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We provide a concise review on recent theory advancements towards full-fledged (3+1)D dynamical descriptions
of relativistic nuclear collisions at finite baryon density. Heavy-ion collisions at different collision energies produce
strongly coupled matter and probe the QCD phase transition at the crossover, critical point, and first-order phase
transition regions. Dynamical frameworks provide a quantitative tool to extract properties of hot QCD matter
and map fireballs to the QCD phase diagram. Outstanding challenges are highlighted when confronting current
theoretical frameworks with current and forthcoming experimental measurements from the RHIC beam energy

scan programs.
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1. Introduction. The phase transition and phase
structure of the strongly interacting matter at finite
temperature and density are central topics in high-
energy nuclear physics. Lattice QCD simulations show
that the phase transition at vanishing baryon chemical
potential (u =~ 0) is a smooth crossover.!!'=4! Effective
field theory models predict a first-order phase transi-
tion boundary at large chemical potential, together
with a critical endpoint.[>~7 However, lattice QCD
suffers from the notorious sign problem at large chemi-
cal potential region, and theoretical predictions for the
critical point’s location remain model-dependent.[®:9]

On the experimental side, relativistic heavy-ion
collisions at Relativistic Heavy-Ion Collider (RHIC)
and the Large Hadron Collider (LHC) aim to create
the quark-gluon plasma (QGP) and explore its phase
transition at zero and finite baryon chemical poten-
tial. At top RHIC and the LHC energies, the created
QGP behaves like a nearly perfect liquid with almost
vanishing chemical potential at mid-rapidity.['9=13! To
probe the QCD phase diagram at finite baryon chemi-
cal potential and search the QCD critical point, RHIC
has carried out Beam Energy Scan (BES) program
for Au+ Au collisions with collision energies ranges
from /syy = 3-200 A GeV."=16] Future experimen-
tal programs, such as Facility for Antiproton and Ton
Research (FAIR) in Darmstadt,!'” Nuclotron-based

Ton Collider fAcility (NICA) in Dubna,'®! HIAF in
Huizhou!'”! and J-PARC-HI in Tokai,[??! will further
explore the phase diagram at high baryon density to
search for the QCD critical point, the first-order phase
transition boundary, and study the strongly interact-
ing matter at high baryon density.

On the theoretical and phenomenological side, sig-
nificant progress has been achieved to extract the
QGP transport properties at top RHIC and LHC
energies.[?! =27 In particular, integrated hybrid mod-
els have been developed to quantitatively describe the
complex multi-stage evolution of the QCD matter cre-
ated in relativistic heavy-ion collisions. 212834 To ex-
tend the theoretical frameworks to heavy-ion collisions
at \/sun ~ O(10) GeV, new theory ingredients in mul-
tiple aspects need to be included. In particular, the
QCD phase transition must be properly encoded in the
dynamical model to describe the experimental mea-
surements quantitatively. Phenomenological studies
with upcoming precise measurements can extract ro-
bust QGP transport coefficients in a baryon-rich en-
vironment.

This short review will summarize recent progress
in improving the dynamical model descriptions of rela-
tivistic nuclear collisions as they go through crossover,
critical point, and first-order phase transition regions
in the QCD phase diagram.

Supported by the National Natural Science Foundation of China (Grant Nos. 12075007, 11675004, 11947236, and PHY-2012922),
the China Postdoctoral Science Foundation (Grant No. 2020M680184), the U.S. Department of Energy (Grant No. DE-SC0013460),
and the U.S. Department of Energy, Office of Science, Office of Nuclear Physics, within the framework of the Beam Energy Scan

Theory (BEST) Topical Collaboration.
*Corresponding author. Email: huichaosong@pku.edu.cn
(© 2021 Chinese Physical Society and IOP Publishing Ltd

081201-1


http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org

CHIN.PHYS.LETT.

Vol. 38, No. 8 (2021) 081201 Review

2. Quantitative Characterization of the QCD
Crossover Region. In this section, we focus on dynami-
cal descriptions of relativistic heavy-ion collisions with
collision energies /sxy > 20GeV. These collisions
probe the hot QCD matter with net baryon chem-
ical potential g, < 250 MeV,[530 where the QGP
and hadronic phases are connected with a smooth
Crossover.

Hydrodynamics with  Dynamical Initialization
Schemes. Hydrodynamics and hybrid models are im-
portant tools to describe the QGP fireball evolution
and study soft observables for relativistic heavy-ion
collisions at RHIC and LHC energies.?”=4% For col-
lision energies |/sxx = 20-60 GeV, the duration for
two colliding nuclei with radii R to pass through each
other can be estimated by

S5 2 ~1/2
Toverlap ™ 2R - [(ﬂ> - 1j| ,

2my

which gradually increases with the decrease of colli-
sion energy.[?*41:42] Meanwhile, the longitudinal boost
invariance violates significantly.[*344] Therefore, it is
important to study the role of pre-equilibrium dynam-
ics during the overlapping period within the frame-
work of (341)D hydrodynamics. In recent years, dy-
namical initialization schemes have been developed
to model this extended interaction region in heavy-
ion collisions.[**45=%9 Commonly, they interweave the
initial collision stage with hydrodynamics on a local
basis while the two nuclei pass through each other.
The initial state energy-momentum and conserved
charge density currents are treated as sources to feed
the hydrodynamic fields,

uy U
aﬂT - Jsource(Tv :E),

8HJZH = Pi,source (7-7 :]3)

(1)
(2)

Here the conserved quantum charges for light fla-
vor quarks are baryon, strangeness, and electric
charges, i =B, S, Q. Dynamical initialization schemes
require initial state models to provide the (3+1)D
space-time and momentum information of the energy-
momentum and charge distributions. There has been
a stream of collective effort to develop 3D initial
state models. The complex 3D collision dynamics
can be approximated by parametric energy and charge
depositions.[*+59=54] More dynamical models involve
simulating energy loss during individual nucleon-
nucleon collisions. Such initial state models have
been built based on classical string deceleration.[34:5%]
And there are 3D initial conditions based on hadronic
and partonic transport simulations.[#1:47:56=58] Thege
models provide non-trivial correlations between the
longitudinal energy distribution and flow velocity.
Furthermore, recent theory developments to un-
derstand early stage baryon stopping from the Color

Glass Condensate-based approaches in the fragmen-
tation region.’®%% The initial energy density and
baryon charge distributions were also studied from
a holographic approach at intermediate couplings.[6!]
Measurements of the rapidity-dependent particle pro-
duction and flow correlations can provide valuable
constraints on initial state longitudinal fluctuations
and baryon stopping.

Equation of State (EoS). The equation of state
for nuclear matter for uz < 250 MeV has been con-
structed based on the Taylor series technique with
high-order susceptibility coefficients computed from
lattice QCD calculations.[*62765] See a recent review
for more details on this topic.[%6) These equations of
state at finite densities are essential to enable dy-
namics of Au+ Au collisions at the RHIC BES en-
ergies. Furthermore, one needs to build in constraints
on the strangeness neutrality and electric charge ng >~
0.41,[93:64 for heavy-ion collisions with gold and lead
nuclei. The strangeness neutrality condition was cru-
cial to reproduce the multi-strangeness baryon yields
and could significantly change the fireball phase tra-
jectories in the QCD phase diagram. (%3]

Transport Coefficients. Transport coefficients are
important inputs in hydrodynamic simulations. At
the top RHIC and LHC energies, the Bayesian
inference method has been adopted to quantita-
tively constrain the shear and bulk viscosity and
their temperature dependence with the soft hadron
measurements.>3=27) Extending this approach to an-
alyze flow measurements at the RHIC Beam Energy
Scan program would further extract the uz depen-
dence of the specific QGP viscosity with reliable un-
certainty. Studies have shown that the collision en-
ergy and rapidity dependence of the anisotropic flow
coefficients has strong constraining power of QGP’s
n/s(T, pg). 414467 To take advantage of those mea-
surements in the Bayesian analysis, full-scale (34-1)D
hydrodynamic simulations are essential.

The dynamics of conserved charge currents allows
us to study new transport properties of the QGP,
namely the charge diffusion processes inside the fluid.
Driven by the local gradients of u; /T, the net baryon,
strangeness, and electric charges can flow with differ-
ent velocities than the energy density. Recent works
showed that the net baryon diffusion has important
effects on the longitudinal dynamics of the net baryon
current.l8=71 A theoretical framework that incorpo-
rates diffusion effects on multiple conserved charge
currents has been developed.l™? Such a framework
can help us access the full diffusion coefficient ma-
trix, which takes the cross charge correlation into
account. 7374

Hadronic Transport. Hydrodynamics are generally
connected with a hadronic transport model for a bet-
ter description of the non-equilibrium late hadronic
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evolution.?8=30:32 As the QGP fireball evolves into
the phase-transition region, individual fluid cells are
converted to hadrons according to the Cooper—Frye
prescription.[””) These hadrons can further scatter
with each other and decay to stable states de-
scribed by hadronic transport model models, such as
UrQMD, 76771 JAM,["®! and SMASH.I" As the col-
lision energy reduces from 200 GeV to 20 GeV, the
role of the late-stage hadronic transport becomes more
and more crucial.[%] Because the hydrodynamic phase
in heavy-ion collisions at /s ~ 20-60 GeV is shorter
than those at TeV collision energies at the LHC, both
radial and anisotropic flows further develop during
the hadronic evolution due to the remaining spatial
inhomogeneity.[80:68]

3. Dynamic Models near the Critical Point. This
section will briefly review critical phenomena in equi-
librium and then highlight the dynamical descriptions
near the QCD critical point.

Equilibrium Critical Phenomena. One of the land-
mark features for an equilibrium system near the criti-
cal point is the long-range correlation, which results in
many unique properties, such as critical opalescence,
universal scaling, singular behavior of the equation of
state, and large fluctuations of thermodynamics vari-
ables. This subsection will briefly review the critical
phenomena for an equilibrium hot QCD system.

Universal Scaling of the Hot QCD System. Due
to the infinite long-range correlation and divergence
of the correlation length, the system at the critical
point has no characteristic scale, which behaves self-
similarly under the scale transformation. As a result,
different systems in the same universality class, de-
termined by the system’s dimension and the number
of order parameter components, share universal crit-
ical properties. From the symmetry analysis, it is
generally believed that QCD critical point and 3D-
Ising model belong to the same static universality
class.[81-83] For finite volume systems, such as the
QGP fireball created in heavy-ion collisions, the uni-
versal scaling argument should take finite size scaling
into account. 3489

EoS with a Critical Point. Recent lattice
QCD calculations have narrowed the location of the
critical point, which may exist in the region of
T(140, 1115)300 MeV.[86] However, it is still challenging
for lattice simulations to precisely predict the position
of the critical point due to the sign problem at finite
i On the other hand, because the hot QCD system
belongs to the same universality class of the 3D-Ising
model, 1838789 non-universally mapping the EoS be-
tween these two systems[65’9o_92] can provide a proper
parametrization for EoS with a QCD critical point.
Recently, a more comprehensive EoS near the critical
point has been constructed, which combines the sin-
gular part from the Ising model and the background

part obtained from lattice EoS at p; = 0.165:93:94] Tt is

crucial to study such EoS effects on final observables,
which has not yet been carried out.

Multiplicity Fluctuations. The strong fluctuations
of the order parameter field near the critical point
could lead to large fluctuations of final hadrons pro-
duced in heavy-ion collisions, 99! especially for the
event-by-event net-proton fluctuations.®”=99 How-
ever, the correlation length is largely limited due to
the finite size and finite time effects of the QGP fire-
ball created in heavy-ion collisions,!*°%:9] which make
it hard to probe the critical point from the second-
order cumulant of the event-by-event multiplicity fluc-
tuations. Ref.[101] proposed that the higher-order
cumulants are more sensitive to correlation length,
some of which change signs near the QCD phase
boundary.[192-194 Recently, the higher-order cumu-
lants of the net-proton have been systematically mea-
sured in the RHIC BES program. The kurtosis of
net-proton in the most central collisions presents non-
monotonic behavior, which qualitatively agrees with
the theoretical expectation and indicating the poten-
tial discovery of QCD critical point. However, the
sign of skewness data fails to describe the experiment
measurement'9°! and requires to include the dynam-
ical effect, which will be discussed in the following
subsection.

Dynamical Fluctuations near the QCD Critical
Point. For systems evolving near the critical point,
the dynamical universality class is classified accord-
ing to the symmetry of order parameter, dimensional-
ity, conservation laws of the conserved densities, and
the Poisson bracket among them.['%! the authors of
Ref. [107] suggested that the evolving hot QCD system
is in the class of model H, which describes a dynam-
ical system with the conserved order parameter, con-
served momentum density, and the Poisson bracket
between them. Owing to the complexity of numeri-
cal implementations of models H, A and B have been
served as simplified dynamical models near the QCD
critical point, which will be briefly reviewed in the
following. We will also review the recent progress on
other dynamical models near the critical point, such
as non-equilibrium chiral fluid dynamics and the Hy-
dro+ formalism.

Model A only evolves the non-conserved order pa-
rameter field o, which serves as a simplified version of
the dynamic model near the QCD critical point. It
was found that the critical slowing-down effects not
only limit the growth of the correlation length, as
predicted in early papers,[2:109) but also substantially
modify the temporal evolution of cumulants and even
reverse the signs of skewness and kurtosis compared
to the equilibrium values.198=111]

Model B only evolves the conserved quantity,
which can be considered as another simplified model
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for the evolving dynamical systems near the QCD crit-
ical point. It is motivated by the fact that the dynam-
ics of the non-conserved order parameter field becomes
insignificant by mixing with the conserved baryon
number density, which makes the dynamics of con-
served quantity dominate at a long time scale.l'%7] Be-
sides the normal critical slowing down effects,[112—114]
one of the intriguing results for the conserved criti-
cal dynamics is the competition between the growth
of correlation length and the diffusion effect, which
leads to a non-monotonic behavior for the multiplicity
fluctuations of the conserved charges as the rapidity
window increased.[!13] For more realistic implementa-
tion, model B should be extended with the spatial-
temporal evolution of the fireball, which is an ongoing
efforts.[119]

Non-equilibrium chiral fluid dynamics (NxFD) is
a dynamical model that couples the chiral condensate
with the evolving fluid.[''6=122l The chiral conden-
sate o, treated as the critical mode, evolves accord-
ing to the Langevin equation with the effective poten-
tial obtained from the effective theory [e.g., (P)QM
model,['23] linear sigma model[l%"l%]}. It also pro-
vides source terms for the hydrodynamic equations for
the heat bath evolution of the fluid. In Refs. [119-121],
NxFD has been numerically implemented to study
various dynamical effects near the QCD phase transi-
tion. It was found that variance and kurtosis for the
net-proton multiplicities are enhanced near the criti-
cal point compared with the values with the crossover
phase transition.

Fluctuating hydrodynamics extends traditional
dissipative hydrodynamics with stochastic fluc-
tuations according to the fluctuation-dissipation
theorem, 126 where fluctuations are treated as white
noise. Fluctuating Hydrodynamics was first proposed
in a non-relativistic form'?7128! and extended to the
relativistic case in Ref. [126]. In principle, by identify-
ing the slow mode associated with critical fluctuations
and properly implementing the EoS and transport co-
efficients, one could study the dynamics of critical
fluctuations and their influence on experimental ob-
servables using the fluctuating hydrodynamics frame-
work. For (0+1)D boost invariant expanding back-
ground, analytical calculations showed that the mag-
nitude of the correlation function enhances due to the
increased thermal conductivity near the QCD critical
point.['?%! In practice, especially for numerical imple-
mentations, one should carefully deal with the multi-
plicative noisel'39=132 and the dependence of the grid
sizes, especially for the case near the phase transi-
tion. The renormalization of the equation of state,
the transport coefficients, 33134 and the proper treat-
ment for the numerical simulations are still challenging
and under development.[*35—139]

Hydrodynamic kinetics evolves stochastic fluctua-

tions with the deterministic kinetic equation for two-
point correlation function, while treating the back-
ground evolution hydrodynamically.'40=144] Tt intro-
duces renormalized transport coefficients and the
equation of state, which naturally absorbs the lat-
tice spacing dependence in the numerical imple-
mentation of fluctuating hydrodynamics mentioned
above. The hydrodynamics-kinetic approach could
reproduce the long-time tails of the hydrodynam-
ics fluctuations!!34144=146] and estimate the relevant
scale of critical fluctuations near the critical point.[4!
Besides the two-point function, the kinetic equation
for three-point and four-point functions has also been
developed recently.[147:148]

Hydro+ encodes the critical fluctuations in the
kinetic equation of the slow modes and couples it
with the hydrodynamic evolution.['*% Here, the slow-
est mode ¢q(t, z) is identified as the Wigner trans-
formed two-point function of entropy per baryon,
which is driven to out-of-equilibrium near the criti-
cal point. With the generalized EoS, shear viscos-
ity and bulk viscosity are modified by the slow mode
¢q(t,x), dynamics of critical fluctuations naturedly
couples with the evolving fluid background. Hydro+
has been numerically implemented in a simplified sys-
tem for a rapidity-independent fireball undergoing ra-
dial flow,""") and ideal Gubser flow.!'>") The dynam-
ics of the slow modes ¢g have negligible effects on
the fluid evolution. The out-of-equilibrium corrections
to generalized entropy is within 0.1% in the numer-
ical simulations. Besides the dynamics of the two-
point function for the slowest modes, the extension
of the hydro+ by involving other slow modes, called
hydro++, are also under development.52:155]

Dynamical universal scaling comes from the com-
petition between the relaxation rate of the slow mode
near the critical point and the expanding rate of the
evolving system. Due to the critical slowing down ef-
fects, the critical modes will be driven out of equilib-
rium, which lead to correlated regions with character-
istic length scales, called Kibble-Zurek scales, defined
by the correlation length at which these two rates are
equal to each other. It was realized that, within the
framework of Kibble-Zurek mechanism (KZM), one
could construct some universal variables near the crit-
ical point that are independent of some non-universal
factors, such as the evolving trajectory of the sys-
tem approaching the critical point.['54155] Recently,
the universal behavior of non-conversed order param-
eter field and conserved quantities near the QCD crit-
ical point has been studied within the framework of
model A and model B.[109:111,114,143] Tt wwag found that
the oscillating behavior for the higher cumulants of
net protons can be drastically suppressed, which con-
verge into approximate universal curves with these
constructed Kibble-Zurek functions.[!1!]
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4. Softening and Clustering across the First-Order
Phase Boundary. For the system evolving across the
first-order phase boundary, the bulk matter tends to
separate into the two coexisting phases with the devel-
opment of instabilities. According to Ref. [156], such
processes in the coexistence region are classified into
two categories: nucleation and spinodal decomposi-
tion.

Nucleation belongs to nonlinear instability, which
requires the formation of a sufficient large nucleus
of the stable phase to overcome the barrier of
free energy between stable and metastable mini-
mums. The classical nucleation theory has been de-
veloped for many years,'®” together with the fol-
lowing extensions.['°8=162] The essential point is the
nucleation rate that describes the decay probabil-
ity per time and per volume of a metastable state,
I' ~ e=?%¢ is mainly determined by the cost of the
free energy AF, = AF(R.) (where R, is the critical
size of the bubble formed in a system). In heavy-
ion physics, the nucleation rate of hadronic bubbles
formed in the QGP is estimated by extending the clas-
sical nucleation theory,['93=171] in which the super-
cooling (or reheating) and the probability of bubble
formation are influenced by many factors, such as the
barrier height between two minimums of free energy,
viscosity, and the expansion scenario. The effects of
the supercooling or reheating have recently been ob-
served in dynamical model simulations with the first-
order phase transition, such as model A based on
Langevin dynamics(''9 or NyFD.[17-119.122] 1) the
rapidly expanding fireball, such systems could further
evolve into the unstable region where the spinodal in-
stabilities become dominant, which will be addressed
in following.

Spinodal decomposition belongs to linear insta-
bility with small fluctuation of the order parameter
field growing instantly and uniformly throughout the
volume when the system evolves into the negative
curvature region of the free energy. The basic the-
ory of spinodal decomposition is the Cahn-Hilliard
equation,™® which has been widely studied in metal-
lurgy. In heavy-ion physics, the spinodal decomposi-
tion has been investigated within the framework dis-
sipative hydrodynamics using an approximate equa-
tion of state for the coexistence region.['72=176] In this
model, the nuclear spinodal separation between con-
fined and deconfined phases was observed, and its ex-
perimental consequences, such as the increasing den-
sity moments arising from the spinodal amplification
of spatial irregularities, have also been studied.

Although some progress has been made during
the past years (please also refer to Refs.[177,178]),
the dynamics near the first-order phase transition is
still poorly understood due to the complexities of the
evolving system. For instance, systems at the unsta-

ble region are easily driven out of equilibrium, which
requires an additional study on the validity of hydro-
dynamics near the first-order phase transition region.
More attention and effort from the theoretical and
phenomenological side are still needed to study and
predict the related experimental observable.

5. FExperimental Observables at RHIC BES. This
section will briefly review the experimental observable
measured at the RHIC BES program phase I, primar-
ily focusing on soft observables to probe the bulk prop-
erties of the QGP and observables to probe the critical
point and the first-order phase transition.

Soft Observables to Probe the Bulk Properties of
QGP. Particle yields, pr spectra, and flow in Au+ Au
collisions at the RHIC BES program are important
soft observables to probe the QGP properties and
the QCD phase structure. More specifically, the
pr-integrated yield at mid-rapidity provides detailed
information on hadronic chemistry, from which the
chemical freeze-out temperature and chemical poten-
tials can be extracted using the statistical hadroniza-
tion model.3%:36:179] The mean pr of identified par-
ticles are directly proportional to the amount of ra-
dial flow of the evolving system, which helps to eluci-
date the size of pressure gradients in the initial pro-
files, the speed of sound, and bulk viscosity of the
evolving systems.!'8%181] Various flow observables are
sensitive to the transport properties and initial state
fluctuation of the QGP fireball.['82=191 A compari-
son of the /s dependence of the elliptic flow with hy-
drodynamics + transport hybrid models showed that
the effective shear viscosity increases at low collision
energies.*!]' The work!*¥ further demonstrated that
the elliptic flow measurements as a function of collision
energy and rapidity could set strong constraints on the
T and pg dependence of the QGP specific shear vis-
cosity. Recently, the STAR collaboration found that
the particle multiplicity scaled triangular flow v3 as a
function of collision energy exhibited a minimum at
VSun ~ 20 GeV,92 which hinted at a softening of
the equation of state around the minimum. However,
this non-monotonic behavior can be reproduced by
the event-by-event hybrid framework without a criti-
cal point.['93] Therefore, it is essential to understand
the interplay among the duration of dynamical initial-
ization, the variation of the speed of sound, and the
T and pg dependence of the specific shear viscosity.

The net proton rapidity distributions have been
measured in a few experiments before.['194198] These
measurements can elucidate the initial baryon stop-
ping and the dynamics of conserved charge density
currents inside the QGP. The latter is controlled by
the medium’s charge diffusion constants and heat con-
ductivity. The baryon diffusion during the hydro-
dynamic phase evolves baryon charges from forward-
ing rapidity back to the central rapidity region.[63—71
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These dynamics are driven by the inward-pointing
spatial gradients of ug /T, which act against local pres-
sure gradients. Because the net proton rapidity dis-
tribution is sensitive to both the initial state stop-
ping and baryon diffusion, 8] independent experimen-
tal observables are needed to disentangle these two
effects. Recently, charge balance functions were pro-
posed to independently constrain the charge diffusion
constants.[199200] A larger diffusion constant in the
QGP medium leads to wider azimuthal distribution
for the KT K~ and pp correlations.

Observables to Probe the Critical Point and the
First-Order Phase Transition. Multiplicity fluctua-
tions of net protons serve as a proxy for the net-
baryon fluctuations, which is regarded as a promis-
ing experimental observable for searching the QCD
critical point.[®7=99 The skewness and kurtosis of net
proton distribution So and ko2, with the kinematic
coverage |y| < 0.5 and 0.4 < pr < 2GeV, have been
systematically measured in Au+ Au collisions from
7.7 to 200 A GeV,[201:202] which shows potential fea-
tures that may hint the critical point and first-order
phase transition. With collision energy decreases, the
net proton xo? first decreases and then increases with
a minimum at /syx ~ 20 GeV. To confirm the non-
monotonicity related to the signature of critical point,
high statistics measurement is required from RHIC
BES-II.

Light nuclei productions are argued to sensitive
to the relative density fluctuation at the freeze-out
surface, which is proposed as a sensitive observable
to probe the QCD critical point and the first-order
phase transition.[2°3:204 Recently, the STAR collabo-
ration has systematically measured the yields of light
nuclei at the RHIC BES program and found that
the coalescence parameters of (anti-)deuteron and the
yield ratio of light nuclei, N; - Np/Ng, show a non-
monotonic energy dependence with a dip and a peak
around /Syy = 20 GeV in central Au+ Au collisions,
respectively.29°=297) Dynamical models without crit-
ical point or first-order phase transition fail to re-
produce the non-monotonic behavior of light nuclei
ratio.298=211 Tt was recently found that the attrac-
tive and repulsive interaction between nucleons near
the critical point was found to play an important role
in the clustering of the light nuclei.?'2=216] The au-
thors of Ref.[217] also studied the light nuclei pro-
duction near first-order phase transition within the
framework of transport model that includes a first-
order chiral phase transition and found the enhanced
yield ratio near the transition region. Last but not
least, a recent work!2!8! pointed out that the weak de-
cay corrections to the proton spectrum need to take
care as it could potentially contaminated the collision
energy dependence of the measured N; - N,,/NZ ratio.

6. Outlook. Over the past two decades, the collec-

tive advancements in developing quantitative theoret-
ical frameworks for relativistic nuclear collisions and
high-quality flow measurements at top RHIC and the
LHC energies have been driving our field to a preci-
sion era. With the increasing complexity in theoreti-
cal models, statistics and data science techniques such
as Bayesian Inference have become a standard tool,
which systematically constrains the QGP transport
properties and initial-state fluctuations from various
available soft observables.[24:26,27,219]

The RHIC Beam Energy Scan program has ex-
cited a wave of theoretical developments on dynamical
modeling with full (34+1)D simulations that go beyond
Bjorken’s boost-invariant assumption. With dynam-
ical initialization schemes which interweave the ini-
tial 3D collision dynamics with hydrodynamic simula-
tions, we are starting to quantify initial baryon stop-
ping and to study the collectivity of the QGP in a
baryon-rich environment. Confronting flow measure-
ments from the upcoming RHIC BES program phase I
and future FATR/NICA experiments, we can elucidate
how the QGP transport properties change as a func-
tion of net baryon density. We also expect that the
Bayesian analysis with the BES phase II measurements
at RHIC will quantitatively characterize the QGP vis-
cosity and charge diffusion constant.

In the meantime, experimental measurements on
the multiplicity fluctuations of net proton and light
nuclei productions at the RHIC BES program, to-
gether with the model studies, hint for the possible
existence of the critical point and the first-order phase
transition boundary. Quantitative description of these
measurements requires more realistic and sophisti-
cated model development on the theoretical side. Es-
pecially, the phenomenological model with the critical
slowing down and first-order phase transition effects,
together with a proper equation of state for the hot
QCD system, needs to be developed consistently with
the expanding collective background for such short-
lived and tiny fireballs created at heavy-ion collisions.
In parallel, high statistic measurements from RHIC
BES phase I (2018-2021) could provide more con-
fidence on the potential critical point signals. Fur-
thermore, collisions at lower energies (down to 3 GeV,
with pus = 720 MeV) through fixed target setups in
the RHIC BES II allows for detecting a broader range
of the QCD phase diagram than that in the phase I
program. Together with the description from sophisti-
cated dynamical models, our community will provide
deeper insights into the QCD phase structure.
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