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Abstract

In the paper, we discuss the development of the multigap resistive plate chamber time-of-flight (TOF) technology and the
production of the solenoidal tracker at RHIC (STAR) TOF detector in China at the beginning of the twenty-first century.
Subsequently, recent experimental results from the first beam energy scan program (BES-I) at the Relativistic Heavy Ion
Collider (RHIC) pertaining to measurements of collectivity, chirality, criticality, global polarization, strangeness, heavy
flavor, dilepton and light nuclei productions are reviewed.
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1 Introduction

Quantum chromodynamics (QCD), the theory of the strong
force, is the cornerstone for understanding the fundamen-
tal nature of matter under the most extreme conditions [1,
2]. Among the myriad of phenomena it encompasses, per-
haps one of the most fascinating is the behavior of QCD
matter at extreme temperatures and densities, where the
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fundamental constituents of matter, quarks and gluons
undergo phase transition to become a hadronic matter
through hadronization. The experiments at the Relativ-
istic Heavy Ion Collider (RHIC) have provided unique
experimental evidence for the transition [3]; however, at
exactly what temperature and/or densities this phase tran-
sition occurs and the nature of the phase transition are far
from being clear. Thus, we are still mystified about the
true nature of QCD, especially at extreme temperatures
and densities. In the fiery furnaces of the early universe
or in the cores of neutron stars, matter undergoes epic
transformations, transitioning between different phases as
dictated by the intricate dynamics of QCD. It is in these
extreme environments that the search for the properties
of QCD matter has faced its greatest challenges and most
profound revelations [4, 5].

The RHIC at Brookhaven National Laboratory stands
as a beacon in the quest to unravel the mysteries of QCD
matter. Through its beam energy scan (BES) program [6],
RHIC has probed the properties of QCD matter across a
wide range of collision energies in various aspects, provid-
ing a comprehensive experimental landscape to explore
the phases and transitions of this extreme form of matter.

In this review, we start with a brief description of the
early development and production of STAR multigap resis-
tive plate chamber (MRPC) TOF detector in China, which
was the first significant detector to contribute to an interna-
tional experiment from the Chinese nuclear physics com-
munity. Subsequently, we embark on a journey through
the rich tapestry of experimental results gleaned from the
RHIC BES program, delving into the intricate interplay
of phenomena such as the quark—gluon plasma (QGP),
hadronization, and the evolution of collective behavior in
heavy ion collisions. The key findings from selected topics
which have reshaped our understanding of the QCD matter
and its manifestations in the laboratory are highlighted.
The topics cover basic observables including collectiv-
ity, chirality, criticality, global polarization, strangeness,
heavy flavor, dilepton, and light nuclei.

From the onset of RHIC’s operation to its latest experi-
mental endeavors, this review attempts to encapsulate
the progress made in deciphering the properties of QCD
matter. Through precision measurements and innovative
analysis techniques, RHIC has made strides to unravel the
phase diagram of QCD matter, revealing its intricate struc-
ture and elucidating the fundamental forces that govern
the Universe.

This review article is organized as follows. Section 2
describes the development of the TOF detector. Section 3
presents selective STAR measurements of identified par-
ticles enabled by the TOF detector. A brief summary and
outlook is provided in Sect. 4.

@ Springer

2 Development and construction
of the STAR MRPC TOF detector

The multigap resistive plate chamber (MRPC) technology
was first realized in the mid-1990s by a large ion collider
experiment (ALICE) TOF group [7]. The MRPC technology
enabled the construction of a cost-effective TOF detector
for the identification of the charged particles copiously pro-
duced in relativistic heavy ion collisions. The basic structure
of MRPC features a stack of parallel resistive plates, usually
with gaps of ~ 0.2 — 0.3 mm. High voltages are applied to
the stack through the outermost plates by resistive conduc-
tive graphite while the inner plates are electrically floating.
When a charged particle passes through the MRPC, primary
electrons are produced by ionization in the gaps (filled with
Freon-rich gas mixture), which triggers gas avalanche ampli-
fication in the strong electric field (usually ~ 100kV /cm or
more). Fast signals are induced on the outer readout strips.
In general, differential-input preamplifiers are used to reduce
noise. Multiple narrow gaps are beneficial in reducing the
time fluctuation of an avalanche, thus improving the timing
performance. The potential across inner electrically float-
ing plates arises from the gain-feedback in different gaps
and guarantees gain uniformity. This striking feature greatly
simplifies the manufacturing and operation of MRPC. In
short, MRPC is a new type of cost-effective gas detector
with excellent timing performance.

The China-US cooperation in heavy ion physics started
in 2000 by developing an MRPC-based barrel TOF for the
solenoidal tracker at RHIC (STAR) experiment. The first
MRPC prototype was soon developed by the University of
Science and Technology of China (USTC) [8], as illustrated
in Fig. 1. In May 2001 the Chinese STAR team was officially
established, led by Prof. Wenqging Shen. The team decided to
build a TOF tray (TOFr) demonstrator with 28 MRPCs. One

Fig. 1 (Color online) First MRPC prototype produced by USTC, with
an active area of 4 cm X 4 cm and single-channel readout
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month later, the STAR collaboration accepted all six institu-
tions of the Chinese team, including Shanghai Institute of
Applied Physics, Chinese Academy of Sciences (SINAP-
CAS), Institute of High Energy Physics THEP-CAS), Insti-
tute of Modern Physics (IMP-CAS), Central China Nor-
mal University (CCNU), Tsinghua University (THU), and
USTC, as institutional members of the collaboration.

In 2002, the TOFr demonstrator was successfully devel-
oped jointly by Chinese and American teams. The Chinese
side developed 24 MRPCs, and the US side developed four
MRPCs and the entire electronics. Through this effort,
Chinese researchers acquired a deep understanding of the
MRPC technology, in both detector physics and module
production. In 2003, the TOFr had all the features suitable
for installation and operation in STAR, thereby joining the
physics run of STAR in 2003. The physics and experimental
results from TOFr were so fruitful [9—14] that Dr. Hallman,
the spokesperson of STAR, wrote a special letter to Prof.
Wengqing Shen to express his congratulations. The major
technical progress from the Chinese STAR team ultimately
led STAR to decide to produce all the MRPC modules for
the barrel TOF in China.

In 2006, the project “Research of relativistic nuclear col-
lision physics at STAR and development of time-of-flight
detector” was jointly funded by the National Natural Science
Foundation of China (NSFC), CAS, and the Ministry of Sci-
ence and Technology (MOST) of China. The cooperations of
the Chinese STAR team led to the development of the STAR
TOF and RHIC physics research. By 2009, all 4000 MRPC
modules were produced by THU and USTC. The under-
standing of MRPC technology and strict quality control
resulted in a final yield of up to 95%, with very good stability
and consistency [15, 16]. Since the initial TOFr demonstra-
tion, STAR TOF has maintained a systematic time resolution
of ~ 80 ps (MRPC intrinsic resolution ~ 60 ps) [17], which
has been highly evaluated by experts of the US Department
of Energy (DOE) and the STAR collaboration.

The TOF detector significantly extended the STAR par-
ticle identification capabilities. In Fig. 2, with 2 ¢ separa-
tion, protons/(pions + kaons) and kaons/pions are identified
up to 3 GeV/c and 1.6 GeV/c, respectively. Without TOF,
these two groups can only be identified up to 1.0 GeV/c and
0.7 GeV/c. The successful construction and smooth opera-
tion of the TOF system also contributed to the observation of
the heaviest antimatter helium-4 nucleus [18]. Measuring the
mean energy loss per unit track length in the time projection
chamber (TPC) [19] helps distinguish particles with differ-
ent masses or charges, whereby through the time of flight of
particles arriving at the surrounding TPC, anti-helium nuclei
can be identified unambiguously (Fig. 3).

The successful development and operation of STAR
TOF, which has been significantly promoted in STAR phys-
ics research, have greatly boosted the application of MRPC
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Fig.2 (Color online) Particle velocity, 1/8, as a function of particle
momentum
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Fig.3 (Color online) Top two panels show the (dE/dx) in units
of multiples of 6454y, 104g/q,» Of negatively charged particles (first
panel) and positively charged particles (second panel) as a function
of mass measured by the TOF system. Rectangular boxes highlight

areas for “He (*He) selections. Bottom panel shows a projection of
the entries in the upper two panels onto the mass axis for particles in

the selected window. A total of 16 candidates of *H€ were identified
using the combined measurements of energy loss and time of flight
(see [18] for more details)

technology. In 2008, the long-strip (length: 87 cm) MRPC
(LMRPC) was developed in USTC [20]. With the strong
support of NSFC, the Chinese STAR team completed the
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development and construction of LMRPC-based muon tele-
scope detector (MTD) [21], the successful performance [22]
of which further improved the research of lepton physics in
STAR. In China, the successful operation of STAR TOF also
triggered the endcap TOF (eTOF) upgrade of Beijing Spec-
trometer Experiment (BESIII) using MRPC technology [23].

With the success of the RHIC BES program (phase-I),
high-luminosity heavy ion collision experiments at lower
center-of-mass energies became an important frontier to
explore in determining the phase boundary and critical end
point of the quark—gluon plasma phase transition. To adapt
to the high-luminosity physics, STAR TOF is required to
have a higher magnitude counting rate capability, especially
in the endcap region. STAR and compressed baryonic matter
(CBM) research and development collaboration was con-
ducted for this purpose. USTC adopted ultra-thin float glass
to increase the MRPC counting rate from a few hundred
Hz/cm? to kHz/cm?, while THU successfully developed
MRPC to operate at a counting rate of tens of kHz/cm?,
using special low-resistivity glass plates (bulk resistivity
~ 10'°Q . cm) [24, 25]. Both MRPCs were installed into the
STAR endcap TOF and satisfied the required performance.

Another important application is the development of
MRPC TOF for the cooler-storage-ring external-target
experiment (CEE), located at Lanzhou. This is the first spec-
trometer in China, operating in the GeV level energy regime,
for heavy ion collision studies. It is dedicated to the phase
structure studies of the nuclear matter, nuclear equation of
state, symmetry energy, and production of hypernucleus,
among others. To improve the gas exchange speed and sig-
nificantly reduce gas consumption, a new style sealed MRPC
has been developed [26]. The structure is shown in Fig. 4.
The time resolution of this MRPC is better than 60 ps and
the efficiency is higher than 97%. In the cosmic test, this
sealed MRPC can work at gas flushes of lower than 10 sccm
per square meter detector and has been applied to the CEE-
eTOF wall with a 70% reduction in the necessary gas flow
rate while maintaining performance and stability.

Fig.4 (Color online) The

The MRPC TOF experiences in STAR, CBM and CEE
not only significantly promote particle detection technology
but also provide a powerful tool for many physics programs.
In the next-generation nuclear and particle physics experi-
ments based on high-luminosity accelerators, MRPC will
continue to provide reliable technical options for particle
identification and trigger owing to the new developments in
low-resistivity glass plates and high-speed waveform sam-
pling technology [27, 28] that provide MRPC with a time
resolution better than 20 ps (Fig. 5 [29]) with high counting
rate. In the interim, modern technology such as machine
learning and neural networks are also being studied to recon-
struct the timing of MRPC [30]. Research never stops to
improve the performance of MRPC, to meet the require-
ments of future experiments such as new detector material,
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new fast electronics, new analysis methods, and eco-friendly
working gas.

3 Experimental results and discussions
3.1 Charged particle spectra and yields

Relativistic heavy ion collision experiments are designed
for the search and study of the QGP. In head-on relativistic
heavy ion collisions, two nuclei can be represented as two
thin disks approaching each other at high speed because
of the Lorentz contraction effect in the moving direction.
During the initial stage of collisions, the energy density
is higher than the critical energy density obtained from
lattice QCD calculations, whereby quarks and gluons are
deconfined from nucleons and form QGP. The large cross
section of interaction may lead to the thermalization of
the QGP. At this stage, high transverse momentum jets
and heavy flavor pair are produced because of the large
momentum transfer. Subsequently, the QGP expands and
cools down, entering into the mixed-phase expansion.
The chemical freeze-out point is formed after the inelas-
tic interaction stops, which means that thereafter particle
yields and ratios do not change. After chemical freeze-
out, the elastic interaction between hadrons and resonance
decays [31] change the py distribution of particles. The

particles finally freeze out of the system after the elastic
interaction stops, at the so-called kinetic freeze-out point.
Studying the bulk properties of the system, such as the
spectra, the yields (dN/dy), particle ratios, and freeze-out
properties, can provide insight into the particle production
mechanisms and evolution of QCD matter.

In experimental observations, first invariant yields of
various particles are presented as a function of transverse
momentum p-. Figure 6 shows the invariant yields of pions
(z%), kaons (K*), protons (p), anti-protons (p), phi-mesons
(¢), lambda baryons (A), anti-lambda baryons (A), cascades
(E7), anti-cascades (§+), Omegas (Q7), anti-Omegas (§+),
deuterium (d), and anti-deuterium (d). The results are shown
for Au+Au collisions at y/sxy = 19.6 GeV in four collision
centralities: 0-10%, 20-40%, 40-60%, and 60-80% [32-35].
The invariant yields show a decrease with increasing pr,
moving from central to peripheral collisions. The curves
represent the blast wave fits to the spectra [36].

The yields, dN/dy, are obtained by integrating these
measured spectra and interpolating through fitting func-
tions where the measurements are not available. Figure 7
shows the energy dependence of particle yields for z%, K*,
p.p. . A,AE,E,Q°,Q . d, and d. Results from STAR
BES-I [32-35] are compared with previously published
STAR results at higher energies and those of other world
experiments. The reader is referred to the topical review
in [6] on data collection. The yields of anti-baryons increase
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Fig.6 (Color online) Invariant yields of identified particles measured
as a function of transverse momentum in various collision centralities
in Au+Au collisions at /sy = 19.6 GeV [32-35]. Filled points rep-

resent particles and open points are antiparticles. The curves are fits
to the data points based on the thermal blast wave distribution [36]
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Fig. 7 (Color online) Energy dependence of particle yields dN/dy in central collisions [6]. Solid points represent particles, and open points are

the antiparticles. The data are normalized by the number of participants

rapidly with increasing collision energy, demonstrating the
increasing contribution of pair production. However, the
yields of baryons and K* show a non-trivial energy depend-
ence in the BES energy range, indicating the interplay of
baryon stopping/association and pair production.

The hadron yields retain the footprint of the hot and dense
hadronic matter during the evolution of the collision system,
presumably because the system undergoes a crossover at
phase transition [32]. As observed experimentally, the rela-
tive abundances of hadrons follow the thermal distribution
at common temperatures and baryonic chemical potentials,
such that the thermal fit can fix the temperature and bary-
onic chemical potential [32]. The temperatures of chemical
freeze-out (T, for central Au+Au collisions at different col-
lision energies are shown in Fig. 8. With increasing energy,
the T, increases and becomes constant at ~ 160 MeV after
/Snn = 11.5GeV. The parameters extracted from net-pro-
ton higher moments [38] are also presented in the figure.
They are consistent with the results from the hadron yield
fit. The extracted parameters from BES data are also consist-
ent with the results from the lattice QCD calculations and
thermal fit to the global hadron yield data [37]. In covering
the RHIC BES program, STAR fixed-target program, and
future experimental facilities shown in the figure, a more
precise description of the QCD phase diagram is presented.

One of the foundations of the BES program is the promise
of a sweeping variation of the chemical potential across the
QCD phase diagram through changes in the beam energy
of heavy ion collisions, whereby the chemical potential is

@ Springer
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Fig.8 (Color online) A summary of the chemical freeze-out tempera-
ture T, (pg) distribution [37]. Data points are from the 0-5% central
Au+Au collisions at STAR BES [32, 38]

extracted empirically from the final-state particle distribu-
tions. An important subject in itself is how the baryons are
shifted from target and projectile rapidity to midrapidity.
A puzzling feature of ultra-relativistic nucleus-nucleus
collisions is the experimental observation of substantial
baryon asymmetry in the central rapidity (midrapidity)
region both at the energies of RHIC [32, 39, 40] and large
hadron collider (LHC) (m =900GeV) [41, 42]. Such a
phenomenon is impressive, as the baryon number is strictly
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conserved; therefore, net-baryon number cannot be created
in the system and must come from the colliding targets and
projectile. In the conventional picture, the valence quarks
carry the baryon quantum number in the nucleus. At suf-
ficiently high energies, these valence quarks are expected
to pass through, ending up far from midrapidity in the frag-
mentation regions [43]. The RHIC BES program covers a
wide range of baryon stopping, over an order of magnitude
of net-proton yields at midrapidity [32, 40].

Figure 9 presents the net-proton yields at midrapidity
in Au+Au collisions at 4/syy = 7.7 GeV to 200 GeV [44].
For all centralities in heavy ion collisions, the midrapidity
net-baryon density follows an exponential distribution with
the variable 6y = y, — y.,» Where y, is the beam rapidity,
and y.,, is the center-of-mass rapidity. This variable oy is
referred to as the “rapidity loss” which for the midrapidity
protons produced in a collider experiment is equal to beam
rapidity: 6y = y, as y.,, = 0. A single collision energy there-
fore gives rise to a single point in Fig. 9. The data points at
each centrality can be fitted with an exponential function
A exp (—agby). The baryon stopping is often characterized
by average rapidity loss [45], which is characterized by a
complicated beam energy dependence and is usually skewed
by the large proton yields close to beam rapidity, leading
to the conclusion [45] that the “rapidity loss™ of projectile
baryons at RHIC breaks the linear scaling observed at lower
energies. Another way of characterizing the baryon stopping
is to use the p/p ratio [41, 42, 46]. Both pair production and
baryon stopping contribute to this ratio. Most of the dynamic
models of heavy ion collisions parametrize the baryon stop-
ping to reproduce the experimental data although at a fun-
damental level, a lack of understanding on how baryons are
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Fig.9 (Color online) Exponential dependence of midrapidity (y = 0)
baryon density per participant pair in heavy ion collisions with y,
equal to the rapidity difference between beam and detector midrapid-
ity (6y) [44]. An exponential fit function of A X exp (—ady) is also
included. The figure is taken from [44]

stopped prevails. A recent modeling of heavy ion collisions
indicates that the inclusion of the baryon junction is essential
for describing net-proton density at RHIC [47]. Clearly some
of the earlier implementations of baryon junctions [48, 49],
which attempted to match the earlier experimental data with
certain parameter tunes, do not reproduce the experimental
results presented in Fig. 9.

3.2 Strangeness production

Strange hadrons serve as excellent probes for the physics
of QCD phase boundary and search for the onset of decon-
finement. Strangeness enhancement in heavy ion hadron
collisions has long been suggested as a signature of the
quark—gluon plasma [50-52], motivating its measurement
in many experiments at different accelerator facilities. In
general, the yields of strange hadrons in nuclear collisions
are close to those expected from statistical models [53-55].
The precise measurement of these yields in phase-I of RHIC
BES experiments has led to a better understanding of the
strange quark production mechanisms in nuclear collisions
and a more reliable extraction of the chemical freeze-out
parameters [32], as shown in Fig. 8. In the higher beam
energies, formation of a thermalized system is expected and
strangeness is abundantly produced. However, at lower beam
energies, strangeness production is less, requiring special
attention and local treatment of the canonical ensemble.
This part is further discussed in relation to Fig. 11, with
the ¢(1020) meson with zero net strangeness number (S =
0) offering a unique opportunity to scrutinize the thermo-
dynamic properties of strange quarks in the hot and dense
QCD environment [56].

The precise measurement of strange hadron production
at different p ranges and centralities in heavy ion collisions
are also crucial for a better understanding of the production
mechanism and medium properties created in the system.
At high pr, the nuclear modification factor Rp of various
particles at top RHIC energy is observed to be much less
than unity [57-59], indicating a significant energy loss of the
scattered partons in the dense nuclear matter, known as “jet
quenching” [60]. At intermediate p, the baryon-to-meson
ratios, p /7 and A/ KS are found to be larger than unity and
much higher than those observed in the peripheral A+A and
elementary collisions. This baryon-to-meson ratio enhance-
ment can be explained by the recombination/coalescence
models which require constituent quarks in the partonic
medium to coalesce into hadrons, or soft and hard partons
to recombine into hadrons [61-63]. Thus, measurements of
Rcp and baryon-to-meson ratios of strange hadrons are one
of the corner stone pieces of evidence for the formation of
the strongly interacting QGP medium. The precise meas-
urement of these variables in heavy ion collisions at lower
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beam energies can potentially reveal the medium properties
at finite pg and help locate the collision energy for the onset
of deconfinement.

Apart from light hadrons, Fig. 7 also shows the energy
dependence of strange particle yields at midrapidity for K=,
o, A(N), E‘(§+) and Q‘(§+) from central heavy ion col-
lisions. Results from STAR BES-I [33, 34] are compared
with previously published STAR results at higher energies
and other corresponding world data including experiments
at the alternating gradient synchrotron (AGS) and Conseil
Européen pour la Recherche Nucléaire (CERN) [58, 64-73].
The yields AN /dy /(N /2) of the anti-hyperons (A, §+ §+)
and ¢ meson increase rapidly with increasing energy, with
a non-trivial energy dependence on A, E~ and Q~ yields.
The E~ and Q~ yield first increases with energy from 7.7 to
19.6 GeV and then remains almost constant up to energies
around 39 GeV, then rising again toward higher energies.
The A yield first decreases from 7.7 to 39 GeV and then
increases toward higher energies. The A behavior is similar
to the trend displayed by proton in these measured energy
regions [32], reflecting a significant increase in baryon den-
sity at lower collision energies. The observed A behavior
can be the result of the interplay of the pair production of
A-A and associated A production along with a kaon, with
the former increasing strongly with an increase in collision

energy and the latter increasing strongly with an increase in
net-baryon density.

Figure 10 shows the energy dependence of A(A) and
E‘(§+) midrapidity yield ratio to that of pions in central
Au+Au collisions from RHIC STAR BES, and the exist-
ing data from various experiments [33, 64-67, 73-75] as
well as the calculations from hadronic transport models
(UrQMD 1.3, hadron-string dynamics (HSD)) and statisti-
cal hadron gas model (SHM) [55, 76, 77]. The STAR BES
data are in good agreement with the trend displayed by the
existing experimental data. The hadronic models (UrQMD
1.3 and HSD) seem to reproduce the A/z data, indicating
that hadronic rescatterings might play an important role in
hyperon production in heavy ion collisions at this energy
range. However the default UrQMD (v1.3) fails to reproduce
the E/x ratio due to a smaller E yield in the model [77]. On
the other hand, the SHM model predictions agree well with
data across the entire energy range from AGS to top RHIC.
The SHM model used here is based on a grand canonical
ensemble and assumes chemical equilibrium. The energy
dependence of the parameters T, and uy in the model are
obtained by a smooth parametrization of the original fitting
parameters to the midrapidity particle ratios from heavy ion
experiments at super proton synchrotron (SPS) and RHIC.
Both A/z and E~ /x ratios show a maximum at ~ 8§ GeV,
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which seems to be consistent with the maximum net-baryon
density at freeze-out at this collision energy.

Thermodynamic properties of strange quarks play an
important role in understanding the QCD matter equation
of state (EOS) in high-density regions. In statistical thermal
models, grand canonical ensemble (GCE) and canonical
ensemble (CE) statistical descriptions are applied differ-
ently to conserve the strangeness number in computing the
final-state particle yields. It has been argued that at lower
energies, strangeness number should be conserved locally on
an event-by-event basis as described by CE, which leads to a
reduction in the yields of hadrons with non-zero strangeness
number (“Canonical Suppression”) but not for the ¢(1020)
meson with zero net strangeness number (S = 0) [79]. Fig-
ure 11 shows the measurements of ¢/K™ and ¢/E~ ratio
in the central heavy ion collisions as a function of colli-
sion energy [33, 78, 80, 81] compared with various thermal
and transport model calculations [76, 77, 82]. As shown in
the plot, both GCE and CE models describe the measured
ratios y/syy at greater than 7.7 GeV, whereas clearly GCE
fails when the collision energies approach the production
threshold (2.89 GeV for ¢ and 3.25 GeV for E7). The meas-
urements favor CE calculations with a small strangeness cor-
relation length (r,), necessitating more detailed investigation
for precise and differential data.

In addition to the thermal model, transport model cal-
culations from modified UrQMD with high mass strange
resonances can reasonably reproduce the data in Fig. 11,
implying that the feed-down effect is relevant [82, 8§3]. In
heavy ion collisions, the near/sub-threshold production of
multi-strange hadrons can be achieved from the multiple
collisions of nucleons, produced particles, and short-lived
resonances. However, particle production below the free
nucleon—nucleon (NN) threshold is expected to be sensitive
to the stiffness of the nuclear EoS at high density [84].

Figure 12 panel (a) shows the nuclear modification factor,
Rcp, of Kg, in Au+Au collisions at STAR BES from 7.7 to
39 GeV [33]. For pr~4 GeV/c, the Kg Rcp 1s below unity at
\/sN_N =39 GeV, which is similar to the observation at top
RHIC energy although the lowest R value is larger here.
The Kg Rcp at pp > 2 GeV/c keeps increasing with decreas-
ing collision energies, indicating that the partonic energy
loss effect becomes less important. Eventually, the value of
K Rcp tends to increase at large pr at /Snw = 11.5GeV and
7.7 GeV although the maximum accessible py is smaller
at these two energies. This suggests that the cold nuclear
matter effect (Cronin effect) starts to take over at these ener-
gies and enhances all the hadron yields at intermediate py
(to ~ 3.5 GeV/c). Similar to the observation for identified
charged hadrons, the energy evolution of strange hadron Rp
reflects the decreasing partonic effect with decreasing beam
energies [60].
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Fig. 11 (Color online) a ¢/K™ and b ¢/E" ratios in central heavy
ion collisions as a function of collision energy, 4/syy, compared

with various thermal and transport model calculations. Figure taken
from [78]

Figure 12 panel (b) shows the /_\/Kg ratios as a func-
tion of pr in central Au+Au collisions at STAR BES from
N =7.7GeV to 39 GeV [33]. The A is chosen because
it is a newly produced baryon in the baryon-rich medium
created by the lower BES energies. An enhancement of
baryon-to-meson ratios is observed at intermediate py in
central A+A collisions compared to peripheral A+A or p+p
collisions at the same energy for energies 4 /syn = 19.6 GeV.
The maximum value of A/ Kg reaches the maximum value of
unity at pp = 2.5 GeV/c for most central collisions, whereas
in peripheral collisions, the maximum value is significantly
lower, only about 0.3—0.5 which is not shown in the plot.
The enhancement of baryon-to-meson ratio in central col-
lisions in these energies is interpreted as being a conse-
quence of hadron formation through parton recombination
and parton collectivity. Therefore, the baryon-to-meson
ratios are expected to be sensitive to the parton dynamics of
the collision system. Unfortunately, for 4/syy < 11.5GeV,
the statistics on different centralities and maximum py are
limited. Hence, whether the baryon-to-meson enhancement
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Fig. 12 (Color online) a K(; nuclear modification factor, Rcp,
at midrapidity in Au+Au collisions at STAR BES from 7.7 to
39 GeV [33].b A/ Kg ratio as a function of py in central Au+Au col-
lisions at STAR BES [33]. ¢ baryon-to-meson ratio, Q/¢, as a func-
tion of pr in central Au+Au collisions from STAR BES [33]

still persists at these low energies remains unclear with the
current data.

Figure 12 panel (c) shows the baryon-to-meson ratio,
Q/¢, as a function of pin central Au+Au collisions from
V/Snw = 11.5GeV to 39 GeV and /syy = 7.7 GeV 0-60%
centrality [33]. For energies /sy = 19.6 GeV, the meas-
ured data follow each other closely and also the previous
measurement from 200 GeV, which is consistent with
coalescence and recombination dynamics over a broad py
range of 1-4 GeV/c [34]. The ratios at /sy < 11.5GeV
seem to deviate from the trend observed at higher beam
energies. In particular, the ratios at 11.5 GeV appear to
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take a downward turn around p; of 2 GeV/c, whereas
those at higher beam energies such as 39 GeV, peak at
pr of 3 GeV/c or above. Since the Q and ¢ particles have
small hadronic rescattering cross sections, the change in
these /¢ ratios may indicate a significant change in the
hadron formation dynamics and/or the strange quark pg
distribution at the lower energies.

3.3 Collectivity

Collective observables, including radial and anisotropic
flow, are powerful tools for extracting parameters of the EOS
and understanding the properties of the medium created by
high-energy nuclear collisions [4, 85, 86]. In this section, the
energy dependence of v, v,, their scaling, and EOS param-
eters are discussed.

The elliptic flow scaled by the number of constituent
quarks (NCQ), v, /n,, for the copiously produced hadrons z*
(squares), K* (crosses), p and p (circles), is shown as a func-
tion of the scaled transverse kinetic energy (my — mg)/n, in
Fig. 13. The data are from 10-40% mid-central Au+Au col-
lisions at RHIC. Data points from collisions at 27 GeV and
54.4 GeV are shown as open and closed symbols, respec-
tively. The colored dashed lines, also displayed in the figure,
represent the scaling fit to the data from pions, kaons, and
protons in Au+Au collisions at 7.7 GeV, 14.5 GeV, 27 GeV,
54.4 GeV, and 200 GeV for both positively and negatively
charged particles [90, 91]. Although the overall quark num-
ber scaling is evident, the best scaling is reached by the
RHIC top energy 4/sxy = 200 GeV collisions [92]. As colli-
sion energy decreases, the scaling deteriorates. Particles and
antiparticles are no longer consistent with the single-particle
NCQ scaling due to the mixture of transported and produced
quarks [91]. More detailed discussions on the effects of
transported quarks on collectivity can be found in [93, 94].
An important evidence for QGP formation in high-energy
collisions at RHIC, is the observed NCQ scaling that origi-
nates from partonic collectivity [92, 95, 96]. Interestingly,
in the analysis of the elliptic flow of light nuclei in low- and
intermediate-energy nuclear reactions, a similar scaling law
exists, i.e., the elliptic flow of light nuclei is scaled according
to the number of constituent nucleons [97]. Inspired by [97],
the STAR experiment of relativistic heavy ion collisions [98]
also confirms the nucleon-number scaling of the elliptic flow
of light nuclei, that is, it fulfills the theoretical prediction
of [97]. The similarity between NCQ scaling of elliptic
flows and nucleon-number scaling of light nuclei lies in the
merger mechanism of hadron formation or nucleosynthesis,
whereas the difference lies in whether the merger is at the
quark or nucleon level. Notably, the LHC-ALICE collabo-
ration reported measurements of higher-order anisotropic
flows [99], providing for the first time experimental meas-
urements of triangular flow v;. The NCQ scaling of higher
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Fig. 13 (Color online) Elliptic flow (v,) scaled by number of con-
stituent quarks (nq); (v, /nq) is shown as a function of scaled trans-
verse Kinetic energy (my — my)/n, for pions, kaons, and protons from
Au+Au collisions in 10-40% centrality at \/m =3GeV, 27 GeV,

and 54.4 GeV for positively charged particles (left panel) and nega-

order collective flows is theoretically discussed in [100] and
confirmed in experimental measurements [101], which can
also be regarded as a further probe of QGP. Experimental
efforts on the measurement of v; in BES energies have also
been conducted [102]. Based on the data [102], detailed
tests on NCQ scaling seem promising.

At low energies of m = 3.0GeV Au+Au collisions,
a totally different scaling behavior emerges, as shown in
Fig. 13. Unlike that observed in high-energy collisions,
all v, values are negative, which is a characteristic of
nuclear shadowing in such non-central collisions. There
is no sign of NCQ scaling at this low energy [103]. These
results clearly indicate different properties for the matter
produced. With the baryonic mean field, hadronic trans-
port model calculations from jet AA microscopic transport
model (JAM) [104] and UrQMD [76, 77] reproduce the
observed negative values of v, for protons as well as As.
In other words, in Au+Au collisions at 4/syy = 3.0GeV,
partonic interactions no longer dominate, and baryonic
scatterings take over, indicating that predominantly had-
ronic matter is created in such low-energy collisions.

Now, focusing on the p-integrated results, we jointly
examine v, and v,. The collision energy dependence of
directed and elliptic flow is summarized in Fig. 14, where
panel (a) shows the slope of the p;-integrated directed
flow at midrapidity, dv,/dy|y =0, for z, K, p, A, and
multi-strange hadrons ¢ and Z~ from Au+Au collisions
in the 10-40% centrality interval. Here, K and x represent
the combined results of K* and Kg, and z*, respectively.
Panel (b) displays the p;-integrated v, at midrapidity for z,

tively charged particles (right panel). Colored dashed lines represent
the scaling fit to data from Au+Au collisions at 7.7 GeV, 14.5 GeV,
27 GeV, 544 GeV, and 200 GeV from the STAR experiment at
RHIC [87-89]. Statistical and systematic uncertainties are shown as
bars and gray bands, respectively

K, p, and A as open squares, filled triangles, filled circles,
and open circles, respectively. Due to partonic collectivity
in Au+Au collisions at high energy [106], all observed
v, slopes and v, at midrapidity are found to be negative
and positive, respectively, which is opposite to what is
observed at low energy. This can be seen in the 3.0 GeV
Au+Au collision results shown in Fig. 14. The early strong
partonic expansion leads to positive v, with NCQ scaling
in high-energy collisions, whereas at 3.0 GeV, both weaker
pressure gradients and shadowing of the spectators result
in negative v, values without scaling. The results from
calculations using the hadronic transport models JAM and
UrQMD are also shown as colored bands in the figure.
By including the baryonic mean field, both the JAM and
UrQMD models reproduce the trends for both dv; /dy|,_,
and v, for baryons, including protons and A. The consist-
ency of the transport models (JAM and UrQMD) with the
baryonic mean field for all measured baryons implies that
the dominant degrees of freedom at a collision energy of
3.0 GeV are from the interacting baryons. The signatures
for the transition from partonic dominance to hadronic and
then to baryonic dominance regions have been discussed
in [4, 32, 93, 105] for the ratios of K+/ﬂ+ and net-particle
v, slopes, respectively. The data from 3.0 GeV Au+Au
collisions clearly reveal that baryonic interactions dictate
the collision dynamics.

The results of collectivity, EOS, and phase structure are
closely connected. By comparing measurements with calcu-
lations, the parameters of the EOS for each collision can be
readily extracted [108, 109]. As an example, Fig. 15 shows
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Fig. 14 (Color online) Collision energy dependence of the directed
flow slope dv, /dy|,_, for p, A, charged #s, and kaons (including K*
and Kg), ¢, and E~ (top panel) [93, 105]. The bottom panel shows the
elliptic flow v, for protons and zs from heavy ion collisions [91, 92].
Statistical and systematic uncertainties are shown as bars and gray
bands, respectively. The JAM and UrQMD results are displayed as
colored bands: golden, red, and blue bands represent the JAM mean
field, UrQMD mean field, and cascade mode, respectively

the ratio of shear viscosity to entropy as a function of scaled
temperature [110]. In the left panel, chemical freeze-out
temperature from each energy [32] is used and normalized
to that from Au+Au collisions at 4/syy = 200 GeV. In the
high-energy limit, /sy = 39 =200 GeV, the ratio, namely
the quantum limit, reaches unity, implying that the medium
created in such collisions is dominated by partonic interac-
tions with a minimum value of 4z#/s. At lower collision
energies, on the other hand, hadronic interactions become
dominant, and the medium shows a rapid increase in the
viscosity-to-entropy ratio. The right panel shows the tem-
perature evolution of the shear viscosity-to-entropy ratio as
a function of the scaled temperature 7 /7. Here, T repre-
sents the critical temperature in the calculation [108, 109].
The entire curve is extracted from the experimental results
of Ry, and v, from Au+Au collisions at /sy = 200GeV.
The observed V-shaped feature is quite similar to what is
described in [111] for a system dominated by electromag-
netic interactions. The phase transition is universal and
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independent of the degrees of freedom of the medium under
study. This unique feature is a clear evidence of the crosso-
ver transition in strong interactions. For a comprehensive
discussion on the shear viscosity and phase transition in
nucleon and quark levels, the reader is referred to a recent
review [112].

3.4 Chirality

Quark interactions with topological gluon configurations
can induce chirality imbalance and local parity violation
in QCD [113-115]. In relativistic heavy ion collisions, this
can lead to observable electric charge separation along the
direction of the strong magnetic field produced primarily by
spectator protons [116—118]. This is called the chiral mag-
netic effect (CME). A CME-induced charge separation, if
observed, would confirm a fundamental property of QCD.
Measurements of electric charge separations can provide a
means for studying non-trivial QCD topological structures
and are therefore of paramount importance. Extensive theo-
retical and experimental efforts have been devoted to the
search for CME [118-120].

The commonly used observable to measure charge
separation is the three-point correlator difference [124],
Ay = yos — ¥ss- Here y = (cos(a + f — 2y,)), a, and f are
the azimuthal angles of the two charged particles and v, is
that of the second-order harmonic plane; y,g denotes the y
of opposite electric charge sign (OS), and ygg denotes that
of the same sign pairs (SS). The first y measurements were
carried out by the STAR collaboration in Au+Au collisions
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Fig. 16 (Color online) y correlators as functions of centrality in Au+Au collisions at

Pb+Pb collisions at 4 /syy = 2.76 TeV from ALICE [123]

at top RHIC energy in 2009 [121], which resulted in signif-
icant Ay observations. Further measurements were made at
lower RHIC energies by STAR [122] and at higher LHC
energies by ALICE [123]. Figure 16 shows the y,g and
7ss correlators as a function of the collision centrality in
Au+Au collisions at /syy = 7.7 — 200 GeV at RHIC and
in Pb+Pb collisions at 2.76 TeV at LHC. At high collision
energies, charge-dependent signals are observed, and yg is
larger than ygq. The difference between yyg and yggq, i.€. Ay,
decreases with increasing centrality, which is consistent
with the expectation of a magnetic field strength decrease
with increasing centrality. At the low collision energy of
V/Sxn = 7.7GeV, the difference between yog and ygg disap-
pears, which is consistent with the disappearance of the
CME in the presumably hadronic dominant interactions at
this energy. Thus, these results are qualitatively consistent
with the CME expectation.

One of the difficulties in interpreting the positive Ay
is whether the CME is the major charge-dependent back-
ground contribution to the observable [125-127], such as
those from resonance decays and jets. The Ay variable is
ambiguous between differentiating an OS pair from the
CME back-to-back perpendicular to y, and an OS pair
from a resonance decay along y,. More resonances are
produced along the y, than perpendicular to it, with the
relative difference quantified by the elliptical anisotropy
parameter v, of the resonances. (Jet correlations also

syy = 7.7 =200 GeV from STAR [121, 122] and in

exhibit azimuthal anisotropy because of jet quenching
effects in heavy ion collisions [128].) The CME back-
ground arises from the coupling of this elliptical anisot-
ropy and genuine particle correlations from resonance
decays and jets, among others. Calculations using the
blast wave parameterizations of the measured particle
production data can essentially reproduce the entirety of
the measured y correlations [127].

The CME and the v,-related background are driven by
different physics: the CME is sensitive to the magnetic
field which is mostly perpendicular to the spectator plane,
whereas the v,-related background is connected to the par-
ticipant plane. In non-central heavy ion collisions, the par-
ticipant plane is generally aligned with the reaction plane,
and the Ay measurement is thus entangled by the two con-
tributions of possible CME and v,-induced background. In
small-system p+A or d+A collisions, the participant plane is
determined purely by geometry fluctuations that are uncor-
related with the magnetic field direction [129]. As a result,
any CME signal would average to zero in small-system col-
lisions. Background sources, on the other hand, contribute
similarly to small-system collisions and heavy ion collisions.
In Fig. 17 (left), the first Ay measurements in small system
p+A collisions from CMS [129] are displayed. Within a
margin of uncertainty, the results of p+Pb and Pb+Pb colli-
sions exhibit the same magnitude and trend as a function of
multiplicity. Figure 17 (right) shows the Ay measurements in
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Fig. 17 (Color online) The Ay correlators as functions of multiplicity in p+Pb and Pb+Pb collisions from the LHC compact moon solenoid
(CMS) [129] (left) and in p/d+Au and Au+Au collisions from RHIC STAR [130] (right)

small system p/d+A collisions from STAR [130]. The trends
of the magnitudes are similar, decreasing with increasing
multiplicity. These results indicate that strong correlations
are present in small systems, contributing to the y correla-
tors. The nature of these correlations may be attributable
to genuine three-particle correlations, which would explain
the peripheral heavy ion data but would be insufficient for
mid-central heavy ion data as they are strongly diluted by
event multiplicity. The nature of some of the correlations
may be from flow as there are indications of collective flow
in these small systems [131, 132], especially at LHC ener-
gies [133]. Nevertheless, the small system results suggest
the complex nature of the backgrounds which must be rigor-
ously removed before addressing the important physics of
the chiral magnetic effect.

Since the major background is induced by v,, examin-
ing the Ay observable with varying v, while holding the
expected CME signal constant, is of interest. The event
shape engineering (ESE) method is performed based on
the magnitude of the flow vector to possibly access the
geometry of the initial participant. The ESE selection of
events is not expected to affect the magnetic field when
restricted to a specified narrow centrality. The different
dependencies of the CME signal and background on v,
(g,) can possibly be used to disentangle the CME signal
from the background. Using the ESE method, the ALICE
experiment showed that the CME fraction in the measured
Ay is consistent with zero [134].

Examining the Ay observable with varying magnetic
field while keeping the v, relatively constant is also of
interest. To gauge the differences in the magnetic field
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relative to v,, isobaric and U+U collisions have been pro-
posed [138]. Isobaric collisions were proposed to study
two systems with similar v, but different magnetic field
strengths [138], such as 22Ru and Zng, which have the
same mass number but different charge (proton) number.
One would thus expect that v, would be very similar at
midrapidity in j5Ru+3 Ru and $Zr +3% Zr collisions,
but the magnetic field, proportional to the nuclei electric
charge, could vary by 10%. The variation of the magnetic
field strength between ZiRu +Zf’1 Ru and zSZr +Zg Zr colli-
sions provides an ideal way to disentangle the signal of
the chiral magnetic effect from v, related background, as
v, related backgrounds are expected to be very similar
between these two systems.

Figure 18 shows the ratio of Ay /v, in Ru+Ru over Zr+Zr
collisions from the isobar analysis [135-137], as an observ-
able. The CME-sensitive observable ratios lie below unity
leading to the conclusion that no predefined CME signa-
tures, such as a larger than unity Ru+Ru over Zr+Zr ratio
of Ay /v,, are observed in this blind analysis. This is rather
counterintuitive at a first glance but can be explained using
nuclear structure considerations. In fact, the *°Zr nucleus
was predicted to be larger than *°Ru because of its thicker
neutron skin, resulting in a slightly smaller energy density
and fewer particles being produced in Zr+Zr than in Ru+Ru
collisions [139-141]. The larger *°Zr nucleus also provides
smaller eccentricity at a given centrality and thus smaller
v, [139, 140]. Although the non-identical v, is properly con-
sidered in the blind analysis observable Ay /v,, non-iden-
tical event multiplicities are not. After properly factoring
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1.02 | STAR Isobarpost-blind analysis, VSnn = 200 GeV, Ru+Ru/Zr+Zr, 20-50%
[M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901]
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Fig. 18 (Color online) Compilation of results from isobar analy-
sis. Only contrasting results from the two isobar systems are shown.
The results are expressed in terms of Ru+Ru over Zr+Zr collision
measurement ratios. Solid dark symbols indicate CME-sensitive
measures, whereas open light symbols indicate their counterpart
insensitive to CME. The vertical lines indicate statistical uncertain-
ties whereas boxes indicate systematic uncertainties. The colors in
the background are intended to separate different types of measures.

in the multiplicity, the isobar ratios of NAy /v, from vari-
ous analyses shown in Fig. 18 indicate a positive signal of
a few standard deviations [135, 142]. However, non-flow
contamination exists in the Ay /v, ratio variable [143]. One
such contamination is the aforementioned genuine three-
particle correlations because Ay is measured by the three-
particle correlator in STAR TPC. Another contamination is
attributed to the fact that two-particle v, cumulant measure-
ments are contaminated by non-flow correlations and such
v, values are used to compute the Ay from the three-particle
correlator measurement. Rigorous studies of non-flow con-
tamination have been conducted in post-blind analyses, and
improved background baselines are derived [136, 137]. Fig-
ure 18 shows the measured isobar ratios of Ay /v, from the
blind analysis along with the estimated background base-
lines from the post-blind analysis. The results show that the
isobar ratios are consistent with the baselines, indicating that
no statistically significant CME signals have been observed
in the isobar data.

The STAR isobar data, without any clear evidence for
a possible CME-related signal difference possibly arising
from the charge difference (44 in Ru versus 40 in Zr), have
provided important lessons in the experimental search for
CME. First, the difference in nuclear shape and/or neutron
skin between isobaric nuclei can induce percent-level back-
ground variations, which cannot be easily estimated using
theoretical calculations or controlled with experimental con-
straints. Thus, searches for small differences in the CME
signal arising from the magnetic field variation in isobar
collisions is extremely challenging. Second, the strength of
the magnetic field plays a critical role in the CME signal;

The fact that CME-sensitive observable ratios lie below unity leads
to the conclusion that no predefined CME signatures are observed in
this blind analysis [135]. The estimated background baselines from
non-flow contamination for the four cumulant measurements of the
isobar Ay /v, ratios are indicated by horizontal bars (central values)
and shaded areas (total uncertainties, the quadratic sum of the statis-
tical and systematic uncertainties on the background baseline esti-
mates) [136, 137]

therefore, larger nuclei would be preferable in the search for
a possible CME-induced signal in Ay correlations. Third, a
better understanding of the background sources in the Ay
correlator is required to suppress this background from ellip-
tic flow and non-flow correlations.

The major background source in the CME observable Ay
is induced by elliptic flow (v,). The original event shape
engineering approach [134, 144, 145] uses particles from
separate rapidity or pseudorapidity regions to define event
classes. This approach can select event shapes sensitive to
the eccentricity of the initial overlapping participants and
the corresponding geometrical fluctuations. However, for
particles of interest used for measuring the CME-sensitive
observable Ay in a different rapidity region, the event-by-
event v, background has contributions from both eccentric-
ity and particle emission pattern fluctuations. Petersen and
Muller [146] pointed out that emission pattern fluctuations
dominate the event-by-event v, fluctuations. Recently, Xu
et al. proposed a novel event shape selection (ESS) approach
to suppress the background in the CME Ay measure-
ment [147]. They found that to suppress the apparent flow-
induced background in Ay, the combined event-by-event
information from eccentricity and emission pattern fluctua-
tions from particles of interest should be used to select azi-
muthally round shape events for correlator measurements.
With this ESS approach, the suppression of the flow-related
background becomes possible. Using a multi-phase trans-
port (AMPT) [148] and anomalous viscous fluid dynamics
(AVFD) [149] model simulations, Xu et al. [147] showed
that the most effective ESS approach is to use particle pairs
to construct the event shape variable, thereby forming event
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shape classes for the CME-sensitive correlator to calculate ., 03

the zero elliptic flow at the limit for particles of interest. This = STAR Au+Au |s,, =200 GeV

is consistent with the expectation that the background in Ay = oof ~®- 20-50%

has significant contributions from particle pair emissions
coupled with elliptic flow.

The RHIC BES-II also provides a unique venue for the
CME search, covering the center-of-mass energies from
7.7 to 27 GeV. At these beam energies, the STAR event
plane detector (EPD), added during the BES-II program,
can register spectator protons from the colliding beams.
This capability allows an accurate estimation of the reac-
tion plane, enhancing the sensitivity to the magnetic
field direction and suppressing non-flow contributions to
the background. For Au+Au collisions at the top RHIC
energy, spectator neutrons may be detected by the zero-
degree calorimeter (ZDC) although the corresponding
event plane resolution is not as good as that in the BES-II
data. Theoretical calculations expect the initial magnetic
field to be smaller in Au+Au collisions from BES-II than
that from the top RHIC energy. However, the dynamics
of the QGP formation and time evolution of the magnetic
field in QGP as a function of collision energy have not
been fully understood. Recent STAR measurements of
the deflection of charged particles by the magnetic field
in heavy ion collisions indicate significant imprints of
magnetic field effects at these BES-II energies [150]. The
STAR collaboration reported preliminary results on the
CME search from the RHIC BES-II data at the 2023 Quark
Matter Conference, demonstrating a promising approach
for focusing on Au+Au collisions using an innovative
experimental technique for background suppression [151].

As aforementioned, the Ay measurement in heavy ion
collisions is entangled by two contributions, one from
the CME and the other from the v, induced background.
These are sensitive to differences in planes, allowing the
measurement of Ay. The background is related to v,, as
determined by the participant geometry, and therefore is
the largest with respect to the participant plane (ypp). The
CME-driven charge separation is along the magnetic field
direction (y3), unlike wpp. The yy and yypp are generally
correlated with the impact parameter direction, ygp, and
therefore correlated among themselves. While the mag-
netic field is mainly produced by spectator protons, their
positions fluctuate, thus yy is not always perpendicular
to ywgrp. The position fluctuations of participant nucleons
and spectator protons are independent, whereby ypp and
yp fluctuate independently about yyp. Notably, a new
approach has been proposed to measure Ay with respect
to wgp and ypp to disentangle the CME signal from the
v, background [152, 153]. This is exploited by STAR in
measuring Ay with respect to the first-order harmonic
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Fig. 19 (Color online) The flow background removed CME signal frac-
tion (foyg) in 50-80% (open markers) and 20-50% (solid markers) cen-
trality Au+Au collisions at 4/syy = 200 GeV [154]. Results are shown

for the full-event (FE) analysis method with two p, ranges and sub-
event (SE) analysis method with two Az gaps. Error bars show statistical
uncertainties; the caps indicate systematic uncertainties

plane from the ZDC and second-order harmonic plane
from the TPC. Because the former aligns better with the
spectator plane and the latter aligns better with the partici-
pant plane, these measurements contain different amounts
of sensitive flow backgrounds and magnetic field-sensitive
CME signal in the harmonic plane, enabling the extraction
of a possible CME.

STAR reported such measurements in Au+Au collisions
at /sy = 200 GeV [154], as shown in Fig. 19. The charge
separation, with the flow background removed, is consistent
with zero in peripheral collisions. In mid-central collisions,
on the other hand, an intriguing indication of finite CME
signals is observed on the order of 1-3¢ standard deviations.

In RHIC 2023-2025, STAR is expected to collect approx-
imately 20 B events, which is about a factor of 10 more
compared to the data used for Fig. 19. More precise results
are expected in the near future. New analyses utilizing event
shape engineering with particle pair anisotropy and invariant
mass are ongoing, and results are expected soon.

3.5 Criticality

In high-energy nuclear collisions where the baryon density is
vanishingly small, the transition from QGP to hadronic mat-
ter is a smooth crossover [155]. At finite density and lower
temperatures, the transition is speculated to be first order,
with an associated phase boundary. The point that connects
the smooth crossover and first-order phase boundary is
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Fig.20 (Color online) Collision energy dependence of the ratios of
cumulants, C,/C,, for proton (squares) and net-proton (red circles)
for top 0-5% Au+Au collisions at RHIC [38]. The points for protons
are shifted horizontally for clarity. The new result for proton from
/Sxy = 3.0GeV collisions is shown as a filled square. High accept-

ance dielectron spectrometer (HADES) data of /syn = 2.4GeV

0-10% collisions is also shown. Results from HRG and transport
model UrQMD [76, 77] are shown

the QCD critical point [156]. Since 2010, RHIC has con-
ducted two rounds of beam energy scan campaigns primar-
ily aimed at investigating the QCD critical point. The BES
programs cover an energy range from 4/syy = 200 GeV to
3.0 GeV, corresponding to a baryonic chemical potential of
20MeV < ppg <750 MeV. As of the summer of 2022, both
BES-I and BES-II have been completed.

High-order cumulants of protons and net-protons (event-
by-event number: net-p = p — p) distributions are used in the
search for the QCD critical point [157] because of their high
sensitivity to correlation length. The experimental results
shown as a function of the collision energy are depicted in
Fig. 20. Overall, the ratios of C,/C, for net-protons from
collider mode (m > 7.7GeV) [38, 158] and protons from
the fixed-target mode decrease as collision energy decreases
as dictated by the baryon number conservation. Both the
hadronic resonance gas model and hadronic transport model
UrQMD [76, 77] calculations reproduce this trend. As a
function of collision energy, a rise and then fall of the net-
proton C,/C, (or k6?) is expected to indicate the critical
behavior near the critical point in the QCD phase diagram.
While results of C,/C, ratios from BES-I have shown dip
like energy dependence around 20 GeV, the statistics at
lower collision energies are too poor to draw any conclusions
regarding this prediction. Note that at low energies, or equiv-
alently, in the high baryon density region, both the HADES
(\/@ =2.4GeV) and STAR (y/syy = 3.0GeV [159, 160])
high moment proton results are below the Poisson baseline,
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Fig.21 (Color online) Energy dependence of the scaling expo-
nent (v) for identified charged hadrons (4*) in Au+Au collisions at
\/Sxw =7.7=200 GeV [161]. Red circles and blue squares repre-
sent v in the most central collisions (0-5%) and mid-central colli-
sions (10-40%), respectively. The statistical and systematic errors are
shown in bars and brackets, respectively

and the non-critical hadronic transport model calculations
reproduce the data at the high baryon density region. This
implies that this energy regime is dominated by hadronic
interactions. To look for an oscillation pattern in the energy
dependence of the ratio of C,/C,, the second phase of the
beam energy scan (BES-II) was conducted at RHIC. The
BES-II data analyses are under way.

In addition, it is predicted that density fluctuations
near the QCD critical point can be probed via an inter-
mittency analysis in relativistic heavy ion collisions [162,
163]. Figure 21 shows the energy dependence of the scal-
ing exponent (v) for identified charged hadrons in Au+Au
collisions for two different collision centralities (0—5% and
10-40%) [161]. In the most central collisions, v exhibits a
non-monotonic behavior as a function of collision energy,
reaching a minimum around 4/syy = 20 — 30 GeV. In con-
trast, for 10-40% central collisions, v remains approximately
constant with increasing 4/syy. The observed non-mono-
tonic energy dependence of v in the most central collisions
can indicate the density fluctuations induced by the QCD
critical point. However, at /sy < 11.5 GeV, large system-
atic and statistical uncertainties exist for v. Higher statistics
data are required from the BES-II program to confirm this
energy dependence. The measured value of v is significantly
smaller than the theoretical predictions of v = 1.30 from
the Ginzburg—Landau (GL) theory and v = 1.0 from the
2D Ising model. These theoretical values are derived from
calculations over the entire phase space without constraints
on acceptance, whereas the experimental measurements are
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limited to the available transverse momentum space; v is
anticipated to increase if measured over the entire phase
space, particularly when including higher p regions. There-
fore, theoretical calculations that consider a reduced trans-
verse momentum phase space and equivalent experimental
acceptance, are required to understand the measured scal-
ing exponent. The transport-based UrQMD model is unable
to calculate v because of the absence of power-law scaling
of AF q(M) x AF2(M)ﬁ4. Consequently, models that exhibit
such power-law scaling are required to produce a non-critical
baseline for comparison with experimental data.

Recently, a study was conducted on the informa-
tion entropy [164] of the net-proton multiplicity distri-
bution using the hybrid model of ideal fluid dynamics
plus UrQMD [165]. The ratios of the net-proton infor-
mation entropies of the UrQMD result with EoS:CH
(chiral+hadronic gas EoS with first-order transition and
critical endpoint) were compared with those of UrQMD
with EoS:BM (bag model EoS with strong first-order
phase transition between QGP and hadronic phase), STAR
experimental data, and UrQMD results without hydrody-
namic EOS. The comparisons show that the STAR experi-
mental data extracted from [38] display an enhancement
in collision at 20 GeV with respect to the baseline entropy
without hydrodynamics, which is consistent with the mini-
mum ko? value reported in [158]. On the other hand, the
UrQMD simulations with the EoS:BM and EoS:CH EOS
also show slightly pronounced enhancements, at ener-
gies higher than approzimately 30 GeV, consistent with
recent observations of Nth/Ni [166] and the analysis of
the intermittency scaling exponent [161], with a peak or
dip around /sy = 20 — 30 GeV, which could indicate the
presence of a critical end point (CEP) in these collisions.
Thus, the information entropy can also be regarded as an
indication of an alternative observable for studying the
QGP phase transition.

3.6 Global polarization of QCD matter

In non-central relativistic heavy ion collisions, huge orbital
angular momenta (OAM) and vorticity fields are produced
in QGP [167]. These can lead to hadron polarization and
spin alignment along the direction of the system OAM
through spin-orbit couplings [168—170] or spin—vorticity
couplings [171, 172], a phenomenon known as global
polarization. Such polarization phenomena in relativistic
heavy ion collisions possess some unique features which
are different from those of conventional observations. For
example, the measurement is not mediated by a magnetic
field, as in the well-known Barnett effect of magnetiza-
tion due to rotation [173]. The global spin polarization
of particles is directly observed in relativistic heavy ion
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collisions, which is not possible in ordinary matter. Also,
QGP at very high energies is almost neutral by charge
conjugation. However, if it were precisely neutral, the
observation of polarization by magnetization would be
impossible because particles and antiparticles would have
opposite magnetic moments. In fact, A and A in relativ-
istic heavy ion collisions at high energy have almost the
same mean polarization, suggesting that polarization is
a strong interaction driven phenomenon. If the electro-
magnetic field were responsible for this effect, the signs
of its mean spin vector components would be opposite.
Hence, for non-relativistic matter, the fact that it is impos-
sible to resolve polarization by rotation and magnetiza-
tion, is at the very heart of the Barnett effect [173] and its
reverse Einstein-de Hass effect [174]. In relativistic matter,
because of the existence of antiparticles, the rotation and
magnetization effects can be distinguished, and QGP is the
first relativistic system through which this distinction has
been observed [175].

The global polarization of hyperons can be determined
from the angular distribution of hyperon decay products in
hyperon’s rest frame with respect to the system OAM:

dN

m x 1+ aHPH COS 9*, (1)

where ayy is the hyperon decay parameter; Py is the hyperon
polarization; and #* is the angle between the polarization
vector and direction of the daughter nucleon momen-
tum in the hyperon rest frame. Since the system OAM is
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Fig.22 (Color online) Global A and A polarization as a function of
m in mid-central heavy ion collisions [175, 177, 179-183]. For
clarity, data points of the same collision energy from updated measure-
ments are slightly shifted along the x-axis. Calculations using the hybrid
(UrQMD+VHLLE) [184], chiral kinetic transport (Chiral kinetic) [185],
and multi-phase transport models [186] are comparable to the higher
m data, whereas the hydrodynamics 3-fluid model with different equa-

tions of state predicts a sharply rising P, at lower 4 /sy [187]
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perpendicular to the reaction plane, the global polarization
can be measured via the distribution of the azimuthal angle
of the hyperon decay nucleon in the hyperon rest frame with
respect to the reaction plane. The reaction plane is defined
by the direction of the incoming nuclei (beam direction) and
impact parameter vector (b) [176]. The reader is referred
to [177, 178] for the analysis details and focus on the results
presented here.

Figure 22 shows the first measurement of Py at
/Sxn = 62.4GeV and 200 GeV in the STAR experiment,
which are consistent with zero [179]. The later STAR meas-
urements at /syy = 3GeV, 7.7 GeV-39 GeV [175, 181],
with higher statistics at m =200GeV [177], indicate
statistically significant global polarization Py > 0, whereas
high-statistics ALICE measurements at /syy = 2.76 TeV
and 5.02 TeV demonstrate a Py consistent with zero at the
LHC energies [180]. The Py is observed to increase with
collision centrality, in agreement with the increasing sys-
tem OAM from central to peripheral collisions. Figure 22
also shows a measurement of A polarization shifting to
lower energies of Au+Au collisions at /sy = 2.4 GeV
and Ag+Ag collisions at 4/syy = 2.55 GeV in the HADES
experiment [182]. An increasing trend of Py with decreas-
ing m is observed. The collision energy dependence of
experimental data can be reasonably described by theoretical
calculations, as displayed in the figure, including hydrody-
namic [184, 187], transport [186], and chiral kinetic simula-
tions [185]. Some models also predict that Py; would vanish
aty/sxy = 2my, and thus Py may peak around 3.0 GeV [187,
188]. Investigating the dependencies of Py on the hyperon
transverse momentum p and rapidity y is also interesting, as
different models display opposite trends for the high rapidity
region [185, 189]. The available measurements mostly cover
midrapidity, and the observed Py versus prand y is constant
within a margin of uncertainty. Future measurements in the
large rapidity region would be of special interest, particu-
larly after the STAR forward detector upgrade. There are
also discussions on the collision system dependence of Py,
for example in smaller colliding systems [190]. Recently,
the STAR experiment measured the A global polarization in
isobar Ru+Ru and Zr+Zr collisions at 4 /sy = 200 GeV and
observed A polarization along the beam direction relative to
the second and third harmonic event planes originating from
the local vorticity [191].

All particles and antiparticles of the same spin should
have the same global polarization assuming that OAM is the
only driving source of polarization. A difference can arise
from the effects of the initial magnetic field, given the fact
that particles and their antiparticles have opposite magnetic
moments. In addition, different particles can be produced
at different times or regions as the system freezes out, or
through meson-baryon interactions. The measurements of
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Fig. 23 (Color online) Global spin alignment of ¢ and K** vector
mesons in heavy ion collisions. The measured matrix element p,, as
a function of beam energy for the ¢ and K*O vector mesons within
the indicated windows of centrality, transverse momentum (py), and
rapidity (y). The open symbols indicate the ALICE results [194]
for Pb+Pb collisions at 2.76 TeV and py values of 2.0 GeV/c and
1.4 GeV/c for the ¢ and K** mesons, respectively. The blue solid
curve is a fit to the data in the range of \/sN_N =19.6GeV to 200 GeV,

based on a theoretical calculation using the ¢-meson field [195].
Parameter sensitivity of py, to the ¢-meson field is shown in [196].
The blue dashed line is an extension of the solid curve for the fitted
parameter G?]. The black dashed line represents py, = 1/3

A and A polarization in y /sy = 7.7 — 39 GeV show no dif-
ference within current uncertainties. Therefore, to establish
the global nature of the polarization, it is very important to
measure the polarization of different particles, and if pos-
sible, particles of different spins.

Global polarization leaves its imprint on vector mesons
such as ¢(1020) and K*°(892). Unlike A and A hyperons
that can undergo weak decay with parity violation, the
polarization of vector mesons cannot be directly measured
since they mainly decay through the strong interaction, in
which parity is conserved. Nevertheless, the spin state of a
spin-1 vector meson can be described by a 3 X 3 spin den-
sity matrix with unit trace [192]. The diagonal elements of
this matrix, namely, p,;, pyo and p_,_,, are probabilities of
the spin component and take on the values of 1, 0, and —1,
respectively, along a quantization axis, which is selected
for the projection of OAM to have well-determined values.
When the three spin states have equal probability of being
occupied, all three elements are 1/3, and there is no spin
alignment. If p,, # 1/3, the spin of the vector meson is
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aligned with the spin quantization direction. For a vector
meson decaying into two spin-0 daughters, the angular dis-
tribution of one of its decay products in the vector meson
rest frame can be written as

dN =
dcosf*

(1= pgo) + Bpgy — 1)cos*6*, 2

where 6* is defined as in Eq. (1), that is, by the polar angle
between the quantization axis and momentum direction of
one of the decay products. For our study of global spin align-
ment, the quantization axis was chosen to be the direction
of the system OAM, which is perpendicular to the reaction
plane. By fitting the angular distribution of decay products
using Eq. (2), one can infer the p, value.

The search for global spin alignment of ¢(1020) and
K*9(892) mesons for Au+Au collisions at /syy = 200 GeV
started in parallel with the search for A polarization. Due
to limited statistics at that time, no significant results were
reported [193].

Figure 23 presents the ¢(1020) meson spin align-
ments in Au+Au collisions at beam energies between
\/sN_N = 11.5GeV and 200 GeV [197]. The STAR meas-
urements presented in Fig. 23 are for centralities between
20% and 60% where a maximum OAM of the collision sys-
tem is expected. The quantization axis is the normal to the
2nd-order event plane [176] (a proxy for the reaction plane),
determined using STAR charged particle information. The
¢-meson results are presented for transverse momentum
1.2 GeV/c < pr < 5.4 GeV/e, and py, which are significantly
above 1/3 for collision energies of 62 GeV and below for this
species, indicating finite global spin alignment. The p,, for ¢
mesons, averaged over beam energies of 62 GeV and below,
is 0.3512 + 0.0017 (stat.) +0.0017 (syst.). Taking the total
uncertainty as the quadrature sum of statistical and system-
atical uncertainties, our results indicate that the ¢-meson py,
is above 1/3 with a significance of 7.4 ¢ [197].

Figure 23 also presents the beam energy dependence
of py, for K** within 1.0 GeV/c < py <5.0 GeV/c. We
observe that the p, for K*0 is largely consistent with 1/3,
in marked contrast to the case for ¢p. The py, for K*, aver-
aged over beam energies of 54.4 GeV and below, is 0.3356
+ 0.0034 (stat.) + 0.0043 (syst.), and the deviation from
1/3 has a ~ 0.42 ¢ significance [197]. Measurements from
the ALICE collaboration for Pb+Pb collisions at |/syy =
2.76 TeV [194], taken from the data points [194] closest to
the mean p for the range of 1.0 GeV/c < p <5.0 GeV/e,
are also shown for comparison in Fig. 23. They are consist-
ent with 1/3 considering the large statistical uncertainties.

According to the quark coalescence for hadron production
in heavy ion collisions, the A polarization depends linearly
on the quark polarization, whereas the vector meson polari-
zation displays a quadratic dependence [168, 169]. One
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would therefore expect the polarization for ¢ to be smaller
than the one measured for A. However, the measured py, of
¢ is orders of magnitude larger than the expected from the
same vorticity that caused the measured A and A polariza-
tions in the same collisions. Contributions from electromag-
netic fields and other possible conventional mechanisms are
also orders of magnitude smaller than expected from the
data [195, 198-200]. However, a new mechanism of vector
meson spin alignment due to a strong force field is capa-
ble of describing both the py, of ¢ and K* [196], pointing
out that the difference of A polarization and vector meson
spin alignment can be understood as follows. The A polari-
zation provides information on the mean values of quark
polarization, whereas the p, provides information on the
correlation of quark and antiquark polarization inside the
vector meson [201]. Thus measurements of vector meson
spin alignment provide a novel way for probing the quark
spin correlations. This information may also be accessible
via the measurements of hyperon—hyperon and hyperon-anti-
hyperon spin correlations [201]. These different scenarios
open an exciting discovery potential for the spin polariza-
tion measurements. For example, the strong force correlation
may be expected to provide new information about the short
distance structure of QGP and the nature of QCD phase dia-
gram [202, 203].

3.7 Light cluster formation

Light nuclei and hypernuclei are loosely bound objects
of nucleons and hyperons with binding energies of sev-
eral MeV. Their formation in heavy ion collisions pro-
vides important information on the properties of nuclear
matter at high densities and temperatures, such as the
nucleon—nucleon/hyperon interactions. The equation of state
may offer insights into the inner structure of compact stars.

The production of light nuclei in relativistic nucleus-
nucleus collisions has been studied since the early
1960s [204], and their production mechanisms are still being
debated [205-207]. The thermal/statistical and nucleon
coalescence models are two widely recognized and effec-
tive methods for explaining the production of light nuclei
in high-energy heavy ion collisions. In the thermal model,
the formation of light nuclei is similar to that of hadrons,
with the yields calculated based on particle masses and the
thermodynamic properties near the chemical freeze-out of
the collision system [205, 206]. The coalescence model
assumes that light nuclei emerge through a combination of
nucleons coming close to each other at the time of kinetic
freeze-out [208-210].

Based on the coalescence model, the compound yield
ratio N, X Np/Ni of tritons (N,), deuterons (&), and pro-
tons (V,) is predicted to be sensitive to the neutron density
fluctuations, making it a promising observable to search for
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Fig.24 (Color online) The yield ratio N, pr/Ng as a function of
charged particle multiplicity dN, /dn (|5] < 0.5) in Au+Au collisions
at \/sN_N = 7.7 — 200 GeV for various collision centralities [166]. The
black dot-dashed line denotes the coalescence-inspired fit. The signif-
icance of the deviation relative to the fit is shown in the lower panel.
The results calculated from the thermal model are shown as the blue
long-dashed line. Calculations from AMPT and MUSIC+UrQMD
hybrid models are shown as shaded bands [211]

in the signature of CEP and/or a first-order phase transition
in heavy ion collisions [212-215]. The expected signature
of CEP is its non-monotonic variation as a function of col-
lision energy.

Figure 24 shows the charged particle multiplicity dN,, /dn
(In] < 0.5) dependence of the yield ratio N, pr/Ng in
Au+Au collisions at y /sy = 7.7 — 200 GeV, combining all
centrality bins [166]. The yield ratio exhibits a charge-par-
ticle multiplicity scaling, regardless of collision energy and
centrality. The shaded bands are the corresponding results
from the calculations of hadronic transport AMPT and
MUSIC+UrQMD hybrid models, in which neither critical
point nor first-order phase transition is included. These two
models are employed to generate the nucleon phase space at
kinetic freeze-out, with light nuclei forming via nucleon
coalescence. The overall trend of the experimental data is
well described by the model calculations. The light blue
dashed line is the result calculated from the thermal model
at chemical freeze-out (T, = 157 MeV at 200 GeV) for cen-
tral Au+Au collisions, which overestimates the experimental
data by more than a factor of two at dN, /dn ~ 600 which
could be due to the effects of hadronic rescattering during
hadronic expansion. The black dot-dashed line is a fit to the
data based on the coalescence model. The lower panel of
Fig. 24 shows that most of the measurements are within a
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Fig.25 (Color online) Light nucleus v; slopes dv, /dy|,_, scaled by
the atomic mass number as a function of collision energy in 10-40%
mid-central Au+Au collisions [216-218]. For clarity, the data points
are shifted horizontally. Results of the JAM model in the mean field
mode plus coalescence calculations are shown as color bars

significance of 2 ¢ from the coalescence baseline, except for
the enhancements observed for the yield ratios from the
0-10% most central Au+Au collisions at 19.6 GeV and
27 GeV with a significance of 2.3 ¢ and 3.4 ¢, respectively.
Notably, in the net-proton higher moments and charged par-
ticle intermittency measurements, non-monotonic behaviors
are observed around a collision energy of \/SE =20GeV.

Further studies on dynamical modeling of heavy ion colli-
sions based on a realistic equation of state are required to
confirm that the enhancements are due to large baryon den-
sity fluctuations near the critical point. These systematic
measurements of triton yields and yield ratios over a broad
energy range provide important insights into the production
dynamics of light nuclei, enhancing our understanding of
the QCD phase diagram.

Similar to the number of constituent quark scaling of
hadron flow, the light nuclei flow is expected to exhibit an
approximate scaling with the mass number A scaling under
the coalescence assumption [97]

Vﬁ(PT’)’)/A ~V(pr/A,Y). 3)

However, unlike quarks, whose flow cannot be directly
measured, both proton and light nuclei flow can be directly
measured in experiments to validate the coalescence model.
Figure 25 shows the light nucleus v, slopes dv;/dy|,_,
which are utilized to characterize the strength of v,, scaled
by the atomic mass number, as a function of collision energy
from the 1 /sy = 3 — 40 GeV STAR experiment [216-218].
Overall, the dv,/dy|,_, decreases monotonically with
increasing collision energy for both protons and light nuclei.
At y/syy = 3.0GeV, the dv, /dy|,_, follow an approximate
scaling with the atomic mass number A. The transport

@ Springer



214 Page 22 0f 38

J.-H.Chen et al.

model calculation with a baryon mean field and a coales-
cence afterburner qualitatively reproduces the measurements
for both protons and light nuclei, as indicated by the short
lines near the data points. The results indicate that the light
nuclei are likely formed via the coalescence of nucleons
in m =3.0GeV Au+Au collisions, with the baryonic
interactions dominating the collision dynamics [216]. At
\/Snw = 7.7 GeV, the A scaling still holds for v, of the deu-
teron. However, in moving to higher energies, the dv, /dy],_,
values for protons become negative, while the corresponding
value for deuterons is still positive albeit with larger uncer-
tainties [217]. This discrepancy in the scaling behavior of
light nuclei dv, /dy|,_, at energies below 7.7 GeV and above
11.5 GeV may indicate a different production mechanism or
system evolution, as the QGP is expected to form at higher
energies, and interactions occur at the partonic level [91,
92].

Hypernuclei are nuclei containing at least one hyperon.
As such, they are excellent experimental probes to study the
hyperon—nucleon (Y-N) interaction [219, 220], an important
ingredient in the EOS of dense nuclear matter [221, 222].
Similar to light nuclei production in heavy ion collisions,
statistical thermal hadronization [205] and coalescence mod-
els [221] have been proposed to describe hypernuclei forma-
tion. Although thermal model calculations primarily depend
only on the freeze-out temperature and the baryon chemical
potential, the Y—N interaction plays an important role in the
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Fig.26 (Color online) Beam energy dependent a j\H and b ‘/‘\H yields
at |y| < 0.5 in central heavy ion collisions compared to theoretical
model calculations. The data points assume a branching ratio (B.R.)
of 25(50)% for 3H (4H) — *He (*He) + #~. The insets show their
yields at|y| < 0.5 times the B.R. as a function of B.R. [223]
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coalescence approach through its influence on the dynamics
of hyperon transportation in the nuclear medium, as well as
its connection to the coalescence criterion for hypernuclei
formation from hyperons and nucleons [221].

Figure 26 shows the f\H and ‘/‘\H midrapidity yields for
central Au+Au collisions of y/syy = 3.0 GeV in compari-
son with the measurements at LHC, with the insets showing
the dN/dyxB.R. as a function of B.R.. We observe that the
“H yield in Au+Au collisions at y/syy = 3.0GeV is sig-
nificantly enhanced compared to the yield at LHC, likely
driven by the increase in baryon density at low energies.
Calculations from the thermal model [205], which adopt
the canonical ensemble for strangeness, mandatory at low
beam energies, are compared with the experimental data.
Interestingly, while the f\H yields at 3.0 GeV and 2.76 TeV
are well described by the model, the j‘\H yield is underesti-
mated by approximately a factor of four. Coalescence cal-
culations using the Dubna cascade model (DCM), which is
an intra-nuclear cascade model for describing the dynamical
stage of the reaction [221], are consistent with the f\H yield
while underestimating the j‘\H yield, whereas coalescence
using JAM calculations is consistent with both. Note that
in the DCM model, the same coalescence parameters are
assumed for two hypernuclei, whereas in the JAM model,
parameters are tuned separately for f\H and j‘\H to fit the data.
The calculated hypernuclei yields are expected to depend
on the choice of the coalescence parameters [221]. The

Au+Au Collisions at RHIC e
Energy: {|syy =3 GeV ~

Centrality: 5-40%
1.0

t 7 - _
3He78/ //*

o
4 & - 4
> 7 - A
d .- s
Q Res P
-~ s
'C>) 0.5 S // AH ]
p 7
o g - - Data Model
- ./ Hypernuclei ] =7 UrQMD
~ A Light nuclei O >JAM
oo——————————————— -
| | | |
1 2 3 4

Particle Mass (GeV/c?)

Fig. 27 (Color online) Mass dependence of light nuclei and hypernu-
clei v, slopes dv, /dy|,_, from the y/syy = 3 GeV 5%-40% centrality
Au+Au collisions [225].The dashed lines are the results of a linear fit
to the measured light nuclei and hypernuclei dv, /dy|,_,, respectively.
The calculations of transport models plus coalescence afterburner are
shown as gold and red bars for the JAM model, and blue bars for the
UrQMD model
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recent calculations from parton-hadron-quantum-molecular-
dynamics (PHQMD) [224], a microscopic transport model
which utilizes a dynamical description of hypernuclei for-
mation, are consistent with the measured yields within a
margin of uncertainty. Compared to the JAM model which
adopts a baryonic mean field approach, baryonic interac-
tions in PHQMD are modeled by density-dependent 2-body
baryonic potentials. Meanwhile, the UrQMD-hydro hybrid
model overestimates the yields at 3.0 GeV by an order of
magnitude [223]. STAR measurements possess the capabil-
ity to distinguish between different production models and
provide new baselines for the strangeness canonical volume
in thermal models and coalescence parameters in transport
plus coalescence models. Such constraints can be utilized
to improve the model estimation of the production of exotic
strange matter in the high baryon density region.

The STAR experiment reported the first observation of
the v, of hypernuclei f\H and j‘\H in 3.0 GeV Au+Au colli-
sions [225], as shown in Fig. 27. The mass dependence of
dv, /dy|,— for A and hypernuclei is similar to that of light
nuclei, increasing linearly with the particle mass, follow-
ing a baryon mass number scaling. Although the dv, /dy],_,
values for hypernuclei are systematically lower compared to
those for nuclei of equivalent mass numbers, this discrep-
ancy may be attributed to the fact that the dv, /dy|,_, for A
is lower than that for protons. The calculations using the
transport model plus an afterburner qualitatively reproduce
the data within uncertainties, suggesting that the hypernuclei
are produced via coalescence of hyperon and light nuclei
core in such heavy ion collisions. If hypernuclei are formed
through the coalescence process, both their v, and yield can
be affected by the interactions involving hyperons and nucle-
ons (Y-N), which are essential for understanding the inner
structure of compact stellar objects. The linear fits to the
extracted dv; /dy|,_ in Fig. 27 show comparable slopes con-
sidering uncertainties for both light nuclei and hypernuclei,
but their central values are slightly different. This difference
may originate from the differences in nucleon—nucleon and
Y-N interactions. Thus, more precise measurements with
increased statistics, especially at high baryon density, will
be crucial in elucidating the hypernuclei production mecha-
nisms and hyperon-nucleon interactions in the future.

3.8 Heavy flavor hadron production

Heavy flavor hadrons are hadrons with at least one constitu-
ent heavy flavor quark. They are penetrating probes of QGP.
Heavy flavor quarks are predominantly produced through
initial hard scattering processes in heavy ion collisions
owing to their large masses. These initial hard processes
occur before the formation of QGP. Consequently, heavy
flavor quarks experience the entire evolution of QGP created
in heavy ion collisions. Heavy flavor quarks interact with the

deconfined quarks, mainly light flavor quarks, and gluons
when they transit QGP and approach thermalization. Their
thermal relaxation time is expected to be comparable to or
longer than the lifetime of the QGP created in heavy ion col-
lisions. Heavy flavor quarks may acquire collectivity from
the collectively expanding hot medium. The collectivity of
heavy flavor quarks is sensitive to the hot medium transport
properties, especially to the parameter known as the heavy
flavor diffusion coefficient D, [226].

Significant elliptic flow (v,) was observed for charmed
meson D’ in Au+Au collisions at 1 /syy = 200 GeV by the
STAR collaboration [96]. The DPs are fully reconstructed
via the two-body decay of charged pions and kaons with
a branching ratio of (3.95 + 0.03)%. The random combi-
natorial background of pions and kaons originating from
primary vertices are significantly suppressed by precise
measurements of the distance of closest approach (DCA)
between tracks and primary vertex owing to the relatively
large ct of D° mesons (~ 123 pm). The precise measure-
ments of DCA were provided by the heavy flavor tracker
installed in STAR during 2014 and 2016. The v, results
for D° mesons in 10-40% central Au+Au collisions at
/SNy = 200 GeV are compared with those of light flavor
hadrons (Kg, A, 27) [227]. At pr <2 GeV/c, the v, for
D mesons is found to be smaller than that of light flavor
hadrons, exhibiting the mass-ordering behavior expected
from hydrodynamics. At py > 2 GeV/c, D° v, is consist-
ent with that of light flavor mesons such as Kg. The com-
parison of v, /n, as a function of (my — my)/n,, where n, is
the number of constituent quarks in a hadron, shows that
among these hadrons DV elliptic flow follows the universal
trend as in light hadrons. These comparisons indicate that
charm quarks acquire significant flow through interaction
with the strongly coupled QGP created in 10-40% Au+Au
collisions at the top energy RHIC. Recent phenomenologi-
cal models constrained by the D v, measurement as well
as measurements of heavy flavor quarks v, using single
electrons from heavy flavor hadron decays (HFE) suggest
that the dimensionless charm quark spatial diffusion coef-
ficient 277D, falls within the range of 2-5 in the vicinity
of the critical temperature ( [228] and references therein).
This value is consistent with theoretical calculations from
the quenched lattice QCD within large uncertainties. The
dependence of the heavy flavor quarks diffusion coefficient
D, on heavy flavor quark momentum, as well as on tem-
perature and baryon chemical potential of QGP is yet to
be determined. The measurements of heavy flavor quarks
collectivity in Au+Au collisions at energies below the
RHIC top energy enabled by the RHIC BES program can
shed new light on the temperature and baryon chemical
potential dependence of the QGP transport parameter D,.

The elliptic flow of heavy flavor hadrons from RHIC
BES program was measured in Au+Au collisions at
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\/SN_N =27GeV, 39 GeV, 54.4 GeV, and 62.4 GeV [229,
230]. The 39 GeV and 62.4 GeV data were collected in
2010 during the first phase of the RHIC BES program.
The number of events used for the analyses were 87 and
38 million, respectively. The 27 GeV and 54.4 GeV data
were collected in 2017 and 2018 between the first and
second phases of the RHIC BES program. The number of
events passing the event-level criterion were 240 and 570
million, respectively. With an order of magnitude differ-
ence of the number of events, combined with the signifi-
cant energy dependence of heavy flavor hadron produc-
tion cross section, the precision of the measurements at
different energies varies considerably. The results from
the 54.4 GeV collisions have the best precision. While
the full reconstruction of heavy flavor hadrons in these
data is not possible because of a lack of silicon vertex
devices, the electrons from heavy flavor hadron decays are
used as proxy for the heavy flavor hadrons. Electrons are
identified using the inverse velocity calculated from the
path length measured by the STAR TPC, with the TOF
measured by the vertex position detector providing the
start time measurement and the TOF detector providing
stop time measurement. The electron candidates are fur-
ther selected by the ionization energy loss in the TPC gas.
The number of electrons are corrected for purity. Photonic
electrons (PE) are the dominant source of background for
heavy flavor decay electrons. These photonic electrons are
produced via Dalitz decay of light mesons such as z° and ¢
and photon conversion in the detector material. The yield
of non-photonic electrons (NPE) is calculated as follows:

NNPE - NINC _ NPE, (4)

where N™C and NPE represent the yield of inclusive and pho-
tonic electrons, respectively. The PE candidates are selected
via the invariant mass distribution of inclusive electron can-
didates and partner electrons from the same event. The yield
of photonic electrons can be expressed as:

NPE — (NUL _NLS)/E, (5)

where NU and NS are the raw yield of unlike- and like-sign
pairs, respectively, and ¢ is the partner electron acquiring
efficiency. The v, of inclusive electron and photonic elec-
trons is extracted using the event plane #-sub method. The
v, of NPE is calculated by:

NPE. NPE INC | INC PE. PE INC,
NNPEVYPE = NINCYINC _ NFEVRE N x NN (6)

where vIZNC, ng, and vg are the v, of inclusive electrons,
photonic electrons, and hadrons contaminated by inclusive
electron candidates, respectively; f, is the hadron contami-

nation fraction.
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Fig.28 (Color online) v, as a function of p; for heavy flavor
decay electrons at midrapidity in Au+Au collisions at /sy =

54.4 GeV [229], compared with TAMU [231] and PHSD [232, 233]
model calculations

In addition to photonic electrons, other major back-
ground sources for heavy flavor decay electrons are from
the decay of kaons (K,;) and vector mesons (p, @, and ¢),
which are eliminated using the following equation:

HFE NPE K3 VM
vy =y (LS o) =i, X7 A X v, (1)

where fy ~and fyy are the estimated yield ratios of elec-
tron deca}}s of kaons and vector mesons, respectively, with
respect to HFE. The residual non-flow contribution is esti-
mated according to the HFE-hadron correlation in p+p col-
lisions and hadron multiplicity in Au+Au collisions.

Figure 28 shows the elliptic flow coefficient v, of heavy
flavor decay electrons as a function of p; at midrapid-
ity (Jy|] < 0.8) in Au+Au collisions at 4/syy = 54.4 GeV.
The error bars and boxes depict statistical and system-
atic uncertainties, respectively. The hatched areas indi-
cate the estimated non-flow contributions. Significant
v, is observed at 0.5 GeV/c < pr < 2 GeV/c; the aver-
age v, in the py range of 1.2 GeV/c to 2.0 GeV/c is
0.094 + 0.008 (stat.) + 0.014 (syst.), whereas the estimated
upper limit of non-flow is only 0.02. The red curve rep-
resents the projected charm quark decay v, assuming that
open charm hadron v, follows NCQ scaling along with
other light hadrons. Because charm quark is the dominant
contributor of HFE in this p; range, the significant v, and
the consistency between the data and the red curve indi-
cate that charm quarks interact with the hot medium and
may reach local thermal equilibrium in Au+Au collisions
even though the center-of-mass energy is nearly a factor
of four lower than the RHIC top energy.

The two bands shown in Fig. 28 are calculated using two
phenomenological models, TAMU [231] and PHSD [232,
233]. Both models assume that heavy flavor quarks inter-
act with the QGP medium elastically. This assumption is



Properties of the QCD matter: review of selected results from the relativistic heavy ion collider...

Page250f38 214

generally accepted in the low p; region. The elastic scat-
tering is implemented in different ways in the two models.
In the TAMU model, the microscopic elastic interaction
between heavy flavor quarks and quarks/gluons in the hot,
dense medium are evaluated using non-perturbative T-matrix
calculations. The heavy flavor quark transport coefficient
calculated is then fed into macroscopic Langevin simulation
of heavy quark diffusion through the background medium
and modeled by ideal 2+1D hydrodynamics. In the PHSD
model, heavy flavor quarks interact with the off-shell mas-
sive partons in the QGP medium. The masses and widths of
the partons in the QGP medium and the scattering probabil-
ity are provided by the dynamical quasi-particle model. In
both models, the heavy flavor quarks hadronize through both
coalescence and fragmentation. In the PHSD model, the
hadronized heavy flavor hadrons subsequently interact with
other hadrons in the hadronic phase. Although the calcula-
tions from both TAMU and PHSD models are systematically
lower than the measurements, the deviationisonly 1 — 2 ¢ at
pr > 0.5 GeV/c when considering the estimated upper limit
of non-flow contribution. Furthermore, neither model con-
siders the contribution from charm baryons, whose yield is
measured to be evenly enhanced in heavy ion collisions rela-
tive to that of mesons [234]. This contribution will slightly
increase HFE v, at pr > 1GeV/c.

Heavy quarkonium is a bound state of heavy flavor quark
and its antiquark. The pairs of heavy flavor quark and its
antiquark are produced predominantly by the initial scatter-
ing in heavy ion collisions and are tightly bound together,
which makes them less sensitive to interactions with other
particles. However, it is believed that the color potential
of the bound states is subject to modification when QGP
is formed, resulting in the dissociation of heavy quarko-
nium [242-245]. The suppression of quarkonium yield
in heavy ion collisions arising from a modification of the
potential is considered as the ‘smoking-gun’ signature of
deconfinement in QGP. This suppression is sensitive to the
temperature profile of QGP because the modification of the
potential between a heavy quark and its antiquark in QGP is
sensitive to the temperature of the medium.

The suppression of J/y in heavy ion collisions was
extensively studied in experiments at CERN SPS [246].
The production yield of quarkonium in heavy ion collisions
was found to be affected by cold nuclear matter (CNM)
effects. Suppression of the J/y yield beyond the expected
CNM effects was observed in central Pb+Pb collisions at
17.3 GeV based on the results from proton and nucleus col-
lisions and was considered as evidence of deconfinement in
QGP [235].

However, the first quarkonium measurement in heavy
ion collisions at RHIC was very puzzling. The J/y sup-
pression, quantified by the nuclear modification fac-
tors, and its centrality dependence measured in Au+Au

collisions at 4/syy = 200GeV [247] was found to be
consistent with that observed in Pb+Pb collisions at
\/Snw = 17.3 GeV. However, J /y suppression is expected
to be stronger at higher collision energies where the ini-
tial temperature is believed to be systematically higher.
Furthermore, the suppression was observed to be signifi-
cantly stronger at forward rapidity than at midrapidity,
where the energy density is believed to be higher com-
pared with that of forward rapidity. An additional produc-
tion mechanism, (re)combination of charm quark and anti-
charm quark in the QGP medium, was proposed to solve
this problem [248, 249]. Unlike the static and dynamic
screening of the potential between heavy quark and its
antiquark, the (re)combination mechanism can enhance
quarkonium yield in heavy ion collisions. Because the
yield of quarkonium from the (re)combination mecha-
nism is approximately proportional to the square of total
heavy quark cross section, which exhibits a significantly
increasing trend as the energy of collisions increases, the
contribution from (re)combination mechanism should dis-
play a clear center-of-mass energy dependence. The RHIC
BES program provides a unique opportunity for varying
the initial temperature and number of charm quark pairs in
an event, which should shed new light on the production
mechanism of quarkonium in heavy ion collisions.

The data for the J/w production study were collected
during the RHIC BES in 2010 by the STAR experiment
at /sy = 39GeV and 62.4 GeV [236]. The total number
of minimum bias triggered events are 182 million and 94
million, respectively. The J/y s are reconstructed consid-
ering their decays into electron-positron pairs. The elec-
tron daughters are identified by combining the information
from the STAR TPC and TOF. The random combinatorial
background is reconstructed using the mixed-event tech-
nique. The invariant mass spectrum for unlike-sign pairs
from mixed-events are normalized to that for like-sign
pairs and subtracted from that for unlike-sign pairs. The
combinatorial background-subtracted invariant mass spec-
trum is fit to the J/y template using Monte Carlo simula-
tions plus a linear function for the residual background to
extract the J/y yields. The nuclear modification factors
(Ryp) are calculated as follows:

1 d*Nya/dprdy

= R 8
Tpn d20'pp Jdprdy ®)

AA

where d°N aa/dprdy is the efficiency and acceptance-cor-
rected J/y pr spectrum measured in A+A collisions; T 5
is the nuclear overlap function from Glauber Monte Carlo
simulations; and dzapp /dprdy is the J /y production cross
section in p+p collisions at the same energy as that of A+A
collisions. The cross sections of J/y in p+p collisions at
\/E =39GeV and 62.4 GeV are derived by interpolating
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Fig.29 (Color online) J/y nuclear modification factors (R,,) as
a function of center-of-mass energy in central heavy ion collisions.
The solid circles represent the measurements at SPS, RHIC, and

J/w data worldwide because there are no measurements
available for p+p collisions at \/E =39GeV and 62.4 GeV,
and previous measurements near these two energies from
the Intersecting Storage Ring collider experiments show
discrepancies [250].

Figure 29 shows the center-of-mass energy dependence
of J/w nuclear modification factors measured at midra-
pidity in central heavy ion collisions from SPS, RHIC,
and LHC. The data from RHIC were measured in Au+Au
collisions, whereas the data from SPS and LHC were
measured in Pb+Pb collisions [235-239]. The error bars
and boxes representing statistical and systematic uncer-
tainties indicate that the J/y R, remains constant from
/v = 17.3GeV to 200 GeV and substantially increases
from RHIC top energy to LHC.

The curves in the left and right panels of Fig. 29 depict
the calculations from two transport models [240, 241].
The dot-dashed lines represent the contribution from pri-
mordial J/ys which are affected by the static/dynamic
color-screening of the potential in QGP medium and CNM
effects, whereas the dashed lines represent the contribution
from (re)combination. The solid lines represent the sum of
the two components. Although both transport models can
describe the data, except for the transport model I at SPS
energy, the decomposed contributions from primordial and
(re)combination are quite different, further indicating the
limitations on the understanding of J /y production mech-
anisms in heavy ion collisions, which should be urgently
addressed before extracting the properties of QGP. STAR
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LHC [235-239], and the curves in the left (right) panel reflect the cal-
culations from transport model I [240] (I [241])

has collected considerably more data samples at different
energies during the second phase of the RHIC BES pro-
gram. Preliminary results show that J/y suppression can
be precisely measured in Au+Au collisions at 54.4 GeV,
and the suppression measurements can be extended to
energies down to 14.6 GeV, an energy below the SPS top
energy. These new data will shed new light on the produc-
tion mechanism of J/y in heavy ion collisions.

3.9 Dilepton production

Photons and dileptons (e*te™ or utu~) emerge at vari-
ous stages throughout the space-time evolution of the
nuclear medium formed in ultra-relativistic heavy ion
collisions. As penetrating electromagnetic probes, dilep-
tons remain unaffected by strong interactions, preserving
undistorted information on their sources. These sources
are manifested differently in various lepton-pair invari-
ant mass (M) regions, which are typically categorized
into three classes. In the low-mass region (LMR), below
the ¢ mass (M, < 1.1 GeV/c?), contributions predomi-
nantly arise from decays of light mesons (z°, 1, p°, @, ¢).
Investigation of p° spectra modifications allows probing
the in-medium hadronic properties, which are particu-
larly sensitive to mechanisms of chiral symmetry resto-
ration in QCD matter [251]. The expected modifications
in dilepton yields within the LMR provide insights into
the medium’s lifetime and transition from hadronic to
partonic degrees of freedom [252]. In the intermediate-
mass region (IMR), which lies between the ¢ and J/y
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masses (M, ~ 1.2 — 3 GeV/c?), the invariant mass spec-
trum appears as a continuum arising from both heavy fla-
vor decays and QGP thermal radiation. This provides an
opportunity to directly measure the average temperature
of the QGP [253] by extracting the inverse slope of the
mass spectra, which remain unaffected by the blue shift
of the expanding system. In the high mass region (HMR),
defined as M;; > 3 GeV/c?, primary sources contributing
to the dielectron spectrum are heavy flavor/quarkonium
decays and the Drell-Yan process. Detailed discussions on
the associated physics for HMR have been provided in the
preceding section and are not reiterated here.

To achieve precise measurements of the aforementioned
dileptons, detectors with large, uniform acceptance and
excellent lepton identification capabilities are crucial.
The integration of the TOF detector has paved the way
for dilepton measurements at STAR. Specifically, by com-
bining timing measurements from the TOF detector with
momentum and ionization energy loss ((dE/dx)) meas-
urements from the TPC, robust identification of electrons
over a wide py range is achieved. This identification is
characterized by high efficiency and purity, facilitating
comprehensive dielectron analysis. The identified electron
and positron candidates are paired by opposite and same
sign charges, called unlike-sign and like-sign pairs, respec-
tively. The like-sign pairs are used to statistically model
both the combinatorial and correlated backgrounds. More-
over, the subtraction of decay products from light mesons

—%— STAR Data Au+Au
— —— inmedium hadronic
QGP

total thermal

dN/dM,, [20 MeV/c?"

<

= 20p
A R Lol Ty
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e*e” invariant mass (GeV/c?)

Fig.30 (Color online) The dielectron invariant mass spectra in
Au+Au collisions at /syy = 27GeV, 39 GeV, 62.4 GeV, and

200 GeV measured by the STAR collaboration [254, 255]. The spec-
tra are shown after subtracting the hadronic background contributions
(cocktail), and compared with theoretical model calculations [252,
253, 256]. The theoretical predictions represent the total thermal radi-
ation (blue solid lines), including contributions from both in-medium
hadronic processes (red dashed lines) and QGP thermal radiation (red
dotted lines). The figure is sourced from [254]

(known as the “cocktail”) is achieved through simulations.
These dielectron spectra are of particular interest, as they
are anticipated to carry radiation signatures from various
stages of heavy ion collisions prior to freeze-out.

The acceptance-corrected excess dielectron mass spectra,
following the careful removal of background contributions,
have been thoroughly measured by the STAR collaboration
across various collision energies [254, 255], as illustrated in
Fig. 30. Accompanying these measurements are model cal-
culations [252, 253, 256] depicting the total thermal radia-
tion (solid lines), which consider contributions from both
in-medium hadronic processes (dashed lines) and the QGP
phase (dotted lines). Remarkably, the model predictions pro-
vide a coherent framework for interpreting the measured
dielectron spectra across a wide energy range and invari-
ant mass regions. In the low-mass region, the predominant
hadronic radiation is primarily attributed to the in-medium
p broadening, stemming from its interactions with the had-
ronic medium, particularly baryons. Notably, this model also
yields a consistent description of the invariant mass spec-
trum of dimuon pairs measured by the NA60 experiment at
the SPS [257]. The observed in-medium p broadening serves
as a compelling indicator of the partial restoration of chiral
symmetry within the hot QCD medium [258]. However, in
the intermediate-mass region, contribution from QGP radia-
tion is anticipated although current measurements still lack
precision in this regime. Consequently, the search for and
exploration of QGP thermal radiation remain pivotal future
endeavors in dilepton experiments at both RHIC and LHC.

To quantitatively compare the excess in the LMR, the
integrated excess yield of dielectrons in the mass region
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Fig.31 (Color online) The collision energy dependence of the inte-
grated dielectron yield, normalized by the charged pion yield dN /dy,
in the mass region 0.3 GeV/c? < M;; < 0.7 GeV/c?, as measured by
HADES [259], NA60 [257], and STAR collaborations [254, 255,
260]. This comparative analysis is supplemented by model calcula-
tions of dielectron yields (dashed blue lines) and fireball lifetime
(solid red lines) [253]. The figure is sourced from [5]
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Fig.32 (Color online) Temperatures versus baryon chemical poten-
tial, with temperatures extracted from the in-medium p mass spec-
tra of LMR. The earlier QGP stage region from NA60 [261] (dia-
monds) and LMR from HADES data [259] (inverted triangle) are
also depicted. Chemical freeze-out temperatures extracted from sta-
tistical thermal models (SH, GCE, SCE) [32, 54] are represented as
open circles. The QCD critical temperature 7 at finite pp, predicted
by LQCD calculations [262], is shown as a yellow band. The figure is
adapted from STAR [263]

0.3 GeV/c? < M;; <0.7 GeV/c? is normalized to the charged
pion yield dN/dy to cancel out the volume effect. Figure 31
shows the collision energy dependence of the integrated die-
lectron yield, as measured by HADES [259], NA60 [257],
and STAR [254, 255, 260] collaborations. The figure also
includes theoretical model calculations depicting the dielec-
tron yields (dashed blue lines) and the fireball lifetime (solid
red lines) [253]. Impressively, the model provides a com-
mendable description of the energy dependence, illustrating
a modest increase from the SPS to the top RHIC energy. This
observed increase effectively tracks the fireball lifetime over
a broad spectrum of collision energies. Notably, the STAR
measurements presented here pertain to BES phase I. How-
ever, the subsequent analyses of BES-II data extend these
measurements from 19.6 GeV down to 7.7 GeV, providing
fresh insights into the properties of the hot medium within
the high baryon density regime.

Traditionally, LMR dileptons have been used to explore
the in-medium broadening of the p meson and its associa-
tion with chiral symmetry restoration. The impact on the
invariant mass distribution of dileptons is often overlooked,
as it is considered a trivial thermal factor incorporated into
models for data comparison [252, 253]. Recent observations
by STAR [263] indicate that the broadening of the p meson
are so extensive that the LMR dileptons can be used to deter-
mine the temperature of the thermal source responsible for
LMR radiation. To extract this temperature, a fitting func-
tion that combines the in-medium resonance structure with
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the continuum thermal distribution is applied to the meas-
ured mass spectrum. In a vacuum, the mass line shape of
the p decaying into dileptons is represented by a relativistic
Breit-Wigner function, fBW(M). Within a hot QCD medium,
this line shape is modified, multiplied by the Boltzmann
factor, e=M/T  to account for phase space effects [263]. Fur-
thermore, if p is completely dissolved in the medium, its
mass spectral structure spreads out and approaches a smooth
distribution similar to the dielectron continuum from QGP
thermal radiation, described by M>/2e~M/T[253]. Figure 32
illustrates temperatures derived from BES-I dielectron data
as a function of the baryon chemical potential yz. The chem-
ical freeze-out temperature T}, and uy are determined by
applying statistical thermal models to the yields of hadron
production. T, from several statistical thermal models and
the QCD critical temperature 7~ from lattice QCD [32, 54,
262] are shown in Fig. 32 as open circles and a shaded band,
respectively. Similarly, temperatures extracted from previ-
ously published low-mass thermal dielectron spectra [259,
261] are presented. Notably, temperatures extracted from
BES-I and SPS LMR closely align with 7, from statistical
thermal models and 7 from lattice QCD. This alignment
suggests that dielectron emission at LMR is mainly influ-
enced by p broadening during the phase transition (or mixed
phase), and the chemical freeze-out temperature at RHIC
BES energies lies at the phase transition boundary. Recent
analyses by the STAR collaboration have extracted temper-
atures from IMR thermal dileptons for Au+Au collisions
at m =27GeV and 54 GeV, as reported in [263]. The
extracted temperatures are significantly higher than those
from statistical thermal models and lattice QCD calcula-
tions, indicating that IMR dileptons primarily originate from
the earlier partonic stage of the collisions. Further details
can be found in [263].

In relativistic heavy ion collisions, dileptons emerge not
only from hadronic processes but also through the interac-
tion of the intense electromagnetic fields accompanying the
colliding ions, known as the Breit—Wheeler process [264,
265]. These fields can be treated as a spectrum of equiva-
lent photons, with the photon flux being proportional to the
square of the particle’s charge (Z?), resulting in dilepton
production scaling with Z*. Initially, dilepton production
from the two-photon process was studied in ultra-peripheral
collisions, where the impact parameter is large enough to
avoid hadronic interactions. However, recent observations
have shown that such photo-production also occurs in had-
ronic heavy ion collisions [266, 267], prompting theoreti-
cal advancements to describe these processes [268—270].
In events with hadronic overlap, dilepton photo-production
occurs alongside hadronic interactions, offering a new
method to probe the QGP, especially its electromagnetic
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properties. Data from peripheral collisions show discrepan-
cies in the p% distribution between experimental results and
theoretical models that do not consider the impact param-
eter dependence of photon kinematics, suggesting potential
alternative origins of p% broadening, possibly linked to a
postulated, trapped magnetic field or Coulomb scattering in
the hot and dense medium [266, 267]. However, theoretical
calculations that account for impact parameter dependence
can explain the observed broadening [271-275], indicating
the significant influence of the initial electromagnetic field
strength, which were subsequently confirmed by the CMS
measurements [276]. Future precision measurements at a
toroidal LHC apparatus (ATLAS), STAR, and CMS will
further explore these effects, potentially revealing medium
induced modifications in dilepton kinematics.

4 Summary and outlook

Since the discovery of the strongly coupled QGP [3] cre-
ated in high-energy nuclear collisions in the early 2000,
scientists have been asking: “What is the structure of the
QCD phase diagram in the high baryon density region?”
and “Is there a QCD critical point?” Model studies have
shown that a first-order phase boundary is expected at the
finite baryon density, whereas at vanishing py the transi-
tion between the QGP and the hadronic matter is a smooth

LHC sPS AGS SIS CSR
T T T T

ppppEpspcesereppepper sbas et dpctelipn e
RHIC RHIC FXT HIAF
-

FAIR
NICA

Quark-Gluon Plasma
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Temperature T (MeV)

0 500
Baryonic-chemical Potential Mg (MeV)

Fig. 33 (Color online) Sketch of the QCD phase diagram. The dashed
line represents the smooth crossover region up to uy/7T < 3. The
black solid line represents the speculated first-order phase boundary.
The empirical thermal freeze-out results from global hadron yield
data are shown as the red-yellow line [53]. The liquid—gas transition
region that features a second-order critical point is shown by the red-
circle, and a first-order transition line is shown by the yellow line,
which connects the critical point to the ground state of nuclear matter.
The coverage of the RHIC BES program, STAR fixed-target program
(FXT), future high-intensity heavy ion accelerator facility (HIAF),
and facility for antiproton and ion research (FAIR) are indicated at the
top of the figure

crossover. In such a scenario, the first-order phase transi-
tion line must end at a critical point and in a finite system
such as nuclear collisions, the critical point may turn into a
critical region (Fig. 33). More discussions on experimental
results and lattice calculations can be found in [4, 277].
The energy scan program at RHIC offers unprecedented
high-statistics data on nuclear collisions from the center-
of-mass energy of /sy = 3 GeV' to 200 GeV, correspond-
ing to the baryonic chemical potential of ug = 750 MeV
to 20 MeV. Measured data of net-proton high moments
from 200 — 39 GeV, i.e., ug /T < 2, are consistent with the
smooth crossover transition [38] as predicted by the first-
principal LGT calculations (Fig. 33). In the lower energy
region or at larger net-baryon densities, the collected data
allow us to probe the possible QCD critical region.

With the growth of the high-energy heavy ion physics
scientific community and the development of state-of-the-
art detector technologies boosted by the joint RHIC STAR-
China research program, the Chinese scientific program on
high baryon density physics will continue to flourish at a
number of domestic facilities, from the Heavy lon Research
Facility in Lanzhou-Cooling Storage Ring (HIRFL-
CSR) [278] to the HIAF in Huizhou [279]. The RHIC BES
program revealed exciting physical dynamics and scientific
opportunities in the high baryon density regime. Future
investigations of properties of nuclear matter at moderate T
and pg, created in the heavy ion collisions from sub-GeV/u
(at HIRFL) to a few GeV/u (at HIAF) beam energies, are
expected to shed new insight on QCD at extreme conditions.

The HIRFL-CSR external-target experiment is a spec-
trometer covering a wide range of solid angles in the center-
of-mass reference frame, currently under construction with
support from NSFC and CAS. With promising performance
in tracking and particle identification for charged particles,
CEE foresees plenty of opportunities in the studies of col-
lision dynamics and nuclear matter properties at densities
ranging from p, to 2.5 p,, with p, corresponding to the
nuclear saturation density [280, 281]. For instance, sys-
tematic measurements with CEE can include production
of pions, kaons, strangeness baryons, and collective flow
to probe the nuclear matter EOS. In parallel, the study of
the medium effect of baryon-baryon interactions in the cold
nuclear matter near saturation density can be performed
using proton-induced collisions at CEE. In addition, meas-
urements of the quark effect by the short-range correlation
of nucleons in nuclei can be extended at CEE in the near
future [282].

! The STAR fixed-target program became a viable scientific endeavor
due to the endcap TOF detector constructed by Chinese colleagues
for the CBM experiment at FAIR.
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The Chinese team is also well positioned in the inter-
national community of heavy ion physics. At LHC, we
are playing an important role in all experiments including
ALICE [99], ATLAS [267], CMS [283], and LHC beauty
(LHCDb) [284], in exploring the properties of the QCD matter
at vanishing net-baryon density. At the high baryon den-
sity, the Chinese team has made substantial investments in
both CBM experiments at FAIR [285] and multi-purpose
detector (MPD) experiments at nuclotron-based ion collider
facility (NICA) [286]. Part of the TOF detector success-
fully employed in STAR BES-II program was constructed
in China, with partial support from NSFC, and will be used
for the CBM experiment [287] at FAIR. It should be under-
scored that understanding nuclear matter at high baryon
densities offers unique opportunities for studying dynamics
related to the inner structure of compact stars [5].
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