Distribution of 𝑉𝑧(TPC) for primary vertex before (black) and after (red) vertex
selection cuts.
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Figure 4.2 Left panel: Two-dimensional distribution of 𝑉𝑧(TPC) versus 𝑉𝑧(VPD) before ap-
plying vertex cuts. Right panel: Distance between 𝑉𝑧(TPC) and 𝑉𝑧(VPD) before (black) and
after (red) event level cuts.

Primary Track Selection Criteria
𝑝𝑇 > 0.2 GeV/c

|𝜂| < 1
nHitsFit > 20
nHitsDedx > 15

nHitsFit/nHitsPoss > 0.52
Dca < 1 cm

Table 4.3 Summary of primary track quality cuts.
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troduced in Sec.3.3. 𝑑𝑁ch/𝑑𝑦 is obtained by counting the number of charged tracks
within |𝜂| < 0.5 and corrected for vertex position and luminosity to account for accep-
tance and efficiency changes. Subsequently, 𝑑𝑁ch/𝑑𝑦 is compared to a Monte Carlo
Glauber calculation to determine the centrality bins, the equivalent number of binary
collisions (𝑁coll), and the number of participants (𝑁part).

4.2 Electron Identification

The reconstruction of J/𝜓 candidates is performed via the 𝐽/𝜓 → 𝑒+𝑒− decay
channel, consistent with the method employed for studying very low 𝑝T J/𝜓 produc-
tion in isobaric collisions. After applying track quality cuts, primary tracks undergo
electron identification criteria to determine their classification as electron candidates.
The main detectors used for electron identification in this analysis are the TPC, TOF,
and BEMC. Here, the term “electron” encompasses both electrons and positrons. The
measured charged particle ionization energy loss per unit length (𝑑𝐸/𝑑𝑥) and velocity
(𝛽) are depicted in the left and right panels of Fig. 4.3. Concerning the BEMC infor-
mation, as discussed in Sec. 3.4.3, only the highest tower energy from the associated
BEMC cluster (𝐸0) is utilized in the electron identification method for the same reason.
The distribution of 𝐸0/𝑝 for electron samples and hadrons (mainly 𝜋) is illustrated with
different markers, categorized by different track 𝑝T ranges in Fig. 4.4.

Figure 4.3 Left panel: Energy loss per unit length, dE/dx, of charged particles in Au+Au
collisions at 54.4 GeV. Right panel: The momentum dependence of 1/𝛽 for charged particles.
Black soild lines indicate the default 1/𝛽 cuts (|1/𝛽 − 1| < 0.025) for selection electrons.

Table 4.4 provides the combinations of detectors and corresponding cut values uti-
lized for electron identification across different 𝑝T ranges, mirroring those employed in
the analysis of very low 𝑝T J/𝜓 in isobaric collisions. This consistency stems from the
highly similar detector configurations and the use of the same probe (J/𝜓). Despite vari-
ations in the production mechanisms of the J/𝜓 mesons of interest, the reconstruction
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process within the detector remains similar.
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Figure 4.4 𝐸0/𝑝 distributions of electron samples and hadrons (mainly 𝜋) in different 𝑝𝑇 re-
gions. The black line stands for hadrons, the red open rectangles are electron samples from
photon conversions and 𝜋0 Dalitz decays while the blue open circles are electron samples iden-
tified by the 1/𝛽 and 𝑛𝜎𝑒 cuts. The brown dash lines indicate 𝐸0/𝑝 cuts from 0.5 to 1.5.

4.3 Signal extraction

The 𝐽/𝜓 reconstruction in Au+Au collisions at STAR is conducted via the dielec-
tron decay channel, 𝐽/𝜓 → 𝑒+𝑒− (5.94±0.06%). Candidates must have rapidity falling
within |𝑦| < 1.0, and a pair 𝑝𝑇 greater than 0.2 GeV/𝑐 to mitigate contributions from co-
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Track 𝑝T Detectors used Electron PID cuts

𝑝T ≤ 1.0 GeV/𝑐 TPC, TOF

|1/𝛽 − 1| < 0.025;
for 𝑝 > 0.8 GeV/c:
−0.75 < 𝑛𝜎𝑒 < 2,
for 𝑝 ≤ 0.8 GeV/c:

3 × 𝑝 − 3.15 < 𝑛𝜎𝑒 < 2;

𝑝T > 1.0 GeV/𝑐

TPC, TOF and
not matched to BEMC

|1/𝛽 − 1| < 0.025;
−0.75 < 𝑛𝜎𝑒 < 2

TPC, BEMC and
not matched to TOF

−1 < 𝑛𝜎𝑒 < 2 ;
0.5 < 𝐸0/𝑝 < 1.5

TPC, TOF and
BEMC

|1/𝛽 − 1| < 0.025;
−1.5 < 𝑛𝜎𝑒 < 2;
0.5 < 𝐸0/𝑝 < 1.5

Table 4.4 List of electron PID cuts in different 𝑝T intervals.

herent photonuclear interactions. The mixed-event technique (detailed in Sec. 3.5.2) is
employed to estimate combinatorial backgrounds, which are subtracted from unlike-sign
same-event distributions. Signal shapes are derived from embedded data with additional
momentum smearing (based on the method described in Sec. 3.5.4).

For 𝐽/𝜓 raw count extraction, a methodology similar to that in isobaric collisions
is employed, with the primary distinction being the target pair 𝑝T range. In this anal-
ysis, 𝐽/𝜓 signals primarily originate from initial hard scattering during high-energy
nucleus-nucleus collisions, while photon-nucleus processes predominate in the very low
𝑝T range, constituting one of the background sources in this analysis and can be reduced
by applying a pair 𝑝T cut (> 0.2 GeV/𝑐). The detailed signal extraction method is not
reintroduced, but the raw signal distribution is depicted in Fig. 4.5 for minimum-bias
triggered data in 0-60% central collisions.
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Figure 4.5 The invariant mass distribution of 𝑒+𝑒− pair for the Au+Au collision in 0-60% at
√𝑠NN= 54.4 GeV.
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The black solid squares in Fig. 4.5 represent the 𝑒+𝑒− pair invariant mass distribu-
tions after subtracting the combinatorial background from same-event unlike-sign dis-
tributions. The fitted results with components of the 𝐽/𝜓 signal and residual background
are depicted by the black solid lines. Total 𝐽/𝜓 counts are obtained in the invariant mass
region from 2.9 to 3.2 GeV/𝑐2 using the bin-counting method, as follows:

𝑁𝐽/𝜓 = 𝑁𝑢𝑛𝑙𝑖𝑘𝑒−𝑠𝑖𝑔𝑛,𝑠𝑎𝑚𝑒−𝑒𝑣𝑒𝑛𝑡 − 𝑁𝑢𝑛𝑙𝑖𝑘𝑒−𝑠𝑖𝑔𝑛,𝑚𝑖𝑥𝑒𝑑−𝑒𝑣𝑒𝑛𝑡 − 𝑁𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙, (4.1)

The signal-to-background ratio is approximately 0.14, with a significance of about
35, observed in 0-60% central Au+Au collisions at √𝑠NN= 54.4 GeV/c. The 𝑒+𝑒− in-
variant mass distributions for different pair 𝑝𝑇 bins in the 0-60% centrality range are
presented in Fig. 4.6, with the 𝐽/𝜓 signal extracted using the same method. Similar
𝑒+𝑒− pair invariant mass distributions are depicted in Figs. 4.7, 4.8, 4.9, corresponding
to 0-20%, 20-40%, and 40-60% centrality bins, respectively.
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Figure 4.6 The 𝑒+𝑒− pair invariant mass distribution for different 𝑝𝑇 bins in 0-60% centrality
at √𝑠NN= 54.4 GeV/c.

4.4 Efficiency and Acceptance

To obtain the invariant yield of 𝐽/𝜓 meson, the raw counts should be corrected for
efficiency and acceptance losses. The pair efficiency of 𝐽/𝜓 meson (𝜖𝑝𝑎𝑖𝑟) is evaluated
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Figure 4.7 The 𝑒+𝑒− pair invariant mass distribution for different 𝑝𝑇 bins in 0-20% centrality
at √𝑠NN= 54.4 GeV/c.
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Figure 4.8 The 𝑒+𝑒− pair invariant mass distribution for different 𝑝𝑇 bins in 20-40% centrality
at √𝑠NN= 54.4 GeV/c.
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Figure 4.9 The 𝑒+𝑒− pair invariant mass distribution for different 𝑝𝑇 bins in 40-60% centrality
at √𝑠NN= 54.4 GeV/c.

by folding the single track efficiency (𝜖𝑒). When the 𝑝𝑇 of single track is smaller than 1
GeV/c, the single track efficiency can be defined as:

𝜖𝑒 = 𝜖𝑇 𝑃 𝐶 × 𝜖𝑇 𝑂𝐹 × 𝜖𝑒𝐼𝐷(𝛽, 𝑛𝜎𝑒) (4.2)

when the 𝑝𝑇 of single track is larger than 1 GeV/c, according to the default electron
identification method, the single track efficiency can be defined as:

𝜖𝑒 =𝜖𝑇 𝑃 𝐶 × 𝜖𝑇 𝑂𝐹 × (1 − 𝜖𝐵𝐸𝑀𝐶 ) × 𝜖𝑒𝐼𝐷(𝛽, 𝑛𝜎𝑒)+

𝜖𝑇 𝑃 𝐶 × (1 − 𝜖𝑇 𝑂𝐹 ) × 𝜖𝐵𝐸𝑀𝐶 × 𝜖𝑒𝐼𝐷(𝐸0/𝑝, 𝑛𝜎𝑒)+

𝜖𝑇 𝑃 𝐶 × 𝜖𝑇 𝑂𝐹 × 𝜖𝐵𝐸𝑀𝐶 × 𝜖𝑒𝐼𝐷(𝛽, 𝐸0/𝑝, 𝑛𝜎𝑒),

(4.3)

where:
• 𝜖𝑇 𝑃 𝐶 : TPC tracking efficiency
• 𝜖𝑇 𝑂𝐹 : TOF matching efficiency
• 𝜖𝐵𝐸𝑀𝐶 : BEMC matching efficiency
• 𝜖𝑒𝐼𝐷: electron PID efficiency
Since the methodology to obtain the efficiency of different sub-detectors is similar

to that in isobaric collisions, as outlined in Sec. 3.6, it will not be reintroduced here.
Following the determination of single electron efficiency, the total 𝐽/𝜓 pair efficiency
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is then determined by combining the efficiencies of the decay electrons using the kine-
matics of 𝐽/𝜓 decays. A ToyMC model, employing almost identical methods to those
used in the Au+Au analysis at √𝑠NN = 200 GeV, is employed to calculate the total 𝐽/𝜓
pair efficiency. The 𝑝𝑇 and centrality dependence of the total 𝐽/𝜓 pair efficiency and
acceptance correction factor in Au+Au collisions at √𝑠NN= 54.4 GeV/c are illustrated
in Fig. 4.10.

Figure 4.10 The 𝐽/𝜓 total pair efficiency as a function of 𝑝𝑇 in Au+Au collisions at √𝑠NN=
54.4 GeV/c in different centrality classes.

4.5 Systematic Uncertainties

The systematic uncertainties stemming from various aspects of this analysis are
discussed in this section, primarily including signal extraction, TPC tracking efficiency
from embedding technique, TOF and BEMC matching efficiency, and electron identifi-
cation method. The total systematic uncertainties, obtained by summing the individual
sources in quadrature, are 10%, 11%, 10%, and 10% in the 0-60%, 0-20%, 20-40%, and
40-60% centrality classes, respectively.

4.5.1 Uncertainties on Signal extraction

Many aspects of the signal extraction procedure are varied to evaluate the uncer-
tainty:

• The invariant mass range used to obtain the normalization factor for mixed-event
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technique. The default region is from 2.6 to 3.6 GeV/𝑐2, and changed from
2.4(2.7) to 3.8(3.5) GeV/𝑐2.

• The default bin widths of the invariant mass distributions are chosen to be 20
MeV/𝑐2, and changed to be 50 MeV/𝑐2.

• The raw counts are obtained from bin-counting method, and changed to fit
method.

• The fitting range for signal extraction is changed from (2.7, 3.4) to (2.6, 3.5)
• The additional smearing parameter is varied by ± 0.0005.

All variations are displayed in the Figure 4.11.

Figure 4.11 The ratio of the raw 𝐽/𝜓 counts as function of 𝑝T between different variations
and the default case in different centrality bins.

The red lines stand for the fit results via a constant of the maximum ratio, which
is shown as the black dash lines, in each 𝑝T bins. The centrality dependence of these
variations are shown in the Figure 4.12 for integrated ranges of 𝑝T > 0.2 GeV/c. The
maximum deviation is taken as the uncertainty for each 𝑝T and centrality bins.

4.5.2 Uncertainties on TPC tracking

The track quality cuts are changed simultaneously in real data and embedding to
estimate the associated uncertainties. The variations are listed here:

• The default dca cut is change from 1 cm to 0.8 and 1.5 cm.
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Figure 4.12 The ratio of the raw 𝐽/𝜓 counts as function of centrality bin between different
variations and the default case.

• The default nHitsFit and nHitsDedx is change from 20,15 to 15,10, respectively.
The changes in the corrected 𝐽/𝜓 yield are shown in the Figure 4.13 by taking into
account both the variantions in the raw 𝐽/𝜓 counts and the corresponding TPC tracking
efficiency. The black dash lines are the maximum deviations in each 𝑝T bin and the red
solid lines are the fitted results of the maximum deviations by a constant line since there
is not much 𝑝T dependence seen in the figure. Thus, the fitted results in each centrality
bins are used as the uncertainty.

Figure 4.13 The ratio of the corrected 𝐽/𝜓 counts as function of 𝑝T between different varia-
tions and the default case in different centrality bins.
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4.5.3 Uncertainties on TOF and BEMC matching

The systematic uncertainties of the TOF matching is evaluated by comparing the
corresponding efficiency differences between different pure electron samples (using dif-
ferent invariant mass cuts to select the pure electron samples). The uncertainty of the
BEMCmatching is primarily from the disagreement between simulation and data (using
pure electron samples), which can be shown in the Figure 4.14 for different centrality
bins. The variations of corrected 𝐽/𝜓 counts using different TOF and BEMC match
efficiency, compared to the default one, are shown in the Figure 4.15 in each 𝑝T bin for
different centrality bins. The BEMC information is only utilized for track 𝑝T greater
than 1 GeV/𝑐. Additionally, the momenta (𝑝) of electrons originating from J/𝜓 me-
son decays predominantly lie around 1.5 GeV/𝑐, where the matching efficiency of the
BEMC from embedding aligns closely with that from data. As a result, the systematic
uncertainties associated with the BEMC matching efficiency are considered negligible.
Similarly, the fitted results of mamximum deviations in each centrality bins are used as
the uncertainty.

Figure 4.14 The BEMC matching efficiency from simulation and data in Au+Au collisions at
√𝑠NN= 54.4 GeV.

4.5.4 Uncertainties on Electron Identification

The uncertainties of electron PID include the uncertainties on 𝑛𝜎𝑒 cut, the 𝐸0/𝑝
cut and 1/𝛽 cut. These are estimated using the same procedure as for the TPC tracking
efficiency, which is described in Sec. 4.5.2. The 𝑛𝜎𝑒 cut is changed from the default
one to that the interval width of 𝑛𝜎𝑒 cut increases 0.2 or decrease 0.2. The 𝐸0/𝑝 cut
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Figure 4.15 The ratio of the corrected 𝐽/𝜓 counts as function of 𝑝T between different varia-
tions and the default case in different centrality bins.

is changed from default cut (0.5,1.5) to (0.4,1.6) or (0.6,1.4). The uncertainty of 1/𝛽
cut has been discussed in the Sec. 3.6.4. The variations of corrected 𝐽/𝜓 counts using
different 𝑛𝜎𝑒 and 𝐸0/𝑝 cuts, compared to the default one, are shown in the Figure 4.16
in each 𝑝T bin for different centrality bins. Similarly, the fitted results of maximum
deviations in each centrality bins are used as the uncertainty. The centrality dependence
of these variations are shown in the Figure 4.17 for integrated ranges of 𝑝T > 0.2 GeV/c.

Figure 4.16 The ratio of the corrected 𝐽/𝜓 counts as function of 𝑝T between different varia-
tions and the default case in different centrality bins.
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Figure 4.17 The centrality dependence of 𝑛Σ𝑒 cut uncertainty in different centrality Au+Au
collisions (Left panel) and the similar results of 𝐸0/𝑝 cut (Right panel).

4.5.5 The Summarized Uncertainties

The systematic uncertainties for the measurement of inclusive 𝐽/𝜓 production in
Au+Au collisions at √𝑠NN = 54.4 GeV/𝑐 are summarised in the Table 4.5.

Sources 0-60% 0-20% 20-40% 40-60%
Signal extraction 5.1% 5.7% 4.1% 3.0%
TPC tracking 10.6% 10.6% 10.6% 10.6%
TOF matching 0.2% 0.1% 0.3% 0.3%
BEMC matching 0.4% 0.7% 0.7% 0.6%

1/𝛽 cut 5.5% 5.9% 5.2% 4.6%
𝑛𝜎e cut 2.1% 3.5% 2.3% 4.1%
𝐸0/𝑝 cut 5.0% 4.8% 6.3% 6.1%
Total 14% 15% 14% 14%

Table 4.5 Individual and total systematic uncertainties for 𝐽/𝜓 with 𝑝T > 0.2 GeV/𝑐
in different centrality classes.
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Chapter 5 Results and Discussions

5.1 𝑒+𝑒− pair Coherent photon-photon production in isobaric colli-
sions

In the upper panel of Fig. 5.1, the 𝑒+𝑒− invariant mass distributions corrected for
detector inefficiency in Ru+Ru and Zr+Zr collisions are shown as solid and open circles
respectively in 70-80% centrality for pair 𝑝T < 0.15 GeV/c within STAR acceptance
(𝑝𝑒

𝑇 > 0.2 GeV/c, |𝜂𝑒| < 1, and |𝑦𝑒𝑒| < 1). Compared to the hadronic cocktail, there
is a significant enhancement observed in the yield of 𝑒+𝑒− pairs, which is believed to
originate from the photon-induced production. The corresponding enhancement factors
are defined as ratios of data over hadronic cocktail in the same mass regions, which are
displayed in the bottom panel of Fig. 5.1. The enhancement factors reach local minima
around 𝑀𝜙 before rising towards larger mass, similar to the trends seen in Au+Au and
U+U collisions [155] .
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Figure 5.1 (a) The 𝑒+𝑒− invariant mass
spectra within the STAR acceptance from
Ru+Ru and Zr+Zr collisions for pair 𝑝𝑒𝑒

𝑇
< 0.15 GeV/c in 70-80% centrality. The
hadronic cocktails are shown as solid lines of
different colors, with shaded bans represent-
ing the systematic uncertainties. (b) The cor-
responding ratios of data over cocktail.
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Figure 5.2 The 𝑒+𝑒− pair 𝑝T distribution
within the STAR acceptance in 0.4-2.6 GeV/𝑐2

mass region in 70-80% centrality, compared
to cocktails. The statistical uncertainties are
depicted by the vertical bars, and the sys-
tematic uncertainties are displayed as shaded
bands.

The 𝑝T distributions of 𝑒+𝑒− pairs in the mass region from 0.4-2.6 GeV/𝑐2 are
shown in Figure. 5.2 for 70-80% isobaric collisions. While for 𝑝𝑒𝑒

𝑇 > 0.15 GeV/c, data
are consistent with hadronic cocktails, significant excesses above hadronic cocktails are
seen at 𝑝𝑒𝑒

𝑇 < 0.15 GeV/c.
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Figure 5.3 Upper panel: The excess yields as a function of 𝑁part with 𝑝𝑒𝑒
𝑇 < 0.1 GeV/c in the

invariant mass region from 0.4 to 2.6 GeV/𝑐2 in Ru+Ru and Zr+Zr collisions within the STAR
acceptance. Bottom panel: The centrality dependence of the ratios of integrated low-𝑝𝑇 ex-
cesses between Ru+Ru and Zr+Zr collisions. The solid line is the fitted result to data points by
a constant function.

After the hadronic cocktail subtraction, the very low-𝑝T 𝑒+𝑒− excess yields as a
function of average number of participating nucleons ⟨𝑁part⟩ are shown in the upper
panel of Fig. 5.3. The black solid circles are the excess yield of 𝑒+𝑒− pair at very low
𝑝T from Ru+Ru collisions, while the red open circles are same results from Zr+Zr col-
lisions. The integrated excesses yields in Ru+Ru collisions are systematically higher
than those in Zr+Zr collisions, which is expected by the coherent photon-photon inter-
action, because of larger 𝑍 in Ru than that in Zr. The bottom panel of Fig. 5.3 is the
centrality dependence of excess yield ratios between Ru+Ru and Zr+Zr collisions, and
a constant function is utilized to fit the ratios. The fitted result is 1.44±0.18, about 2.4𝜎
higher than unity, which hints that the initial electromagnetic field in Ru+Ru collisions
is indeed stronger than that in Zr+Zr collisions.

Figure 5.4 shows the 𝑝T dependence of the 𝑒+𝑒− yield ratios in the pair mass range
from 0.4 to 2.6 GeV/𝑐2 between Ru+Ru and Zr+Zr collisions in the 40-80% centrality.
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Figure 5.4 The 𝑝T dependence of 𝑒+𝑒− yield ratios between Ru+Ru and Zr+Zr collisions in
40-80% centrality. The statistical and systematical uncertainties are combined and shown as
the vertical bars. The green solid line is the prediction at low-𝑝T based on EPA-QED [195] and
the blue dash line is the ( 44

40 )4 scaling.

For 𝑝T > 0.1 GeV/c, the hadronic cocktail is not subtracted, and the yield ratio, shown
as the black solid circles, is consistent with unity, indicating the hadronic contribution
dominates in this 𝑝T range and also is similar between Ru+Ru and Zr+Zr collisions. The
two collision systems’ distinct nuclear structures could be the cause of the small devi-
ation from unity, for example the different nucleon numbers which has been discussed
in the centrality definition Section (Sec. 3.3). At 𝑝T < 0.1 GeV/c, the hadronic cocktail
is subtracted in order to study the collision system dependence of the photon-induced
production. The excess yield ratio, as the red solid circles shown, at low-𝑝T is signifi-
cantly higher than unity. This ratio follows the (44

40)4 scaling displayed as the blue dash
line and also can be described by the EPA-QED calculation [195] shown as the green
line. This result also demonstrates that the 𝑒+𝑒− excess yield at very low 𝑝T range in the
high energy heavy ion collisions is dependent on the initial electromagnetic field aris-
ing from the colliding nucleus (∝ 𝑍4). In order to further study the charge dependence,
the measurements in Ru+Ru and Zr+Zr collisions are compared to these in Au+Au and
U+U collisions at same energy, shown in Fig. 5.5. As one can see, the charge depen-
dence of very low 𝑝T 𝑒+𝑒− excess yield is quite apparent, and can be described well by
the EPA-QED calculation. According to the model calculation [195] and measured ex-
cess yield ratio (shown in the Figure5.4) between Ru+Ru and Zr+Zr collisions, the main
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difference of integrated 𝑒+𝑒− excess yields from different collision system is due to the
different charge number (Z) in the colliding nucleus. Since the cross section of coherent
photon-photon interaction is proportional to the 𝑍4, the charge difference can be scaled
and then the nuclear system dependence of coherent photon-photon interaction can be
studied.
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Figure 5.5 The collision system dependence of the integrated 𝑒+𝑒− excess yield within the
STAR acceptance, in 70-80% centrality. The dash line is the EPA-QED prediction [196] .

Figure 5.6 shows the integrated excess yields in the mass region of 0.4-0.76 GeV/𝑐2

at 𝑝𝑇 < 0.15 GeV/c in 70-80% centrality scaled by𝑍4 as function of𝑍 for different colli-
sions. The red markers are the 𝑒+𝑒− excess yield in Ru+Ru and Zr+Zr collisions respec-
tively, while the open markers are the published results fromAu+Au and U+U collisions
within the same kinematic range and acceptance. After the 𝑍4 scaled, the yields among
these collision systems are roughly similar. While the distribution still shows a clear
collision system dependence, likely originating from the impact parameter dependence
of photon-induced interactions, since the specific values of impact parameter 𝑏 among
these collision systems are different in the centrality class. The decreasing trend can be
described by the EPA-QED calculations [196] taking such impact parameter dependence
into account.

The angular modulation of 𝑒+𝑒− pair production at very low 𝑝T in isobaric collision
are also studied in this analysis, and the collision system dependence of the angular
modulation are researched by compared to the published results in Au+Au collisions.
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Figure 5.6 The collision system dependence of the integrated 𝑒+𝑒− excess yield within the
STAR acceptance, scaled with 𝑍4, in 70-80% centrality. The dash line is the EPA-QED pre-
diction [196] .
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Figure 5.7 The Δ𝜙 distribution from 60-80% collisions in isobaric collisions for 𝑀𝑒𝑒 from 0.45
to 0.76 GeV/𝑐2. The red line is the fitted results and the blue line represents the calculations
based on EPA-QED model [196] .
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As presented in the Fig. 5.7, the Δ𝜙 distribution of 𝑒+𝑒− pair is measured and shown a
clear cos(4Δ𝜙) modulation. The black circles are measured results from data, and the
red line is the fitting results based on the follow formula:

𝑓(Δ𝜙) = 𝐶 × [1 + 𝐴2Δ𝜙𝑐𝑜𝑠(2Δ𝜙) + 𝐴4Δ𝜙𝑐𝑜𝑠(4Δ𝜙)], (5.1)

where the 𝐶 , 𝐴4Δ𝜙, and 𝐴4Δ𝜙 are free parameters. The blue line is the results based on
EPA-QED calculation. The 𝜒2 over ndf from fitting using the equation 5.1 and EPA-
QED calculation are listed in the Figure, which are 18.13

17 and 20.78
20 respectively. So

the observed cos(4Δ𝜙) modulation in isobaric collisions is consistent with EPA-QED
calculations, and a comparison between isobaric collision andAu+Au collision are listed
in the Table 5.1. A decreasing trend of magnitude of cos(4Δ𝜙) modulation with impact
parameter (𝑏) increasing can be seen by comparing the results in isobaric collisions to
these in peripheral and ultraperipheral Au+Au collisions.

Collision System Measurement Calculation (QED)

𝐴4Δ𝜙

Isobar 60-80% 47±14 40

Au+Au 60-80% 27±6 34.5

Au+Au UPC 16.8±2.5 16.5

𝐴2Δ𝜙

Isobar 60-80% 6±13 0

Au+Au 60-80% 6±6 0

Au+Au UPC 2.0±2.4 0
Table 5.1 The magnitude of angular modulation in isobaric collision and Au+Au col-
lisions. The EPA-QED calculations are also listed for isobaric and Au+Au collisions
respectively.

From the Table 5.1, there is a hint that the magnitude of cos(4Δ𝜙) modulation is
different in isobaric and Au+Au collisions, due to the different impact parameters for
same centrality bins in isobaric collision and Au+Au collisions, larger impact parameter
means more obvious cos(4Δ𝜙) modulation. This observation is also in line with the
EPA-QED calculations.

5.2 J/𝜓 photoproduction in isobaric collisions at √𝑠NN= 200 GeV

Figure 5.8 shows the invariant yield distribution of 𝐽/𝜓 meson as function of 𝑝T in
Ru+Ru and Zr+Zr collisions in 20-40%, 40-60% and 60-80% centrality bins. The solid
markers are the results in Ru+Ru collisions while the open markers are same results in
Zr+Zr collisions. The solid lines in the Fig. 5.8 are the fitting results to the data points at
𝑝T larger than 0.2 GeV/c using the Tsallis function, which is defined as below formula:
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Figure 5.8 The 𝐽/𝜓 invariant yield spectra as function of 𝑝T in Ru+Ru and Zr+Zr collisions
respectively in three centrality bins.

𝑑2𝑁
𝑑𝑝𝑇 𝑑𝑦 = 𝑝𝑇

𝑑𝑁
𝑑𝑦

(𝑛 − 1)(𝑛 − 2)
𝑛𝐶(𝑛𝐶 + 𝑚0(𝑛 − 2))(1 + 𝑚𝑇 − 𝑚0

𝑛𝐶 )−𝑛, (5.2)

As we can see, the extrapolations of the fitting results to the 𝑝T range smaller than
0.2 GeV/c is significantly underestimate the yield for all three noncentral collision bins.
To quantify the 𝐽/𝜓 production suppression in hadronic heavy ion collisions with re-
spect to that in the p+p collisions, the nuclear modification factor (𝑅𝐴𝐴) as function of
𝑝T are shown in the Fig. 5.9.

In Fig. 5.9, the suppression of 𝐽/𝜓 production is obvious at 𝑝T > 0.2 GeV/c, how-
ever in the very low 𝑝T bins, an enhancement of 𝑅AA above unity is observed in periph-
eral collisions (40-80%) both for Ru+Ru and Zr+Zr collisions, which is the contribu-
tion of the coherent photon-nucleus interaction. The enhancement is smaller than that
in Au+Au collision at same collisions, because the contributions of J/𝜓 from photon-
induced production (∝ 𝑍2) decreases more than the contributions from hadronic inter-
action (∝ 𝑁coll) when transitioning from Au+Au collisions to Ru+Ru and Zr+Zr colli-
sions. The ratio of ⟨𝑁coll⟩ between Au+Au and Ru+Ru collision is about 1.8 in 60-80%
centrality, while the (𝑍𝐴𝑢

𝑍𝑅𝑢
)2 is about 3.2.

The initial electromagnetic field dependence of photon-induce interaction can also
be studied by measuring the very-low 𝑝T 𝐽/𝜓 production in isobaric collisions. Figure
5.10 shows the 𝑝T dependence of the 𝐽/𝜓 yield ratios in the pair mass range from 3.0
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Figure 5.9 𝐽/𝜓 𝑅AA as a function of 𝑝T in three centrality bins in Ru+Ru and Zr+Zr collisions,
respectively.
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Figure 5.10 The 𝑝T dependence of 𝐽/𝜓 yield ratios between Ru+Ru and Zr+Zr collisions in
40-80% centrality. The statistical and systematical uncertainties are combined and shown as
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40 )2 scaling.
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to 3.2 GeV/𝑐2 between Ru+Ru and Zr+Zr collisions in the 40-80% centrality. At 𝑝T <
0.1 GeV/c, the yield ratio is higher than unity, which is consistent with the ratios of very
low 𝑝T 𝑒+𝑒− pair. This ratio follows the (44

40)2 scaling displayed as the blue dash line.
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Figure 5.11 The collision system dependence of the 𝐽/𝜓excess yield, in 60-80% centrality.
The dash and solid lines are the EPA model prediction [197] .

The extrapolations of the fitting results in the Fig. 5.8 to the very low 𝑝T range has
been treated as the expected hadronic contribution of 𝐽/𝜓 production at that 𝑝T range,
so, the excess 𝐽/𝜓 yield can be obtained after hadronic contribution subtraction. Fig-
ure. 5.11 shows the very low 𝑝T 𝐽/𝜓 excess yields as a function of 𝑍 in same centrality
class of Zr+Zr, Ru+Ru, Au+Au, and U+U collisions. As one can seen, there is also a
quite apparent charge dependence of these excess yields. Two theatrical model calcula-
tion with different hypothesis, shown as the solid and dash lines, show the similar trend
as experimental measurements.

Figure 5.12 shows the excess 𝐽/𝜓 yield after 𝑍2 scaled as function of different
charge number (Z) at very low 𝑝T range. The red markers are the results in isobaric
collisions while the open markers are the similar published results from Au+Au and
U+U collisions. As shown in the Fig. 5.12, there is no clear charge dependence of 𝐽/𝜓
excess yield after the charge difference scaled, which seems the impact parameter and
form factor effect are balanced each other. This trend can be described by theatrical
model calculations.
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Figure 5.12 The collision system dependence of the 𝐽/𝜓excess yield, scaled with 𝑍2, in 60-
80% centrality. The dash and solid lines are the EPA model prediction [197] .

5.3 J/𝜓 production in Au+Au collisions at √𝑠NN= 54.4 GeV

5.3.1 The invariant yield

The 𝐽/𝜓 raw yield has been corrected by the efficiency and acceptance shown in
the Fig. 4.10 in each 𝑝T and centrality bins, and normalized to the number of events and
phase space used in the Au+Au collisions at √𝑠NN= 54.4 GeV. The invariant yield of
inclusive 𝐽/𝜓 meson is calculated as:

𝐵𝐽/𝜓→𝑒+𝑒−
𝑑2𝑁𝐽/𝜓

2𝜋𝑝𝑇 𝑑𝑝𝑇 𝑑𝑦 =
Δ𝑁𝐽/𝜓

2𝜋𝑝𝑇 × Δ𝑝𝑇 × Δ𝑦 × 𝑁𝑀𝐵 × 𝜖𝑡𝑜𝑡𝑎𝑙
, (5.3)

where:
• 𝐵𝐽/𝜓→𝑒+𝑒−: branching ratio for the 𝐽/𝜓 decaying into two dlectrons.
• Δ𝑁𝐽/𝜓 : raw counts of 𝐽/𝜓 in each 𝑝T bin for the interested centrality.
• Δ 𝑝T the width of 𝑝T bin.
• Δ𝑦: the rapidity coverage of this measurement, from -1 to 1.
• 𝑁𝑀𝐵: the number of MB events in the interested centrality bins used in this
analysis.

• 𝜖𝑡𝑜𝑡𝑎𝑙: the total 𝐽/𝜓 pair efficiency.
The invariant yields of inclusive 𝐽/𝜓 within |𝑦| < 1 as a function of 𝑝T in Au+Au

collisions at √𝑠NN = 54.4 GeV for different centrality classes are shown in Fig. 5.13.
The horizontal bars on the data points indicate the bin width.
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Data points are placed at 𝑝T values whose yields are equal to the average yields of
the bins [198] . The 𝑝T positions are determined by fitting the differential yields iteratively
with an empirical function:

𝑓(𝑝T) = 𝐴 × 𝑝T × (1 + 𝑝2
T/𝐵2)−𝐶 , (5.4)

where 𝐴, 𝐵, and 𝐶 are free parameters.
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Figure 5.13 Inclusive 𝐽/𝜓 invariant yields as a function of 𝑝T at mid-rapidity (|𝑦| < 1) in
Au+Au collisions at √𝑠NN = 54.4 GeV in different centralities. The horizontal bars depict the
𝑝T binning. Data points for 0-60% centrality are scaled up by a factor of ten for clarity.

5.3.2 The nuclear modification factor

The nuclear modification factor (𝑅AA) is used to quantify the modification to the
𝐽/𝜓 production and defined as:

𝑅AA = 1
⟨𝑁coll⟩ /𝜎inelastic

pp

𝑑2𝑁AA/𝑑𝑝T𝑑𝑦
𝑑2𝜎pp/𝑑𝑝T𝑑𝑦

, (5.5)

where 𝑑2𝑁AA/𝑑𝑝T𝑑𝑦 is the 𝐽/𝜓 yield in A+A collisions and 𝑑2𝜎pp/𝑑𝑝T𝑑𝑦 is the
𝐽/𝜓 cross section in 𝑝+𝑝 collisions. 𝜎inelastic

pp is the inelastic 𝑝+𝑝 cross section. Since
there are no experimental measurements for the inclusive 𝐽/𝜓 production cross section
in 𝑝+𝑝 collisions at √𝑠 = 54.4 GeV, a data-driven method is used to derive it based
on world-wide experimental data from 𝑝+𝑝 to 𝑝+A collisions ranging between √𝑠NN =
6.8 − 7000 GeV [199] . Different formulas are used to fit the collision energy, rapidity
and 𝑝T dependence of inclusive 𝐽/𝜓 production cross section, and the difference in the

123



Chapter 5 Results and Discussions

interpolated values at 54.4 GeV between using these formulas is taken as the systematic
uncertainty for the 𝑝+𝑝 baseline.

The 𝑝T-integrated (> 0.2 GeV/𝑐) 𝑅AA of inclusive 𝐽/𝜓 as a function of ⟨𝑁part⟩
is shown in Fig. 5.14 for Au+Au collisions at 54.4 GeV, and compared to previous re-
sults in Au+Au collisions at 39, 62.4 and 200 GeV [106-107] . The level of suppression
increases from peripheral to central collisions, consistent with increasing hot medium
effects. The newly measured 𝐽/𝜓 𝑅AA at 54.4 GeV is consistent with previous results
at 39 and 62.4 GeV within uncertainties, while the precision is significantly improved in
this measurement. Transport model calculations [200] from the Tsinghua group for 39,
54.4 and 62.4 GeV are shown as dashed curves in Fig. 5.14, which predicts very little
difference among different energies as observed in data.
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Figure 5.14 The 𝑅AA of inclusive 𝐽/𝜓 at mid-rapidity as a function of ⟨𝑁part⟩ in Au+Au colli-
sions at different collision energies [106-107] . Theoretical calculations are shown as dashed lines
for comparison [99] . The shaded bands on the data points indicate the uncertainties from the
nuclear overlap function ⟨𝑁coll⟩. The bands around unity indicate the uncertainties from the
reference 𝐽/𝜓 cross sections in 𝑝+𝑝 collisions [199] .

Figure 5.15 shows the collision energy dependence of 𝐽/𝜓 𝑅AA in central heavy-
ion collisions of different species. No significant energy dependence is seen within un-
certainties between 17.3 and 200 GeV. Two transport model calculations of the collision
energy dependence of inclusive 𝐽/𝜓 𝑅AA, displayed by same line style, are shown on the
left panel from the Tsinghua group [200] and the right panel from the TAMU group [99] .
Blue dash-dot-tripled lines represent the suppressed primordial production due to CNM
effects and dissociation in the QGP medium, while the red long dash lines denote the
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regeneration contribution. The final 𝐽/𝜓 𝑅AA calculations from two groups, consider-
ing both the suppressed effects and regeneration simultaneously, are shown as the black
dash lines in the two planes of Fig. 5.15. The theoretical calculations, starting from 39
GeV, are consistent with the observed energy dependence of 𝐽/𝜓 𝑅AA, indicating that
the 𝐽/𝜓 production in high-energy heavy-ion collisions is an interplay of dissociation
in the QGP medium, regeneration, and CNM effects. At 17.3 GeV, the transport model
calculation from the Tsinghua group clearly underestimates the experimental measure-
ments.

210 310
 (GeV)NNs

0

0.2

0.4

0.6

0.8

1

1.2

A
A

R  > 0.2 GeV/c
T

This analysis: 54.4 GeV, p

 > 0 GeV/c
T

17.3, 39, 62.4, 2760 GeV: p

 > 0.15 GeV/c
T

200, 5020 GeV: p

(a)

TM: Tsinghua
Total
Primordial
Regeneration

Au+Au 0-20%

Pb+Pb
0-10%

Pb+Pb
0-5%

Au+Au
0-10%Pb+Pb

0-20%

210 310
 (GeV)NNs

0

0.2

0.4

0.6

0.8

1

1.2

A
A

R

(b)

TM: TAMU
Total
Primordial
Regeneration

STAR

Pb+Pb
0-10%

Pb+Pb
0-5%

Au+Au
0-10%

Au+Au
0-20%

Pb+Pb
0-20%

Figure 5.15 The 𝑅AA of 𝐽/𝜓 as a function of collision energy in central collisions [103-107,190] , in
comparison with two transport model calculations from the Tsinghua group [200] (left) and the
TAMU group [99] (right). The vertical bars and boxes around the data points signify the statis-
tical uncertainties and systematic uncertainties, including those from 𝑝+𝑝 baseline and ⟨𝑁coll⟩.
The transport model calculations are shown as dashed line for the total 𝐽/𝜓 𝑅AA, dash-dot-
tripled line for the suppressed primordial production and long dash line for the regeneration.

Figure 5.16 shows 𝐽/𝜓 𝑅AA as a function of 𝑝T for the 0-60% centrality class at
different collision energies (left) [106-107] and for different centrality classes at 54.4 GeV
(right). As illustrated by the 𝑝T-integrated case, the suppression of 𝐽/𝜓 production at
54.4 GeV is consistent with those observed at 39, 62.4 and 200GeVwithin uncertainties.
On the other hand, a flatter 𝑝T dependence of inclusive 𝐽/𝜓 𝑅AA at low 𝑝T is seen at

√𝑠NN = 200 GeV compared to lower energies, which could be due to a larger regener-
ation contribution at 200 GeV and larger nuclear absorption at lower energies at low 𝑝T.
In Fig. 5.16 (b), a larger yield suppression is observed towards central collisions com-
pared to that for peripheral collisions at √𝑠NN = 54.4 GeV, while the 𝑝T dependence is
similar across different centrality classes.

As mentioned above, 𝐽/𝜓 production in high-energy heavy-ion collisions is an in-
terplay of different hot and cold medium effects, while the 𝐽/𝜓 𝑝T spectra shape are
crucial to study these effects individually since different effects may dominate in dif-
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Figure 5.16 𝐽/𝜓 𝑅AA as a function of 𝑝T in the 0-60% centrality class at different collision
energies (left) [106-107] and for different centrality classes at 54.4 GeV (right). Theoretical cal-
culations are shown as dashed lines for comparison [99] .The vertical bars and boxes around the
data points signify the statistical uncertainties and systematic uncertainties, respectively. The
bands at unity show the relative uncertainties in the 𝑝+𝑝 baseline and ⟨𝑁coll⟩.

Au+Au, √𝑠NN = 54.4 GeV
0-20% 20-40% 40-60%

⟨𝑝2
T⟩ (GeV/𝑐)2 3.34 ± 0.40 ± 0.11 3.33 ± 0.37 ± 0.08 2.99 ± 0.34 ± 0.07

Table 5.2 Inclusive 𝐽/𝜓 ⟨𝑝2
T⟩ at mid-rapidity in Au+Au collisions at √𝑠NN = 54.4 GeV

for different centrality classes.
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Figure 5.17 The inclusive 𝐽/𝜓 𝑟AA as a function of ⟨𝑁part⟩ in different collision sys-
tems [191,193,201-204] at mid-rapidity. The bands at unity show the global uncertainty.
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ferent 𝑝T regions. The second moment (⟨𝑝2
T⟩) is used to facilitate the comparison of

the measured 𝐽/𝜓 𝑝T spectra shape in different centrality bins at √𝑠NN = 54.4 GeV as
well as at different collision energies. The ⟨𝑝2

T⟩ of inclusive 𝐽/𝜓 in different central-
ity classes of Au+Au collisions at √𝑠NN = 54.4 GeV are displayed in Table 5.2, and
no significant centrality dependence is seen. The corresponding ⟨𝑝2

T⟩ in 𝑝+𝑝 collisions
at the same center-of-mass energy is derived to be 2.53 ± 0.05 (GeV/c)2 [199] , which
is systematically lower than those in Au+Au collisions. This is consistent with the ob-
served 𝑝T dependence of𝑅AA, which increases towards higher 𝑝T as shown in Fig. 5.16.
To quantify the change in ⟨𝑝2

T⟩, 𝑟AA is used. It is defined as the ratio between ⟨𝑝2
T⟩AA

and ⟨𝑝2
T⟩pp, and shown as a function of ⟨𝑁part⟩ in Fig. 5.17 for heavy-ion collisions

with the collision energy ranging from 17.3 GeV to 5.02 TeV [191,193,201-204] . The 𝑟AA
at √𝑠NN = 54.4 GeV shows a flat distribution against centrality and follows the trend
of the collision energy dependence. On the other hand, 𝑟AA decreases towards central
collisions at 5.02 TeV, likely due to increased regeneration contribution at low 𝑝T.
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Chapter 6 Summary and Outlook

6.1 Summary

We present the inaugural measurements examining the dependence of initial elec-
tromagnetic fields on photon-induced interactions in 96

44Ru+
96
44Ru and 96

40Zr+
96
40Zr colli-

sions at √𝑠𝑁𝑁 = 200 GeV, conducted by the STAR experiment at RHIC. Within the
STAR acceptance cuts (𝑝𝑒

𝑇 > 0.2 GeV/c, |𝜂𝑒| < 1, and |𝑦𝑒𝑒| < 1), our measurements
reveal a notable enhancement in the 𝑒+𝑒− pair invariant mass spectrum at very low
transverse momentum (𝑝T) in 70-80% Ru+Ru and Zr+Zr collisions in the mass range
of 0.4-2.6 GeV/𝑐2. The corresponding enhancement factors display an increasing trend
with increasing invariant mass, peaking around 10. The 𝑝T distributions of 𝑒+𝑒− pair
production in Ru+Ru and Zr+Zr collisions indicate that excess yields are primarily con-
centrated in the very low 𝑝T region. At intermediate 𝑝T ranges, our data align well with
expectations from hadronic cocktails. By statistically subtracting the hadronic contri-
butions, we derive the excess 𝑒+𝑒− yields, presented as a function of the 𝑁𝑝𝑎𝑟𝑡 in Ru+Ru
and Zr+Zr collisions, respectively. Remarkably, the integrated excess yields in Ru+Ru
collisions systematically higher than those in Zr+Zr collisions, in accordance with theo-
retical predictions. The ratio of excess yield of 𝑒+𝑒− pairs in Ru+Ru to Zr+Zr collisions
exceeds unity by approximately 2.4𝜎, implying disparities in the initial electromagnetic
fields between these collision systems. At very low 𝑝T region (𝑝T < 0.1 GeV/𝑐2), the
excess yield ratio conforms to EPA-QED calculations based on photon-induced interac-
tions, following the (44

40)2 scaling. This indeed means the initial electromagnetic field in
Ru+Ru collisions is different when compared to that in Zr+Zr collisions. However, at in-
termediate 𝑝T ranges, where hadronic contributions become significant, the yield ratios,
inclusive of these contributions, converge to unity. Minor deviations above unity may
be attributed to distinct nuclear structures between the two collision systems, such as
the nucleon skin effect. Comparisons of excess 𝑒+𝑒− yields between Ru+Ru and Zr+Zr
collisions with published results from Au+Au and U+U collisions in the same centrality
class and kinematic regions unveil differences are mainly due to variations in charge.
After scaling by 𝑍4 to accommodate this charge difference, the excess yield distribu-
tion still exhibits clear dependence on the collision system, likely stemming from the
impact parameter dependence of photon-induced processes. Last not the least, a clear
cos(4Δ𝜙) modulation is observed in isobaric collisions, and the magnitude is consistent
with the EPA-QED calculations. Compared to the published magnitudes of cos(4Δ𝜙)
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modulation in peripheral and ultraperipheral Au+Au collisions at √𝑠NN= 200 GeV, a
decreasing trend is seen as the specific values of impact parameter (𝑏) increasing.

Additionally, we present measurements of very low 𝑝T J/𝜓 meson production in
Ru+Ru and Zr+Zr collisions at √𝑠𝑁𝑁 = 200 GeV. Our analysis of the invariant yield
distributions in non-central isobaric collisions reveals significant enhancements at very
low 𝑝T (< 0.2 GeV/𝑐) in 20-40%, 40-60%, and 60-80% Ru+Ru and Zr+Zr collisions,
respectively. Similarly, the nuclear modification factor (𝑅AA) distributions as a function
of 𝑝T yield analogous conclusions. To estimate the hadronic contribution of J/𝜓 mesons
in the very low 𝑝T region, we extrapolate the fitting results from higher 𝑝T regions using
the Levy function. Subsequently, we derive the excess J/𝜓 meson yields and compare
them to published results in Au+Au and U+U collisions at the same centrality class.
Similar conclusions are drawn that a significant charge dependence of excess J/𝜓 yields
is seen mainly due to the charge difference. After scaling for the charges difference
by 𝑍2, in contrast to the observations in 𝑒+𝑒− measurements, we find that the excess
yields exhibit no clear dependence on the collision system. The weak collision system
dependence may be attributed to an interplay of the impact parameter and form factor
effects.

This thesis also encompasses an analysis of inclusive J/𝜓 production in Au+Au
collisions at √𝑠𝑁𝑁 = 54.4 GeV. The invariant yields of inclusive J/𝜓 production
are measured across four distinct centrality classes as a function of 𝑝T. Additionally,
the inclusive J/𝜓 𝑅AA is measured as a function of the 𝑁𝑝𝑎𝑟𝑡 in Au+Au collisions at

√𝑠𝑁𝑁 = 54.4 GeV, and these results are compared with similar results from Au+Au
collisions at √𝑠𝑁𝑁 = 39, 62.4, and 200 GeV. Notably, the newly obtained result at

√𝑠𝑁𝑁 = 54.4 GeV exhibits significantly improved precision and remains consistent
with previous measurements within uncertainties. When investigating to 𝑅AA in cen-
tral collisions as a function of different collision energies, ranging from SPS to LHC
energies, it reveals no significant dependence on collision energy within uncertainties,
spanning from 17.3 to 200 GeV. The distribution of J/𝜓 𝑅AA across collision energies is
compared to two transport model calculations from Tsinghua and TAMU groups. Both
models demonstrate consistency with data starting from 39 GeV, although the Tsinghua
group’s calculation appears to underestimate J/𝜓 𝑅AA at SPS energy (17.3 GeV). Fur-
ther analysis involves measuring J/𝜓 𝑅AA as a function of 𝑝T in four centrality classes
in Au+Au collisions at √𝑠𝑁𝑁 = 54.4 GeV. Increased suppression is observed towards
more central and lower 𝑝T regions, suggestive of reduced regeneration contributions at
this energy. Based on the measured 𝑝T spectra of J/𝜓 production in Au+Au collisions
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at √𝑠𝑁𝑁 = 54.4 GeV, ⟨𝑝2
T⟩as well as the 𝑟AA are calculated. No significant centrality

dependence of ⟨𝑝2
T⟩is observed at √𝑠𝑁𝑁 = 54.4 GeV. Moreover, the 𝑟AA at this energy

exhibits a flat distribution against centrality, aligning with the trend of collision energy
dependence.

6.2 Outlook

The realization of RHIC’s scientific objectives hinges on two central goals: i) delin-
eating the phase diagram of Quantum Chromodynamics (QCD), and ii) probing the in-
tricacies of the Quark-Gluon Plasma (QGP) by scrutinizing its properties at short length
scales. The collaborative efforts between RHIC and LHC facilities in investigating the
latter are scientifically imperative, resembling the necessity for multiple experiments
to independently dissect the microstructure of the QGP. With anticipated increases in
beam luminosity during Runs 23-25, RHIC will be uniquely positioned to embark on a
thorough exploration of the microstructure of the QGP.

As an integral component of RHIC’s detector suite, the STAR collaboration has
not only installed the iTPC but has also operated it for several years. In addition to the
iTPC upgrade, STAR’s forward detectors, including the Forward Tracking System (FTS)
and Forward Calorimeter System (FCS), have been successfully installed and initiated
data acquisition. These advancements place the STAR collaboration in an advantageous
position to capitalize on its substantially enhanced detection capabilities.

During Run 23, the STAR collaboration recorded approximately 6.8 billion events
in Au+Au collisions at √𝑠𝑁𝑁 = 200 GeV, despite the actual data intake being lower
than anticipated due to an unexpected helium leak in early August 2023. Neverthe-
less, this dataset surpasses the volume of all previous STAR data collected from Au+Au
collisions at √𝑠𝑁𝑁 = 200 GeV. Additionally, another run for Au+Au collisions at

√𝑠𝑁𝑁 = 200 GeV is scheduled for 2025.

6.2.1 The Dielectron Measurements in 23-25 runs

The inability of the STARLight model to accurately depict STAR data prompted
the consideration that the broadening could be attributed to a residual magnetic field
entrapped within an electrically conductive QGP. This insight is pivotal for investigat-
ing the chiral magnetic effect. In a similar vein, ATLAS discerned the effect through
the acoplanarity of lepton pairs, contrasting measurements in UPC, and elucidated the
additional broadening through multiple electromagnetic scatterings within the hot and
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dense medium. This phenomenon bears resemblance to the medium 𝑃⟂-broadening
observed in jet quenching. These explanations of broadening in hadronic collisions
operate under the assumption of no impact parameter dependence in the transverse mo-
mentum distribution for electromagnetic production. Recent lowest-order QED calcu-
lations, which reintroduce impact parameter dependence, offer a reasonable description
of the observed broadening by STAR and ATLAS, without invoking any in-medium
effects.

Recent lowest-order QED calculations, incorporating impact parameter depen-
dence, offer a promising explanation for the observed broadening by both STAR and
ATLAS, without necessitating any in-medium effects. To unravel this puzzle, we pro-
pose a meticulous investigation into the initial 𝑃⟂-broadening of dilepton pairs in ultra-
peripheral collisions. Utilizing various neutron emission tags as centrality definitions
will enable us to explore variations in the broadening baseline with impact parameter.
Furthermore, dissecting the differential spectrum in terms of pair 𝑃⟂, rapidity, and mass
will facilitate a comprehensive study of the Wigner function of the initial electromag-
netic field. This approach promises invaluable insights into extracting momentum and
spatial correlations of the electromagnetic field.

Figure 6.1 √⟨𝑝2
T⟩ of 𝑒+𝑒− pairs as a function of pair mass for 60-80% central and ultra-

peripheral Au+Au collisions at √𝑠NN = 200 GeV.

As depicted in Fig. 6.1, a comparison with the latest QED calculation reveals
the continued presence of additional broadening in peripheral collisions. Although its
significance is only approximately 1𝜎, this leaves room for the potential influence of a
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medium effect. Looking ahead to Runs 25 together with the taken dataset in 2023, as
projected in the figure, we anticipate the ability to discern the presence of additional
broadening with significantly higher precision. This will allow us to further refine our
understanding and constrain the strength of the final-state magnetic field within QGP.

6.2.2 The J/𝜓 Measurements in 23-25 runs

Measurements of charmonia in heavy-ion collisions provide crucial insights into
the thermodynamic properties of the created medium. In Au+Au collisions at RHIC, the
production of J/𝜓 mesons exhibits suppression compared to 𝑝+𝑝 collisions, attributed
to the screening of the 𝑐 ̄𝑐 potential by the medium’s color charges. Additionally, J/𝜓
production may be affected by the recombination of charm quarks in a later stage of
collision evolution. The regenerationmechanism is expected to predominantly influence
the low transverse momentum range of J/𝜓 .

The J/𝜓 elliptic flow (𝑣2) at low 𝑝T is crucial to further understand the recombi-
nation mechanism. While, reported by STAR based on the 2010 Au+Au 200 GeV data
sample, the 𝑣2 of J/𝜓 was found to be consistent with zero. However, this observation
is subject to significant statistical uncertainties and systematic uncertainties stemming
from non-flow effects. The precision of the measurement was inadequate to differen-
tiate between theoretical model calculations that exclusively consider primordial J/𝜓
production and those that include additional J/𝜓 production via recombination. This
underscores the necessity for a larger sample of heavy-ion data at 200 GeV, which will
be provided by RHIC in 2023 and 2025. Such expanded datasets would enable the ob-
servation of a potential non-zero J/𝜓 𝑣2 at RHIC energies and facilitate more stringent
constraints on J/𝜓 production models, particularly regarding regeneration. Figure 6.2
shows the statistical projection for the J/𝜓 𝑣2 measurement in 0-80% central Au+Au
collisions assuming 20 B minimum-bias events and HT triggered events corresponding
to an integrated luminosity of 75𝑛𝑏−1.

𝜓(2S) is the most loosely bound quarkonium state accessible in heavy-ion colli-
sion experiments. The relative suppression of 𝜓(2S) and J/𝜓 is highly sensitive to the
temperature profile of the fireball generated in heavy-ion collisions and its space-time
evolution. The measurement of 𝜓(2S) is considerably more challenging than that of
J/𝜓 due to its much smaller production cross-section and dilepton decay branching ra-
tio. This leads to a very low signal-to-background ratio. In a recent development, STAR
has successfully detected the 𝜓(2S) signal in isobaric collisions, comprising approxi-
mately 4 billion minimum-bias events. This groundbreaking observation represents the
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Figure 6.2 Projections for the J/𝜓 (decay to 𝑒+𝑒−) directed (𝑣1) and elliptic (𝑣2) flow vs J/𝜓 𝑝T
in 0-80% Au+Au collisions at √𝑠NN = 200 GeV.

first measurement of 𝜓(2S) in heavy-ion collisions at RHIC, boasting an impressive
significance level of about 6𝜎. This notable achievement signals a promising begin-
ning, especially considering the forthcoming close to 20 billion minimum-bias events
expected from Runs 23-25. These upcoming events will undoubtedly provide a sig-
nificantly enhanced opportunity to delve into the transport properties of 𝜓(2S) in the
Quark-Gluon Plasma (QGP) at mid-rapidity during heavy-ion collisions.
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