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Preface

In recent decades, the field of high-energy nuclear physics has witnessed remarkable progress
in our understanding of the properties of strong interaction matter under extreme conditions.
Heavy-ion collisions in particular serve as a tool for exploring quark-gluon plasma, a new state
of matter, and the dynamics of multiparticle production. This Special Issue of Symmetry, entitled
“Heavy-Ion Collisions and Multiparticle Production,” is dedicated to the memory of four Chinese
pioneers in this field, namely Hong-Fang Chen, Lian-Shou Liu, Ru-Keng Su, and Qu-Bing Xie, who
made early and significant contributions to the development of high-energy nuclear physics in China.

Prof. Hong-Fang Chen (1938-2017) was an esteemed educator and experimental physicist who
played an essential role in international experiments such as the BES, STAR, and CMS through
her leadership and expertise in the technology of high-energy particle detectors. Her dedication to
education and mentorship has inspired many students and researchers, making her a revered figure
in the field of experimental high-energy physics. She is one of the founders of the first high-energy
physics laboratory at USTC, and has made USTC one of the most important training bases for talented
young people in particle and nuclear physics in China.

Professor Lian-Shou Liu (1932-2009) was a pioneer in the theoretical study of multiparticle
dynamics in high-energy heavy-ion collisions in China. His work on multiparticle dynamics and
fluctuations in high-energy nucleus-nucleus collisions provided insights into particle production
mechanisms. As the founder of the Institute of Particle Physics at Central China Normal University,
he played a central role in fostering international collaborations and establishing China as a key player
in high-energy nuclear physics research.

Professor Ru-Keng Su (1938-2022) was a theoretical physicist, with extensive contributions
to nuclear and particle physics, black hole physics, and cosmology. His research on gauge
fields, quark confinement, and the thermodynamics of nuclear and quark matter has significantly
advanced our understanding of strong interaction matter. His work on the quasiparticle model and
finite-temperature field theory has been particularly influential. As an educator, he shaped the careers
of numerous students who have graduated from Fudan University through his engaging teaching
style and dedication to academic excellence.

Professor Qu-Bing Xie (1935-2013) was a theoretical physicist working on multiparticle
production and heavy-ion collisions. His work on the quark production rule and the Shandong model
has deepened our understanding of hadronization and particle production mechanism in high-energy
collisions. He has been instrumental in building up the theoretical particle physics research group at
Shandong University, which is now an integral part of the Key Laboratory of Particle Physics and
Particle Irradiation (Ministry of Education). Many of his students have gone on to become active
researchers in the field.

This Special Issue aims to honor their contributions to high-energy nuclear physics in China as
scientists and educators. This collection of papers explores recent advances in high-energy nuclear
collisions, quark—gluon plasma properties, and multiparticle production mechanisms. We hope that
this collection will not only pay tribute to the achievements of these pioneers, but also inspire future

generations of scientists to continue their efforts to understand the nature of the strong interaction.
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Article
Quark Matter at High Baryon Density, Conformality
and Quarkyonic Matter

Larry McLerran

Institute for Nuclear Theory, University of Washington, Box 351550, Seattle, WA 98195, USA; mclerran@mac.com

Abstract: This paper discusses high-baryon-density quarkyonic matter in the context of recent
observations concerning neutron stars and the qualitative reasons why quarkyonic matter explains
certain features of the equation of state that arises from these observations. The paper then provides a
qualitative discussion of the quarkyonic hypotheses, and the essential features of quarkyonic matter
that explain the outstanding features of the equation of state.

Keywords: quarkyonic matter; high baryon density QCD; conformality

1. Introduction

The physics of high-energy-density matter and heavy-ion collisions has been thor-
oughly developed over the past 40 years. The recent developments associated with the
quarkyonic hypothesis will be discussed, concerning the properties of matter at high baryon
density and low temperature. Such matter may occur in neutron stars and intermediate-
energy nuclear collisions. There is a wealth of exciting new information concerning neutron
stars coming from gravitational wave experiments and neutron star radii measurements,
providing strong constraints on the properties of such matter. Furthermore, there is the
possibility of extracting complementary information from existing facilities by colliding
intermediate-energy heavy ions.

The purpose of this paper is to discuss the motivations of the quarkyonic hypothesis
based on the theory of strong interactions, QCD, and the properties of recent neutron
star observations. First, recent neutron star observations are discussed, in particular, the
extracted equation of state and its conformal properties. Next, the quarkyonic hypothesis is
proposed and argued that it has the properties needed to describe the qualitative features
of the equation of state. Then, the recently conjectured possible experimental probes in
low-energy heavy-ion experiments are discussed. The paper ends with a brief outline
of some important theoretical issues which are currently poorly understood concerning
quarkyonic matter.

The purpose of this paper is to not only provide a comprehensive review of the proper-
ties of high-density, low-temperature baryonic matter, but to also provide a simple and qual-
itative description of quarkyonic matter and its implications in light of recent observations.

2. The Importance of Neutron Star Studies in Nuclear Physics

The measurements of neutron stars can provide their radii and masses, and in the
case of gravitational wave detection, constraints on the quadrupole deformability. These
properties can be determined by knowing an equation of state,

P =DP(e) 1)

where the energy density of cold matter is € and the pressure is P. The equation of state
plus the Tolman—-Oppenheimer—Volkov equation and the general relativistic equation of
hydrostatic equilibrium, can determine these quantities. The equation of state needs to be
known up to an energy density one order of magnitude greater than that of nuclear matter.

Symmetry 2023, 15, 1150. https:/ /doi.org/10.3390/sym15061150 1 https://www.mdpi.com/journal /symmetry
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For energy densities twice the nuclear matter energy density, the equation of state
is determined by low-energy nuclear theory, and its generalizations involving effective
field theory. At two orders of magnitude greater than the nuclear matter energy density,
the equation of state is that of quarks, and is determined by QCD computations [1,2]. At
intermediate-energy densities, the equation of state is known from first principle compu-
tations. Nevertheless, combining the neutron star observations together with the known
properties at high- and low-energy density, it is possible to obtain a good determination of
the equation of state.

This empirically determined equation of state is important [3-7]. At nuclear matter
density, matter is a non-relativistic liquid of nucleons with a sound velocity v? ~ 1072 — 101,
To describe neutron stars by a density four times that of nuclear matter, the sound velocity
is 2 > 1/3, where v? = 1/3 is the limit for a relativistic ideal gas. There are indications
that the sound velocity exceeds 1/3 in this region. This transition from a non-relativistic
fluid to an ultra-relativistic system occurs over a very small range of change of typical
particle separation, 7/rg ~ (p/pg)"'/® ~ 1.6, such that the transition occurs incredibly
rapidly.

The computation of the sound velocity as a function of density [8] is shown in Figure 1.
This computation involves many fits to neutron star data, and the probability distribution
for various sound velocities is shown (Figure 1).
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Figure 1. Probability density functions (PDFs) of the speed of sound (left panel) and trace anomalies
(right panel) as functions of the energy density. Vertical lines represent the median and 1o credibility
region for the peak position in cZ (green solid and dotted lines), values at the centre of maximally
massive neutron stars (blue solid and dashed lines), and the peak position in x (purple solid and
dash-dotted lines). Horizontal, black lines show the conformal values of cg = 1/3 (left panel) and
A = 0 (right panel) [8].

Another dimensionless parameter that characterizes the equation of state is the trace
anomaly scaled by the energy density [9],

A= 373 ()
The trace anomaly is a measure of the deviation from the scale invariance. Determination
of the scaled trace anomaly is shown in Figure 1. It is notable that the approximate scale
invariance can be achieved at densities found inside neutron stars, particularly because
at such densities it is commonly believed that nuclear matter still strongly interacts. Of
course, quark matter must asymptotically become scale invariant because of the asymptotic
freedom property of QCD; however, this observed precocious scaling of dense matter is
quite remarkable. In Figure 2, a contour plot extracted from the analysis of fits to neutron
star equations of state in neutron star cores is shown. It is notable that the values centre
around the scale invariant v = 1/3 and A = 0.
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Figure 2. Probability density function (PDF) of the trace anomaly vs. the speed of sound at the centre
of maximally stable neutron stars. The dotted blue ellipse marks the 1¢ credibility around the mean.
The black horizontal and vertical lines mark the conformal values [8].

The trace anomaly and sound velocity are related by
v =-—A—e—. 3)

The fact that the sound velocity is large at relatively low densities is therefore another
indication that the matter is extremely rapidly approaching the scale invariant limit A = 0.

3. Strongly Interacting Matter and the Quarkyonic Hypothesis

The indications described above suggest that matter rapidly approaches an almost
conformally invariant distribution of quarks and gluons at densities of about one order
of magnitude greater than the density of nuclear matter. Suppose that matter converts
between a system of nucleons and quarks at some fixed baryon density. Here the case of
isospin zero matter is considered for simplicity, and made from neutrons and protons only
(or up and down quarks). To qualitatively understand this transition, let us consider free
gasses. The Fermi momenta are denoted as kY and kFQ for nucleons and quarks, respectively.
We will take the number of quark colours as a parameter to illustrate this point. Since a
nucleon is composed of N, quarks, we might naively expect that kN = NCkFQ. On the other
hand, the baryon number density is

ng ~ (k) ~ (k)3 (4)

If we take the Fermi momenta of nucleonic matter at a few times the nuclear matter
density to be of order Agcp, then in the quark matter phase, the Fermi momenta of quarks
is also of order Agcp and if we try to imagine nucleons made of quarks in this new phase,
then they would be relativistic. How can matter make such a drastic change?

A way to resolve such a paradoxical situation is through quarkyonic matter [10,11]. In
QCD, nucleons are made of quarks, and discussing which degrees of freedom are quarks
and nucleons reflect the desired approximations. At low baryon density, it is a good
approximation to treat nucleons as a Fermi gas of nucleons as they occupy low-momentum
states. These nucleons are composed of quarks, but the quarks are spread over a momentum
scale, which at low momentum is of the order of the QCD scale. However, as one adds
more nucleons, these quark states approach an occupation number of order one and this
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fills the quark states up to a Fermi energy of order of the QCD scale. New nucleons need
to be added, but to avoid Pauli blocking of the quarks, they must be added at the Fermi
surface corresponding to a nucleon energy of order NcAgcp. The nucleons and quarks at
this point are relativistic. Therefore, there is a transition at a density of order A3QC ps Where
the degrees of freedom change rapidly from non-relativistic to relativistic.

One can understand quarkyonic matter at high densities, as a Fermi sea of quarks is
approximately filled with a Fermi surface of nucleons. However, quark-hadron duality
requires that we look at this situation a little closer [12]. A filled Fermi sea of quarks will
comprise one baryon for each N, quarks. It takes N, quarks to make one baryon. However,
at a nucleon momentum of order Ncky, .k, the occupation number of a filled Fermi gas is
N2 times the occupation number of a quark because the De Broglie wavelength of a nucleon
is 1/ N, compared to a quark. Therefore, the nucleon occupation number with ky = Nckg
composed of quarks in the Fermi sea is 1/N2. This is true until one approaches the Fermi
surface for quarks. Here, one can completely fill nucleon states close to the Fermi energy,
KN = chg. The quark constituents are spread out in momentum above the Fermi sea
because of the intrinsic momentum of quarks inside the nucleon, making a Fermi surface
for quarks whose width is Ak ~ Agcp. Therefore, the picture of quarks that arises is a
filled Fermi sea of quarks with a Fermi surface of width Agcp. This can also be thought
of in terms of nucleons as an under-occupied distribution of nucleons with an occupation
number of order 1/ N followed by this surface of fully occupied nucleons. The nucleon
distribution is linked with the quark distribution. This is the under-occupied distribution
of nucleons that corresponds to a filled Fermi sea.

Let us summarize this argument in a slightly different way. When we think about
quarkyonic matter we must have a dual picture in mind. One picture is the distribution of
quarks and the other is the distribution of nucleons. These pictures must be consistent with
one another. The quark distribution is a filled Fermi sea of quarks plus a tail above some
momentum that falls to zero. In the tail, the occupation number of quarks falls to zero, and
its width is of order of the scale of quark momentum in the nucleon wavefunction. In this
tail, we can fit nucleon states up to some saturation density. The total density of nucleons is
of the same order as when the quark sea first appears, but the local phase space density
of nucleons, dny /d%k, is saturated and of order 1. Thus, the nucleons form a shell with a
typical momentum kL, ~ chqN . On the other hand, in the quark sea the total quark density
is of order (qu )3, and if the nucleons are composed of quarks their baryon density must be
that of the quarks, requiring a suppression of the phase space density of nucleons because
ny ~ (k§)3/N2 ~ (kg )3. Therefore, the bulk distribution of nucleons with momentum
less than the nucleon shell is suppressed.

One can model such a picture in various ways to develop a concrete picture with these
features [13]. It is also possible to develop explicit quantum mechanical computations of
dual description of quarks and nucleons which exhibit these features [14]. The phenomeno-
logical model of McLerran and Reddy proposes that nucleons exist on a shell in momentum
space whose thickness is determined so that the density of nucleons is fixed at some value
above that of nuclear matter [13]. The Fermi sea of quarks and gluons sit below this shell.
In the computations of Fujimoto, McLerran and Tojo, the general features of this model are
reproduced in a quantum mechanical computation where nucleons are explicitly composed
of quarks, and the occupation numbers of the quark and gluon states are constrained to
be between zero and one [14]. The rapid rise in the sound velocity is attributed to the
transition to quarkyonic matter that occurs when quark occupation numbers approach
one. Similar features are extracted from excluded volume models of nuclear matter, where
the overlaps of hard cores may be thought of as corresponding to the density at which the
occupation numbers of quarks approach one, and the origin of the hard core repulsive
interaction is the Fermi exclusion of filled quark states [15].

The reason the sound velocity increases rapidly in the quarkyonic compared to the
nucleonic phase is easily understood. The typical Fermi momentum for a density corre-
sponding to the nuclear matter density is of order Agcp. Therefore, the sound velocity
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squared in nuclear matter is of order v? ~ AZQCD /M2, ~ 1/N?. For quarkyonic matter

it is v2 ~ AZQCD / M% ~ 1, meaning the ratio of sound velocities is of order 1/N?. The
transition occurs at approximately a constant baryon density; therefore, the sound velocity
and equation of state change quickly from a soft equation of state to a hard equation of state.
In models, this change can sometimes correspond to a peak in the sound velocity [13,14].

To summarize, it is possible to reproduce features of the equation of state inferred from
neutron star observations using a quarkyonic description. The rapid change in the sound velocity
occurs when the matter becomes quarkyonic. At this point, the degrees of freedom become
relativistic, although approximate scale invariance is acquired at higher densities.

There is an issue about how one thinks about the transition to quarkyonic matter.
Indeed, such a transition might be thought of as a phase transition to quarks. However, it is
not a first- or second-order transition, since the sound velocity does not tend to zero at the
transition. Indeed, the sound velocity increases rapidly. In fact, the transition is probably
not due to de-confinement, since in the large N, limit the Debye screening length is

rzDebye ~ Nc/(qu)z )

This is because Debye screening is induced by a one-loop effect, and at a temperature
of zero, such a loop can only be made of quarks, supressing the diagram by a factor of N,.
Therefore, the Debye screening length only becomes of the order of the QCD scale when
kg ~ v/NeAgep- On the other hand, the quarkyonic transition occurs at lower density when

kg ~ Agcp- Of course, for N, = 3 it is possible that these transitions are poorly separated.

4. Accelerator Experiments and High-Density Baryonic Matter

One should also ask what can be learned from systematic accelerator studies. One
question to address is how one might measure a rapidly varying sound velocity as a func-
tion of baryon density at low temperatures. This restricts one to low-energy experiments
with low-energy accelerators, such as GSI, FAIR, FRIB or RHIC. Two suggestions have
been made.

The first involves measuring fluctuations in the baryon number [16]. With a cumulant
of the baryon number distribution defined as

ki =<< (np— <ng>) >>. (6)
This can be rewritten in terms of thermodynamic quantities as
L 4P

Kj = VT~ ]
d}‘B

@)

where T is the temperature, yp the baryon number chemical potential, and P is the pressure.
These can be combined together at low temperature to give

dInv? 2 K1K3
=1-—.
dlInng s K3 ®)

Another suggested method is to determine the sound velocity transport computations.
This is easily performed for vector mean field models, where the sound velocity is directly
related to the strength of the mean field [17]. The mean field vector potential is the chemical
potential for the baryon number. However,

2 np
% updng/dug ©)
and therefore b
B vs(n
Up = VB(n%)exp (/0 dn’ S;S/)> (10)
np
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such that the effects of the vector field can be known from the dependence of the sound
velocity on the density.

While the results of such analyses [16,17] are suggestive that there may be large sound
velocities achieved at low densities, our understanding is still in its early stages, and with
time this will increase. The results presented here are interesting. The sound velocity
squared is first seen to decrease and then approach unity at a density close to that of
nuclear matter. This is different from the studies on neutron stars. Neutron stars have an
isospin to baryon number of near 1/2 while nuclear matter is closer to zero, so there is no a
priori contradiction.

5. Theoretical Issues

Among the theoretical issues, the following are most important:

Can one develop a transport theory method of computations which allows quarkyonic
matter to form at high baryon densities in relativistic nuclei collisions? To do this one needs
to impose constraints on the nucleon and quark occupation numbers. Perhaps one could
simulate nucleonic collisions and then compute the quark content, imposing quark and
nucleon occupation numbers between zero and one. This would be sufficient to compute
the equation of state for systems that are time-independent. In such a dynamic system, an
important issue would be to see how the occupation numbers are distributed and evolve.

Another important question concerns the isospin dependence of the equation of state.
For neutron matter, the isospin per nucleon is 1/2, while for nuclear matter it is zero. In
principle, the equation of state may be very different for such systems. It might be that the
inferred properties from the equation of state of neutron matter is qualitatively different
from the inferred collisions of nuclei with low isospin per nucleon.

How does chiral symmetry manifest in quarkyonic matter? Theoretical studies have
been carried out that show the pattern of chiral symmetry restoration may be quite
arcane [18]. How does one clearly model such matter? Are there consequences at den-
sities found for neutron stars or accelerator collisions?

How does one generalize quarkyonic matter from a temperature of zero to finite
density [19]? This is important to describe low-energy heavy-ion collisions and for the
collision dynamics of neutron star collisions.

How does one use field theoretical methods, such as mean field theory, to dynamically
demonstrate the formation of quarkyonic matter [20,21]?
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Abstract: The production mechanism of multiquark exotic hadrons in high energy multiproduction
processes lies in the structure of the relevant exotic hadrons as well as in some important aspects of
high energy scattering, such as multi-parton interactions, underlying events, etc. At mass pole around
2900 MeV, a family of open charm tetraquarks, Tcss and Tess, are observed in B decay. They are also
suitable for study in multiproduction processes to obtain more information on their structure. If these
resonances are produced as compact four-quark states, one can predict the production properties
based on the similarities in their production mechanism to those of &, £, and A.. Physics implies that
the colour and baryon number fluctuations of the preconfinement system in high energy scattering
can enhance both the baryon and four-quark state production rates via ‘diquark fragmentation’. We
calculate the production properties of the tetraquark family Tess and Tess at LHC energy for the
forthcoming LHC measurements.

Keywords: 2 tetraquark; multi-production; corresponding baryon

1. Introduction

It has long been recognized that multiproduction at high energy is very important to
understand various properties of QCD and its confinement mechanism. Its global property
is related to the hadronic scattering total cross-section [1,2]. On the other hand, once the
production of a specific hadron is considered, the structure of the hadron is also crucially
relevant, besides its properties with respect to all the other hadrons. In the quark model
of a hadron, mesons and baryons are quark-antiquark hadrons and three-quark hadrons,
respectively. (Anti)quarks are bound by strong interactions and they are in colour singlet
state. SU(3) colour symmetry also allows clusters of >3 (anti)quarks in colour singlet state.
It is possible that these kinds of colour singlet clusters with modest mass are ‘real particles’,
and they are called ‘exotic hadrons’ [3]. Among all the possibilities, four-quark states (473,
tetraquark) and five-quark states (99999, pentaquark), containing at least one heavy quark
(c or b), have been observed in various experiments. Almost all the four- and five-quark
states have been observed from the decay of heavier hadrons (e.g., bottom hadrons), rather
than being promptly produced from multiproduction processes in high energy scattering.
Theoretically, this fact can be understood by that their production rate is generally quite
small in multiproduction processes because of the unitarity constraint [4,5], as well as
the modest mass of the preconfinement clusters [6,7]. This conclusion is one of the most
straightforward deductions from the quark model of a hadron. However, a few exceptions
are observed from multiproduction at the LHC, and these exotics contain more heavy
quarks and hence cannot be produced from heavier particle (e.g., B meson) decay [8-10].
Frankly, no rule in QCD says that only very heavy exotics can be produced from multi-
production, though one may complain that the “trigger” of the perturbative heavy quark
production can modify the unitarity constraint of hadronization or that the preconfinement
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scale of heavy quark clusters can be different from pure light ones [6]. Therefore, it is
a crucial goal to study exotic hadrons which are produced both from multiproduction
and from B decay to understand more details of exotic hadron properties and structures.
Recently, a group of tetraquark brothers and sisters of T;s and T.s were observed by LHCb
from B decay (see Tables 1 and 2 and refs. therein). Their masses varied around 2900 MeV;
hence, in this paper we call them the T(2900) family if they are not specified otherwise.
It should also be possible to produce this T(2900) family in multiproduction process at
the LHC. For the purpose of observing them in multiproduction, it is very important to
predict their production rate as well as their kinematic distributions, since the initial state
of multiproduction is different from, or rather more complex than, that of the B decay. In
particular, without a simple and definite initial state, analysis methods such as partial wave
analysis cannot be applied.

To investigate and answer such questions, the key problem is how to describe the
production of these tetraquarks, i.e., how these four ingredient quarks are produced and
how they become a hadron. This is a very complex problem and the mechanism could
be model-dependent, i.e., relevant to the concrete hadronization models [11-13] adopted,
which have yet not been well tuned for exotic hadrons. On the other hand, one may rely on
other hadrons which have been well measured and hence can be tuned to be well described
by a model, more concretely, an event generator. Once the production of such hadrons is
fixed, one can deduce the corresponding kinematics for the tetraquark based on the relation
of their production mechanism, which is not dependent on concrete hadronization models
but only determined by the structure of the tetraquark. The idea is similar to our study on
doubly heavy tetraquarks, T, [14]. In that case, the relation to 5. was mainly determined
by the cc doubly heavy diquark. In the present case, we can refer to A, £. and &, for the
study of the kinematic spectra as well as production rate of the T(2900) family. The relations
are mainly determined by the diquark which is constructed by a charm quark with a light
quark. To explain this point, we again start from the colour structure of the tetraquark and
demonstrate its relation with the above ‘corresponding baryons’.

It is a common property of all kinds of multiquark hadrons that the bound (anti)quarks
inside a multiquark hadron can be grouped into several clusters. The ways of grouping
these (anti)quarks are not unique, as it is simply known from group theory that the reduc-
tion of a direct product of several representations is not unique. In some grouping ways,
each cluster can be a colour singlet, indicating a picture of ‘hadron molecule’. However,
such a way of clustering the (anti)quarks is not necessary, since the only requirement is
that the whole set of these clusters are a colour singlet. For example, the system 1424344
(the constituents of a four-quark state) can be decomposed/clustered in the following
various ways:

(193)3 © (7242)3 — 1 M
(7192)1 0r 8 @ (4394)1 0r 8 — 1 )

In the above examples, only the second case, when the two g4 pairs are both colour
singlets, could it potentially be considered as a hadron molecule. Group theory analysis
here is applicable to the quark states as well as to the quark field operators [15]. If we
go beyond such a static picture of the structure of multiquark hadrons, considering the
situation more dynamically, the colour interactions in the system via exchanging gluons
can change the colour state of each individual cluster, so each kind of grouping/reduction
can change to the others and seems to have no special physical cause. Such an ambiguity
has been considered in many hadronization and decay processes in the framework of
‘colour recombination/rearrangement’ [16-18]. The above fact makes the possibility of
considering the multiquark hadron structure in a unique and uniform way difficult, while
it leads to the possibility of introducing some phenomenological duality. It is easy to find
that it is possible for multiquark hadrons to produce as ‘hadron molecule formation’, but
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the subsequent colour interactions in the system can eventually transit this ‘molecule” into
a ‘real’ (compact) multiquark hadron, at least by some probability, and vice versa. Hence,
as is argued in [14], this ambiguity just shows that in cases where various kinds of model
explain the data of the static properties well, such as masses and decay widths, and we
cannot determine the structure from the static properties (a ‘compact’ multiquark state or a
hadron molecule), we can still try to investigate the production mechanism of the T(2900)
family relying on only their quark ingredients (necessarily requiring four quarks) and
leaving out the details of the structure. If there are significant differences in the production
properties among the T(2900) family members observed in the multiproduction processes,
these signals are for sure a sound implication of their structure details. In this case, this
family can be taken as an excellent example for the study of the production mechanism to
gain insight into the exotic hadronic structure.

The T(2900) family has been long studied theoretically (for a theoretical review, see [19]
and refs. therein). All T(2900) family members are listed in Tables 1 and 2 (with references).
Some have been observed from B decay by the LHCb collaboration.

Table 1. Considered and observed tetraquark states for the P even case. The subscript | denotes the
spin of the state: 0, 1, or 2.

Contents States Observed Mass Width
csiiil TC“S;
csiid TgSO], chsO/ T,s0(2900)° [20,21] 2.866 + 0.007 £+ 0.002 GeV 57 £ 12 +4 MeV
csdd TC“J
csud Tf;;* T%,(2900)*" [22,23]  2.908 4 0.011 £ 0.020 GeV  0.136 £ 0.023 £ 0.011 GeV
csuii, csdd ng"]', TJJ
c5dii ng] Ti (2900)° [22,23] 2.908 +0.011 £ 0.020 GeV  0.136 +0.023 + 0.011 GeV

Table 2. Considered and observed tetraquark states for the P odd case. The subscript | denotes the
spin of the state: 0, 1, 2, or 3.

Contents States Observed Mass Width
Csilil Tg;
csid T2, Tjs(} Te1(2900)° [20,21] 2.904 £ 0.005 £ 0.001 GeV 110 + 11 & 4 MeV
csdd TCTST
csud Tgf*
csuil, c3dd TS Tcyg
csdi T/

From the content of the quark components and considering their colour structure
ambiguity, as discussed in the above paragraphs, we can conjecture the following correspon-
dence between the T(2900) family and the charm hyperon for the study of the production
in multiproduction processes:

(1) For the T brothers and sisters, their production can be treated as the hadronization
of the cs diquark and hence can be related to Z.. The difference between a cs diquark
transiting to a & or a T¢s is that this diquark combines a light quark (u or d) or a light
anti-diquark (iid, itii, or dd).

(2) According to a similar consideration, T,s brothers and sisters can be considered
as the fragmentation of a cq (§ = u or d, the same in the following) diquark. Once it
combines with a 57 anti-diquark, it becomes one T¢s, while it will become a A or £ baryon
by combining a light quark u or d.

We adopt the ‘partially breaking SU(3) symmetry” in hadronization, with the pro-
duction ratio of the quark flavours created from vacuum by strong interactions as u : d :

10
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s =1:1:A. At the same time, the light diquark production rate has a suppression factor
¢ [12]. By fixing these ratios with the above ‘correspondence’, we can just fully employ the
production properties of A, X, and Z, to predict the production of the T(2900) family.

2. Kinematic Spectra of Corresponding Baryons and Production of T(2900) Family
at the LHC

As is mentioned in last section, the Tes/Tes four-quark states can be taken as the
combination of a cs/cq cluster (diquark) with a light anti-diquark 44’ /3¢’ produced from
strong interactions. In high energy processes such as proton—proton collisions at the LHC,
charm quarks are produced from hard scattering (including the semi-hard multiparton
interactions) and then evolve to softer scales via radiations. Before the hadronization
process, preconfinement [7] clusters form, which contain charm quarks as well as light
quarks produced during the evolution radiation and other softer strong interactions. The
preconfined system is the end of perturbative QCD (PQCD) evolution, with the formation
of colour singlet clusters. These clusters have modest masses independent from the centre-
of-mass energy of the scattering process. Each colour singlet cluster will independently
hadronize into hadrons. There is much evidecne for preconfinement cluster formation in
high energy processes, one of which is the local parton hadron duality (for details, see [6]
and refs. therein). It has long been argued that the colour structure of the preconfined
system is not unique [17,18]. It has also been recognized that different colour structures
will lead to different non-trivial baryon number distributions of the colour singlet clusters,
which is referred to as the baryon number fluctuation of the preconfined system [6]. One
of the colour structures (Equation (1)) favours the production of both charm hyperons
and tetraquarks. In concrete calculations, the proton—proton scattering occuring at very
high energy as the LHC suffers complexity of initial states, multi-parton scattering, and
underlying events. It is impossible to employ simple analytical formulations to describe
such complex processes with the special colour connections. Thus, we have to employ
event generators as a practical framework to perform the calculation. Though most event
generators can help to describe the initial states, multi-parton scattering, and underlying
events (we will not repeat the details of the models here), we still have to solve two linked
difficulties: The first is that no event generator has been sufficiently well developed to
describe exotic hadrons. This difficulty, specified in our concrete problem, can be solved
by the idea introduced in the above section, i.e., to employ the 'corresponding’ baryons
as a calibration to describe the T(2900) family. However, this idea at once encounters
another difficulty, i.e., the generators fail to describe the baryon production data well. The
calculated results are much lower than the data [24]. Therefore, here we must first try to
find ways to tune the generator according to the baryon production data. The key point is to
find the physics which is missing for the production of baryons (hence also of tetraquarks).

For the feasibility of the discussion, let us first take =, production as an example. Here,
we employ the PYTHIA generator with the Lund string ‘fragmentation” model [12,25] as the
basic framework to calculate the differential cross-section. Its results are much lower than
the experimental data [24], and we must add the missing contributions. As demonstrated
in [26], a higher twist contribution which we refer to as ‘combination” has to be taken
into account and added to the lowest twist ‘fragmentation’, with the latter corresponding
to the string fragmentation in the PYTHIA. As described in [26], a c¢s diquark combined
with a light quark produced from the underlying events can be described by the following
inclusive differential cross-section,

1 @n)?,
T & (2M)?
In the above equation, 47 is the dimensionless invariant phase space for the ‘two-body’

partonic final state c¢s + x, where x is treated as one particle. At present, the relevant
matrix elements describing the combination contribution are yet unknown. Motivated

daah

2k 07 = / dxidaafi (v1) f(32) PEFEOleret O

11
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by the results of [26], we can parameterize the combination contribution according to its
exponential behaviour and add it to the PYTHIA result:

2 2
(d(idf7-> — (dfi;') .a_|_ae_/5pT‘ (4)
yarr mod yaprr pythia

By fitting the best LHC experimental data, we obtain 2 = 1.000, « = 401.574
ub GeV~lc, and B = 0.961 (GeV/c) !, respectively. The result can be seen in Figure
1, and we obtain a good description of the data by adding the ‘combination contribution’.
Here, we would like to take the chance to clarify the terminology ‘combination” in various
circumstances:

10 2

sk
=

d’o/dy/dp, [ub GeV "'c]
[a—y

0 2 4 6 8§ 10 12 14
pr [GeV/c]

Figure 1. Cross-section of the prompt Z as a function of pr in pp collisions at /s = 13 TeV. The black
circles are the experimental data [24], while the black solid line is for Equation (4) with the fitted
parameters. The red solid line is for the prediction of the distribution of the Tcs. The isospin and spin
symmetry is adopted. We have averaged among all the isospin and spin states.

(1) In the case of PQCD factorization, this terminology refers to a higher twist con-
tribution described by some matrix elements and can be added with the lowest twist
‘fragmentation’ contribution, as in [26]. At high energies, such as in the LHC, the underly-
ing events highly contribute to the production of soft quarks; the combination contribution
can hence be largely enhanced. The fitted results shown above are consistent with this
consideration. Correspondingly, the result calculated by PYTHIA is only the lowest twist
fragmentation contribution, which is described by the string fragmentation model, and one
can find the fragmentation function is effectively that in [25]:

f(z) 271 (1 = z)exp(—bm? /2), ®)

where d and b are free parameters. In our simulation program, we take d = 0.3 GeV~2 and
b = 0.58 GeV~2, as used in PYTHIA [25]. This part of the contribution is tuned with the
ete™ data, etc.

12
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(2) In the case of a hadronization model, combination refers to an intuitive picture
to explain and describe the hadronization process. There are various quark combination
models to describe hadronization (see [11] and references therein). However, introducing
the production mechanism of exotic multiquark hadrons is a tough problem, in which the
unitarity is a difficulty. One has to take a comprehensive account of all exotics. Here, to
make it feasible to only study the T(2900) family inclusively, we choose the PYTHIA rather
than the combination models. However, except in the fitting of the prompt charm hyperon
by the above Formula (3), we refer to ‘combination” always by the second meaning.

Similarly, we also calculate the differential cross-section of the prompt A/ (there are
not enough ¥ data, so we neglect the discussion of it in the following), and obtain the cor-
responding equation as (4), while the parameters are a = 0.214, x = 2454.609 ub GeV ¢,
and B = 0.928 (GeV/c) !, respectively. The results are shown in Figure 2.

[

=)
[\
.¢

[y
=)
LI IIIIIII LI IIIIIII

]
[y

d’o/dy/dp,. [ub GeV "'c]
; ek
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0 5 10 15 20 25

pr [GeV/c]

Figure 2. Cross-section of the prompt A as a function of pr in pp collisions at /s = 13 TeV. The
black circles are experimental data [27], while the black solid line is for Equation (4) with the fitted
parameters. The red solid line is for the prediction of the distribution of the T¢s. Isospin and spin
symmetry are adopted. We have averaged among all these isospin and spin states.

With the charm hyperon differential cross-sections in hand, we can predict the tetraquark
production. The similarity and difference between the charm hyperons, =, and A., and
the tetraquark hadrons, T;s and T¢s, in their kinematic spectra lie in many aspects; here we
only take the most simple model with the help of the Peterson formula [28]:

1

1-1/z—eq/(1—2))%’ ©)

Fl) o

where z is defined by phadron / peluster yyith p being the sum of the energy and the momen-
tum projected in the moving direction of the cluster which hadronize to the correponding
hadron, and the parameter € is expected to scale between flavours. In practice, different eg
values inversely proportional to the hadron square masses are used for tetraquarks Ts and
T,s with respect to charm hyperons =, and A, respectively. The sampling of the tetraquark
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momenta hence is determined by the fitted charm hyperon momentum distribution and
the above relative relation.

For the total production rate, we adopt the most general ansatz for production, the
breaking of SU(3) flavour symmetry, as mentioned in the Introduction. For the production
of quark flavour, the ratioisu : d : s =1 :1: A, with A ~ 0.3 for a vacuum. The quark
to diquark production ratio is 1 : , with { varying (increasing) with multiplicity [6]. For
the multiproduction process of pp collision at high energies of up to 13 TeV at the LHC,
the multiplicity is large, so we can take { ~ A for simplicity. Based on this consideration,
the T¢s has an extra suppression factor { ~ A with respect to E, when sampling in the
generator programme, while Tcs gets an extra suppression factor { x A ~ A2. The results of
T¢s and Tes production at the LHC are displayed in the figures with red solid lines.

3. Conclusions and Discussion

In this paper, we study the T(2900) tetraquark family in multiproduction processes at
the LHC. We first investigate the production mechanism of this kind of hadron, emphasiz-
ing its similarity with the charm hyperon production mechanism. By this similarity, we
predict the production rate as well as the kinematics spectra. This is crucial information for
the forthcoming relevant measurements at the LHC. Based on our prediction, this family
can be measured at the LHC, since the corresponding charm hyperons have been well
measured. The production rate of each one of the T(2900) family is only several times
smaller than that of the relevant charm hyperon, and the kinematic spectra are almost the
same. Furthermore, various decay channels have been carefully studied (see, e.g., [29,30]),
and two body decays are dominant. A reconstruction of the tetraquark hadrons is practical.

In the above sections, to find the relation between charm hyperons and tetraquarks,
our study is based on the concept of colour reconnection, as well as the intuitive physical
picture of hadronization models. Prof. Qu-Bing Xie is one of the pioneers who initialized
these ingenious concepts [11,12,17,18]. To further prove the validity of these physical
pictures on the study of T(2900) family production, we propose that the light hadrons
produced adjointly with the charm hyperon or T(2900) can provide additional clues via
string effects (see a likely example in [14]). This measurement can be performed after the
T(2900) tetraquark hadron(s) has (have) been observed.

In the analysis and calculations of this paper, we did not rely on the detailed structure
of the T(2900) family, nor on that of the corresponding baryons, e.g., information on their
spins, isospin/ suf (3) wave functions, or colour structures. One of the reasons is of course
the lack of knowledge on the tetraquark structure. However, for our present purpose, it is
more practical to ignore the details of the structure and give a ‘baseline” prediction for the
production of tetraquark hadrons via the best-fitted baryon production cross-sections. By
comparing our prediction with the forthcoming data, one can take further steps to model
the structure of the tetraquark more precisely. This is in fact a very general way to study the
structure of hadrons with the help of the multiproduction processes, and we believe that
a deeper understanding of the hadron structure and confinement mechanism lies in the
comprehensive study not only of mesons and baryons but also of various exotic hadrons.
This belief and ideas, as we know, were among the original motivations of Profs. Lian-Shou
Liu, Qu-Bing Xie, and their collaborators when they began to study hadronzation and
multiparticle dynamics (according to private conversations and their group seminar talks).
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Abstract: The interplay of chiral dynamics and gluodynamics plays an essential role in the nonpertur-
bative QCD region, and the chiral phase transition and deconfinement phase transition are the main
topics of QCD phase transitions under extreme conditions, e.g., finite temperature and/or baryon
density, strong magnetic fields, and fast rotation. We briefly introduce our own recent progress from
the theoretical side on QCD phase transitions and phase diagrams under extreme conditions related
to the early universe, compact stars, and heavy-ion collisions.

Keywords: QCD phase transitions; chiral dynamics; gluodynamics

1. Introduction

Quarks and gluons are fundamental building blocks of visible matter, and their
interaction is described by quantum chromodynamics (QCD) [1,2]. QCD matter (here we
mean quark matter) (Although nuclear matter should be considered as one type of QCD
matter, in this paper, in most cases, QCD matter refers to matter consisting of quarks and
gluons, i.e., quark matter) existed at around 10 microseconds in the early universe [3]
and exists inside the core of compact stars [4,5], and it can be created through relativistic
heavy-ion collisions [6]. Thus, understanding quark matter’s properties and QCD phase
transitions under extreme conditions is of special interest in investigating the evolution
of the universe, exploring the structure of compact stars, and understanding observable
heavy-ion collisions [7,8].

The interplay of chiral dynamics and gluodynamics plays an essential role in the
nonperturbative QCD region and determines the QCD phase structures. The chiral phase
transition and deconfinement phase transitions are two important phase transitions well
defined in two extreme quark mass limits, respectively. The chiral phase transition is well
defined in the chiral limit characterized by the order parameter of the chiral condensation
of light flavors (i) and the deconfinement phase transition, which is characterized by the
order parameter of the Polyakov-loop (L) in the heavy quark mass limit.

At high temperatures, QCD phase transitions can be calculated by using a lattice. As
shown in Figure 1 taken from [9], the QCD phase transitions are flavor- and quark-mass-
dependent [7-10]. For the three-flavor massless quark limit or three light quarks, the chiral
phase transition is of first-order at the critical temperature around TX = 155MeV, and in
the case of a two-flavor degenerate massless u, d quark and a relative heavy s quark, the
chiral phase transition is of second-order around the critical temperature TX = 175MeV;
when the u, d quark has a small current quark mass, the chiral phase transition will become
a cross-over. The lattice calculation [11] shows that, with the physical quark mass, the
chiral phase transition at finite temperature in the hot early universe is not a real phase
transition, but a smooth cross-over. When the quark mass is heavy and becomes infinity,
QCD becomes the pure gauge theory of SU(3)., and lattice gives the first-order deconfine-
ment phase transition from the Polyakov-loop-order parameter at the critical temperature
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around T¢ = 270 MeV. However, it is not known how the chiral dynamics interplay with
gluodynamics and affect the phase transitions.

The properties of dense QCD matter are important to understand the structure of
compact stars, which is related to heavy-ion collisions at low collision energy; see the
review article [6]. The lattice calculation is still facing the sign problem at finite baryon
chemical potential, and some progress has been made in exploring the phase transitions by
using the Taylor expansion of /T [12-15] and using the simulation of imaginary chem-
ical potential(s) [16]. Through symmetry analysis [17,18] and predictions from effective
chiral models, e.g., the Nambu—Jona—-Lasinio (NJL) model [19,20] and its Polyakov-loop
improved version [21-23], the Polyakov-loop linear sigma model and hadron resonance
gas model [24-26], and the Dyson-Schwinger equations (DSEs), which considers quarks
and gluons’ degrees of freedom [27,28], as well as the five-dimensional holographic QCD
model [29], which can take into account chiral dynamics and gluodynamics, etc., it is
believed that, in the case of two flavors, the chiral phase transition becomes first order at
high baryon chemical potential, and the end point along the first-order phase transition
line is called the critical end point (CEP). The search for the QCD CEP is one of the main
goals of the Beam Energy Scan (BES) program for relativistic heavy-ion collisions (RHICs),
the future program at the Facility for Antiproton and Ion Research (FAIR) at Darmstadt,
Germany, and the Nuclotron-based Ion Collider Facility (NICA) at JINR, Dubna.

g N&=2
m oo GAUGE
2" order
O(4)
physical point -
Ne=3
N=1
My,d =

Figure 1. Lattice results on QCD phase diagram at high temperature with a degenerate u, d quark
with m,, = my and a strange quark with mass m;. The figure is taken from [9].

Through non-central heavy-ion collisions, the strong magnetic field with the mag-
nitude of 10'81° Gauss and angular momentum of QGP at a range of 10*~10°% can be
generated [30-35]. Both the magnetic field and angular momentum will polarize the
medium, thus changing the properties of QCD matter.

In this short overview, we summarize our own contribution from the theoretical side
on the recent progress of QCD phase transitions and QCD matter properties under extreme
conditions related to the early universe, compact stars, and heavy-ion collisions.

2. Imprints of QCD Epoch in the Early Universe

The observation of GW signals by LIGO and the Virgo Collaboration [36] 100 years
after their prediction [37,38] opens an exciting era for cosmology. Except that the GWs can
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be produced through compact binary merges and inspirals, it has also been predicted that
the primordial stochastic GW could be produced in the very early stages of the universe
through a strong first-order phase transition (FOPT) during inflation, Grand Unified Theory
(GUT) symmetry breaking, electroweak phase transition (EWPT) [39-46], as well as QCD
phase transition [3,47-50]. GWs carry unique imprints of the early universe about these
phase transitions on the cosmic microwave background [51-54]. Except the GWs, another
interesting topic during the QCD epoch is the generation of the primordial black holes
(PBHs) predicted 50 years ago [55-57], which are possible candidates for dark matter. In
the QCD phase transitions around the temperature of T~200 MeV, one would expect the
PBH mass to show a peak in the solar mass range [58-60].

In the Minimal Standard Model (SM), the EWPT is well known as a cross-over [39], and
it can be a strong FOPT [61] when new physics is considered such as the singlet extension of
the SM and two-Higgs-doublet models [40—-46]. Similarly, though the lattice QCD predicted
that, for a physical mass with m,, = m; << ms, the system would experience a cross-over
in the QCD epoch, there are still other physical conditions in the QCD epoch, and the
system experiences a strong FOPT. For example, the pure gluon system might appear in the
temperature region below the EWPT, and it exhibits a strong FOPT, as shown by the lattice
results [10], as well as the holographic QCD description [62-64], and possible glueball dark
matter was investigated in [65,66]. Another interesting FOPT in the QCD epoch is related
to the sphaleron transition, which induces chirality imbalance and the violation of P- and
CP-symmetry, and the gravitation wave and primordial black hole induced by chirality
imbalance under a magnetic field were investigated in [67].

QCD has an important U(1)4 axial symmetry, which is anomalously broken by
quantum effects, and the U(1)4 problem or the puzzle of the 5 and 7’ mass differ-
ence was resolved by the instantons proposed by 't Hooft [68,69]. The chiral anomaly
is closely related to the non-trivial topological QCD 0 vacuum structure characterized

by the integer Chern-Simons number Ng = % f d*x Fﬁvﬁf " [70]. Different Chern—
Simons sectors are connected through instanton and sphaleron transitions at zero and
finite temperatures, respectively. The Chern-Simons number change through the axial
anomaly induces the chirality imbalance between the right-handed and left-handed quarks,
N5 = Ng — N, = [ d*xo, ]é‘ = —2N¢Ngs, represented by an axial chemical potential y5, and
results in a violation of P- and C’P-symmetry [71-74]. It has been proposed in non-central
heavy-ion collisions with a strong magnetic field that this chirality imbalance and local
P- and C’P-symmetry violation might produce the chiral magnetic effect (CME) [75-77],
i.e., parity-odd domains lead to the charge separation of quarks, which has been one of the
main goals for RHICs.

Based on the instanton—anti-instanton molecule picture [78-80], in [81,82], it was
shown that an effective axial chemical potential y5, which describes the chirality imbalance,
can be dynamically induced by a repulsive axial vector interaction. The Lagrangian density
takes the form:

2 2
£ = giruD'y + Gs [(W)Z + (#ir"Ty) } - Gy (@r")” — Ga(F7"7y)

where 7 is the Pauli matrices in the flavor space and Gg, Gy, and G4 are the coupling
constants in the scalar, the vector, and the axial vector channels. Quarks with electric
charge ¢ couple to a magnetic field B = (0,0, B) with A, = (0,0, —xB,0) through the
covariant derivative Dy, = d;, — iqsAy. Introducing the quark condensate o = —2Gs (),
which is the the order parameter of the chiral phase transition and the dynamical chiral
chemical potential ys = —2G 4 ((1°y°¢) describing the chirality imbalance between left-
and right-handed quarks, one can derive the thermodynamical potential:
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where the eigenvalues of the Dirac operator are wy, = /02 + (p + spssgn(pz))? and the
spin degeneracy factor is agy = 1 — Jx o + 5k,05s,sgn(q /B) with s = £1. Then, we can solve
the phase transition from the thermodynamical potential, and the results are shown in
Figure 2a, which shows that the phase transition of the chirality imbalance is of first order
withrgq = —0.3, -0.5, —0.8 at B = 0. The FOPT will induce GWs and generate PBHs. The
bounce solution and bubble nucleation temperature of this FOPT are solved to obtain the
strength parameter & and the inverse duration time 5/ H, which are essential to calculate

the gravitational wave power spectra in [67]. The results are shown in Table 1.
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(a) u5 (lines) and ¢ (dashed lines) as a function of T at eB = 0.
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Figure 2. (a) The chiral condensate ¢ (dashed lines) and the dynamically induced chiral chemical
potential ys (lines) as a function of the temperature TateB = 0forry = G4/Gs = —0.3, —0.5 and
—0.8 GeV?; here, o and yi5 are in units of GeV. (b) GW spectra forry = G4/Gs = —0.3,—0.5 and
—0.8GeV? at eB = 0. The figures were updated by Jingdong Shao based on the results in [67].

Table 1. Bounce solution for the nucleation temperature T;, parameters a and 3/ H* corresponding
to different values of r4 and eB.

ra = GalGs T,,/GeV x B/H,
-0.3 0.3648 0.7343 27582
—-0.5 0.2561 1.741 16274
—0.8 0.1679 4.850 6105.7
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It is noticed that the value of B/ Hx~10* solved in this model is quite different from the
typical value from that obtained in the EWPT, where the typical value of
B/ Hx* = 1~100 [83-85], but the holographic QCD calculations also gave p/H x~10% [62,64].
The large B/ Hx* indicates that the PT completes in an extremely short time period; thus, it is
not favorable for the formation of the primordial black hole, as also proven in [67]. Figure 2b
shows the GW spectra for r4 = G4/Gs = —0.3,—0.5 and —0.8 GeV? at eB = 0. The GW
spectra from the FOPT of the chirality imbalance can be detected by Taiji, Lisa, and DECIGO.

There are also many other models: for example, the bag model has been investigated
in the early universe [86,87]. For the QCD epoch in the early universe after the EWPT in
the temperature region of 100 MeV~100 GeV, we need to consider the interplay between
the quark dynamics including both light flavors and heavy flavors and gluodynamics;
for that purpose, the holographic QCD method might be one of the powerful theoretical
tools [88-91].

3. Dense QCD Matter

Exploring the QCD phase structure and equation of state (EoS) at high baryon density
have been boosted both by neutron star (NS) and heavy-ion collisions.

The search for the QCD CEP at finite baryon density has been one of the most-
important goals for the BES program for RHICs, as well as for the future accelerator facilities
at the FAIR and NICA. The higher-order fluctuations of conserved charges, especially the
baryon number fluctuations, carry the divergence feature of the correlation length at the
CEP [92,93]. The measurement of the kurtosis of the baryon number fluctuations K>
or C4/C; from BES-I for RHICs in the collision energy /syn = 200~7.7 GeV shows a
non-monotonic energy-dependent behavior [94-96]. It has been observed that ko2 of the
net proton number distributions starts from about 1 at /syn = 200 GeV, corresponding
to the baryon chemical potential yip~0.1 GeV, decreases to around 0.1 at \/syn = 20 GeV,
and rises quickly up to 3.5 at \/syny = 7.7 GeV, corresponding to the baryon chemical
potential yp~0.4 GeV.

The three-flavor realistic PNJL (rPNJL) model, which takes into account eight-quark
interaction [97], can give a realistic critical temperature T, = 160MeV at y = 0, and the
effective potential takes the form of

Q = 8520f —Uuadas—k?)gl Z‘Tf +3g22¢7f 6/ Ef

N1+ 3(D + Do~ Er#)/Tyem (Ep=up) /T o o=3(Ep=p)/T)

o7 / ﬁ In[1 + 3(d + de~ Ertin)/ Ty (Eptup)/T 4 o=3(Ertus)/T)
7T
+U' (®,P,T). ()

where f = u,d, s refers to three-flavor light quarks, oy = <1ﬁ P f> is the quark-antiquark

condensate for different flavors, and Ef = | /p? + MJ% with My the constituent quark mass

taking the form of My = my — 2gs0¢ + 820410545 — 28104 (Lp 0%) — 4g2crj§. U’ takes the

form of ¥4 = % — xIn[J(P, P)] and its detailed description can be found in [98,99].

The three flavor rPN]L model [97] predicts that the CEP of the chiral phase transition is
located at (uk = 720 MeV, TE = 93 MeV) [99,100]. The chiral phase transition boundary in
this rPNJL model is close to the extracted freeze-out line from heavy-ion collisions [101,102],
and the kurtosis of baryon number fluctuations k¢ calculated in the rPNJL model along the
experimental freeze-out line [101,102] agrees well with the BES-I measurement and predicts
a peak structure around /sy = 5 GeV; see Figure 3. It was emphasized in [99,100] that

the dip structure of xo? can be explained at the low-baryon-density region, the freeze-out
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line lies above the chiral phase transition line and crosses the chiral phase transition line,
while the peak of xc? is a clean signature for the existence of the CEP.

Recently, the results at \/syy = 3 GeV and the measurement of HADES at
VSnN = 2.4 GeV were updated in [103]. The data indicate a peak structure \/syny = 5 GeV,
and more data with higher precision are expected at lower collision energies. It is noted
that the data at \/syny = 3 GeV have the tendency to be negative, which might indicate
another CEP of the liquid—gas phase transition.

— = rPNJL-freezeout1
------ rPNJL-freezeout2
NJL

5 10 50 100
Vs (GeV)

Figure 3. The ko2 produced in the rPNJL model [99,100], as well as in the NJL model [104] as a
function of /s along the freeze-out lines, compared with the updated measurement of C4/C2 or ko>
for the proton and net-proton at the RHIC BES-II program in [103]. The figure was updated by Kun

Xu based on the results in [99,100].

Dense QCD matter may exist inside the neutron star (NS), which is the remnant
after a massive super-giant star collapses. In 1967, the discovery of radio pulsars con-
firmed the existence of NSs. Since then, more than 2700 radio pulsars have been detected.
From the experimental side, the mass and radius of the NSs can be measured with high
precision [105-115]. Recent developments in observational astronomy including the op-
erating satellites, the Neutron star Interior Composition Explorer (NICER), and along
with the observation of the GWs, the Advanced LIGO, Virgo, and KAGRA [116,117] have
also provided high precision measurements on neutron star masses and radii from the
tidal deformability measurements. These high precision measurement gives very strict
constraints on the equation of state (EoS) of dense QCD matter inside neutron stars.

The baryon number density np in the core of the NS can reach 5~10 times of the
nuclear saturation density #n;, which lies in nonperturbative QCD region. From theory
side, it is quite challenging to explore the internal structure of NSs. There have been
many efforts trying to describe the EoS of cold QCD dense matter including nuclear
matter and quark matter by using effective models. In recent years, holographic QCD
method has been applied in describing nonperturbative QCD physics. In Ref. [118], the
hybrid EoS of the cold strong interaction matter has been constructed using holographic
models. In the low baryon number density np range, Hebeler-Lattimer-Pethick-Schwenk
(HLPS) can be used to describe the nuclear matter EoS. At the intermediate np region,
the holographic QCD is used to calculate the EoS. Our holographic QCD model consists
of the Einstein-Maxwell-dilaton (EMD) system for the gluodynamical background and
the improved Karch-Katz-Son-Stephanov (KKSS) action for the flavor part to describe
the holographic nuclear matter and the holographic quark matter. In the framework
of the Einstein-Maxwell-dilaton (EMD) system, i.e., the gravity-dilaton coupling system
at zero chemical potential extended to finite chemical potential. The total action of the
5-dimensional holographic QCD model is

S’fotal = S%MD + Sj‘f (3)
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where 5%, is the action for the EMD system in the string frame, and S} is the action that
describes the flavor part in the string frame. In order to investigate the equation of state, it

is more convenient to work in the Einstein frame. By using the relation g5, = e3%¢%,\,
the EMD background action in the Einstein frame has the form of

1 4 rMN h(®) MM pNN
E _ LY [35.. /_oE[pE_ *,E _vEe) _ MNP E E .
SEMD = 22 /d x\/—g [R 38 Iy PIND — VE (D) 18 g FMNPMN}/ 4
with VE = e3®V5. The flavor part or the matter part is given by the meson part and baryon
part Sjc = Shnesons T Sharvons- 1t 18 expected that Sgaryons is small, and the meson part can be

described by the KKSS model [119]:

s _ 5 - 2 S 1 2 2
Sp= _/3/d xy/—g% {|DMX| + Vi (Xm) +@(FL +FR) }, @)

where X is the 5-dimensional scalar field. In the holographic model, we take the dila-
tion field ¢(z) = c1z%, and the function hy(z) = e2”~4e()  with ¢; = 1.536GeV? and
¢ = 1.16 GeV?. The 5-dimensional Newtonian constant is taken as Gs = 17.930.

The hybrid model gives the mass-radius relation and the tidal deformability of the neu-
tron stars which are in agreement with astrophysical measurements as shown in Figure 4a,b.
The possible maximum mass for the neutron star is about 2.5M and the radius is about
12 km. In the current holographic model, we didn’t consider the phase transition between
the nuclear matter and the quark matter. The holographic nuclear matter here might refer to
the quarkyonic phase [120,121], which is in confinement with chiral symmetry restoration.

2.5f —— HLPS intermediate
20 —— holographic nulcear matter
o)
= 1.5}
)
4
= 1.0f
0.5}
0.0k .
10 12 14 16 18 20
R/km
(@
108
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10*
< 1000
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1 . . . . .
0.5 1.0 1.5 2.0 2.5
Mys/Mo

(b)

Figure 4. The mass-radius relation in (a) and tidal deformability as a function of the mass ratio
between the neutron star and the sun in (b) calculated in a dynamical holographic QCD model. The
figures are updated by Lin Zhang based on results in [118].
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4. QCD Matter under Electromagnetic and Vortical Field

The hot and dense matter created in non-central heavy-ion collisions (HICs) shows the
fastest rotation with the angular momentum in the range of O(10*)#-O(10°)% or a vorticity
of order 102! s71[33,122-124], and the strongest magnetic field B~108G for RHICs, while
B~10%°G at the LHC [30,31]. Both the magnetic field and rotation will polarize quarks
and gluons, thus changing the QCD matter properties under an external magnetic field
and rotation.

The novel phenomena of QCD matter under external magnetic fields include the chiral
magnetic effect (CME) [75-77], a magnetic field enhancing the chiral symmetry breaking in
the vacuum, which is called magnetic catalysis (MC) [125-127], and the critical temperature
of the chiral phase transition decreasing with external magnetic fields, i.e., inverse magnetic
catalysis (IMC) [128-130]. Recent lattice calculations showed some unexpected properties
of pion mass under a magnetic field: (1) the neutral pion mass decreases with the magnetic
field, then saturates with a strong magnetic field; (2) the charged pion mass exhibits a
nonmonotonic magnetic-field-dependent behavior [131]; it first increases and reaches a
peak around eB~0.5 GeVz, then decreases. Besides, the lattice calculation also showed that
the magnetic susceptibility of quark matter is negative (diamagnetism) at a low temperature
and is positive (paramagnetism) at a high temperature [132,133]. Much effort has been made
to understand these properties, and it is still challenging to describe all these phenomena
within one self-consistent framework.

The global polarization of A and A was predicted in [34] and was observed by the
STAR Collaboration for Au+Au collisions at /sy = 7.7-200 GeV [35]. The experimental
data showed that: (1) both the global spin polarization and the splitting of P, ,; become
stronger at lower collision energy; (2) the polarization of A is larger than that of A, i.e.,
PR > Pj.

In [134], it was found that the global polarization of A/A can be induced by the
rotation and the splitting of the A — A polarization induced by a magnetic field. In [134],
the three-flavor NJL model included the "t Hooft determinant term with the Lagrangian £,

8
£y =3 LB 07+ Gir'x | - Gefderp( )y + deg1 -} ©

taking into account the anomalous magnetic moment (AMM) of quarks under an external
magnetic field B:

Lapmy = ¥ (i'y”Dy — 1M+ KqB012> P, (7)
and considering the contribution of the axial vector interaction under rotation characterized
by the angular velocity ():

£a =220+ OF) + 17| 9 = Ga{ (B2 + (12702}, ®

With the values of () and eB extracted from experimental measurement, we input these
values into the above dynamical quark model including the axial vector interaction and
AMM and re-derived the polarization of the s quark and 5 quark, and the results are shown
in Figure 5. It was noticed that the rotation contributes the same polarization to the s and 3
quarks, while the magnetic field contributes a positive polarization for the 5 quark, while
giving a negative polarization for the s quark. The splitting of the A — A polarization
induced by the magnetic field includes two sources: (1) the remaining magnetic field from
the evolution of the system after the collision and (2) the magnetic field induced by the
vorticity [135]; this is shown in Figure 6.

However, at a collision energy below 7.7 GeV, the magnitude of the magnetic field
used at freeze-out is at least 20-times smaller to induce the large splitting polarization
of Py 5. It will be needed in the future to reanalyze the magnetic field evolution at low
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collision energies where the vorticity is high; thus, the generation of the magnetic field
from the vorticity [135] should be taken into account simultaneously.

10 T T T

s with AMM&AV
S with AMM&AV

ANexp.  ----- s without AMM&AV
----- S without AMM&AV

Vswn [GeV]

Figure 5. The spin polarization of the s quark and § quark induced by rotation and a magnetic field
as a function of the collision energy /s. The figure is from [134], where the details can be found.
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Figure 6. The splitting of A/A polarization P5x — P, induced by rotation and a magnetic field as a
function of the collision energy +/s. The figure is from [134], where the details can be found.

5. Outlook

As we have shown, understanding quark matter’s properties and QCD phase tran-
sitions under extreme conditions is of special interest for investigating the evolution of
the universe, exploring the structure of compact stars, and understanding observable
heavy-ion collisions. The properties of QCD matter and phase transitions in which we
are interested lie in the nonperturbative QCD region, where the interplay of the chiral
dynamics and gluodynamics plays an essential role. The lattice QCD calculation can pro-
vide first-principles results, though there are still challenges in the finite baryon density
region. Four-dimensional effective QCD models, especially chiral effective models, can
provide some qualitative analysis of or insight into possible interesting phenomena. Five-
dimensional holographic QCD models based on the AdS/CFT correspondence have the
potential to unveil the interplay of chiral dynamics and gluodynamics.
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Abstract: In the QCD, a transition restoring the chiral symmetry occurs at a high temperature and
density. Searching for the signals of the QCD phase transition is one of the goals of the current
relativistic heavy-ion physics programs. The metastable state is a unique feature of the first-order
phase transition. Using the van der Waals equation of state, the role of the metastable state in finite-
size effects is analyzed. It is found that the finite-size effects of the first-order phase transition are
closely related to the metastable state. Metastability can be observed in the distribution of the order
parameters and the probability of its occurrence depends on the system scale. A sizable probability of
the metastability requires a small enough system size. The possibility of observing the metastability
in the RHIC/BES is discussed.

Keywords: relativistic heavy-ion collision; phase transition; finite-size effect

1. Introduction

In the 1970s, T. D. Lee et al. [1,2] predicted that through high-energy heavy-ion
collisions, it was possible to form a high-temperature and /or high-density environment so
that a new state of matter—quark gluon plasma (QGP) [3,4]—would be produced. Since
then, great theoretical and experimental progress has been made in the field. In the 2000s,
the relativistic heavy-ion experiments, in particular the Relativistic Heavy-lon Collider
(RHIC) in the Brookheaven National Laboratory with a collision energy of several hundred
GeV, had observed the parton (quark and gluon) degrees of freedom [5-8]. It is widely
believed that a strongly coupled QGP has been formed. The discovery of the QGP phase
is a milestone in heavy-ion physics. However, the phase boundary between the hadron
phase and the QGP phase has not been conclusively mapped yet, challenging the theory
and experiment.

Consider Ny flavors of massless quarks which couple in the fundamental represen-
tation of a SU(N,) color gauge group. The flavor symmetry of the quantum theory is
Gf = Za(Ny) x SU(Ny) x SU(Ny). At zero temperature, the chromodynamic vacuum
spontaneously breaks G to SU(Ny), while at a high temperature, the full chiral symmetry
is restored to the vacuum [9]. Lattice QCD calculations at a high temperature indicate that
the restoration of the spontaneously broken chiral symmetry with a physical quark mass
is a smooth crossover at zero baryon chemical potential [10], while several QCD-based
models predict a first-order phase transition at a high baryon chemical potential [11-15].
The existence of the critical point, which terminates the first-order phase transition line
in the QCD phase diagram, is expected and being searched for in the ongoing heavy-ion
experiments.

High cumulants of conserved charges are sensitive observables to the critical
point [16-18]. Their sign or the change in the sign can signal the critical point. Especially,
the fourth-order cumulant (kurtosis) should show a non-monotonic energy dependence
when the chemical freeze-out line gets close to the critical point [19]. The STAR data of the
first stage of the beam energy scan (BES) at the RHIC indeed shows the non-monotonic

Symmetry 2023, 15, 510. https:/ /doi.org/10.3390/sym15020510 30 https://www.mdpi.com/journal /symmetry



Symmetry 2023, 15, 510

behavior of the kurtosis of the net-proton distribution [20]. However, it is hard to obtain
a definite conclusion due to the large error bar, as well as the lack of knowledge on the
finite-size effects, the acceptance effect and the non-equilibrium dynamics.

Instead of directly observing the critical point, the identification of the first-order
phase transition is thought to be crucial to the determination of the phase boundary. If
we see signals of the first-order phase transition, the existence of the critical point is also
validated because a first-order phase transition line will definitely terminate at a critical
point before touching the crossover region. For that reason, the future second stage of the
BES at the RHIC not only enhances the statistics and acceptance at existing energies but
also extends the energy range down to lower energies. Other heavy-ion programs, e.g.,
the Compressed Baryonic Matter Experiment (CBM) at FAIR (in Germany), the Nuclotron-
based Ion Collider fAcility (NICA) at JINR (in Russia) and the Cooling Storage Ring (CSR)
at HIRFL (in China), will also concentrate on lower energies and hence a larger baryon
chemical potential, giving more possibilities to explore the first-order phase transition.

A possible signature of a first-order phase transition is reported in the directed flow
measurements in the STAR BES Au+Au collision data [21]. The slope near the mid-rapidity
for protons and antiprotons at intermediate impact parameters shows a minimum between
a collision energy of 11.5 and 19.6 GeV. The net-proton slope changes the sign twice between
7.7 and 39 GeV, which qualitatively resemble the predictions of a hydrodynamical model
with a first-order phase transition. However, the position of the dip in the data differs from
that of the hydrodynamic model, and the error bars for different centralities are large, which
requires more statistics and a better reaction plane resolution. Therefore, other signals and
evidence of the first-order phase transition are still needed.

An interesting feature of the first-order phase transition is the spinodal curve, i.e., the
“S"-shape curve of the equation of state, such as the function p(V) of the van der Waals
fluid. It refers to an interval of the number density where the derivative of the pressure

with respect to the volume is positive, i.e., (aa—";) 7 > 0. Such a mechanical instability forms
a region on the T-n plane, called the spinodal instable region. It also refers to an interval

where (g—";) 1 < 0, but the state is metastable. This region is called the spinodal metastable
region. Spinodal instability and metastability are general features of the first-order phase
transition and are associated with a convex anomaly in the entropy or free energy [22].
The distribution of the order parameter (number density) which is determined by the free
energy also has a convex anomaly, resulting in a double-peak shape.

A double-peak shape of energy and density distributions is demonstrated in a lattice
gas model [22]. A similar shape of the density distribution is also shown in a van der
Waals fluid [23]. The double-peak distribution can fit the first four cumulants of the proton
distribution observed in the STAR data of Au+Au collisions at 7.7 GeV [23]. However, the
physical meaning of each peak has not been clarified. Because systems created in heavy-ion
collisions are only a few fm in size [24,25], the dependence of the double-peak distribution
on the system size, i.e., the role of stable and metastable states in a small-size system, has
not been studied so far.

Because the calculation of the QCD phase transition at high baryon chemical potential
is unavailable, the van der Waals fluid is used just as an example to demonstrate the general
behaviors of the metastable states. This paper is organized as follows. The van der Waals
equation of state is given in Section 2. We demonstrate the spinodal metastable region
on the T-u plane in Section 3. The two peaks of the density distribution are analyzed to
correspond to the gas and the liquid phase, which appear in the form of a stable state and
a metastable state, respectively. There is a notable volume dependence of the probability
of the metastable states which is carefully studied. A small system size is favored to
observe the metastable state. The metastable states only contribute to finite-size systems.
By considering the contribution of the metastable states, some of the finite-size effects of the
first-order phase transition are easily understood. A possible metastable state indicating
the quark phase in the STAR Au+Au collision data at 7.7 GeV is also shown in Section 3.
Section 4 gives the summary.
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2. Formalisms and Methods

The standard van der Waals equation of state (EoS) is given by the pressure function
in the canonical ensemble (CE) with a fixed particle number as

NT N2
V_bN ‘vz M

p(V,T,N) =

p, V, T and N have their usual meanings as the pressure, the volume, the temperature and
the particle number, respectively. The parameters a and b describe the attractive interactions
and the repulsive interactions caused by the excluded volume.

In order to accommodate systems with varying particle number, we have to extend
the van der Waals EoS to the grand canonical ensemble (GCE). Such extending can be
found in the pioneering work [26]. For ease of reference, a systematic deduction is given in
Appendix A. Relativistic dispersion relation and Boltzmann statistics are used. As a result,
the particle number density n (n = N/V) as a function of temperature T and chemical
potential u is given by the following transcendental equation,

T (1—bn)e(T) nT

U . +b1—bn — 2an, ()

T 2
o(T) = 5 K2<7¥> 3)

Here, ¢ is the degeneracy factor, m is the particle mass and Ky (m/T) denotes the modified
Bessel function of the second kind.

In a model of interacting nucleons, ¢ = 4 and m = 938 MeV are used. We further
assume a = 262 MeV-fm3 and b = 1.11 fm3, resulting in a critical point with T, = 28—7“}7 =
69.9366 MeV, n. = 3177 = 0.3003 fm 2 and y, = 791.542 MeV [23]. The general behavior of
the spinodal curve does not change with parameters.

with

3. Results and Discussions
3.1. Spinodal Metastable Region of the van der Waals Fluid

With the definition v = V/N (volume occupied by each particle), the EoS (1) can

transform to
T a

p(T,v) = P 4)

0?2’

At T < T, the function p(v) gives an isotherm, i.e., a spinodal curve, shown in Figure 1a.

9
liquid (a) 810
— 8 A T-Te — table state A N A (b)
™ . .
'E 7 ==== metastable state 805 s "’;s’ liquid
19" ¢
< N e unstable state N Sl S
25 2 goof Ko 227"/ Q(B) AB-stable liquid
é 4 =t A BD-metastable liquid
o 3 795 LQ-stable gas
2 790 L QN-metastable gas
o 2 4 6 8 10 12 14 2 3 4 5 6 7 3 o
v (fm?) p (MeV/fm?)

Figure 1. (a) An isotherm in p(v) plot at T = 62 MeV (a randomly chosen temperature for T < T;).
(b) An isotherm in y(p) plot.

On this curve, the segment DON represents an instable state where the condition

of stable equilibrium (%)T < 0 is violated. An orange dotted line is used to denote
unstable states in Figure 1a. The conditions of phase equilibrium require that a horizontal
line BOQ is constructed to replace the spinodal curve in order to maintain equal T, p
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and y in the two phases (also known as Maxwell’s construction). An equilibrium phase
transition between the gas and the liquid takes place along the straight line BOQ rather
than the spinodal curve. The systems on segments AB, BOQ and QL correspond to a pure
liquid, gas-liquid coexistence and a pure gas, which are all stable states, denoted by blue
lines in Figure 1a. The condition of stable equilibrium does not exclude segments BD
and NQ. The systems on the two segments are possible to appear but will rapidly evolve
to some corresponding states on line BOQ in case of disturbance. That is why they are
called metastable states. The metastable states, plotted as green dashed lines in Figure 1a,
were confirmed by experiments and named super-heated liquid and super-cooled gas [27],
respectively.

Another isotherm can be expressed by yu(p). By solving the GCE EoS (2) at given T
and y, particle number density 7 can be obtained. There are unique or three solutions,
denoted by n;(T, i), i = 1 ori = 1,2,3. By putting n; into the variant form of EoS (1), i.e.,

nT
p(T,n) = 7 —an’, ®)

the pressure p;(T, jt) can be obtained, with unique or three values, too. If T is fixed, an
isotherm expressed by p(p) is plotted in Figure 1b for T < T,. Using the thermodynamical

identity (%)T = v, one can present the chemical potential yx at any point X on the
isotherm as

Px / /
Hx = py +/p dp'v(p’, T), (6)
Y

where the integration is performed along the isotherm from point Y to point X. According
to Equation (6), the chemical potential decreases with v if (%)T < 0, and it increases

if (g—z)T > 0. Therefore, the chemical potential is a monotonously decreasing function
of v along ABD (in Figure 1a) and reaches its minimal value at D. Then, it increases
along DON and reaches its maximal value at N. Next, the chemical potential decreases
monotonously along NQL. Therefore, segment ABD in Figure 1b is the liquid state, with
AB denoting a stable liquid (blue line) and BD denoting a metastable liquid (green dashed
line); segment NQL is the gas state, with LQ denoting a stable gas (blue line) and QN
denoting a metastable gas (green dashed line); and the coexistence line BOQ in Figure 1a
changes to a point Q(B) in Figure 1b.

The chemical potential of the first-order phase transition is denoted as yy, i.e., the
value at point Q(B) in Figure 1b. p_ denotes the chemical potential of point D and p
denotes that of point N. As the green dashed lines indicate, metastable states are possible
to appear in the interval u € (p—, 4 ). At another temperature, a similar y(p) plot can be
obtained, as long as T < T, giving another set of 1, ;1— and . By such procedure, we
obtain the three curves po(T), u—(T) and p(T), as plotted in Figure 2.

spinodal metastable
region

pure liquid
pure gas phase

phase

H- Ho Hs

Figure 2. The phase diagram of a van der Waals fluid. The red point denotes the critical point and
the solid line denotes the first-order phase transition line in the thermodynamic limit. Spinodal
metastable region is marked by the green shaded area.
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1o(T), denoted by the solid line in Figure 2, is just the well-known gas-liquid coex-
istence line, which forms the boundary of gas phase and liquid phase, in the sense of the
thermodynamic limit. In Figure 2, the red point denotes the critical point. The region
between p_ and y is colored in green, demonstrating the spinodal metastable region
where both the stable states and the metastable states are possible states. Thus, the phase
diagram is divided into five regions, which are marked by Roman numerals I-V in Figure 2.
Region I (4 < p_) describes a pure gas; Region II (11— < u < pg) describes the spinodal
region of a stable gas (corresponding to segment LQ in Figure 1b) and a metastable liquid
(corresponding to segment BD in Figure 1b); Region III (1 = pg) describes the coexistence
of the gas and the liquid; Region IV (y9 < p < p4) describes the spinodal region of a
metastable gas (see segment QN) and a stable liquid (see segment AB); Region V (i > )
describes a pure liquid. Both Region II and Region IV are spinodal metastable regions.

In the thermodynamic limit, only the stable states are adopted due to the criteria of
stable equilibrium. As Figure 1b shows, in order to choose the stable state, the criteria
of the minimum chemical potential at a fixed pressure is equivalent to the criteria of the
maximum pressure at a fixed chemical potential. For example, at a given temperature and
chemical potential, there are three solutions of Equation (2) in the case of p— < p < pg
or pg < p < p. The three solutions are located on the orange, green and blue lines,
respectively, as points s1, s, and s3 in Figure 1b show. The solution s3 on the blue line is
chosen due to its maximum pressure. That means the metastable states s, do not play a
role in the thermodynamic limit. However, in the case of finite volume, metastable states
play an important role in the spinodal metastable region, as will be illustrated below.

3.2. The Probability of the Metastable State and Its Dependence on the Volume

Let us show the metastable state in the distribution of the particle number density of
the van der Waals fluid and its role in understanding the finite-volume effects. According
to the standard formula in statistical physics, the probability for a system with particle
number N in the grand canonical ensemble is as follows,

(eF)NZydW(v, T, N)
Yn(eT)NZEW(V, T, N)

P(N)=P(N;V,T,u) = @)

where the partition function of the van der Waals fluid in the canonical ensemble is given
in Equation (A7). Based on P(N), the distribution of the number density P(n) can also be
obtained, which is volume dependent.

Figure 3 shows the distribution of the number density P(n) in the five regions of the
phase diagram.We see double-peak shapes in Regions II, III and IV. In Region III, the two
peaks are always of equal height. In Region II, the left peak is dominant, while in Region
IV, the right peak is dominant. Four finite volumes are studied in Figure 3. In Regions II
and IV, the relative height of the two peaks varies with volume.

The double-peak shape of the distribution is due to a convex anomaly in entropy or
free energy [22]. According to the Landau—Ginzburg theory, the free energy has two valleys
for T < T, which results in two peaks in the distribution of the order parameter according
to the relation P(X) ~ exp(—F) [27]. Therefore, the first-order phase transition of finite
volume is associated with a double-peak distribution of the order parameter. On the phase
boundary, the two peaks are of equal height, while nearby the phase boundary, the two
peaks are of different height.
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Figure 3. Distribution of the particle number density in five regions of the phase diagram. Each
column has the same volume as indicated at the top. From left to right, the volume is 400, 200, 100
and 50 fm3, respectively. The left peak describes the gas, and the right peak describes the liquid. The
higher peak describes the stable state, and the lower peak describes the metastable state.

In order to understand the physical meaning of each peak in Figure 3, we give an
example in Table 1. For T = 62 MeV and p = 803 MeV (a randomly chosen point in
Region IV), the solutions of Equation (2) are shown in the first column of Table 1. Putting
ni(i=1,2,3) and T = 62 MeV into Equation (5), the corresponding pressure is obtained
and shown in the second column of Table 1. A horizontal gray dotted line of y = 803 MeV is
plotted in Figure 1b, showing three intersections with the isotherm. Point s; (corresponding
to the solution of 1) is located on the orange dotted line, so n; is instable; point s,
(corresponding to the solution of 715) is located on the green dashed line QN, so 11, denotes
a metastable gas, i.e., ny = ny = 0.124643 fm3; s3 (corresponding to the solution n3) is
located on the blue line AB, so n3 denotes a stable liquid, i.e., n; = nz = 0.518450 fm—3.
The two data of ng = 0.124643 fm—3 and n; = 0.518450 fm 2 are drawn as the red dotted
lines on one of the distribution plots in Figure 3, which correspond to the maximum of
the distribution. The left peak describes the gas, and the right peak describes the liquid.
Moreover, the higher peak describes the stable state, and the lower peak describes the
metastable state.
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Table 1. The solutions of Equation (2) at T = 62 MeV and y = 803 MeV. The three solutions
correspond to the three points s 5 3 in Figure 1b.

n (fm—3) p (MeV- fm—3)
n1 =0.290612 p1 =4.47057 instable
n, =0.124643 po = 4.89833 metastable gas (1 = n2)
n3 = 0.518450 p3 = 5.29507 stable liquid (n; = n3)

When y varies from Region I to Region V, the two peaks compete against each other
(see from top to bottom in the same column in Figure 3). The unique peaks at Region I
and Region V represent a pure gas state and a pure liquid state, respectively. Near the
phase boundary, both the gas and the liquid are possible states in the ensemble. The only
difference lies in their probabilities of occurrence. On one side of the phase boundary,
only one phase is dominant. From Region II to Region IV, the system evolves from a
gas-dominant state to a liquid-dominant state.

What do we mean by saying a gas-dominant state nearby the phase boundary? Take
the time evolution of the magnetization M in the Monte Carlo simulation of the Ising model
below T. as an example [28]. When on the phase boundary, i.e., the external field H = 0, the
magnetization M shows many transitions between +Mj and —My. M = +M| represents
two ordered phases, i.e., the upward magnetization and downward magnetization. The
time lengths staying at M and — My, are almost equal. When below the phase boundary,
i.e., H obtains a small negative value, M shows transitions between M| and — M, too,
with a longer time (larger probability) staying at —M . If there are many replicas of the
system in an ensemble (like the samples obtained by the Monte Carlo simulations), some
systems are in the phase of upward magnetization and others are in the phase of downward
magnetization. The number of systems of the downward magnetization is more than that
of the upward magnetization. That represents a downward magnetization-dominant state.
Therefore, a gas-dominant state represents an ensemble where the number of systems
staying in a gas state is more than that of liquid.

It is widely known that the phase boundary is well-defined in the thermodynamical
limit. However, in the case of finite volume, there can not be a clear boundary. Within the
spinodal metastable region, both phases are possible to appear. To quantify the relative
probability of the metastable state, we define

g=Dus, ®)
SS

where Pyis and Psg are the probability peak heights of the metastable state and the stable
state, respectively.

The chemical potential dependence of { at a fixed volume, e.g., V = 200 fm3, is shown
as the blue curve in Figure 4a. { equals to 1 at yp and gradually decreases to 0 at both sides.
The non-zero relative probability illustrates the contribution of metastable states at a finite

volume.
4
1.0 7
—— V=200 fm? 1.0
————— V=2000 fm3 0.8
05 ; 06
0.4
a
(@) 0.2 (b)
. u ;
Hs Ho p- 200 400 600 800 (™M)

Figure 4. (a) The relative probability of the metastable state { as a function of y at two given volumes.
(b) ¢ as a function of volume at u = 803 MeV (19 < u < p4).
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As the volume increases to 2000 fm?, the area enclosed by the purple curve shrinks
and ¢ decreases to 0 more rapidly. That means a metastable state can be observed within a
narrower y interval. We can expect that the interval of the chemical potential will shrink to
zero as the volume approaches infinity. That confirms the statement that metastable states
do not have a role to play in the thermodynamic limit.

The spinodal metastable region in the last subsection is specified by the interval
(u—, uy ) for systems with a varying particle number. According to Figure 4a, we can infer
that the size of the metastable region is volume dependent for finite-size systems. The
smaller the volume, the larger the metastable region.

To quantify how the relative height of the two peaks varies with the volume, { as a
function of volume is shown in Figure 4b. It approximately has a law of

¢~ exp(=V), ©)
which is consistent with the Ising model [28].

3.3. Metastable States” Contribution in Understanding Finite-Size Effects of the First-Order
Phase Transition

The number density #, as an order parameter of van der Waals fluid, is shown in
Figure 5. A spinodal curve ABDNQL is obtained by solving Equation (2) for T < T,. Same
as the previous designation, the blue solid line, the green dashed line and the orange dotted
line represent stable states, metastable states and instable states, respectively. Because the
criteria of a stable equilibrium only chooses stable states, the order parameter n shows the
discontinuity in the thermodynamical limit, as the blue line shows in Figure 5.

795 800 805 810 815
u (MeV)

Figure 5. The average number density (n) at T < T..

The number density at finite volume is calculated by obtaining the average from the
distribution P(n). The discontinuity of the number density is rounded at finite volumes, as
the black dashed line and black dotted line show in Figure 5. The width Ay over which the
transition is rounded is approximately inversely proportional to the volume, i.e.,

1 1
Ap v (10)
where d is the dimension of the system. This relation is in agreement with the Ising
model [28] and the finite-size scaling theory [29-32].
When p < pip, the ensemble is a gas-dominant state. In this state, the relative proba-
bility of the metastable liquid is { and the average number density can be approximately
related to ¢ as a weighted average,

_ng+im

(n)v ~ v (11)

Because  is volume-dependent, the average number density is also volume-dependent
and can be labeled by a subscript V. Due to ngy < n;, the contribution of the metastable
liquid results in (1) > ng for p < po. That explains that the black curves representing two
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finite volumes are above the blue curve at the left of the discontinuity point. In particular,
due to {|y—200 > {|v=soo (see the left half of Figure 4a), there is (n)y_n0 > (1)y—sgoo for
p < po. That is the reason why the dotted line (for 200 fm?) is higher than the dashed line
(for 800 fm?) at the left neighborhood of the discontinuity. Therefore, the volume ordering
of the number density at finite volumes reflects the contributions of the metastable states.
The smaller the volume, the larger the relative probability of the metastable state, and the
smoother and flatter the curve of the number density.

When the chemical potential approaches the discontinuity point yg, { approaches 1
for whatever volume, as Figure 4a shows. It results in

n +n
(n)yy| =~ 1778, independent of volume, (12)

Ho 2

which generates the fixed point behavior (the intersection point of curves of different
volumes).

3.4. A Possible Metastable State in the STAR Data at 7.7 GeV

The conjectured QCD phase diagram has the same structure as that of the van der
Waals fluid. The lattice QCD and NJL models predict that high cumulants of conserved
charges are sensitive observables of the critical point [16-18]. The conserved charges,
especially the number density of net baryon, denoted as #1,,¢tp, plays the role of the order
parameter of the QCD phase transition. It obtains a small value in the hadronic phase

and a large value in the quark phase, i.e., nﬂgfg"“ < ngztaék [33] (the quark number density

shown in Reference [33] is just the baryon number density except a factor of 1/3). Because
the freeze-out line is located in the hadronic phase, if it is close to the first-order phase
transition line, we hope to see a lower peak on the right side of the distribution representing
the metastable quark phase.

In Reference [23], a two-component model was constructed to reproduce the first
four factorial cumulants of the proton at 7.7 GeV, especially to explain the large four-
particle correlations. If there are two different types of events, denoted by (a) and (b), the
distribution of N (the number of proton) is given by

P(N) = (1—a)P)(N) + &Py, (N), (13)

where (1 — a) and a denote the probability that an event belongs to class (a) and (b).
P(4)(N) and P,)(N) are multiplicity distributions governing the event classes (a) and (b),
respectively. The factorial cumulants (the relation between the cumulants and the factorial
cumulants is discussed in Reference [34]) of the total distribution read

(N) = (1—a)(Np)) +a(Ny)),
G = ¥ —a(C—(1-a)N?),
C; = C —a{Cs+(1—a)[(1-20)N3—3NG,]},
G = CP—a{Ci—(1—a)[(1—6a+6a2)N*
6(1 — 2a)N2Cy 4+ 4NC3 + 3(C)4}, (14)

where

(N@)) — (Nw)),
G, = cW-cl (15)

and C,(la/ b) represents the factorial cumulants of the class (a) or (b).
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The factorial cumulants of the model are given in Equation (14). The mean value
of the first four factorial cumulants in the STAR Au+Au collision data at 7.7 GeV are as
follows [20,23],

(N) = 392908, C, = —1.7511,
C3 = —10.3098, Cy = 172.906. (16)

A combination of a binomial distribution (event classes (a)) and a Poisson distribution
(event classes (b)) are used in Reference [23]. There are four parameters in total, including
two parameters from the binomial distribution, one parameter from the Poisson distribution
and one weight factor a. One of the parameters in the binomial distribution is fixed and they
only fit (N), C3 and Cy. In this section, we follow the method in Reference [23], but fit all
the first four factorial cumulants, without fixing any parameters. Each formula in Equation
(14) should be equal to the corresponding mean value given in Equation (16), forming
four equations. Since the number of parameters is equal to the number of equations, the
parameters are exactly determined by solving the set of equations. The result is shown in
Figure 6a. The distribution indeed shows a two-peak shape.

PN> PN>
a (b) Total
0.100 (@ Total 0.100
==== FEvent class <a> ==== Event class <a>
==== Event class > ==== Event class b>
0.001 a(0.0025 0.001 (0.015
Cs() 2819 Cs() 2149
10-° Ce (45,476 105 Cs() 8978
107 N N
20 40 60 80 100 120 20 40 60 80 100 120

Figure 6. The distribution of the proton number. (a) A two-component distribution with a lower peak
on the left side, similar to what is performed in Reference [23]. (b) A two-component distribution
with a lower peak on the right side which is consistent with the scenario of the metastable state.
The blue line represents the stable hadron phase, while the green line represents the metastable
quark phase.

However, it does not agree with the prediction from the metastable state. Because the
number of anti-baryon is much less than that of baryon at low-energy collisions, we expect

hadron quark
B < ng

should hold and ngi‘g{é’rﬁ‘ < nglrlgtrfn approximately holds. In the case of a first-order phase
transition, the lower peak of the metastable state representing the quark phase should be
located on the right side. Figure 6a does not show this feature.

In fact, there is not a unique way to identify the distribution in only reproducing the
first four factorial cumulants. We try some other fittings and find that a combination of a
normal distribution (event class (a)) and a binomial distribution (event class (b)) can also
reproduce the first four factorial cumulants measured by STAR, which is shown in Figure 6b.
There are five parameters in total, including two parameters from a normal distribution,
two from a binomial distribution and one weight factor «. Fitting only four factorial
cumulants needs to fix one parameter. Here, we fix the integer parameter of the binomial
distribution to be 70. In this case, the lower peak representing the metastable quark phase
lies on the right side as the green dashed line in Figure 6b shows, being consistent with
the scenario of the first-order phase transition. So far, the physical meaning of the two
components becomes clear. They represent two phases. The dominant component (event
class (a)) represents the stable phase, and the small component (event class (b)) represents
the metastable phase. The presence of the metastable phase may signal a first-order
phase transition.

the number of baryon can approximate the number of net baryon. Thus, n
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Even though the weight factor « is small (¢ = 0.0025 and 0.015 in Figure 6a,b, re-
spectively), the small component can not be ignored. Without the contribution of the
small component, the four factorial cumulants can not be well reproduced. Particularly,
the small component has a vital effect on higher cumulants, such as Cg. As the legends
show, Cq = 45,476 and —8978 in Figure 6a,b, respectively. That means, even though the
first four factorial cumulants are equal by magnitude for both cases, the fifth factorial
cumulant differs by ~30% and the sixth factorial cumulant differs significantly (by 5 times
in magnitude as well as a different sign).

In case the lower peak in Figure 6b is a metastable quark phase, the extremely small
weight factor « (reflecting a small relative probability of the metastable state) may hint that
the freeze-out point is a little far from the first-order phase transition line. In addition, the
two peaks are not separated far enough in the current data. If the collision energy decreases,

i roton increases. The
centers of the two peaks will be further apart and it will be better to observe the double-peak
structure.

Whether the metastable state is spotted strongly depends on the upcoming measure-
ments of higher factorial cumulants, especially C¢. As indicated in Figure 6, Cs has the
same sign and a similar figure in both cases, while Cg has an opposite sign and differs
much. A definite conclusion should be drawn on the basis of the future C¢ measurement.

. k
the temperature decreases and the difference between ngadron and nguar

4. Summary and Conclusions

In this paper, we revisit the van der Waals fluid and map the spinodal metastable
region in the phase diagram. It is a triangular band along the first-order transition line. In
the thermodynamic limit, the first-order phase transition line serves as a boundary between
the gas and the liquid. However, at a finite volume, the phase boundary loses its original
meaning and is replaced by a triangular band where both phases are possible states.

Finite volumes make the metastable state visible in the distribution of the order
parameter. On the phase boundary, the distribution has two peaks of equal height. Near
the phase boundary, the distribution is still a two-peak shape, but their heights are unequal.
The origin of the two-peak distribution is a convex anomaly in the entropy or free energy.
The two valleys of free energy at T < T¢, as the Landau-Ginzburg theory shows, generate
the two peaks of the distribution of the order parameter. The two peaks represent two
phases. The higher peak represents the stable state, while the lower peak represents the
metastable state. The probabilities of the metastable state are less than that of the stable
state. At the left half of the green area in Figure 2, the gas phase is the stable state and its
probability in the ensemble is dominant, while the liquid phase is the metastable state and
its probability is less prominent. The dominant peak at one side of the phase boundary
becomes less dominant at the other side.

The relative probability of the metastable state { has significant volume dependence.
The rule that the probability { decreases exponentially with the volume is consistent with
the Ising model. At the same T and y, the smaller the volume, the larger the probability of
the metastable state. As a result, the size of the metastable region is also volume dependent.
The smaller the volume, the larger the metastable region in the phase diagram. At a given
volume, the closer to the phase boundary, the easier it is to find the metastable state. The
metastable states play important roles in understanding the finite-size effects of the first-
order phase transition. The smoothness of the discontinuity of the order parameter at finite
volume reflects the contribution of the metastable states. The volume ordering, even the
fixed point, of the number density can also be understood by considering the contribution
of the metastable states.

By fitting the first four factorial cumulants of the proton number in the STAR data at
7.7 GeV, a two-peak distribution, which is consistent with the scenario of the metastable
state, is obtained. The presence of a metastable quark phase may hint at a first-order phase
transition. However, the statement is still uncertain. Due to the non-uniqueness of the
fitting, future measurements of higher factorial cumulants, e.g., C¢, will help to distinguish

40



Symmetry 2023, 15, 510

the scenarios. The fitting made in this study may indicate that the freeze-out point of
7.7 GeV is within the spinodal metastable region. There are two suggestions according to
this study. First, the current weight factor a (reflecting the probability of the metastable
state) is rather small. To enhance the probability of the metastable state, a smaller system
size is favored. Second, the centers of the current two peaks are not separated far enough.
A lower collision energy is favored to decrease the temperature. Then, the two peaks will
be further apart and easier to observe.
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Appendix A. EoS of a van der Waals Fluid in the Grand Canonical Ensemble
Appendix A.1. The Ideal Gas
For an ideal gas, the partition function in the canonical ensemble is

. £y Ve 1 Nodwdp,  VNN(T)
ZGV TN = [ L[] = Al

where V, T, N have their usual meanings as the volume, the temperature and the particle
number. The subscript “CE” denotes the canonical ensemble and the superscript “id”
denotes the ideal gas. In Equation (A1),

o(T) = ngsz<m>. (A2)

Here, g is the degeneracy factor, m is the particle mass and Ky (m/T) denotes the modified
Bessel function of the second kind.
Then, the free energy of the ideal gas reads

F9.(V,T,N) = -Tn 2. = —NT(l +1In V(’;\(IT)), (A3)

with the Stirling’s approximation In N! & NIn N — N used.
The chemical potential is obtained accordingly,

‘e (aF) — i Ve (A4)
Vv, T

oN N
According to Equation (A4), the number density, defined as n = N/V, reads

n(T, p) = o(T)el/T. (A5)
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Appendix A.2. The van der Waals Fluid
The EoS of a van der Waals fluid is usually given by the pressure function as

NT N2

p(V,T,N) = v vz

(A6)
The parameter a describes the attractive interaction and b denotes the repulsive interaction.
The EoS (A6) can be obtained by the mean-field attractive interaction U = fa% [27]

and the repulsive interaction represented by an excluded volume V — bN. Then, its partition
function is

VdW(V T N) = /e T E W—&-LH\]} 1 deldp1

1

= mgoN(T)(v_bZ\r)Ne“rfv. (A7)
Then, its free energy reads
FW(V, T,N) = FL(V —bN, T,N) — aNVZ, (A8)
and the chemical potential will be
u=-Tln (1= bn)(T) +b nr_ 2an. (A9)

1—bn

This is the equation of state of the van der Waals fluid in the grand canonical ensemble. It
is a transcendental equation.
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Abstract: We celebrate the legacies of our friend and mentor Professor Lianshou Liu who was one
of the pioneers for the phenomenology of multi-particle interactions and initiated the physics of
relativistic heavy-ion collisions in China. In this article, we discuss some of the recent exciting
experimental observations on the collective phenomena including collectivity, chirality, criticality,
strangeness production, and thermal equilibrium in high-energy nuclear collisions. Future directions,
especially the physics at high baryon density, will be discussed with a focus on the first-order phase
boundary and hyperon—nucleon interactions.
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1. Collectivity: Azimuthal Angular Anisotropy in High-Energy Nuclear Collisions

Collective flow defined by the coefficiencies of the Fourier expansion of final parti-
cle distribution in momentum space is sensitive to the early stage of nuclear collisions.
Specifically, the first three coefficiencies are called directed flow (v;), elliptic flow (v2), and
triangular flow (v3), respectively. Directed flow is sensitive to the Equation of State (EoS) of
the medium,; elliptic flow is sensitive to the degree of freedom, partonic or hadronic level,
and degree of equilibrium of the medium; triangular flow is sensitive to the initial geometry
fluctuations. A comprehensive set of measurements have been achieved in RHIC-STAR
experiment of nuclear collisions [1-9]. The Number of Constituent Quark (NCQ) scaling of
v, observed at high energy collisions (>20 GeV) indicates that the partonic collectivity has
been built-up [1-3,8,10]. In particular, the D meson also follows the NCQ scaling [2,10,11],
suggesting that the charm quark collectivity is at the same level as that of u, d, and s quarks;
therefore, the created medium reaches (nearly) equilibrium.

The main motivation of Beam Energy Scan (BES) program is to explore the QCD phase
diagram and search for the possible phase boundary and critical point. The first phase of
BES program (BES-I) at STAR experiment covers collision energy /syny = 7.7-62.4 GeV.
Lots of interesting phenomena have been observed; here, we focus on the collective flow
v, measurements. Figure 1 summarizes the directed, elliptic, and triangular flow relevant
observations from STAR BES-I. The v; slope of net-baryon near mid-rapidity as a function
of collision energy is regarded as a possible signal of first-order phase transition. The
non-monotonic energy dependence of v; slope is associated with the phase transition and
the minimum of v; slope is called the “softest point collapse” [12]. In the experiment, as
neutrons are hard to be measured, we use net-proton as a proxy of net-baryon. The left
panel of Figure 1 shows the v; slope of net-proton, net-Kaon, and net-A as a function of
collision energy. The non-monotonic behavior is observed for net-proton and net-A, and
the minimum occurs near /syny of 10-20 GeV. On the other hand, the net-Kaon slope
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shows a monotonic increase from low to high energy. Above /syny = 20 GeV, the net-Kaon
slope is overlapping with net-proton and net-A, while the divergence happens below
20 GeV. Further investigation is needed to understand the physical mechanism of this
divergence at the low energy region. In addition, the centrality dependence measurements
of net-particle v; slope are crucial to understand the effects from mechanism which is not
related to phase transition [13-15]. The v, of particles and corresponding anti-particles
is also found to be significantly different below 20 GeV as shown in the middle panel of
Figure 1. Even though the observed NCQ scaling is not valid for particles and anti-particles,
roughly scaling still works for particle group and anti-particle group separately. One
explanation of the v, difference is the transported effect. The final particles are a mixture of
transported and produced particles, while the dominant part produces particles at high
energy collisions, such as 200 GeV at RHIC and a few TeV at LHC. With the decrease of
collision energy, there are more final particles from transportation. Since the transported
particles undergo the whole collision evolution, the collectivity should be different with
the produced particles. Several model studies try to explain the v, difference of particles
and anti-particles and succeed partly [16-22]. More detailed measurements as a function
of centrality and for (multi-)strange hadrons help us pick out the right mechanism. A
similar difference is also observed for v3, as shown in the right panel of Figure 1. The
collision energy and particle type dependence are the same as v,. Recently, the v; and v,
results of identified particles from /syn = 3 GeV suggest that the hadronic interactions are
dominant at such energy [23-25]. Comprehensive measurements of collective flow from
collision energy <20 GeV, such as STAR experiment BES-II (3-20 GeV) and experiments at
SPS and SIS18 [26-28], help us further constrain the phase transition boundary.
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Figure 1. Collision energy dependence of directed flow slope at mid-rapidity (left), elliptic flow
(middle), and triangular flow (right) difference of particles versus anti-particles. The data are
from [4-9,29].

The energy dependent experimental data on the collective flow can be used to extract
important properties of the medium. The temperature dependence of the event-averaged
shear viscosity-to-entropy ratio 47t77 /s [30] is shown in Figure 2. In the left panel, chemical
freeze-out temperature from each energy [31] is used and normalized to that from 200 GeV
Au+Au collisions. As one can see, in the high energy limit, ,/syy = 39-200 GeV, the ratio
reaches unity, the quantum limit, implying that the medium created in such collisions is
dominated by partonic interactions with a minimum value of 4717 /s. At lower collision
energies, on the other hand, hadronic interactions are dominant, and the medium shows
a rapid increase of the viscosity-to-entropy ratio. The right panel is taken from Ref. [30],
where the temperature evolution of the shear ratio is shown as a function of the scaled
temperature T/T.. Here, T, represents the critical temperature in the calculation [32,33].
The observed V-shaped feature is quite similar to what is described in Ref. [34] and can be
taken as experimental evidence of the expected crossover transition in QCD.
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Figure 2. The effective values of shear viscosity-to-entropy ratio, 47t17/s, shown as a function of the
scaled temperature. The horizontal dashed line indicates the quantum lower limit. Left panel: the
extracted 47117 /s from the energy dependence of the measured v, [6] and v3 [35], shown as the scaled
chemical freeze-out temperature Ty, /T, (200 GeV). Right panel: temperature evolution of 47t /s,
extracted from Bayesian analyses [32,33].

2. Chirality: Chiral Magnetic Effect in High-Energy Nuclear Collisions

The QCD vacuum can exist in states of varying topological charge or Chern-Simons
winding number [36-38]. Sphaleron transitions between those states, strongly suppressed
under normal conditions, may have appreciable probability at high temperatures, such as
those achieved in high-energy nuclear collisions. Local metastable domains of gluon fields
with non-zero topological charges may thus form in those collisions [39]. Interactions of
quarks with those gluon fields can cause an imbalance in chirality, which may manifest as
an electric current along a strong magnetic field, a phenomenon called the Chiral Magnetic
Effect (CME) [40]. Because those local domains break the parity () and charge—parity (CP)
symmetries and because those domains arise ultimately from vacuum fluctuations, out
of which our universe is believed to come into being, an observation of the CME in high-
energy nuclear collisions may unravel the mystery of the matter-antimatter asymmetry of
our universe [41].

The CME has been extensively sought at the RHIC at BNL and the LHC at CERN [42,43]. A
signature of the CME is back-to-back charge separation along the magnetic field, produced
mainly by spectator protons in relativistic heavy-ion collisions [44]. Because the magnetic
field is on average perpendicular to the reaction plane (RP), a commonly used observable
is the three-point azimuthal correlator [45],

Ay =v0s —7ss and 7y = (cos(Px + ¢g — 2¢rp)) ¢y

where ¢, and ¢p are the azimuthal angles of particles « and B of either the opposite
sin (OS) or the same sign (SS). The yrp is the azimuthal angle of the RP and is usu-
ally reconstructed from final-state particles, whose inaccuracy is corrected by a resolu-
tion factor [46]. Equivalently, ¢ can also be calculated by the three-particle correlator
v = (cos(¢u + Pp — 2¢c)) /v2,c, Wwhere v is the elliptic flow parameter of the third particle
c. Several other observables have been proposed and were found to be similar to A~y [47].
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Charge separation measurements revealed strong A<y signals [48-51], approximately
independent of collision energy except at lower RHIC energies where the signal dies off [52].
However, major backgrounds exist that arise from two-particle correlations coupled with
the finite elliptic flow of those background correlation sources [53-55],

N»
AYbkgd = N~ 155 (cos(¢a + Pp — 2¢2p))V2,2p - 2)
w

Here, Np,, and 03 5, refer, respectively, to the number and elliptic flow of those two-particle
correlation sources, such as resonances and jets, and ¢, refers to their azimuths; N, p are
the «, B particle multiplicities. Experimental indication of major backgrounds comes from
small-system measurements [56,57]. Clear experimental evidence of those backgrounds is
observed by the STAR measurement of A7y as a function of pair invariant mass [58,59].

It became clear because backgrounds are dominant that data-driven methods must be
invoked to reliably extract the possible CME signal. An initial attempt was completed by
STAR [60] by analyzing data as a function of the event-by-event ellipticity of the particles
of interest (i.e., « and p). A similar event-shape engineering (ESE) analysis [61] was carried
out by ALICE [62] and CMS [63] by analyzing data as a function of v, of the particles of
interest at midrapidity in events selected according to the ellipticity in the forward-rapidity
region. Data are consistent with vanishing CME signals and upper limits, on the order of
20% of the inclusive Ay measurements, have been extracted.

To eliminate large backgrounds, experiments often rely on comparative or relative
measurements. One such relative measurement is the isobar g¢Ru+g¢Ru and §0Zr+30Zr
collisions conducted in 2018 at RHIC [64]. Because of the equal mass numbers of the
isobar nuclei, the physics backgrounds are expected to be the same; the 10% difference
in the atomic numbers is expected to result in a difference in the magnetic fields and
thus in the CME signal strengths between the two systems [65]. A blind analysis was
conducted [66], and the results [67] are shown in Figure 3 with an unprecedented precision
of 0.4%. The Ru+Ru/Zr+Zr ratios of Ay /v, (motivated by Equation (2)) are all below unity,
which has been understood to be due mainly to the multiplicity difference between the
two isobar systems. This difference was predicted by energy density functional theory
calculations [68,69] to arise from the smaller size of the ggRu nucleus compared to that of
the 32Zr nucleus [70]. If the A7y is inversely proportional to multiplicity, then the baseline
for the double ratio would be the bottom dashed line in Figure 3. The measured double
ratios are all above this line, seemingly suggesting finite CME signals, as also pointed
out in Ref. [71]. However, the inverse multiplicity scaling is only approximate because
the background in A+ scales with the number of correlation sources (see Equation (2)),
which may not be strictly proportional to multiplicity. A more realistic baseline may be
the Ru+Ru/Zr+Zr ratio of the pair excess r = (Nps — Nsg)/Nos [67] indicated by the
middle dashed line. If so, then there is no evidence of a CME signal in the isobar data.
To complicate the matter further, background contamination beyond that of Equation (2)
exists because of genuine three-particle correlations and nonflow contamination in v, [72].
Preliminary estimates [73] of those nonflow effects are shown by the shaded bands in
Figure 3, indicating the final baselines for the double ratios measured by the full event and
subevent methods. The isobar data are consistent with these baselines within approximately
one standard deviation, suggesting that the CME signal in isobar collisions cannot be larger
than a few percent—the 0.4% data precision translates into a fopp = 2-3% CME fraction of
the inclusive Ay measurement.
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Figure 3. The seven leftmost black data points show the Ru+Ru/Zr+Zr ratios of Ay /vy (left co-
ordinate) and NAvy /v, (right coordinate) from STAR [67]. The bottom and middle dashed lines
indicate background baselines if the background scales with inverse multiplicity or relative pair
excess r = (Nps — Nsg)/Nos, respectively. The shade bands indicate preliminary estimates of
background baselines taking into account effects of nonflow contamination [73-75].

Another comparative method consists of measurements with respect to the spectator
plane (SP) and the participant plane (PP) [76,77]. Because the SP is better aligned with the
perpendicular orientation of the magnetic field and the PP is determined by the elliptic
flow harmonic direction, Ay measurements w.r.t. SP and PP contain different contributions

from the CME signal and flow background [76]. One can obtain the CME fraction by
fome = Ayeme{PP} _ A/a-1
Ay{PP} 1/a2-1’
w.r.t. PP, which quantifies the angular spread between SP and PP, and A is the ratio of A7y
measurement w.r.t. SP to that w.r.t. PP. Figure 4 shows the fcype and the absolute Ayeume
signal strength in Au+Au collisions at 200 GeV by STAR [78]. While the peripheral 50-80%
data are consistent with vanishing CME, the midcentral 20-50% results indicate a finite
CME signal of the order of 10%, with a significance ranging from 1 to 3 standard deviations.
While the flow-induced background is removed, the results are still contaminated by
nonflow contributions. Model estimates [72] of those nonflow contributions indicate a
consistent-with-zero contribution to the full-event result and a negative contribution to the
subevent results. Estimation utilizing real data is ongoing. If nonflow contamination is
small or even negative, then the positive fcyp observation by STAR may indeed indicate
a finite CME signal. Note this does not contradict the null signal from the isobar data
because the signal to background ratio in isobar collisions is expected to be significantly
smaller, perhaps by a factor of three [79], than in Au+Au collisions, due to the smaller
multiplicity (thus larger background) and the smaller magnetic field strength (thus smaller
CME strength) in isobar collisions [79]; the fcmg ~ 10% signal in Au+Au collisions and the
less than a few percent signal in isobar collisions are, in fact, consistent with each other.

where 4 is the ratio of v, measurement w.r.t. SP to that
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Figure 4. The extracted CME signal fraction fcpg (a) and magnitude Aycypg (b) in the inclusive Ay
measurements by the full-event (FE) and subevent (SE) methods in Au+Au collisions at 200 GeV
from STAR [78].
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In summary, the CME-sensitive Ay measurements in heavy-ion collisions are domi-
nated by flow-induced backgrounds arising from two-particle correlations coupled with
elliptic flow v;. Further background contamination arises from three-particle correlations
and nonflow effects in v;. Methods have been developed to eliminate those backgrounds,
including event-shape engineering, isobar collisions, and measurements w.r.t. spectator
plane SP and participant plane PP. While the former two have yielded null CME signal
with the present statistics, the comparative measurements w.r.t. SP and PP indicate a hint of
femEe ~ 10% CME signal in Au+Au collisions at 200 GeV, with a significance of 1-3 standard
deviations. In the future, an order of magnitude increase in Au+Au statistics is anticipated
from 2023 and 2025 by STAR. This would present a powerful data set to either identify the
CME or put a stringent upper limit on it. Such an outcome would significantly advance
our understanding of QCD and our universe.

3. Criticality: Search for the QCD Critical Point and the Limit of Thermalization in
Heavy-Ion Collisions

3.1. High Order Moments and Search for the QCD Critical Point

Exploring the phase structure of hot and dense QCD matter is one of the main goals
of heavy-ion collisions. In the large baryon density region, the QCD critical point is the
endpoint of the first-order phase transition boundary and a landmark in the QCD phase
diagram. Mapping out the first-order phase boundary and pinning down the location
of the QCD critical point will enhance our understanding of universe evolution and the
structure of visible matters. During the last two decades, many efforts have been made both
experimentally [80-91] and theoretically [92-101] to determine the location of the QCD
critical point. In this review, we will focus on the measurement of high-order moments
with the data taken in the first phase of the beam energy scan program at RHIC.

For a quantum system, the thermodynamic pressure [102] can be expressed via tem-
perature T and chemical potentials y;, where (i = B, Q, S) stands for conserved quantum
numbers of baryon (B), electric charge (Q), and strangeness (S) in heavy-ion collisions:

PT, i g s, V) = 1 LinZi = Y485 [ Rakin{1 = expl( ~ E)/T]). @)
1 1 )
Here, k, g;, and =+ signs stand for the particle momentum, the degeneracy, and the nature of
Fermion (4) or Boson (—). The sum goes over all particles in the equilibrium with masses
up to 2.5 GeV from the PDG.
For a conserved quantity, the cumulants in thermal equilibrium can be expressed
through the generalized thermodynamic susceptibilities:

;v
Ch = =T"x" 4
and the n'h order generalized susceptibilities are the derivatives of the pressure:
(w _ 4°P

Fluctuations and correlations among conserved charges, i.e., baryon number (B),
electric charge (Q) and strangeness (S), are sensitive observables to probe the QCD phase
structure. Experimental proxies, such as net-protons, net-kaons, are used for measurements
of mean (M), variance (¢2), skewness (s), and kurtosis (x) of conversed charges [82,83,85].
As an example, the connections between moments and cumulant (C,,) ratios of conserved
charges are listed as the following;:
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where i = B, Q and S are the conserved charges, Ci, is the n'" order cumulant, and x/, (T, ;)
is the generalized susceptibility defined as the n'h order derivative of pressure with respect
to chemical potential ;.

One of the most important advantages of Equations (6)—(8) is that they connect the
measurements, the experimentally measured moments on the left sides of the equations, to
the ratios of the thermodynamic susceptibilities (and ratios of cumulants) from theoretical
calculations [98,103-107]. These constructions offer not only a sensitive probe for studying
the QCD phase structure in high-energy collisions but also to test the limits of thermaliza-
tion in such collisions. The latter is a necessary step for us to understand the emerging
macroscopic features from the violent microscopic scatterings.

We start first from experimental observations. As a summary, Figure 5 shows recent
results on the fourth-order net-proton (filled red circles) and proton (open squares) high
moments in central Au+Au collisions from the RHIC BES program and the HADES experi-
ment [86,89,108] together with model comparisons. The thin solid red and dot-dashed blue
lines depict a qualitative prediction for the behavior of the fourth-order net-proton cumu-
lant ratio C4/ C; (k0?) due to an evolution in the vicinity of a critical region [94]; the locations
of the peak of the dot-dashed blue curve and the dip of the solid red curve are chosen only
for a qualitative comparison. Intriguing non-monotonic behavior is observed in the data,
and while large error bars prevent one from making a more decisive conclusion, the behav-
ior of the fourth-order net-proton cumulant ratio in the energy range /syy = 7.7-27 GeV
seems to significantly deviate from the non-critical baseline provided by models. In particu-
lar, both the hadronic transport model UrQMD (cascade mode) [109,110] (gold band) and a
thermal model in the canonical ensemble [111] (dot-dashed red line) predict, for decreasing
collision energy, a monotonic suppression in the fourth-order cumulant ratio C4/C, due
to baryon number conservation, in contrast to the behavior tentatively seen in data. In
addition, the experimental data at /syny < 20 GeV indicate an excess of two-proton corre-
lations as compared to a non-critical baseline including effects due to, e.g., baryon number
conservation [112]. At 3 GeV, the agreement between data and transport model calculation,
see the cross in the figure, implies that hadronic interaction dominates the properties of the
medium [89,113]. These data imply that the QCD critical region, if created in heavy-ion
collisions, could only exist at energies higher than 3 GeV.

The green band, in Figure 5, covers collision energy /syn = 7.7-19.6 GeV and is
the estimated statistical uncertainty from the RHIC beam energy scan phase Il program.
As one can see, in order to complete the beam energy scan and determine if the QCD
critical point exists, the CBM experiment at FAIR is necessary to fill the energy gap between
V/SnN = 3-8 GeV [114]; see the hatched region in Figure 5. Finally, it is worth noting that, in
low-energy collisions, net-proton cumulants have also been recently proposed as a means
for extracting the speed of sound and its logarithmic derivative [115].
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Figure 5. Collision energy dependence of the ko2 (C4/Cy), for proton (squares) and net-proton
(red circles) from top 0-5% Au+Au collisions at RHIC [87,89]. The points for protons are shifted
horizontally for clarity. The new result for proton from ,/syx = 3GeV collisions is shown as a
filled square. HADES data [108] of \/syn = 2.4 GeV 0-10% collisions are also shown. Statistical
uncertainties are presented by bars while the systematic ones are indicated by the vertical grey bands.
The green band is the estimated statistical uncertainties from the BES-II program. Results from the
Hadron Resonance Gas model [111] and transport model UrQMD [109,110] are shown as the red
dot dashed line and gold band, respectively. The thin solid red and dot-dashed blue lines depict a
qualitative prediction for the behavior of the fourth-order net-proton cumulant due to an evolution
in the vicinity of a critical region [94].

3.2. Limits of Thermalization in High-Energy Nuclear Collisions

In the previous subsection, the energy dependence of the high order moments of net-
protons for the search of the QCD critical point in the beam energy scan program at RHIC
is discussed. These high order moments, on the other hand, can also be used to test the
limits of thermalization in such high-energy collisions [116]. In the past, yields of hadrons
from high-energy nuclear collisions have been used to fit to the results of thermal model
calculations in order to extract the freeze-out parameters; see, for example, discussions in
Ref. [117]. The mean value of hadron yield is the first order of its multiplicity distributions.
Certainly, the thermal analysis with the first moment M; is necessary, but not sufficient, for
understanding the dynamics that lead to the macroscopic thermal behavior in high-energy
nuclear collisions. Experimentals of high order moments have to be used in the analysis.
Below, we report recent progress [118].

In Equations (6)—(8), the terms on the left and in the middle are experimentally mea-
sured quantities while the generalized thermodynamic susceptibilities, shown on the right
side of these equations, can be extracted from thermodynamic calculations with a given
ensemble. By comparing the associated cumulant ratios with experimental data, one then
can determine freeze-out temperature and chemical potential. In addition, the test of
the limit of thermalization can be performed at any order where data are available. This
approach has been used in the tests of Lattice QCD calculations [103-107,119] and in a
comparison with experimental results [118].
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Here, we present a study using STAR recent published results of net-proton, net-Kaon
and net-charge [82,84,85] and compared to a thermal calculation [116] with grand canonical
ensemble (GCE). The resulting differences in freeze-out temperature and chemical potential
are displayed in Figure 6. Left- and middle-panels show the experimental data of central
(0-5%) and peripheral (70-80%) Au+Au collisions. Right-panels display the results of the
thermal comparison with central collisions generated by the hadronic transport model
UrQMD [109,110]. As one can see, neither peripheral data nor UrQMD central collisions
is consistent with the GCE thermal model predictions for Au+Au collisions in the energy
range from ,/syn = 7.7-200 GeV. For central collisions, on the other hand, the differences
in all orders are consistent within 1¢ in the high energy range \/syn > 40 GeV. The results
imply that, up to the 3rd order, thermalization is indeed consistent with data in high-energy
central heavy ion collisions, but the same cannot be said for collisions below the center of

mass energy 40 GeV.
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Figure 6. Comparison of the freeze-out parameters obtained by fitting to different orders of high
moments of net-proton, net-Kaon, and net-charge from RHIC data [82,84,85]. The differences in
freeze-out temperature (AT) and baryon chemical potential (Aup) are shown in the top and bottom
row, respectively. Triangles, dots, and squares represent the difference of net-proton cumulants
between 2nd and 1st, 3rd and 2nd, and 3rd and 1st. Left and middle-columns are results from
experimental data. The results from hadronic transport model UrQMD [109,110] simulations are
shown in the right column. Yellow bands indicate 1o mark in differences.

The energy dependence of the net-proton fourth-order moment, xo? from central
Au+Au collisions (low panel) are compared with the fitting results (top panel) in Figure 7.
Similarly, at high energy, both fitting results shown in the top panel and net-proton kurtosis
are consistent with the Grand Canonical limits, and clear deviations appear at energy
lower than 40 GeV. In the net-proton kurtosis [86], the expected criticality pattern [94], as a
function of energy, seems evident; see the dot-dashed line in the lower panel of Figure 7. It
is necessary to point out that criticality is a non-equilibrium phenomenon. The observed
deviation from Grand Canonical limit in low energy collisions could be caused by the
system passing through the critical point, but it could also be that the system is out of
equilibrium. The observation of departures from thermodynamic equilibrium in the final
state opens up new directions in the study of heavy-ion collisions. Further analyzing the
new experimental precision data [120] with Canonical Ensemble, where the effect of baryon
number conservation is included, is necessary in order to understand the underlying
physics in the finite baryon density region.
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Figure 7. The top panel shows the energy dependence of x?/ndf from the thermal fits with either
13 data points (green triangles) or 11 data points (gray squares). The bottom panel shows the energy
dependence of the net-proton fourth-order cumulant ratios C4/Cy = ko [82]. The colour filling in
both top and bottom panels tentatively divides the range of collision energies into regions that are
clearly in agreement with the predictions of an ideal resonance gas, and therefore cannot contain the
QCD critical point. Dot-dashed line is a fit result and indicates possible oscillation in the fourth-order
net-proton cumulant ratios [94].

4. Strange Quark Probes of Parton Dynamics and QCD Interactions

Strange quark is a unique probe of the Quark-Gluon Plasma produced in high energy
nucleus—-nucleus collisions. Rafelski and Muller pointed out [121,122] that, in a hot QGP
with a temperature above 160 MeV, the strange quark with a mass of 100 MeV/c? can
be abundantly produced via gluon—gluon fusion to a strange quark pair. Strangeness
enhancement, an increased production of strange hadrons, multi-strange hyperons in
particular, has been considered a signature of equilibrated Quark—-Gluon Plasma (QGP).
On the other hand, if a hadronic gas system can interact and maintain thermal equilibrium
hypothetically for a sufficiently long time, strangeness production can also be significantly
enhanced to reach an equilibrium. Therefore, it is important to investigate the underlying
dynamics for strangeness production.

Strange hadrons can be identified by their decay topologies and such particle identifi-
cation capability can be extended to momentum much higher than the limit from traditional
time-of-flight detectors. Measurements of elliptic flow and nuclear modification factor
of identified particles up to the intermediate transverse momentum region of 5 GeV/c
have been essential in the discovery of the quark number scaling [123,124]. The quark
number scaling is a manifestation of the quark coalescence dynamics for particle formation
at the chemical freeze-out stage. The effective degrees of freedom before the hadronization
must be dominated by parton dynamics, and the partonic hydrodynamics are responsible
for the development of the azimuthal angular anisotropy in the flow measurements. The
change of paradigm from a QGP of free quarks and gluons in a QCD bag to a QGP of
almost perfect fluid of strongly interacting quarks and gluons is one of the most important
achievements of the heavy ion collision physics in the past two decades. The coalescence
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dynamics showed that the partonic degrees of freedom dominate the evolution dynamics
of the QCD matter created in high energy nucleus-nucleus collisions.

The ¢ meson and () hyperon have played a unique role in probing the partonic
dynamics of the QGP. These strange particles do not have significant hadronic interaction
cross sections with other hadrons during the hadronic evolution after the chemical freeze-
out. Therefore, they can carry imprints from dynamics of the partonic phase of the QGP
evolution. Using coalescence dynamics, these particles have been used to probe strange
quark properties in the QGP at the chemical freeze-out [125,126]. Such measurements
have also been conducted with the STAR BES data to probe variations of the strange
quark properties as the collision energy decreases [127]. We note that the ratio of () to
Q) increases as the colliding energy decreases from the STAR BES measurement, and the
ratio is significantly above one at low energy. There is a net baryon number in () hyperons
although strangeness conservation dictates that strange and anti-strange quarks must be
produced in pairs. The dynamics of baryon number transport to () hyperons are a subject
of interest. Measurements of correlations between () and other particles such as Kaon and
anti-hyperons could shed light on the roles of strangeness and baryon number conservation
in baryon transport dynamics [128].

The large number of strange hyperons produced in one single heavy ion collision
also provided a unique opportunity to investigate hyperon—nucleon, hyperon-hyperon
interactions through correlation measurements. The STAR experiment carried out the first
meaningful measurement of a A—A correlation function and extracted the interaction pa-
rameters between As [129]. Motivated by calculations of the HAL QCD Collaboration [130],
STAR measured the p-Q) correlation function from Au+Au collisions [131]. The STAR result,
based on the ratio of correlations from two centrality bins as suggested by the theoretical
calculation, slightly favors the existence of a bound p-() system. ALICE also measured cor-
relations of p-Z and p-Q) from p + p collisions at 13 TeV energy. The ALICE data indicated
a strong p-() attractive interaction though no signal was observed for the existence of a
bound state [132]. Existing measurements of hyperon correlations are not precise enough
to provide definitive conclusions on the interaction strength between hyperons and the
binding energy of possible composite hyperon states. The order of magnitude increase
in the collision data samples in the coming years will enable us to utilize the heavy ion
collisions as hyperon factories to experimentally address an important topic of hyperon
interactions currently incomplete in QCD descriptions of strong interactions.

Because we can identify hyperons at high transverse momentum (pr) region using
their decay topologies, the particle-type (baryon versus meson) dependence of the nuclear
modification factors can yield important insight on the parton energy loss in the QGP
as well. Figure 8 shows the nuclear modification factors, Rcp ratio of normalized yields
of central to peripheral collisions, as a function of pr for charged hadrons, Kaons and A
hyperons [123]. The Rcp values for mesons and hyperons seem to approach each other
around pr of 6 GeV/c. The disappearance of the particle-type dependence could be an im-
portant feature of the Rcp: it would indicate a minimum pr above which the jet quenching
dynamics may dominate, a landmark pr cut separating jet probe from hadrodynamical and
coalescence regions. Improved measurements of the nuclear modification factors above
this important pr cut of 6 GeV/c for identified particles in the next phase of RHIC scientific
program from 2023-2025 could bring new insight on parton energy loss dynamics at RHIC.
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Figure 8. Transverse momentum dependence of the nuclear modification factors for charged hadrons
(open diamonds), Kg (triangles), charged Kaons (stars) and A hyperons (dots) from /sy = 200 GeV
Au+Au collisions. Solid and dot-dashed lines stand for the expected scaling of binary collisions and
number of participants, respectively. There is a clear particle-type (baryon versus meson) dependence
below intermediate pr presumably due to hydrodynamic flow and coalescence dynamics. The
particle-type dependence seems to disappear above pr of 6 GeV/c where partonic jet quenching
dynamics may start to dominate.

Nucleus—nucleus collisions also opened an important venue to study hyper-nuclei dy-
namics, especially from the STAR BES data to a lower energy regime at future facilities. Driven
by baryon density and the strangeness production threshold, both the thermal model [133,134]
and transport model [135] have predicted the production of light nuclei and hyper-nuclei
to peak around 3 < ,/syy < 10 GeV in high-energy nuclear collisions. To remove trivial
factors including chemical potential and canonical effects, double ratios are often used; for
instance, the ratio involving Hypertriton, Helium-3, A, and proton yields:

_ 3 H/?He

S3= AJp )

The experimental results of Sz are shown in Figure 9 along with those from model calcu-
lations [135-138]. New precision data from STAR experiment show a gradual increase as
a function of the collision energy, and the value seems to approach the equilibrium limit
in collisions at the LHC [139,140]. It is also interesting to note that the limiting value is
about 2/3, which is commonly used in calculations of A-N interactions [141]. In the high
baryon density region where /syy < 10 GeV, the double ratio is further away from the
thermal limit, suggesting a clear density effect. More precision measurements are needed
in order to understand the Y-N and Y-Y interactions as well as their implication to the
inner structure of compact stars. For recent discussions on Y-N and Y-N-N interactions,
see Ref. [142] and references therein. The next generation experiment CBM at FAIR with an

unprecedentedly interaction rate capability will be very important for such measurements
after RHIC.
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Figure 9. Strangeness population ratio Sz, from central heavy ion collisions, shown as a function of
collision energy. Model calculations by thermal model (gold dashed line), hybrid UrQMD (blue line),
and AMPT with coalescence (dot-dashed line) are also presented.

5. Outlook: Physics at High Baryon Density

Since the discovery of the new form of matter, the strongly coupled Quark-Gluon
Plasma (QGP) [143], created in high-energy nuclear collisions in the early 2000s, 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 chemical potential 5, while at
vanishing g, there is a smooth crossover between QGP and hadronic matter. Thermody-
namically, a critical point ought to be there at the end of the first-order phase boundary; see
Figure 10. More discussions on experimental results and Lattice calculations can be found
in Refs. [88,99,101,144].

The results, including the observations on collectivity, chirality, critical point, and
strangeness production, from the first campaigning of the beam energy scan at RHIC
show that partonic activities in central Au+Au collisions persist from /syn = 200 GeV
to 39 GeV (corresponding to up/T < 3) while in collisions at 3 GeV (corresponding
to up/T ~ 7) hadronic interactions dominate [23,86,87,89,124,125]. In addition, charge
separation, a measure of the strength of the effect of CME, is vanishing in low energy
collisions [52]. The QCD critical point, if existing, should be accessible in collisions at
energy between 3-39 GeV. RHIC’s second phase energy scan has completed data taking,
and more than 10 fold statistics of Au + Au collisions have been collected for energies
between 7.7-19.6 GeV. In order to complete the physics program of beam energy scan
and study the phase structure of nuclear matter in high baryon density regions, future
experiments such as CBM at FAIR are necessary. It will not only aid the search for the QCD
critical point, but also extend the research to hyper-nuclear production which is important
for studying the basic Y — N interactions. The hyperon-nuclear interaction is one of the
vital connections between the physics of high-energy nuclear collisions and inner structure
of compact stars.
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Figure 10. Sketch of the QCD phase diagram. The dashed line represents the smooth crossover
region up to pp/T < 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 [145]. 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-II program (yug/T ~ 3),
STAR fixed target program (up/T ~ 7) and future FAIR and HIAF facilities are indicated at the top
of the figure.
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Abstract: Using a quark combination model with the equal-velocity combination approximation, we
study the production of hadrons with strangeness and charm flavor quantum numbers in Pb+Pb
collisions at /syny = 5.02 TeV. We present analytical expressions and numerical results for these
hadrons’ transverse momentum spectra and yield ratios. Our numerical results agree well with the
experimental data available. The features of strange and charm hadron production in the quark-gluon
plasma at the early stage of heavy ion collisions are also discussed.

Keywords: heavy-ion collisions; heavy-flavor production; hadronization

PACS: 27.75.-q; 25.75.Ag; 25.75.Dw; 25.75.Gz

1. Introduction

It is well-known that the hadronic matter is expected to undergo a transition to the
quark-gluon plasma (QGP), a strongly coupled state of matter, at high temperatures or
baryon densities [1-6]. The search for the QGP and the study of its properties have long
been the goals of high-energy heavy ion collisions [7-10]. In heavy ion collisions, strange
and heavy-flavor quarks are newly produced (or excited from the vacuum) and most of
them are present in the whole stage of the QGP evolution. They interact strongly with
the constituents of the QGP medium or they are a part of the QGP. Therefore, strange
and heavy-flavor hadrons are usually regarded as special probes to the hadronization
mechanism and properties of the QGP [11-22].

The relativistic heavy ion collider (RHIC) and the large hadron collider (LHC) have accu-
mulated abundant experimental data on strange and charm hadrons [23-36]. These data show
a number of features in the production of strangeness [33,34,37—40] and baryons [32,35,41-44].
Many efforts have been made to understand hadron production mechanisms in theory and phe-
nomenology [45-62]. Hydrodynamic and thermal models [45-49] are commonly used to describe
the production of strange hadrons. For the production of heavy-flavor hadrons, some transport
models are popular (see, e.g., reference [63] and references therein). In particulaz, the coalescence or
recombination models also provide good descriptions of hadron production especially at low and
intermediate transverse momenta [50-56,64].

Based on Qu-Bing Xie’s works in eTe™ and pp collisions in early years [65-70], we
developed a quark combination model (QCM) for hadronization and it works well in
explaining yields, rapidity distributions, and transverse momentum spectra for the
identified hadrons in high-energy heavy ion collisions at various energies ranging from
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RHIC to LHC [53,62,71,72]. Recently, inspired by the property of constituent quark
number scaling for transverse momentum spectra of strange hadrons in p+Pb collisions
at LHC energy [73], we proposed a simplified version of the quark combination model
by incorporating the equal-velocity combination (EVC) to replace the near rapidity
combination in the original model. Many properties of hadron production can be
analytically derived and some of them have been tested by experimental data in high
energy pp, pA, and AA collisions [74-78]. Furthermore, our studies show that the
EVC of charm and light quarks can explain the transverse momentum spectra of single-
charm hadrons at low and intermediate transverse momenta [75,77-80]. In particular,
the model prediction of the A /D ratio was verified by the latest measurements of the
ALICE collaboration [35,81,82].

Recently, the ALICE collaboration published precise measurements of strange and charm
hadrons, especially D mesons and A baryons, in Pb+Pb collisions at LHC [31,83-86]. In
this paper, we apply the QCM with EVC to study the production of strange and charm
hadrons simultaneously at low and intermediate transverse momenta in Pb+Pb collisions at
VSN = 5.02 TeV. We will present analytical and numerical results for the pr dependence of
production ratios between different strange and charm hadrons. We will compare our results
with the experimental data available and make predictions for other types of hadrons.

The rest of the paper is organized as follows. In Section 2, we introduce a general
phase-space structure of the QCM in heavy ion collisions as well as the idea and for-
mula of the QCM in momentum space based on EVC. In Sections 3 and 4, we apply the
QCM to calculate spectra of various strange and charm hadrons in Pb+Pb collisions at
V/S$nN = 5.02 TeV and compare them with data. The final section is a summary of the main
results and conclusions.

2. The Quark Combination Model

The QCM developed by the Shandong group led by Qu-Bing Xie [65-70] is a kind of
exclusive or statistical hadronization model with constituent quarks as building blocks.
A quark combination rule (QCR) can be derived for quarks and antiquarks in the neighbor-
hood of the longitudinal phase space (momentum rapidity) to combine into baryons and
mesons [65-68,87]. The QCM based on the QCR has successfully explained experimental
data on hadron production in eTe™ and pp collisions [65-70,88] as well as in heavy ion
collisions [53,71,89]. A modern version of QCM with spin degrees of freedom in terms of
Wigner functions has been developed by some of us and applied to spin polarization of
hadrons in heavy ion collisions [90-93].

In this section, we introduce the general phase-space structure of the QCM in heavy
ion collisions as well as its simplified version in momentum space to describe momentum
spectra of strange and charm hadrons.

2.1. General Phase Space Structure of QCM in Heavy Ion Collisions

In the quantum kinetic theory, the formation of a composite particle through the
coalescence or combination process of its constituent particles 142 -+ - g, — H can be
described by the collision term incorporating the matrix element squared of the process
and momentum integrals. In the case we are considering, the composite particle H can be
a meson or a baryon, so the constituent particles 14z - - - g, are a quark and an antiquark
for the meson, and are three quarks or three antiquarks for the baryon or antibaryon,
respectively. In heavy ion collisions, the coalescence process takes place in a space-time
region, i.e., the freeze-out hypersurface defined by the proper time 7. The momentum
distribution of the hadron (meson or baryon) reads

/d(ﬂ‘py /H 32E )% (pr+pa+---+pn—p)

X|M(q12 -+ qn — H)f1(x, p1) fa(x,p2) -+ fu(, ), e))
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where p = (E,, p) is the hadron’s on-shell momentum, p; = (E;, p;) is the on-shell momen-
tum of the constituent particle g; with its momentum distribution f;(x, p;) at the space-time
point x on the freeze-out hypersurface, M is the invariant amplitude of the coalescence
process containing the hadron’s wave function, and do*(x) is the surface element pointing
to the normal direction of the freeze-out hypersurface at x. The momentum distribution
can be decomposed into the thermal part and non-thermal part,

filx,pi) = f(Bu - pi) + ™ (pi), 2)

where the thermal part f' depends on Bu - p; with B(x) = 1/T(x) being the inverse
temperature and u#(x) being the flow velocity both of which are functions of x on the
freeze-out hypersurface, and the non-thermal part fl.nth depends only on momentum and
is independent of the space-time coordinate. We can express the space-time point on the
freeze-out hypersurface in terms of the proper time T and space-time rapidity 7 as

x* = (tcoshn,xr, Tsinhy), 3)

and also the hadron’s on-shell momentum in terms of transverse momentum pr and
rapidity Y as
p' = (mpcoshY,pr, mrsinhY), 4)

where mr = \/m is the transverse mass. Then the freeze-out hypersurface element
can be expressed as

L

}
dot = Tdydier O

5 = wdyd*xr (coshy,0,0,sinhy), ®)

so its contraction with the hadron’s momentum reads
dotpy, = tdyd®xrmy cosh(n —Y). (6)

We can express the flow velocity with Bjorken’s boost invariance in the longitudinal
direction with 7 = 0w,

ut(x) =[coshn coshp(x, ¢s), sinh p(xT, ¢s) cos ¢y,
sinh p(x7, ¢s) sin ¢, sinh 17 cosh p(x1, ¢s)], (7)

where p(xT,¢s) is the transverse flow rapidity [94,95] as a function of cylindrical co-
ordinates in the transverse plane xr = |xr| and ¢s, and ¢, is the boost angle in the
transverse plane which can simply be taken as ¢s in approximation. The elliptic flow can
be implemented by [95]

x
p(xr, @) = [oo + p2 cos(24:)], ®)
where R is the transverse size of the fireball, and p; is linked to the elliptic flow coefficient ;.

2.2. QCM in Momentum Space with Equal-Velocity Combination

For the purpose of this paper, we will introduce a simplified version of the QCM
in momentum space with an equal-velocity combination for hadron production. This
corresponds to (a) the quark distributions are homogeneous in space-time and depend only
on momentum and (b) the role of the matrix element squared is taken by the EVC. This
version of QCM is an approximation to the rigorous one in Section 2.1.

We consider a color-neutral system of N; = }; Ny, quarks and N; = }_; Nj; antiquarks
where q; = u,d,s,c and §; = 1,d, 5, denote the quark and antiquark flavors, respectively.
The momentum distributions fu;;(p) = fum;(p; Ny, Nj) and fp,(p) = fp;(p; Ny, Ng) for the
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directly produced meson M; and baryon B; by combining a pair of quark-antiquarks and
three quarks, respectively, can be schematically expressed as

fmi(p) =} / dplszNq-wzfq—(fq)z(m,Pz)RM,-,mz(P; 1. p2), )
7492

fe(p) =), / dpldPZdP3Nﬂ1'72%ft§1nq)zq3(PlrerP3)R3ij1q2q3(p?plrpiP?a)r (10)
q192493

where fq(]”q)2 and féfq)z% are normalized joint momentum distributions; Ng,;, and Ny, 4,4, are
the number of 14, pairs and that of 414243 clusters in the system; RM; q19, and R, ,4.45
are combination kernel functions that stand for the probability density for a 414, pair with
momenta p; and p; to combine into a meson M; of momentum p and that for a 14243
cluster with py, p2, and p3 to combine into a baryon B; of momentum p, respectively.

Just as derived in Refs. [75,76], the combination kernel functions in the EVC can be
written as

RM/#hqz (P p1, pZ):CMij(i{¢)72AM,‘71‘125(P1 - xg}lh p)o(p2 — ngqu), (11)

RB, 1205 (P P1, P2, P3) :CBjRg{%Z% AB 4102059 (P1 — X310205P)
><5(p2 - ngqz%p)&(ps - ng%%p) ’ (12)

where J-functions guarantee the momentum conservation in the EVC and xgiqz = my, / (mq1 +
mgy) and xi o 0. = myg, / (mg, + mg, + my,) are the momentum fraction of the produced
hadron for g;. We note that the mass fraction is the same as the momentum fraction in the
EVC. Masses of up, down, strange, and charm quarks are taken to be m, = m; = 0.3 GeV,
ms = 0.5 GeV and m, = 1.5 GeV, respectively.

The factor Cyy; is the probability for M to be M; if the quark content of M is the same as
M; and similar for Cp;. In this paper, we only consider hadrons in the ground state, namely
mesons with J° = 0~ and 1~ and baryons with J* = (1/2)* and (3/2)*. In this case,
Cpr. is the same for all hadrons in the same multiplet (with the same JP) and determined
by the production ratio of vector to pseudo-scalar mesons Ry ,p, so is it for C B; which is
determined by the production ratio of ] = (1/2)* to J* = (3/2)" baryons Rp,p with the
same flavor content.

The factors Rg 1)72 and Rg{%z% contain Kronecker §’s to guarantee the quark flavor

conservation, e.g., if M; is a D-meson with constituent quark content gc, RY) — 341,40q2,c- If

q1492
Bj is a single-charm baryon with the quark content udc, Rg{ 272,73 = Nsymq,,u0y,,40q3,c, where

Nsym = 1,3, 6 is a symmetry factor to account for the number of different permutations of
three quarks for (a) three identical flavors, (b) two identical flavors, and (c) all three distinct
flavors, respectively.

The factor Api,g,4, is the probability for a quark g to capture a specific antiquark
71 to form a meson in the quark-antiquark system; it should be inversely proportional
to Ny + Nj. Similarly, Ap 4 4,4, should be inversely proportional to (N; + Nj). Both
AM,q,9, and Ap 4, 4,4, are determined by the unitarity and the competition mechanism of
meson-baryon production. Note that for light-quark systems produced in eTe™ and pp
collisions, An1,g,4, and Ap 4,4,4, correspond to combination weights of mesons and baryons
that follow the QCR [65,66,87].

Putting all these factors together, for charm hadrons we are considering,
Equations (9) and (10) become

N:N;

fi(P) = 5N AMC g (iep Kb, (13)
N:.N,;. N,

F () = TNy Ny ARG N e (Kl Kb Kgoet) (14)
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where Ay and Ap are two global coefficients that can be determined by quark num-
ber conservation in the combination process and the baryon-to-meson production ratio
Npg/Npi. We are considering a quark—antiquark system in the mid-rapidity region at very
high collision energies, so that net baryon number and net quark flavor are negligible,
i.e., Nj, &~ Ny, fori = u,d,s,c. Moreover, we assume that the number of strange quarks is
suppressed by a factor A, (strangeness suppression factor) relative to that of up and down
quarks, sowehave N, : Ny : Ny =1:1: As.

If we neglect correlations in the joint momentum distributions among different mo-
menta, we have factorization forms for the joint momentum distributions,

£ ) = £ s (p), (15)
Ao L ps) = £ () (p2) f) (pa). (16)

We will use the above factorization forms in Equations (13) and (14) in our numerical calcula-
tion for single-charm hadrons. By using Equations (13) and (14) with Equations (15) and (16),
we are able to calculate momentum spectra and yields for different hadrons.

Including strong and electromagnetic decay contributions from short-lived reso-
nances [96], we can obtain the momentum spectra of final state hadrons and make com-
parison with experimental data. For charm hadrons, we make an approximation that the
momentum of the daughter charm hadron is almost equal to that of the mother charm
hadron. With this approximation and the production ratio of the vector to the pseudo-scalar
meson being set to 1.5 [28,80], we obtain (for the final state D mesons):

i) ~ 3516fp(p), (17)
()~ 1485fp(p), (18)
o ()~ 25fp: (p). (19)

Similarly, we can set the production ratio of J* = (1/2)% to the [’ = (3/2)" single-
charm baryon to 2 [80] and obtain,

Al (p) ~ 5fp:(p) (20)
V() =~ falp), 1)
AMp) ~ ), (22)
A(p) = fre(p) (23)
fa ()~ 25fz(p), (24)
()~ 25fa(p), 25)
fod () = 15fep(p). (26)

These analytical results can be used to obtain the pr spectra of charm hadrons. For
final state strange hadrons, there are no such analytical results, only numerical ones.

3. Transverse Momentum Spectra and Baryon-to-Meson Ratio for Strange Hadrons

In this section, we apply the QCM introduced in Section 2 to study the production of
strange hadrons in Pb+Pb collisions at /sy = 5.02 TeV. We first calculate the pr spectra
of strange mesons and baryons. Then we calculate the baryon-to-meson ratio A/K? as a
function of pr in different types of centralities.
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3.1. Transverse Momentum Spectra of Strange Hadrons

The inputs of the model are pr spectra of quarks and antiquarks. In this paper, we
adopt the isospin symmetry and neglect the net quark numbers (N;; ~ Ny, fori = u,d, s, c)
in the mid-rapidity region at LHC energy, so we have only two inputs f;(pr) = fu(pr) and
fs(pr), which can be fixed by fitting the experimental data on the pr spectra of ¢ mesons
and A baryons [40,97,98]. The extracted results for the normalized pr spectra of quarks
in central 0-5% to peripheral 70-80% Pb+Pb collisions at \/syy = 5.02 TeV are shown in
Figure 1. The rapidity densities of d and s quarks are listed in Table 1.

—~ 1E — 0-5% T 1E - 30-40% x2°
LQ = -1 Q = 4
S S - 5-10% x2 S e --= 50-60% x2
(3, 1071 N 10-20% x2 @ 107 N 70-80% x2°
R To PN
10—25_ '~ :\\*\_ 10—25_ ‘s,.\:\\
10° 10°%
- (a) d quark - (b) s quark
10—4|||||||||||||||||||||||| 10—4n-..l....l....l....l....
0 1 2 3 4 5 0 1 2 3 4 5
pT(GeV/c) pT(GeV/c)

Figure 1. The normalized pr distributions of (a) d quark and (b) s quark in different centralities in
Pb+PDb collisions at \/syny = 5.02 TeV.

Table 1. Rapidity densities of 4 and s quarks in different centralities in Pb+Pb collisions at
\V/SNN — 5.02 TeV.

Centrality dN,ldy dNs/dy
0-5% 840 370
5-10% 686 302
10-20% 516 227
30-40% 267 115
50-60% 97 40
70-80% 27 10

In Figure 2, we show the results for the pr spectra of Kg and A in 0-5%, 5-10%, 10-20%,
30-40%, 50-60%, 70-80% centralities, and those of ¢, = and ()~ in 0~10%, 10-20%, 30-40%,
50-60%, 70-80% centralities. The QCM results are displayed in lines and experimental
data [97,98] are displayed in open symbols. From Figure 2, we see that our QCM results
for strange mesons and baryons agree with the experimental data very well. Such a good
agreement provides a piece of evidence for the EVC mechanism in describing strange
hadron production in Pb+Pb collisions at the LHC energy.
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Figure 2. The pr spectra of (a) Kg, (b) A, (c) E7, (d) ¢ and (e) (2~ in different centralities in Pb+Pb
collisions at \/syn = 5.02 TeV. Open symbols are experimental data [97,98]. Lines for A and ¢ are
fitting results that are used to fix pr spectra of light-flavor quarks at hadronization in QCM. Lines for
Kg, &~ and O~ are predictions from QCM.

3.2. Baryon-To-Meson Ratio A/ K(S)

Figure 3 shows the multiplicity ratio A/K? as a function of pr in five centrality ranges
0-5%, 10-20%, 30-40%, 50-60%, and 70-80%. Filled squares are experimental data [98],
and lines are the QCM results. We see that A/ Kg exhibits an increase-peak-decrease
behavior as a function of pr in all centralities, which is regarded as a natural consequence
of quark recombination [50-52,99,100]. We see that this feature can be well described by
the QCM with EVC. The height of the peak increases from about 0.8 in the peripheral
(70-80% centrality) to about 1.5 in the most central (0-5% centrality) collisions. The peak
positions in the pr slightly move to higher values from peripheral to central collisions
due to stronger radial flows in more central collisions. The QCM with EVC gives a good
description of the pr dependence of A/ K(S).

o w

L (b)

« 1.5F(@) 15 15F ()
2 i
1t 1 1t
0.5F
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Figure 3. The pr dependence of A/ Kg in (a) 0-5%, (b) 10-20%, (c) 30—40%, (d) 50-60%, (e) 70-80%
centralities in Pb+Pb collisions at ,/syn = 5.02 TeV. Filled squares are experimental data [98] and
lines are the QCM results.
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4. Transverse Momentum Spectra, Yield Ratios, and Nuclear Modification Factor for
Charm Hadrons

In this section, we apply the QCM with EVC to study the production of charm hadrons
at midrapidity in Pb+Pb collisions at /syy = 5.02 TeV. We first calculate the pr spectra of
D mesons and single-charm baryons. Then we give the pr dependence of yield ratios of
different charm hadrons. Finally, we give the nuclear modification factor R 44 for charm
hadrons as a function of pr.

4.1. Transverse Momentum Spectra of Charm Mesons and Baryons

In the QCM, the only additional input is the normalized pr distribution of the charm
quarks, which we adopt a hybrid form based on the simulation of charm quarks propagat-
ing in the QGP medium in a Boltzmann transport approach [100,101]

—Be
e \/ P+ m2 \/ PR+ mZ—m
(”T) exp| -V ) 4 (o Y TF @

Pro T I'c

£ (pr) =

Nnorm

At small pr, this parameterized form is very close to the thermal distribution, while at
large pr, it follows the power law which is a non-thermal distribution. Both the thermal
and non-thermal distributions are smoothly connected through the above parameteri-
zation. Here, the normalization constant Nporm can be determined by the condition

fooo defC(n) (pr) = 1. The parameters a., pro, T, I, and B, are fitted using the data of D’s

p spectra [31,84] and are listed in Table 2. The shapes of fc(") (pr) at different centralities
are shown in Figure 4a. We see that there is a stronger suppression in more central collisions

in the pr range 4 GeV < pr < 10 GeV. Figure 4b shows fc(n) (pr) at different centralities
normalized by 60-80% centrality, which has similar behavior to the nuclear modification
factor Rcp of the D” meson measured in reference [31]. For the rapidity density of charm
quarks dN./dy, we assume that it is proportional to the cross-section per rapidity in pp
collisions as

= 2
F 28)

Here, (T44) is the average nuclear overlap function [31], dof” /dy is the pr integrated
cross-section of charm quarks in pp collisions which is about 1.0 mb at /s = 5.02 TeV [77].
The values of dN, /dy at different centralities are listed in Table 2.

— r 0-10% | & i
(&] — o L
> 1§ -+ 3050% | & 1.5
& —6080% | So |
10! = | .
5“_0 10 :: E:,_o 1 C =
102k L e
£ Tl 0.5 N
10°L (a) ¢ quark | - (b)
Evov v b v b b by coo by e by b by
0 2 4 6 8 10 0 2 4 6 8 10
pT(GeV/c) pT(GeV/c)

Figure 4. (a) Normalized p distribution of the charm quarks fc(n> (pr) at different centralities. (b) The
distribution fc(n> (pr) at different centralities normalized by that at 60-80% centrality.
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Table 2. The parameters in the normalized pr distribution of the charm quarks at different centralities.

Centrality 0-10% 30-50% 60-80%
10 (GeV /0) 0.0051 0.10 0.63

e 05 1.0 15

T. (GeV) 0.46 0.38 0.34

Be 3.10 3.00 2.95

I, (GeV) 0.6 0.6 0.7

AN, /dy 23.07 3.90 0.417

In Figure 5, we present the results for the pr spectra of DY, D*, DJ, and D** mesons at
0-10%, 30-50%, and 60-80% centralities. Open symbols are the experimental data [31,84,85]
and lines are the calculated results. The results agree with the experimental data in the pr
range from 0.5 GeV/c up to 10 GeV/c.

Figure 6 shows the results for charm baryons at 0-10%, 30-50%, and 60-80% central-
ities. Open symbols [only in Figure 6a] are the data of A} [86] and lines are the results
from the QCM, which are in good agreement. Predictions from QCM for other charm
baryons £¢, £F, and Qf are presented in Figure 6b—d, which can be tested in future
experimental measurements.

The agreement between our results and experimental data for various D mesons and
A} baryons indicates the validity of the EVC mechanism in the QCM in describing the
charm hadron production. In this mechanism, the formation of the charm hadron is through
the capture of light quarks in the medium by the charm quark with the same velocity.

- g 0 g +
'S 10F (a) D 10F (b) D
R S 1
Iy b

S 101 X 1071
3 102k =

o :
S 10°F ]

= b o 3050% .
Z 107°F | 60-80%
-010_5 ol e b b a Lo |
0 2 6 8 10 12
p_(GeV/c)
(c) Ds

LU R RLLL B L

------ 0-10%
_oF - 80-50%
< 10 "F _ 60-80%
10*6 ol b b b b |l
2 4 6 8 10 12

2
p,(GeV/c) p.(GeVic)

Figure 5. The pr spectra of (a) D, (b) D*, (c) Dy, and (d) D** mesons at different centralities. Open
symbols are the experimental data [31,84,85]. Lines for D? are fitting results that are used to fix the
shape parameters in the pr spectrum of charm quarks at hadronization in Equation (27). Lines for
DT, Df and D** are predictions from QCM.
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Figure 6. The pr spectra of (a) AJ, (b) 0, (c) 2F, and (d) Q2 baryons at different centralities. Open
symbols are the data of A [86], and lines are the QCM results.

We also calculated pr-integrated yield density dN /dy for charm hadrons at midrapid-
ity and 0-10%, 30-50%, and 60-80% centralities as listed in Table 3. The experimental data
are taken from Refs. [84,85]. The QCM results are slightly higher than data. This is because
we only include single-charm hadrons in the calculation and assume all charm quarks go
to single-charm hadrons. In fact, the hidden-charm J /¥, double-charm baryons, and even
heavy-flavor multiquark states can be produced. If including these particles, our results in
Table 3 will decrease slightly and the agreement with experimental data will be improved.
No data are available for the yield densities of many charm hadrons; our QCM predictions
can be tested by their future experimental measurements.

Table 3. The yield density dN /dy for charm hadrons at different centralities. The experimental data
are from Refs. [84,85].

0-10% 30-50% 60-80%

Hadron

Data oCM Data oCM Data QCM
DO 6.819 £ 0.457 10912 4 0.054 8.438 1.275 £ 0.099 10157 £ 0.010 1.436 — 0157
D+t 3.041£0.07370122 £0.05270232  3.563 0.552 = 0.008 0055 £ 0.009 0% 0.606 —  0.0665
D*+ 3.803 £ 0.0377 0082 +0.04170452 3,600 0.663 £ 002370038 +0.00710152  0.613 —  0.0672
Dy 1.89 +0.0713713702¢ +0.07 2417 0.34 £ 0.017 0051008 +£0.01 0.395 —  0.0368
AS — 5.983 — 1.026 — 0115
. — 0.997 — 0.171 — 00192
It — 0.997 — 0.171 — 00192
=0 — 1.211 — 0.199 —  0.0189
chy — 1.211 — 0.199 —  0.0189
? — 0.246 — 00386  —  0.00311

73



Symmetry 2023, 15, 400

4.2. Yield Ratios for Charm Hadrons

In this subsection, we calculate two kinds of yield ratios as functions of pr for charm
hadrons: one is D3 / D° which is related to strangeness production, and the other is the
baryon-to-meson ratio.

We first look at the results for DS/ DY in Figure 7 at 0-10%, 30-50% and 60-80%
centralities. The symbols in panels (a) and (b) are from the most recent data [85], while
those in panel (c) are from previous measurements [31]. Different lines are the QCM results.
The agreement between the data and our results with the same value of A, extracted from
strange hadrons implies the same ’strangeness’ environment for both strange and charm
hadrons and supports the QCM works as the hadronization mechanism for charm quarks
in the QGP medium.

0.6 0.6 0.6
- (a) - (b) r (c)

1 P N T

0TTETE s 02 02 e e B q0 12 02 46 8 0 2
pT(GeV/c) pT(GeV/c) pT(GeV/c)

D{/ D°

Figure 7. D]/ DY as a function of pr for (a) 0-10%, (b) 30-50%, and (c) 60-80% centralities. The
symbols are experimental data [31,85], and solid lines are the QCM results.

We then look at the baryon-to-meson ratio A} /D, which is considered a probe to the
charm quark hadronization. Recalling Equations (17,20), we have

AF 4267 Ap [fagn)(XZdCPT)]ch(H)(ngCPT) (29)

70_ e
DY 24 A Au 00 (e ) 00 (e

In our calculation, we set Ag/ Ay to 0.45 by Rg/pr = 0.6 in the charm sector [75].
Following Equation (29), the results for A} /DY as a function of pr at different centralities
are given in Figure 8. We see that A /D" as a function of pr shows a similar shape to A /K2
in Figure 3 except a larger shift in the pr at the peak value from the central to peripheral
collisions; in the central to peripheral collisions, the peak values decrease from about
1.3 to 0.9 and their locations in the pr shift from 5 to 3 GeV. The peak locations shifting
lower pr from the central to peripheral collisions is due to the stronger collectivity in more
central collisions.

151 (a) 151 (b) 151 ()

A} D°

o.5f— M 0.56— —['H—‘EE' 0.56—

0TTE T s 02 02 e B 1012 0 2 4 6 8 10 i2
pT(GeV/c) pT(GeV/c) pT(GeV/c)

Figure 8. The baryon-to-meson ratio A7 /DY as a function of pr for (a) 0-10%, (b) 30-50%, and
(c) 60-80% centralities. Symbols are experimental data [86], and solid lines are the QCM results.
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4.3. Nuclear Modification Factor R 55

We finally investigate the nuclear modification factor R 44 for charm hadrons, which
is defined as
1 dNpa/dpr
TAA> d(Tpp /dpr .

The results for differential cross-sections of charm hadrons in pp collisions at
V/s = 5.02 TeV are taken from reference [77] by some of us. Figure 9 shows Ry4 for
prompt DY, D* and D** mesons as well as A at 0-10% and 30-50% centralities. Symbols
are experimental data [84,86], and solid lines are the QCM results. One can see in Figure 9

Raa(pr) = { (30)

that both D mesons and A have similar pr behaviors. The peaks are located at pf%eak which
shifts towards higher values from peripheral to central collisions. This shift is mainly due to
the stronger collectivity in central collisions which can boost thermal quarks to larger trans-
verse momenta that are passed to charm hadrons by the EVC mechanism. We also see that
the peak shift for R4 4 of A} is more obvious than that of D mesons, because A contains
two light quarks and therefore is more influenced by centrality-dependent collectivity.

1.5 1.5
rf‘: " (a) Promopt average p’,D*,D" ff‘( m(b) A = 0-10%
. - ] = 30-50%
- - — <]
I 1 77<:_\__
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_— — (]
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- \ -
i PSS NS T SRR SR NN SR SO S N SR N i PR ST H NNT S ST SR (NN ST SR S N SR
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Figure 9. The nuclear modification factor R 4 4 for (a) prompt DY D* and D** mesons and (b) A}
baryons as functions of pr at different centralities. Symbols are experimental data from Refs. [84,86],
and solid lines are the QCM results.

5. Summary

The comparative study of the production properties of strange and charm hadrons can
provide information on the hadronization mechanism in relativistic heavy ion collisions.
We use a quark combination model in momentum space with the approximation of equal-
velocity combination to study these properties in Pb+Pb collisions at \/syy = 5.02 TeV.
We used experimental data of A, ¢ and DV to fix the pr spectra of up, strange, and charm
quarks at hadronization. We computed the pr spectra and rapidity densities of K, =, O,
D*, D, D'+, Al, 2%, EF and Q0 from central to peripheral collisions. The QCM results
agree with the available experimental data quite well.

We calculated the yield ratios A/K2, D /D° and A} /D° as functions of pr. We
found that the EVC-based QCM in momentum space can naturally describe their non-
trivial behaviors as functions of the pr and the centrality. The pr locations of the peaks
in these ratio curves shift to lower values from central to peripheral collisions, an effect
arising from collectivity in heavy ion collisions, absent in pp collisions. The calculated
results for the nuclear modification factor R 4 4 show similar behaviors for both D and A[,
which can be tested by more precise experimental measurements, especially at a low pr.
All our results support the validity of the EVC-based QCM in describing the hadronization
mechanism of charm quarks in high energy heavy ion collisions.
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Abstract: We explore the quasiparticle model at the finite chemical potential related to Ru-Keng Su’s
distinguished contributions to the topic. In addition, we discuss the recent developments in the model,
and in particular, one argues that the effective mass of the quasiparticle might attain a specific form
as a function of momentum, in addition to its dependence on the temperature and chemical potential.
Unlike the approaches based on the properties of underlying symmetry or the renormalization group,
the momentum dependence emerges as a special solution to an integro-differential equation resulting
from the underlying thermodynamic consistency. Moreover, this special solution to the problem is
shown to be more general than previously explored in the literature. Instead of fitting to the lattice
QCD data at the vanishing chemical potential, in this work, we adopt a “bottom-up” approach by
assuming some analytic ansatzes that are manifestly thermodynamically consistent. The remaining
physical quantities are subsequently derived, and possible implications are also addressed.

Keywords: hydrodynamics; equation of state; quasiparticle

1. Introduction

The transition between the quark-gluon plasma (QGP) and hadronic phases constitutes
one of the most prominent problems in high-energy nuclear physics. In the vicinity of
such a region, the underlying dynamics are essentially nonperturbative, through which
the system undergoes a dramatic change in the number of degrees of freedom. Moreover,
even in the QGP phase, the system’s thermodynamic properties deviate significantly from
those of a non-interacting ideal gas of quarks and gluons. For instance, the lattice quantum
chromodynamics (QCD) calculations showed [1] that the system’s pressure and energy
density undershoot the Stefan-Boltzmann limit by about 15-20%, even at temperatures
T 2 3T.. Moreover, the speed of sound extracted from a lattice QCD is found to be smaller
than that of a massless ideal gas. In particular, as the system approaches the transition
region, it is observed that the speed of sound varies non-monotonically [2]. The above
properties are crucial for adequately establishing the equation of state (EoS), which plays a
central role in providing an appropriate description of the hydrodynamic evolution of the
hot and dense system that emerged in the relativistic heavy ion collisions [3-15].

In the literature, the density-dependent quark mass was suggested by Fowler, Raha,
and Weiner [16] to address the transition between nuclear and quark matter, and the
thermal partonic quasiparticle was initially proposed by Peshier, Kampfer, Pavlenko, and
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Soff [17] to accommodate the numerical experiments from the lattice QCD. Primarily
inspired by its counterparts in other fields of physics, the notion of the quasiparticle is a
phenomenological approach aimed at capturing the bulk thermodynamic properties of
QGP. The model can be viewed as an effective and simplified imitation of the essence of
many existing theoretical efforts, namely the lattice QCD [1], dimensional reduction [18],
hard thermal-loop [19], Polyakov-loop model [20], as well as other hadronic-degree-based
approaches [21]. It was also speculated that the success of the notion of a quasiparticle
degree of freedom will further give rise to novel effective theories from a more fundamental
perspective while properly incorporating the nonperturbative aspects of the QCD.

The quasiparticle model interprets the system as a composition of non-interacting
quanta which carry the same quantum numbers of quarks and gluons. The medium-
dependent quasiparticle mass implements the strong interactions between the elementary
degrees of freedom. For the description of gluon plasma, the quasiparticle mass was
initially assumed to be merely temperature dependent [17]. As the concept flourished in
the literature, a crucial feature of the model was elaborated in a seminal paper by Gorenstein
and Yang [22] with respect to its thermodynamic consistency. The authors solved the issue
elegantly via the requirement of an exact cancelation between the additional contributions
from the temperature-dependent quasiparticle mass and those from the bag constant.

Subsequently, various relevant aspects of the topic were discussed and further de-
veloped by, among others [23-27], Ru-Keng Su in collaboration with his students and
collaborators [28—44]. In [28], the role of an additional contribution to the thermopotential
and its consequential effect on the strange quark matter were explored. A series of studies
regarding the quark mass density- and temperature-dependent (QMDTD) model were
performed in [29-32]. The temperature dependence of the stable radius of a strangelet was
discussed in [29]. The temperature dependence of the bag constant B was explored and
shown to cure the divergence that occurred at the vanishing baryon density in the phase
diagram for the bulk strange quark matter of the original QMDTD model [30]. A systematic
analysis regarding the stability of a strangelet was performed in [31] in the framework of the
QMDTD model. It was observed that stable strangelets are more likely to be encountered in
the region with a sizeable negative electric charge and significant strangeness. The analysis
was then extended to the dibaryon systems [32] regarding different decay channels, and
the results were found in good agreement with those obtained by the chiral SU(3) quark
model. The QMDTD setup was then applied to the context of the Friedberg-Lee soliton
bag [45-47] nonlinear coupled to the sigma [34] as well as omega [35] mesons. The model
was further extended to investigate the properties of deconfinement [36,38] and nuclear
matter [37]. As an alternative approach to address the thermodynamic consistency, an
additional fictitious degree of freedom was introduced [41,42] to elaborate a generalized
version of the first law of thermodynamics.

From the field theory perspective, the mass of a particle can be defined either by the
pole of the effective propagator or via the Debye screen mass extracted at a small momen-
tum, provided the question of the gauge invariance is adequately dealt with. In particular,
the calculations with a hard thermal-loop approximation show that the gluon screen mass
extracted from the above pictures is consistent [19,48]. The derived quasiparticle mass,
in turn, is a function of the temperature and chemical potential. As a result, the above
dependence calls for a generalization scheme for thermodynamic consistency. Further
developments by Peshier et al. give rise to a flow equation [23-25,49]. The latter is a partial
differential equation, and its boundary condition is chosen at a vanishing baryon density,
adapted to the lattice QCD data. It was shown that the thermodynamic properties obtained
from such a framework agree well with the lattice calculations at the finite baryon chemical
potential.

Following [22], one takes the grand partition function of the system Z as the starting
point, which reads

Z(V,T,u) = Tr[e_ﬁ(H_”N)], 1)
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and f is the reciprocal of the temperature T, u represents the chemical potential, V is the
volume of the system, and H and N are the Hamiltonian and conserved number operators.
In order to derive the remaining thermodynamic quantities (such as the pressure, energy
density, and conserved number density) in a consistent fashion, the two following identities
need to be valid,

AZ(V,T, 1) B(H-
BT —Tr[(H— uN)e PH P‘N)], )
and
9Z(V,T,u) A

The conditions Equations (2) and (3) are manifestly satisfied when the Hamiltonian is
not medium dependent. As an example, for the quasiparticle model proposed in [17],

H=) w(k, T,,u)af(akJr VB, 4)
K

where B, the bag constant, is attributed to the vacuum energy, mostly viewed as a con-
stant, and

w(k,T,u) =w(k,m) = \Vk%+m?, ()

where k = |k| and m = m(T) is an explicit function of the temperature. The latter adds
an additional contribution to the partial derivative in Equation (2), associated with H.
The recipe by Gorenstein and Yang is derived from the proposal that B should also be
medium dependent, namely B = B(T), whose entire purpose is to identically cancel out
the undesirable contribution coming from the temperature-dependent quasiparticle mass.
To be explicit, it is not difficult to show [22,23,44] that the above requirement dictates
the relation

dB _ 9pia(T, p,m)
aT om

dm
4T’

(6)

where the pressure of ideal gas is an intensive property given by the standard statistical
mechanics,

T
pa= y 2T )
B=0

whose specific form is given below in Equation (13).
Because m = m(T) and B = B(T), we have B = B(m). In other words, Equation (6)
implies

dB _ dpia(T, pu,m)
dm om

, ®)

T,u

where the bag constant B is understood to be a function of the particle mass m only.
Similarly, if the quasiparticle mass is chemical potential dependent, it seems that the
above scheme can be readily applied. Specifically, one replaces the temperature deriva-
tive in Equation (6) with the chemical potential derivative, while Equation (8) remains
unchanged. Moreover, if the mass function depends on both the temperature and chemi-
cal potential, namely m = m(T, u), Equation (8) seemingly serves the purpose. However,
though it might not be apparent at first glimpse, one can argue [44] that Gorenstein and
Yang’s scheme cannot be applied straightforwardly to such a case. This can be understood
as follows. To be precise, one needs to solve for B = B(m) for an arbitrarily given form
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m =m(T,u), using Equation (8). Observing the Lh.s. of Equation (8), one concludes that
the dependence of the temperature and chemical potential can be entirely “packed” into
the quasiparticle mass . On the other hand, because the form m = m(T, ) is arbitrary, one
can always redefine this function so that the r.h.s. of Equation (8) cannot be written as a
function of m.

We note that the above considerations do not necessarily invalidate Equation (8).
Instead, it indicates the existence of some additional constraint when finite chemical
potential is involved. In [23], Peshier et al. derived a flow equation giving a further
constraint for the mass function m = m(T, u). In [44], some of us derived an integro-
differential equation, which is shown to fall back to the flow equation under certain
circumstances. Moreover, it was demonstrated that there are also other possibilities, and in
particular, the quasiparticle mass can be a function of the momentum.

In the present study, we proceed to further explore the topic by adopting a “bottom-up”
approach. Specifically, instead of numerically adjusting the model parameters to the lattice
QCD data, we choose a straightforward but analytical form for the mass function at the
vanishing chemical potential. By adopting the analytic function, one can scrutinize the
different branches of the mass function in the temperature—chemical potential parameter
plane. The remainder of the present paper is organized as follows. In the next section, we
review the relevant elements regarding the thermodynamic consistency in the quasiparticle
model. The resulting integro-differential equation is presented and discussed. Section 3
focuses on the novel type of solution. In particular, we explore a mathematically simple
form of the mass function at the vanishing chemical potential. It is shown that such a
choice will not entirely determine the mass function in the temperature—chemical potential
parameter plane. Different possibilities are then investigated numerically. The last section
is devoted to further discussions and concluding remarks.

7

2. The Generalized Condition for Thermodynamical Consistency

This section discusses the formal constraints for the thermodynamic consistency in the
quasiparticle model. For the present study, the term consistency implies the following three
essential aspects. First, all the thermodynamic quantities can be derived using the standard
formulae once the grand partition function Z is given. Second, these thermodynamic
quantities possess an interpretation in accordance with the ensemble average in statistics.
Last but not least, most thermodynamic identities, for instance, those based on the first law
of thermodynamics (c.f. Equation (19)) and extensive properties (c.f. Equation (17)), remain
unchanged. To our knowledge, the scheme proposed by Gorenstein and Yang is the only
one that meets all three above requirements.

As discussed in [22], once Equations (2) and (3) are satisfied, the energy density and
particle number density derived either from the ensemble average or from the partial
derivative of the grand partition function possess identical forms. These lead to the
following forms of the energy density

€= :——7:€id+B, (9)

with

k2dkw (k, T, 1)

_8 [
Gd=om fo expl(wkb T,y )T #1 <t (109

“"_r

where ¢ indicates possible degeneracy, “+” corresponds to boson and fermion, and the
counter term “c.t.” indicates contributions from anti-particles obtained by the substitution
u — —p in the foregoing term. We have also considered the isotropic case m(k, T, u) =
m(k, T, ).
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To derive the above equation, we have assumed the validity of Equation (2), namely
the contribution from the temperature dependence of quasiparticle mass has precisely been
canceled out with the temperature dependence of B. By writing it out explicitly, one finds

0B g foo K2dk 1 om
0

T 22 o Wk o) expl(w(k, T,m)—y/T]=1 " ar ~F )

In statistical mechanics, the pressure is interpreted as a “general force”, which reads

laan B lan

p:ﬁTV —ﬁ7=Pid—Br (12)

where

I S A -
pia = 27_[2[0 kdkIn{1Fexp[(p—w(k,T,u))/T]} +c.t.

g o0 Kdk ow(k, T, 1)
1272 Jo  exp[(w(k, T, u)—pu)/T]*1 ok

+c.t (13)
Top

Moreover, as an ensemble average, the number density is found to be

(N) __laan o
SV TV ox (14)
where
g [ k*dk
y= =S et 1
id 2712f0 exp[(w(k, T,u)-u)/T]+1 ot (15

Again, we have assumed the condition Equation (3), which states that the contribution
from the chemical potential dependence of quasiparticle mass in the ideal gas term and
that from the bag constant B cancel out each other. The above condition can be specified
to give

0B g [~ Kk 1 om
PR Tl M o e o W Vi3 E L TR (16

The well-known thermodynamic identity,

9p
e—Tﬁ—pﬂm, (17)

essentially comes from the first law of thermodynamics and its extensive properties. As a
matter of fact, following the procedure elaborated in the standard textbook [50], it is not
difficult to verify that the total derivative of 4 = In Z gives

dq=—-(N)da—(E)dB - BpdV. (18)
By comparing the above expression with the first law of thermodynamics, namely
d(E) = TdS — pdV + ud(N), (19)

we have the mapping

84



Symmetry 2023, 15, 241

1

=
M
T
S
g+aN+BE=—. (20)

kg

The validity of Equation (17) is readily verified.

Now, we proceed to discuss the implications of the conditions Equations (11) and (16).
By taking the partial derivative of Equation (11) in u and comparing with the partial deriva-
tive of Equation (16) in T, one arrives at the following integro-differential equation [44]

om om

<<ma7>>— = <<m$>>+, 1)

where

_re exp[(w - p)/T]
(01 = [ Rak| e e <t Jow)

I exp[(w - p)/T)(w - )
(O). = fo k%lk{ bl )T = 10T +c.t.}O(k).

(22)

The solution of Equation (21), m = m(k, T, ), is in general a function also of the
momentum k. In turn, the bag constant B is obtained by integrating Equations (11) and (16)
on the parameter plane. It can be viewed as a functional of m(k, T, i) besides being
a function of T and p. It is noted that the above discussions can be straightforwardly
generalized to the case where the system is not isotropic, where m = m(k, T, u). As pointed
out in [44], if one simplifies and considers the momentum-independent case, namely
m(k, T, ) = m(T,u), one readily falls back to the flow equation derived in Ref. [23]. In
this case, B also simplifies to a function of T and u. We are, however, more interested
in exploring the momentum-dependent case, which will be elaborated further in the
following section.

3. Bottom-Up Toy Model Approaches

An apparent momentum-dependent solution to Equation (21) can be obtained by
“factoring out” the momentum integration | k*dk and assuming the integrand vanishes. In
other words,

exp[(w-p)/T]T om _ [exp[(w—p)[T](w—p) am
{<exp[<w—y>/T]¢1)2‘°t‘} {(eXP[(w—ﬂ)/T]ﬂV+C't'}3ﬂ' )

oT
The above equation can be solved by using the method of characteristics [51]. To be
specific, for a given k, the solution is the surface tangent to the vector field

(a(T,p,m),b(T,pu,m),0),

where ( \/TIT
_ exp[(w-u
WM = opl(w =T =12~

(24)
Ty - SRL@= 0N =)
(exp[(w -p)/T]+1)
Its formal solution is the characteristic curves obtained by the integration
d—T =a(T,u,m),
A
dy (25)
- b(T,p,m),
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where A is an intermediate variable, for given k, m, and thus w.

An interesting scenario that gives rise to an analytic solution occurs when one ignores
the anti-particles” contributions. By taking w, T, i as the three independent variables, the
method of characteristics gives [44] the following formal solution

m :f(T‘" k), (26)

w-u’

where an arbitrary function f furnishes the boundary condition at vanishing chemical
potential, namely f(T) = f(T,0) = m(T,u = 0,k = 0), where we assume that the mass is
independent of the momentum at y = 0. We note that the resultant mass function is a
function of k, T, and m, and therefore the solution of the form Equation (26) serves as a
simple but non-trivial example.

In [44], the freedom in f was employed to perform a numerical fit to the lattice QCD
results for the Ny = 2+1 flavor QCD system [52-56] at the vanishing chemical potential.
Then, the relevant physical quantities, such as the trace anomaly, sound velocity, and
particle number susceptibility, were evaluated and compared to the lattice data. Instead,
we adopt a “bottom-up” approach for the present study. Specifically, we consider two
cases where one assumes a simple ansatz for f posteriorly adapted to the lattice results and
proceeds analytically to a large extent.

Case 1: Our first choice is a simple linear fit. Based on the lattice data [52] shown in
Figure 1, there are two regions where the mass of the quasiparticle is primarily a linear
function in temperature. In other words,

flisg=c1T+c2, 27)
which gives
f(Tw,k) :f(Tw) _alw +Co. (28)
w-p w-p) w-p

Despite its simple form, Equation (27) might be plagued by the pole on its denominator.
To avoid the pole at w = y for an arbitrary momentum k indicates the condition

w >, (29)

that is, w > m > y, by considering the definition Equation (5). Otherwise, if one requires
w < |, it is always possible to find a momentum k large enough to violate the condition.
Substituting Equation (28) into Equation (26) gives

w(m-c1T-cy) =u(m-cy), (30)
for which Equation (29) dictates
c1 >0, (31)

while given T > 0 and u > 0.

By substituting Equation (5) into Equation (30) and squaring both sides, one finds
a fourth-degree polynomial equation for m. This equation possesses four roots, where
complex roots always appear in pairs. The physically relevant solution must sit on the
positive real axis.

From this point on, we proceed numerically. One extracts the values c; and ¢, from
the region shown in Figure 1, satisfying c; > 0, and finds c¢; = 0.44 and ¢, = 0.13. The fourth-
degree polynomial contains a pair of complex roots, which are subsequently discarded.
One of the remaining two real roots is extraneous, owing to the fact that we have squared
both sides of Equation (30). The resultant mass function m(k, T, 1) and the bag constant
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B(T, u) are shown in Figure 2. The left and middle plots give the mass as a function of
T and yu at given k = 1 GeV and that of k and y at given T = 0.25 GeV. The resulting bag
constant is obtained by numerical integration of Equations (11) and (16). The dependence
of the bag constant on the temperature T or chemical potential y is presented in the right
plot of Figure 2. The mass function and the bag constant are found to be moderate in
T and u. As k - 0, according to the middle plot of Figure 2, the quasiparticle mass
increases significantly. It is noted that the obtained bag constant B is manifestly path
independent. For instance, one evaluates B(T, jt) by using two following integration paths
on the T — y plane. The integration for B is carried out from (Tp = 0.25 GeV , yp = 0) to
(Tp =0.45, 11 = 0.3), where path 1 is defined by (T, 1o) = (T3, p0) = (T1, #1), while path 2
is through (To, pto) = (To, #1) = (T1, p11). One finds

[B(T1, 1) ~ B(To, #0) lpagn 1 = ~0.606049 = [B(Ty, 1) ~ B(To, 10) gt

We also note that based on the above discussions, the fit to the region c; < 0, where the
mass of the quasiparticle decreases with increasing temperature in Figure 1, is doomed to
fail. A numerical attempt reveals path-dependent values, which signals that those obtained
by straightforward integration do not yield mathematically well-defined results. This is
due to the undesirable pole at w = y in the denominator of the first term on the r.h.s. of
Equation (28). In order to handle the region where ¢; < 0, we proceed to consider the
second case.

0.7

T T T
= m,, extracted from Lattice
Fit for m, y when T > 0.25GeV

< o o

IS o o

T T T
[ ]

1 1 1

mass of u,d quarks
| ]
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0.15 0.20 0.25 0.30 0.35 0.40
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Figure 1. The mass of u and d quarks at vanishing chemical potential derived from the lattice data [52].
It can be readily extracted for vanishing chemical potential using Gorenstein and Yang’s scheme [22].
The curve is then fit to analytic form Equation (27) discussed in the text.

N T

Figure 2. The derived quasiparticle mass in the parameter space according to the form given by
Equation (28) and the fit shown in Figure 1. (a) The quasiparticle mass m as a function of T and y at
k =1 GeV. (b) The quasiparticle mass m as a function of k and y at T = 0.25 GeV. (c) The bag constant
B as a function of T and y.
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Case 2: The second choice involves a linear function in the reciprocal of the argument
of Equation (26). To be specific, we consider the ansatz,

1
fluzo = il (32)
which gives
Tw w-u
k)= .
o) satams )

In this case, to avoid the pole in the denominator, one considers the following constraint
w(cqT +c3) > ucs. (34)
Substituting Equation (33) into Equation (26) gives
w(caTm+mez—1) = u(mez -1). (35)
Given T > 0 and m > 0, Equation (34) implies
w>u, c4>0, (36)

and moreover, Equation (35) further indicates
1
c3< et cgTm+mcs < 1. (37)

Otherwise, if c3 > 1/m, Equation (35) can no longer hold.

To proceed, one substitutes Equation (5) into Equation (35) and squares both sides,
and one again finds a fourth-degree polynomial equation for m. Similarly, this equation
possesses four roots, where complex roots appear in pairs.

We proceed numerically from this point on. The values c3 and ¢4 are extracted from a
fit to the lattice QCD data shown in Figure 3. One finds c3 = -1.84 and ¢4 = 28.55, which
affirms the second choice above. By discussing a pair of complex roots and an extraneous
root, the physically relevant solution is eventually singled out from the two sitting on the
positive real axis.

The resultant mass function m(k, T, 1) and the bag constant B(T, i) are shown in
Figure 4. The left and middle plots give the mass as a function of T and y at given k = 1
and as a function of k and y at given T = 0.12. Again, the bag constant can be obtained by
the numerical integration of Equations (11) and (16). The dependence of the bag constant
on the temperature T or chemical potential y is presented in the right plot of Figure 4.
The mass function and the bag constant are found to be moderate in T and p, mainly
in accordance with the existing results [44]. Different from Figure 2, as k — 0, the mass
of the quasiparticle does not modify significantly. Again, the obtained bag constant B is
manifestly path independent.

Before closing this section, we present in Figure 5 a few resulting thermodynamic
quantities evaluated using the toy model proposed in case 2. In the left plot, we show
the pressure, energy density, and entropy density as a function of the temperature at the
vanishing chemical potential. The right plot gives the difference in the pressure between
the states with the finite and vanishing chemical potential. It is noted in the calculations, in
accordance with the simplified scenario, one only takes into account the u and 4 quarks
but does not include the s quarks, gluons, or anti-particles. By comparing the results with
those obtained using more sophisticated approaches [26,44,57], one is led to the following
observations. The tendency of the temperature dependence is mainly correct, while the
magnitudes of the calculated thermodynamic quantities consistently underestimate the
existing results. This is because the simplified models do not consider the contributions
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from the remaining degrees of freedom, including those from the anti-particles. Moreover,
the order of magnitude for these quantities can be roughly recuperated by multiplying a
factor of two. The latter effectively compensates for the contributions missing from the
anti-particles. We note, nonetheless, that the main objective of the present approach is to
explore the analytic properties of the mass function from a bottom-up perspective rather
than reproduce the lattice data numerically by employing some sophisticated approximate
function.

07 T T T T T T
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Fit for m, y when T < 0.2GeV
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Figure 3. The mass of u and d quarks at vanishing chemical potential derived from the lattice data [52],
which is fit to analytic form Equation (32) discussed in the text.

Figure 4. The derived quasiparticle mass in the parameter space according to the form given by
Equation (33) and the fit shown in Figure 3. (a) The quasiparticle mass m as a function of T and p at
k =1 GeV. (b) The quasiparticle mass m as a function of k and y at T = 0.12 GeV. (c) The bag constant
B as a function of T and p.

3.0¢ —_— 3p/T4 - ] o8l — =01 e--TTTT ]
- Tt Phe ’ = w4702 P
25} 7 . 1] = 1g=03 t,,
— - 3s/(4T%) - -7 ¥ 0447
- So6f ~TTa04” ]
2.0F uandd quarks only , 7 1 2 e ==
1g=0 ¢/ 5 // ’/”
15F 9 204l . R ]
104 ’ e
¥ P e ——
10 B = ’/ _ - -
02+ ~ P ]
05F 1 ’;/,_-—-—*-—_
-
0.0 . . . . . 0.0 L s . . :
0.8 0.9 1.0 11 12 0.8 0.9 1.0 1.1 1.2

(@) (b)
Figure 5. The derived thermodynamic quantities by considering the u and d quarks, where the
s quarks, gluons, and anti-particles are not explicitly taken into account. (a) The pressure 3p/ T,
energy density ¢/T*, and entropy density 3s/(4T°) as functions of the temperature T/T. at vanishing
chemical potential, where T; = 1.5 GeV in accordance with lattice QCD data. (b) The difference in
pressure between the states with finite and vanishing chemical potential is shown as a function of
temperature T/T.
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4. Concluding Remarks

To summarize, in this work, we reviewed the topic of the quasiparticle model closely
related to Ru-Keng Su’s distinguished contributions in the past years. Moreover, we
explore the approach applied to scenarios with finite chemical potential. Different from the
standard recipe in the literature, we explored the possibility that the effective mass of the
quasiparticle might be a function of the momentum, in addition to the dependence on the
temperature and chemical potential. It was shown that such a scenario emerges as a special
solution to an integro-differential equation derived from the thermodynamic consistency.
We pointed out that the special solution in question is essentially a generalization to
those previously explored in the literature. Instead of fitting to the lattice QCD data at
the vanishing chemical potential, we performed a “bottom-up” approach by assuming
two analytic ansatzes. The remaining physical quantities were subsequently derived and
discussed. We note that the momentum-dependent quanta mass was also addressed by
some authors from the QCD perspective, where the analyses were closely related to the
symmetry of the underlying system. In terms of the Gribov—Zwanziger framework, the
results on the gluon [58-61] and quark propagator [62] indicated that the pole masses are
functions of the momentum. In addition, calculations using the Schwinger-Dyson equation
showed the momentum dependence for both gluon [63] and quark [64,65] dynamic masses.

The current approach’s main objective is to explore the analytic properties of the mass
function. It is primarily motivated as one might distinguish the various roots deriving
from the thermodynamical consistency condition. As observed and discussed in the main
text, these different roots are somehow separated by the pole of the relevant equation,
which is not apparent if a numerical scheme was utilized in the first place. The calculations
primarily employ Equation (26). It is a simplified approach as it ignores the anti-particles’
contributions and is only utilized to fit to accommodate the u and d quarks. On the other
hand, a numerical approach directly based on Equation (21) was carried out in a previous
study [44], where the cancelations warranted by Equations (11) and (16) take place for
individual particles, as well as their anti-particles. Nonetheless, the present study gives rise
to the following speculations. First, we have attempted to avoid the singularity of the mass
function by entirely evading its poles by imposing the conditions, Equations (29) and (34).
The resultant physical quantities are, in turn, manifestly analytic on the T and y parameter
space. Curiously, from a theoretical perspective, one expects a curve of a first-order phase
transition on the parameter plane, which entails some discontinuity. In other words, the
discontinuity avoided in the present study might be utilized in our favor. Specifically, a
pole in the mass function indicates an infinite mass, which can be viewed as a natural and
benign outcome when a degree of freedom can hardly be excited. We plan to address these
aspects in further studies.
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Abstract: Reconstructed jets initiated from heavy quarks provide a powerful tool to probe the
properties of the quark-gluon plasma (QGP) and to explore the mass hierarchy of jet quenching. In
this article, we review the recent theoretical progresses on heavy-flavour jets in high-energy nuclear
collisions at the RHIC and LHC. We focus on the yields and substructures of charm and bottom
quark jets with jet-quenching effects, such as the nuclear modification factors, transverse momentum
imbalance, angular correlation, radial profiles, fragmentation functions, the “dead-cone” effect, etc.

Keywords: quark-gluon plasma; jet quenching; high-energy nuclear collisions; heavy-flavour jet

1. Introduction

High-energy nuclear collisions at the Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC) have opened up new avenues for the search for strongly interacting
nuclear matter, the quark—gluon plasma (QGP) [1-4]. Investigating the formation of the
QGP deepens our understanding of quantum chromodynamics (QCD) under extreme
conditions at high temperature and density [5,6] and the evolution of the Universe at the
first microsecond [7]. The jet-quenching phenomena, the energy attenuation of fast partons
due to their strong interactions with the QCD medium, provide an army of powerful tools
to study the properties of the QGP, such as the yield suppression of high-pr hadron/jet,
the pr asymmetry of dijets, 7/ Z+ jets as well as jet substructures [8-21].

In elementary proton—proton reactions, the productions of charm and bottom quarks
are perturbatively calculable, since their large masses (M, ~ 1.5 GeV, M; ~ 4.8 GeV)
act as a natural cut-off above the Agcp [22]. Heavy quarks are produced in the initial
hard scattering at a very early stage due to their large masses, therefore witnessing the
whole QGP evolution. Meanwhile, while their thermal production is almost negligible with
the initial conditions so far accessible in heavy-ion programs at the RHIC and LHC [23],
the productions of charm and bottom hadron/jets make a very promising hard probe
to the transport properties of hot and dense quark matter. During the past decade, the
experimental measurements including the nuclear modification factor R 4 4 [24-30] and the
collective flow (the direct flow v; [31,32] and elliptical flow v, [33-36]) of heavy-flavour
hadrons both at the RHIC and LHC have attracted much attention from the community of
high-energy nuclear physics.

A lot of theoretical studies have been performed to confront the experimental data ob-
tained in the high-energy heavy-ion collisions, which greatly improve our understanding of
the in-medium evolution [37-58] and hadronization mechanisms [59-61] of heavy quarks
(for detailed reviews see [62-70]). Specifically, the current models treat the elastic and
inelastic interactions between heavy quarks and the QGP medium with multiple methods,
consisting mainly the perturbative or non-perturbative analytic calculations (SCET [41,71],
CUJET [46,72], DREENA [73-78], WHDG [79,80], AdS/CFT (HG) [81,82]), and the Monte
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Carlo transport approaches based on the Boltzmann (BAMPS [83-86], MC@,HQ [87-89],
(Q)LBT [47,57], LIDO [49,90], Catania-pQCD/QPM [91-94]), the Langevin (POWL
ANG [45,95,96], Duke [44,97], UrQMD [98-100], TAMU [40,101,102], SHELL [103-105])
and the Kadanoff-Baym (PHSD [106-108]) equations. These phenomenological studies
reveal a fact that the elastic scattering of heavy quarks in the hot/dense nuclear matter is
important, especially at the lower pr region (p? < 5my), different from our experience of
treating light quarks or gluons. One of the central issues of investigating the heavy-flavour
production in the heavy-ion program is extracting the diffusion coefficient Ds, which is
directly related to the transport properties of the hot QCD matter. Additionally, different
from the fragmentation hadronization of heavy quarks in a vacuum, within the hot and
dense nuclear matter, the heavy-flavour hadrons can be produced by a combination of
heavy quarks and thermal partons. Such a coalescence hadronization mechanism plays an
important role in the collective flow [33,34] and baryon-to-meson ratio [109,110] of charmed
hadron in nucleus—nucleus collisions at the RHIC and LHC.

In recent years, the experimental measurements on heavy-flavour jet (a reconstructed
jet containing a heavy quark or a heavy-flavour hadron) have made great strides in
p+p [111-118], p+A [111,119,120] and A+A collisions [121-128]. A wealth of information
carried by heavy-flavour jets not only offers a new topic of jet physics and the application of
the perturbative QCD, but also their medium modifications in heavy-ion collisions are also
of great significance to reveal the in-medium energy loss mechanism of heavy quarks, to
address the mass effect of jet quenching, and to extract the transport properties of the QGP.

2. Recent Advances of Heavy-Flavour Phenomenology in Heavy-Ion Collisions

Generally speaking, as we discussed in the last section, the reason for treating the
heavy flavours as powerful hard probes to the transport properties of the QGP consists of
at least three aspects. Firstly, the large mass (Mg > Agcp) makes it available to compute
the differential cross-section of heavy quarks in the binary nucleon—nucleon collisions
based on the perturbative QCD (pQCD) scheme within the next-to-next-to-leading order
(NNLO) precision [129]. Secondly, due to the large mass (Mg > Tpeq), the total yield
of heavy quarks in nucleus—nucleus collisions only depends on their initial production
at hard scattering. Since the momentum transfer of the in-medium collisions g% ~ ¢*>T?
(T ~ 0.4-0.5 GeV) is much smaller than the creation energy of heavy quark pairs at
the current collision energy, both at the RHIC and LHC, the subsequent contribution
from the thermal creation during the QGP evolution is negligible [23]. Apart from this,
according to the Heisenberg uncertainty principle, the formation time of heavy quarks
(9 ~ % < 0.1 fm/c) is shorter than the formation time of the quark-gluon plasma
(tf ~ 0.6 fm/c). Therefore heavy quarks witness the entire evolution of the hot/dense
nuclear matter until the freeze-out. In this section, we will briefly introduce the recent
theoretical advances that help us understand the heavy-flavour production in heavy-ion col-
lisions, including mainly the following several aspects, the initial production, the transport
approaches, the hadronization mechanisms, and the extraction of diffusion coefficient.

2.1. Production of Heavy Quarks in p+p Collisions

The production of heavy quarks in proton—proton collisions establishes a baseline to
investigate the nuclear modification in high-energy nuclear collisions both at the RHIC
and LHC. The yield of heavy flavours in nucleus—nucleus collisions generally is viewed
as the sum of that in N, binary nucleon—nucleon collisions while taking into account
the initial cold nuclear matter effect (usually considered by using the nuclear-modified
parton distribution function [130-132]). In the fixed-flavour-number scheme (FFNS) [22],
the cross-section of heavy quarks in p+p collisions can be expressed based on the factoriza-
tion theorem,

1 1
dogls, pr,y, mg] ~ Z /O dx; /O dx; f{ (xi, ) £ (xj, pp)dGij 1 x [Xi, Xj,5, PT,Y, MQ, HE, HR] 1
ij
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where s is the square of the centre-of-mass energy of the incoming proton, pr is the
transverse momentum of the produced heavy quark, and y is the rapidity. f ( f].B) is the
parton distribution function (PDF) quantifying the probability to find a parton with flavour
i(j) and carrying momentum fraction x;;) in the colliding proton A(B), which relies on the
factorization scale yr. 0jj, o+ x represents the cross-section of the partonic hard process
i+j — Q+ X that can be calculated relying on the pQCD. The partonic cross-section
Tij—Q+x also relies on the strong coupling constant a5 determined at the renormalization
scale ugr. Note that Equation (1) sums all partonic hard processes i +j — Q + X, where
i,j are the active flavours including (u,1,d, d,s,s, g) but not heavy quarks. Only at the
factorization scale ur > m., can charm be viewed as an active flavour, often used for beauty
production. The differential cross-section dog can be convolved with a scale-independent
fragmentation function Dg (z), such as the Peterson [133] or Lund [134] forms, to obtain
the cross-section of the heavy-flavour hadron,

dog = dog ® Dg(z) (2)

where H denotes the heavy-flavour hadron and z the momentum fraction carried by H.

Since the FFNS is usually applicable at the low pr region (0 < pr < 5mg), for
the higher kinematic region (pr > mg), the logarithmic terms (5<In(p%./ sz)) in the
perturbative expansion of the cross-section become large, and should be resummed to
all orders. To implement such a resummation, one has to absorb the large logarithmic
terms into the parton distribution function and fragmentation function. This treatment
requires that heavy quarks are active flavours when the factorization scale is yur > mg. In
other words, such a scheme has a variable number of active flavours when yr crosses the
heavy quark mass, hence named the variable-flavour-number scheme (VENS). In particular,
when the heavy quark mass can be neglected in the evaluation of the short-distance cross-
section, the VENS scheme is called the zero-mass VENS (ZM-VENS). In the ZM-VENS, the
differential cross-section of a heavy-flavour hadron based on the factorization theorem can
be expressed as:

1 1
dopix =~ Z/O dxi/O dx; £ (xi, ) 1 (xj, 1) A5y x DY (2, ) ®3)
L

where DH(z,y}) is given by a convolution of a perturbative-fragmentation function
(PFF) Dlg(z, pr) describing a parton k fragmentation into heavy quark Q, with a scale-
independent one Dg (z) for the hadronization of a heavy quark. Note that in Equation (3)
the sum covers all possible partonic-hard processes (i +;j — k 4+ X) where i, j, k can be
light quarks, gluons, and heavy quarks [135]. Since heavy quark mass is neglected in the
computation of the cross-section, the ZM-VENS is expected to be reliable only at very
high pr.

To find a unified theoretical framework that combines the advantages of the FFNS
at low pr and the ZM-VENS at high pr, in recent years the interpolation schemes have
been established, such as the general-mass VFNS (GM-VENS) [136,137] and the fixed-order
plus next-to-leading logarithms (FONLL) [129,138]. For instance, by using an interpolating
function G(mq, pr) = p%/(pF + czmé) where ¢ is set to ¢ = 5, the FONLL scheme can
well describe the heavy-flavour production in the entire kinematic region. For more details
of the interpolation schemes see [22] and the references therein.

Compared to the analytic calculation schemes discussed above, the general-purpose
Monte Carlo event generator, such as PYTHIA [139], HERWIG [140], POWHEG [141] and
SHERPA [142], can provide a more complete description of all the final-state particles
at the parton or hadron level. Especially for the studies of jet physics, the Monte Carlo
event generators can give more precise descriptions of the observations relating to the jet
substructure than analytic calculations.
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2.2. Transport of Heavy Quarks in the QGP

Transport approaches are wildly used in the current theoretical studies of heavy-
flavour production in high-energy nuclear collisions. At the lower pr region, the elastic
scattering of heavy quarks with the thermal parton (light quark or gluon) has been proven
to be the dominant mechanism of energy loss. Generally, the kinetic theory based on the
Boltzmann transport equation is a popular treatment for in-medium heavy quark evolution.
The Boltzmann equation for the distribution function of heavy quarks can be written in a
compact form,

pudufo(x, p) = Clfq, fa. fo, fol (x, p) 4)

where fo(x, p) is the phase-space distribution of heavy quarks. In the QGP, the phase-
space distributions of light quark f; and gluon f; can be solved by the Boltzmann equa-
tion [143,144]. Subsequently, the relativistic Boltzmann-like collision integral C[fo](x, p)
has a simplified form [42,145],

Clfol = [ #qlw(p+a,a)folx p+a,1) — (P, @) fo(x P, 1) )

where w(p + q, q) represents the transition rate of a heavy quark from the momentum p + q
to p by collisions with quasiparticles. This rate is usually determined by the matrix elements
of the 2 — 2 QCD scattering. With the assumption that the momentum transfer |q| is small
compared to the momentum of a heavy quark, we can expand w(p + q,q)fo(x,p + q,t)
around q by utilizing the Taylor formula to obtain the Fokker-Planck equation,

% - a‘;i [Ai(p) fo+ E;;[Bij(p)fgl ©

where two coefficients 4;(p) = [ d*qw(p, q)g; and Bii(p) = | d3qw(p, q)qiq; are directly
related to the drag coefficient (17p) and the momentum diffusion coefficient (x), which
control rate of the energy loss and the momentum broadening of heavy quarks in the hot
medium, respectively. Indeed, the Fokker—Planck equation is equivalent to another more
well-known equation, the Langevin equation,

ax _p

T OE @
dp R

&= —m(p)p+E ®)

where the stochastic term &(t) describes the random kicks suffered in heavy quarks from
the medium constituents, which obeys a Gaussian distribution with a mean value 0 and
variance x. The drag coefficient #p and the diffusion coefficient x are related by the
fluctuation—dissipation theorem (FDT) x = 2ypET. Note that at higher kinematic regions
(p? > 5mg), the medium-induced gluon radiation plays an increasingly important role in
the energy loss of heavy quarks. The radiative energy loss of heavy quarks is treated with
various formalisms and at different approximations [53,146-150], which usually provide
the radiated gluon spectra as a function of momentum fraction x and transverse momentum
k| . In the Langevin equation, the radiative energy loss of heavy quarks can be coupled
with the collisional one by adding a recoil term —p, caused by the radiated gluon [44]. The
four-momentum of the radiated gluon can be easily sampled based on the radiation spectra
dNg /dxdk? .

In many of the recently developed theoretical frameworks modelling the production
of heavy flavour in heavy-ion collisions, the Boltzmann and Langevin equations are the
two most popular choices, especially for Monte Carlo simulations. Concerning the perfor-
mance of these two approaches, detailed comparisons have been discussed in [151,152]. In
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general, the implementation of the Boltzmann equation implies that the medium consists
of well-defined quasiparticles, while the Fokker-Planck (Langevin) equation is realized
in a more general way without the quasiparticle assumption. However, the advantage of
the Boltzmann equation is that it can naturally describe the heavy quark evolution even
under off-equilibrium conditions, which may be the case of the early pre-equilibrium stage
in heavy-ion collisions [153].

2.3. Hadronization: Fragmentation and Coalescence

Studying the yield suppression and collective flow of heavy-flavour hadrons also
deepens our understanding of heavy quark hadronization in nucleus—nucleus collisions,
which shows different mechanisms with that in a vacuum. As discussed in Section 2.1,
fragmentation functions describe the non-perturbative hadronization process of heavy
quarks into heavy-flavour hadron in a vacuum. The most commonly used fragmentation
function is the Peterson form [133],

N
2l -3 - 2

Dyyo(z) = )

where z denotes the momentum fraction carried by the heavy hadron from the heavy quark
in the fragmentation process (0 < z < 1), which implies that the heavy hadron must have
smaller energy than the heavy quark. The only tunable parameter in Equation (9) is €g that
can be determined by fitting to the measured spectra of the heavy-flavour hadrons. N is

the normalization factor to guarantee fol dzDp/o(z) = 1.

Measurements on the collective flow [33,34] and baryon-to-meson ratio [109,110] of
charmed hadron A+A collisions suggest the existence of a new hadronization mechanism,
coalescent of heavy quarks. The basic idea behind the coalescence mechanism is that
a heavy quark can combine with a light anti-quark from the medium when they have
enough small distance in the coordinate-momentum space. It means that the heavy-flavour
meson has larger energy than the parent heavy quark, differing from the mechanism of
fragmentation. The distribution function of the formed heavy-flavour meson usually can
be obtained by a convolution with the following schematic form.

fm ~ gmfo0) ® fa(9) @ PM (10)

where g1 denotes the degeneracy of the heavy-flavour meson in spin and isospin, fo g
and fg(,) are the distribution functions of the heavy and light quarks in the coordinate-
momentum space, respectively. ¢ represents the Wigner transform of the wave function
of the heavy-flavour meson, commonly approximated by the ground state one of the simple
harmonic oscillators [47].

In the realistic implementation of the heavy quark hadronization in nuclear collisions,
the first step is to determine the probability of coalescence by integrating the distribution
function of Equation (10). If coalescence occurs, one can sample a light anti-quark based
on the thermal equilibrium distribution, otherwise Equation (9) is used to fragment the
heavy quark into a hadron. At least in the lower pr region, the experimental results favour
the coalescence mechanism [94]. The coalescence of heavy quarks seems to decrease the
suppression factor and enhance the collective flow of heavy-flavour hadrons, especially at
pr < 6 GeV. The recent studies [59,61] show that the coalescence mechanism is important
in the description of the A,/ DO ratio measured by the STAR [109] and ALICE [110] col-
laborations. Additionally, the hadronic scattering between the D meson and light-flavour
hadrons (D — 7r, D — p) has also been studied in [154], but its influence on the D meson
R a4 was found to be very limited [155].

2.4. Extraction of the Diffusion Coefficient of Heavy Quarks

One of the most important goals of the heavy-ion collision experiment is to investigate
the transport properties of the QCD matter under extremely hot and dense conditions. As
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discussed above, due to the large mass (mg > Tyeq), heavy quarks are believed to be
powerful tools for exploring the transport properties of the QGP. Phenomenological studies
of heavy-flavour production in high-energy nuclear collisions provide a unique opportunity
to extract the transport coefficient of the QGP, such as the momentum diffusion coefficient
x of heavy quarks, whose longitudinal and transverse components can be convenient to
define as,

d<(AP\|)2>

KH = — it (11)
_ 1d{(ApL)?)
T (12)

where Ap|| and Ap; momentum changes parallel and perpendicular to the heavy quark
formulation. By definition, x; can be directly related to the jet transport coefficient § which
quantifies all the transverse momentum broadening of hard partons as traversing the QGP
medium. Assuming that the « is isotropic, namely, k| = k|| = k, one can obtain a simplified
relation § = 2x. This relation has been employed in the modified Langevin equation to
balance the two parts of the contribution from the collisional and radiative energy loss of
heavy quarks [44,156]. Here we only overview the recent advances of the x extraction by
different model calculations. A more detailed and profound discussion about this topic can
be found in [64].

The momentum diffusion coefficient x can be easily converted to the spatial one
D; with the relation k = 2T2/Ds. In recent years, the temperature dependence of the
dimensionless quantity 27t1TDs has been estimated by a lot of theoretical frameworks,
such as the lattice QCD (1QCD) [157-159], LO pQCD [43,160], QPM calculations [92], T-
matrix [40], PHSD [161], MC@;HQ [22], Ads/CFT [162], duke (Bayesian analysis) [163],
and hadronic matter [102,164], as shown in Figure 1.

The estimates by the 1QCD from the first principles provide a valuable reference for the
model extractions of 27tTDs. As one can see, with relatively large uncertainties, the IQCD
calculations in the quenched approximation give Ds ~ 3.7-7.0 [159] over the temperature
range from Tj to 2T),c. However, it is difficult to extract meaningful information about the
temperature dependence of 21T D; from the current IQCD results. Furthermore, except
for the pQCD calculations at the leading-order which show obvious larger values than
others, these extractions of 27T D; based on the recently developed models are consistent
with the 1QCD data, as well as previous studies presented in [64] which give 27 TD;s ~ 24
near the critical temperature. Although these calculations give different values of 27t T D
versus T /Ty, most estimations show that Dj slightly increases with T. It implies that the
interactions between a charm quark and the QCD medium have the strongest strength near
the critical temperature. However, no direct evidence has been found in the experiment
to verify this upward trend of D;s so far because it is hard to find an observation only
sensitive to the in-medium interactions at the late stage of the QGP evolution. Fortunately,
the data-driven analysis utilizing Bayesian inferences seems to shed new light on this
issue. The temperature and momentum dependence of Ds has been extracted from the
available experimental data (R4 4 and v, of a D meson both at the RHIC and LHC) [163]
based on the Duke-Langevin transport model, which indeed shows an upward trend of
21TDs. More recently, this approach of Bayesian inference has been improved with the
help of information field theory [165,166] in [167]. Therefore, one can now extract model
parameters without relying on an explicit form of parametrization, leading to a robust
determination by such a model-data fit.
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Figure 1. Spatial diffusion coefficient (27T Ds) of charm quark in the quark-gluon plasma calculated
by different approaches versus the reduced temperature (T/Tpc). The lattice QCD calculations

in the quenched approximation [157-159] are compared with the estimations based on different
models [22,40,43,92,102,160-164]. The figure is from [66].

3. Production of Heavy-Flavour Jets in Heavy-Ion Collisions
3.1. Nuclear Modification Factors of Production Yields

To address the nuclear effect in relativistic heavy-ion collisions, the nuclear modifica-
tion factor R 4 4 is conventionally utilized to quantify the yield suppression of hadron/jet
in A+A collisions per binary nucleon-nucleon collision relative to p+p [168],

1 do?A/dydpr (13)
Né\l?> dU’PP/dyde

RAA:<

where the scaling factor <Né\h‘?> denotes the number of binary nucleon—nucleon collisions
in A+A [169]. It has been observed that the values of R4 4 of hadrons and jets are smaller
than one in nucleus—nucleus collisions both at the RHIC [170-172] and LHC [173,174], and
these measurements could be explained by the mechanism of partonic energy loss, which
in turns serve as convincing evidence for the formation of QGP in such extremely hot and
dense conditions. Meanwhile, the jet transport parameter § = d(p? ) /dL [175] representing
the strength of in-medium partonic interactions could be extracted from the available R 44
data by various theoretical models [167,176-179].

Additionally, to test the mass dependence of jet quenching, the R4 4 has also been
used in a comparison of the yield suppression between heavy-flavour jets and inclusive jets.
Benefiting from the fact that heavy-flavour jets are produced abundantly as the centre-mass
energy increases in hadronic collisions at the LHC, the exploration of a heavy quark-tagged
jet produced in heavy-ion collisions has gradually attracted much attention. The first
experimental effort focused on the production of a b-jet was implemented by the CMS
collaboration [121] in 2013, as shown in the left plot of Figure 2, where a b-jet is defined
as jets containing at least one B hadron inside the jet-cone. The red points are the CMS
data and the coloured bands are the theoretical calculations. This measurement accounts
for the b-jet samples in minimum bias collisions (0-100%). We note that even with large
experimental uncertainties, the b-jet R 4 4 slightly increases with jet pr and varies from 0.4 to
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0.8. Significant suppression of the b-jet yield in Pb+Pb collisions at \/syn = 2.76 TeV relative
to the p+p baseline was observed for the first time, which indicates that bottom quarks
strongly interact with the hot/dense nuclear matter. Furthermore, within experiment
uncertainties, the results were found to be consistent with the pQCD-based calculations
conducted in [180] when the coupling factor ¢"? varied from 1.8 to 2.2.
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Figure 2. Left: the measured nuclear modification factor R4 4 of the inclusive b-jet versus b-jet pr by
the CMS collaboration in Pb+Pb at /sy = 2.76 TeV for minimum bias collisions [121]. Right: the
comparison of R4 4 between the inclusive jets and b-jets versus jet pr in central Pb+Pb collisions at
V5NN = 2.76 TeV [104]. The figures are from [104,121].

To address the difference of the yield suppression between the b-jet and inclusive
jet (mainly initiated by a massless light quark or gluon), a direct comparison of their
R4 in the right plot of Figure 2 was presented by the SHELL approach, which applies
a Langevin transport model to describe heavy quark propagation in the QGP [104] in
central Pb+Pb collisions at /syn = 2.76 TeV, as well as the next-to-leading order pQCD
calculations matched with the parton shower effect for the p+p baseline [142,181]. In
the model, the jet transport parameter § was extracted by the production of an identified
hadron in A+A collisions [182], and then the spatial diffusion coefficient Ds of heavy quarks
can be determined by the D meson R 44 data [26,127]. The measured R 44 of the inclusive
jet with the centrality of 0-5% [183] and b-jet with 0-10% [121] are also illustrated in the
plot of Figure 2. Although the R 44 of the b-jet seems to be slightly smaller than that of
the inclusive jet, the CMS collaboration claims that no clear difference of R4 4 between
the inclusive jet and b-jet was found, because the current uncertainties of the b-jet data
are too large. However, the theoretical calculations in [104] suggest that b-jet R4 4 may be
larger than inclusive jet R4 4, due to the “dead-cone” effect of the bottom quarks, which
suppresses the medium-induced gluon radiation of massive heavy quarks within a cone
0 ~ M/E [184]. A more precise measurement is necessary to resolve the tension between
the experimental data and theoretical calculations. It is very exciting the fact that recently,
the ATLAS collaboration reported preliminary results by simultaneously measuring the
Raa of the inclusive jet and b-jet in 0-20% Pb+Pb collisions at /sy = 5.02 TeV [124],
which shows a clear weaker suppression of the b-jet, and the features can be described by
the theoretical calculations [49,104]. Although the mass hierarchy of jet quenching at the
particle level has been confirmed by a lot of experimental data [185,186], it is indisputable
that the ATLAS measurement makes a crucial step towards finding the mass effect at the
jet level. The comparison of the c- and b-jet R 4 4 has been presented in [71] with the SCET
model [187,188], which shows no significant difference at pr > 50 GeV. More recently,
some exploratory estimates indicate that the R4 4 of the c-jet may be stronger than that of
the inclusive jet at higher jet pr due to their different constituents [189,190], an interesting
finding to be investigated further in detail.
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Beyond R4 4, another observation 144 [16] has also been utilized to study the yield
suppression of b-jets tagged by Z" bosons in high-energy nuclear collisions [191]. Similar
to Rya, L4 is defined as follows,

d AA
1 a4 [ppin< <

[an = < AA> doPP |
bin dpjet p?m <P% <p?ax
T

(14)

One can see that I 4 4 quantifies the yield variation of the jet in A+A collisions per binary
nucleon-nucleon collision relative to the p+p baseline, after integrating the Z° boson pr. It
has been proposed that the associated production Z° 4 b-jet may be helpful in addressing
the mass dependence of the jet-quenching effect, since the Z¥ + jet processes significantly
exclude the contamination of gluon-initiated jets [192]. Thereby the comparison of I44
between the Z° +jet and Z° + b-jet can provide direct features of the mass effect of heavy
quark jets compared to light-quark jets. Figure 3 shows the comparisons of the calculated
I44 of the Z0 + b-jet and ARE jet in central 0-10% Pb+Pb collisions at /syy = 5.02 TeV,
where the jets are reconstructed by the anti-k7 algorithm with a cone size R = 0.3 and
pseudorapidity |7¢!| < 1.6. The calculations are presented within different pr windows
of Z° bosons in the three panels, namely 40-60, 60-80, and 80-100 GeV. We note that
the shapes of 144 are flat at the panel of 40 < p% < 60 GeV but have downward trends
at that of 80 < p% < 100, and the I44 in the right panel even shows enhancement at

p];t. This is because if one constrains the Z® meson momentum in the event selection, such
as 80 < p% < 120 GeV, then the selected jet distribution with pr would fall steeper at
p];ft < 80 GeV, which naturally leads to a relatively large value of the nuclear modification
factors at p];t < 80 GeV, even larger than one. Additionally, one observes that at each panel
the model calculations show that 44 of the Z + b-jet is visibly higher than that of the
70 +jet in nucleus—nucleus collisions, which indicates that the Z°-tagged light-quark jets
lose more energy than the Z’-tagged b-jets traversing the QGP. These comparisons would
be helpful to directly test the mass effect of jet energy loss in heavy-ion collisions at the
LHC from a new perspective.
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Figure 3. Nuclear modification factor I4 4 as a function of the transverse momentum of the tagged
jet within three p% windows: 40-60, 60-80, 80-120 GeV in central 0-10% Pb+Pb collisions at

VANN = 5.02 TeV [191].
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3.2. Transverse Momentum Imbalance

The transverse momentum imbalance (x; = pr2/pt,1) is another useful observation,
describing the momentum asymmetry of the dijet system in the transverse plane, where
pr1 and pro denote the leading and sub-leading jet pr. It is noted that in the fixed-leading-
order QCD calculations the two outgoing hard partons should be strictly back-to-back in
the transverse (x; = 1), but the higher-order corrections and vacuum shower may break the
symmetry which leads to x; < 1. In heavy-ion collisions, the smaller x; of the y+jet [193]
and Z'+jet [194] systems have been observed in Pb+Pb collisions compared to p+p, which
results from the energy loss of the tagged jet. The CMS collaboration reports the mea-
surement on x; of the inclusive and bb dijets in Pb+Pb collisions at V8NN =5.02 TeV [122].
In their measurements, the biggest challenge was how to select the bb dijet events initi-
ated by the hard heavy-quark pairs, because it is crucial to address the mass effect by
directly comparing such heavy-quark dijets with inclusive dijets. On the theoretical side,
the production mechanisms of heavy quarks can be categorized into three classes: flavour
creation (FCR), flavour excitation (FEX), and gluon splitting (GSP) [195-198], only FCR
represents the dijets initiated by heavy-quark pairs originating from the hard process.
The CMS collaboration suggests a strategy to separate the FCR processes by selecting bb
dijets that have a large opening angle (|A¢| > 271/3) in azimuth, which could significantly
suppress the contributions of the other two. This method has also been used in theoretical
studies [104,199,200]. Figure 4 shows a comparison of the averaged x; of the inclusive and
bb dijets in both p+p and Pb+Pb collisions with different centrality bins at ,/5yy = 5.02 TeV,
as well as the experimental data [122], where <x ]> was estimated as follows.
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Figure 4. Averaged x; value as a function of the number of participants calculated in p+p and Pb+Pb
collisions /syn = 5.02 TeV within different centrality bins compared with the experimental data,
both for inclusive (left) and bb (right) dijets. Figures are from [104].
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The black triangle points are the CMS data in Pb+Pb collisions, and the black star
points are the p+p reference used in their measurements. The blue and red rhombus
points are the theoretical calculations, while the p+p reference is provided by the Monte
Carlo event generator SHERPA [142] which matches the next-to-leading order QCD matrix
elements and the parton shower effect in a vacuum [201,202]. The <x ]> points of the
inclusive (left panel) and bb (right panel) dijets are listed within three centrality bins which
correspond to the different numbers of the participant in Pb+Pb collisions. In Figure 4,
the theoretical calculations based on the SHELL model [104] show an overall decrease in
(x7) in Pb+Pb collisions relative to the p+p baseline both for the inclusive and bb djjets,
consistent with the CMS data and indicates that the asymmetry between these two leading
jets is amplified in A+A collisions. The reduction in (x}) is centrality-dependent since the
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in-medium interaction is sensitive to the temperature and size of the QGP. It is even more
important that the calculations show that the decrease in (x;) of the bb dijets is slightly
smaller than that of the inclusive dijets within the same centrality bins. These results
suggest that dijets initiated by bottom quarks may suffer smaller energy loss compared
to those initiated by light quarks or gluons. Furthermore, another study on the bb dijet in
heavy-ion collisions [199] proposed that the invariant mass m;; of the dijet system could be
a novel observation sensitive to mass effects of jet quenching.

In addition to the dijet system, the transverse momentum imbalances of the Z° + jet
(xjz = p];t/p%) and Z° +bjet (xpz = pl%_]et/p%) have also been investigated [191]. It
was found that the Z°-tagging requirement considerably decreased the contribution of
gluon-jets by 40% in Z° + jets compared to the dijet sample, especially at a lower jet pr.
The comparison of the medium modification on the x; of Z° +jet and Z° + b-jet may be
suitable to address the mass effect of jet quenching. Figure 5 shows the distributions of
the x;z (left) and x;z (right) both in p+p and 0-10% Pb+Pb collisions at \/syn = 5.02 TeV.
In the calculations, the selected Z° bosons are required to have p% > 60 GeV. The tagged
jets (b-jets) are reconstructed with the anti-k7 algorithm with a cone-size R = 0.3 and

pseudorapidity |17¢!| < 1.6, required to have p];ft > 30 GeV. In particular, to guarantee that
the Z% bosons and the tagged jets are back-to-back in the transverse plane, the Z° +jet or
70 + b-jet pairs are required to have a large opening angle in azimuth, Apiz(Apyz) > 77/8.
The differences of x;z (x}7) distributions in p+p and Pb+Pb collisions are also shown in the
lower panels. Due to the jet energy loss, the x;7 and x,7 distributions shift towards smaller
xj values in Pb+Pb collisions relative to p+p. Furthermore, one can find in the lower panel
that the variations of x;7 are slightly smaller than that of x;z. More intuitive comparisons
between the averaged x;z and x;,7 are listed in Table 1. Within the statistical errors, the
results show that A(x;;) ~ 0.136 is considerably larger than A(x;.) ~ 0.092, consistent with
the expectation that bottom jets lose less energy than light-quark jets.
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Figure 5. Distributions of x;7 (xz) of 70 +jet (left) and Z° + b-jet (right) both in p+p and 0-10%
Pb+Pb collisions at /sy = 5.02 TeV. The differences of Xjz (xpz) distributions in p+p and Pb+Pb
collisions (green line) are also shown in the lower panels. Figures are from Ref. [191].
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Table 1. The averaged x; of 70+ jet and 70+ b-jet both in p+p and Pb+Pb collisions at
VSNN = 5.02 TeV, as well as their variations Ax; = <x]>pp — (x])pppp- The statistical errors of
x; in the simulations are also presented. Table is from Ref. [191].

70 +jet Z° + b-jet
(1), 0.987 & 0.0047 0.941 + 0.0056
(%7 porp 0.851 + 0.0061 0.849 + 0.0064
Alx)) 0.136 + 0.0108 0.092 + 0.012

3.3. Angular Correlation

Jet angular correlations, such as A¢ distribution of dijets [203,204] and /Z° +
jet [205,206], are useful observable to address the medium-induced transverse momentum
effect. In this context, estimating the medium modification on the angular distribution of
heavy quark dijets in nucleus-nucleus collisions may also be of interest from the theoretical
point of view. As shown in the left plot of Figure 6, medium modification of the azimuthal
angular correlations (Ap = |Ppy — Ppa|) of the bb dijet system in Pb+Pb collisions with
different centralities at /syn = 5.02 TeV are calculated [207]. One can observe suppression
at A¢ ~0 and enhancement at A¢ ~ 7 in Pb+Pb collisions compared to the p+p, and
the modifications are centrality dependent. Since the distributions are self-normalized, it
implies that bb dijets with a larger opening angle (back-to-back) suffer relatively weaker
yield suppression compared to that with a smaller one (collinear). It can be noted that the
main contribution of bb dijet production at smaller A¢ is from the GSP process while larger
A¢yp from the FCR process. The two b-jets from the former process share the energy of
the gluon and then usually have lower pr than that from the latter process. As a result,

the yield at the smaller A¢ region is more sensitive to the selection cut p];t > 20 GeV.
Actually, in another study on the angular correlations of Z° + b-jet [191], it’s found that
initial average b-jet pr distribution versus A¢ play a critical role, as shown in the right plot
of Figure 6. We see that the ratio of PbPb/pp in the middle panel is flat, and the average
b-jet pr distribution is also flat. It's reasonable to guess that in Pb+Pb the azimuthal angle
between b-jet and Z° has not been modified compared to p+p, and the overall suppression
occurs at whole A¢y,7 region. Of course, we can imagine that it is more difficult for high-pr
(>30 GeV) jets to be significantly deflected by the scattering with thermal parton.
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Figure 6. Left: normalized azimuthal angular distributions of bb dijet system in p+p and Pb+Pb
collisions at /syn = 5.02 TeV. Results for different centrality bins, 0-10%, 10-30%, 30-100%, are
presented. Right: the azimuthal angular distribution of Z° + b-jet in p+p and 0-10% Pb+Pb collisions
at \/syn = 5.02 TeV in the upper panel, while the ratio of PbPb/pp (green solid line) was shown
in the middle panel and the averaged b-jet pr (blue band) in the lower panel. Figures are from
Refs. [191,207].
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To probe the angular deflection caused by the in-medium pr-broadening, observables
accessible to lower pr region are needed. For this reason, it’s proposed in Ref. [105] that the
heavy-flavour meson tagged by direct photon (y-+HF) may provide a promising channel,
with several advantages: (1) the transverse momentum resolution of D? meson can be
low down to ~1 GeV [127] where the angular deflection is significant, (2) the photon
gauges the initial momentum of heavy quarks, therefore, it’s easy to quantify the direction
change, (3) the selection bias effect can be suppressed by constraining the photon energy
to citeCunqueiro:2021wls. In this way, the considerable angular de-correlations between
the heavy quarks and photons are predicted both in central Au+Au collisions at the RHIC
and Pb+Pb collisions at the LHC. Furthermore, by constructing the 2-dimensional (A¢, x)
correlation diagram of y-+HE, it’s argued that the two aspects of jet quenching, energy loss,
and pr-broadening, can be well displayed simultaneously. Additionally, it’s noted that
another measurement on the angular correlations of D%+hadron in Au+Au collisions at
V/$nN =200 GeV may reflect the medium modification of the charm+jet correlation in the
7 — ¢ plane [208], that awaits further detailed investigations.

3.4. Radial Profile

The radial profile of the heavy-flavour jet represents the distribution of the angular

distance r = \/ (pQ — Pjet)* + (11Q — 7jet)? between the heavy-flavour meson and the jet-

axis in the 7 — ¢ plane. Systematic studies with a focus on the radial profiles of D-jet
and B-jet in heavy-ion collisions are performed in Refs. [103,209]. As shown in the left
panel of Figure 7, the model calculated radial profiles of D-jets both in p+p and 0-100%
Pb+Pb collisions at \/syny = 5.02 TeV compared to the CMS measurements [123]. The
black and red triangle points represent the measured data. The D-jets are reconstructed
with anti-k7 algorithm with R = 0.3 and |7®!| < 1.6. All selected D-jets must satisfy
p];ft > 60 GeV and contain at least one DY meson in jet-cone with 4 < p2 < 20 GeV. The
blue solid line is the p+p baseline provided by SHERPA [142], and the red dashed line
denotes the calculations based on the SHELL model. One can observe that the model
calculations show the radial profile of D-jets in Pb+Pb collisions shifts towards larger radii
relative to that of p+p, which is consistent with the diffusion trend observed by the CMS
collaboration. These results show a clear physics picture, that charm quarks change their
moving direction when scattering with the thermal partons in the hot and dense QCD
matter. The studies argue that the diffusion behavior of D meson is closely related to the
pr-broadening when charm quarks scatter with the thermal partons in the medium. It
should be noted that in such an estimate the jets are required to have pr > 60 GeV while D
meson pr < 20 GeV, which makes that the higher pr jets can be viewed as a reference to
probe the moving direction changes of charm quarks. It is found that the angular deviation

Ar = \/ (47{ —¢L)2 + (17Cf — 171)? of charm quarks from their initial position in the 7 — ¢
plane is pr dependent, as shown in the right plot of Figure 7. The charm quarks with
lower pr are more likely to change their traveling direction via the in-medium scattering,
and this feature also explains why no visible modification is observed in the CMS data for
pE > 20 GeV [123]. The angular deviation at lower pr (<5 GeV) is dominated by elastic
scattering, whereas at higher pr by inelastic reactions. These investigations may cast light
on the in-medium energy loss mechanisms and constrain the transport coefficients of heavy
quarks from a new perspective. We notice that a preliminary result of the D-jet radial profile
in Au+Au collisions at \/syy = 200 GeV has been reported by the STAR collaboration in
Ref. [125]. This result shows a similar diffusion effect of charm quark in jets in mid-central
10-40% collisions.

To test the mass effect reflected in the radial profile, an additional comparison of
the medium modification between D-jet and B-jet has been presented in Refs. [210,211],
where an inverse modification pattern on the radial profile of B-jets compared to D-jets is
observed. The jet quenching effect seems to narrow the jet radial profiles of B-jets while
broadening those of D-jets. It’s demonstrated that the selection bias effect [212] in A+A
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collisions may play a pivotal role. Heavy quark jets with higher pr have narrower initial
radial distributions, and would naturally lead to narrower modifications when they fall
into the lower pr domain due to jet energy loss. This reveals the fact that the final-state
modification of the jet is not only influenced by the pure medium effect, but also by the
other factors, such as the initial spectra and the selection bias [5].
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Figure 7. Left: radial profile of D-jet in p+p and Pb+Pb collisions at /sy = 5.02 TeV. Right: angular
deviation of charm quark as a function of initial p7. Figures are from Refs. [103,209].

3.5. Fragmentation Function

The jet fragmentation function D(z) = (1/Njet)dNw(z)/dz is one of the most well-
explored jet substructure observable [213-215], which usually refers to the longitudinal
momentum distribution of charged hadrons inside the jet-cone [216-219]. For heavy-
flavour jets, the corresponding observable is the longitudinal momentum distribution of
heavy-flavour mesons in jets, defined as in [112].

D(z)) = ! L\IHQ(ZH) where z;| = LHQ.ﬁjEt. (16)
V™ Nee  dzp 1 Biet - Pret

On the one hand, the D(z)) distribution may provide useful information to reveal
the production mechanisms and substructure of heavy quark jets [220]. On the other
hand, since z|| denotes the momentum projection of the heavy-flavour hadron on the jet
axis, the medium modification of the D(z)|) distribution in nucleus-nucleus collisions is
closely related to the interplay of the partonic energy loss between the massive heavy
quarks and the massless light partons [221]. Figure 8 shows the first theoretical investiga-
tion of the medium modification on the D(z|) distributions of both D-jets and B-jets in
Pb+Pb collisions at /syyn = 5.02 TeV. In these calculations, two jet pr ranges are chosen,

5< p];t < 15GeVand 15 < p];t < 50 GeV. Respectively the selected D° (B”) mesons
are also required to have pr po(goy > 2 GeV and pr po(goy > 5 GeV. The black solid lines
represent the p+p baseline of D(z)|) distributions calculated by the POWHEG+PYTHIAS
event generator [141,222-224], and the orange dash lines are the theoretical calculations in
Pb+Pb collisions based on the SHELL model. The upper and middle panels correspond to
the D(z||) distributions of D-jets and B-jets, while the lower panels are their nuclear modifi-
cation D(z) pppy/ D(z||) pp (green is D-jet and yellow B-jet). One can observe that the initial
D(z)) distributions in p+p are sensitive to the kinematic region of jet and heavy-flavour
hadron, especially for D-jets. Moreover, even within the same kinematic region, a B-jet
has an evident harder fragmentation pattern compared to a D-jet. The difference could be
relevant to the fact that the stronger “dead-cone” effect suffered in heavier bottom quarks,
in other words, the bottom quarks radiate less gluon and carry more energy fraction of jets
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than charm quarks. Besides, the contribution of the GSP process may also play different
roles in the production of B-jets and D-jets, which may lead to additional differences in
their z|| distributions [221]. In nuclear collisions, the main finding is that the jet quenching
effect results in softer fragmentation patterns of heavy-flavour jets in the QGP compared
to that in a vacuum. It’s different from what one could naively argue, that is, the energy
fraction of heavy quarks in jets may increase because heavy quarks lose less energy than
light partons. The modification of D(z|) reveals the different energy loss mechanisms
between the single parton and the full jet. Critically, the lost energy from the jet constituents
may be partially brought back to the jet energy by the reconstruction procedures. This is an
essential difference in energy loss mechanisms between the full-jet and the single parton,
which leads to less energy loss of full-jet compared to heavy quarks. Therefore, stronger
medium modification of D(z|) can be obtained with larger R, which may be related to the
R-dependence of jet energy loss [225,226]. Furthermore, stronger medium modification of
D(z)|) is observed for B-jets compared to D-jets, due to their different initial spectra.
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Figure 8. D(z)) distributions of D-jet and B-jet within two pr windows both in p+p and 0-10%
Pb+Pb collisions, as well as the medium modifications (PbPb/pp). Figure is from Ref. [221].

3.6. The “Dead-Cone” Effect and Other Observables

Until now, there are a few other heavy-flavour jet observables accessible in the current
experimental measurements at the LHC, which have also attracted attention from the
high-energy nuclear physics community. We briefly discuss them in the following.

e  The Cambridge-Aachen (CA) declustering techniques [227] which can help to ob-
tain the angular-ordered pairwise tree of subjets [228] and the Soft Drop condition
mentioned above enable us to expose the most basic heavy quark splitting struc-
ture by measuring the splitting-angle distributions in D° meson jets in p+p colli-
sions at \/syny = 13 TeV [229]. It has been measured in three different energy
intervals of the radiators: 5 < Egragiator < 10 GeV, 10 < Eragiator < 20 GeV and
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05

20 < ERadiator < 30 GeV and constrain the transverse momentum of the DY meson
in jet to be 2 < pTDO < 36 GeV/c. The ALICE collaboration directly observed for
the first time a clear distribution suppression at the splitting angle smaller than the
ratio of quark mass and the energy of such quark radiator: 6 < Marm/ Eradiators
known as the “dead-cone” effect [230,231]. Such a heavy quark jet and its substructure
measurement reveal and confirm this most basic property of a fast quark interacting
with the vacuum described by the QCD theory.

A subsequent phenomenology study exposed the “dead-cone” effect of the medium-
induced gluon radiation of jet queching [53,150,184], by calculating the emission angle
distribution of the heavy-flavour quark initiated splittings in a D’ meson tagged jet
and that of the light parton initiated splittings with the existence of the QGP in Pb+Pb
collisions at \/syn = 5.02 TeV [232], as demonstrated in Figure 9. Very interestingly,
they find the collisional energy loss mechanism will not obscure the observation of
the “dead-cone” effect in the medium-induced radiation. Such a proposal has also
been verified by an analytical study that proposes a new jet substructure groomer
that selects the most collinear splitting in a QCD jet above a certain transverse mo-
mentum cutoff [233]. It’s also found in another study that the “dead-cone” domain
would be partially filled by the medium-induced emission as heavy quarks traversing
QGP [150].

T T T T T
B Pb+Pb inclusive jets (SHELL) 1 —— PoiPbinclusive jets (SHELL) 1 "—— PbsPb inclusive jets (SHELL)
[ ——— Pb+Pb D° tagged jets (SHELL) T —— Pb+Pb D° tagged jets (SHELL) T = Pb+Pb D tagged jets (SHELL)
[ = = =" Pb+Pb light quark initiated jets (SHELL) T === Pb+Pb light quark initiated jets (SHELL) T ===" Pb+Pb light quark initiated jets (SHELL)

Vs =502TeV Vs=502TeV | Vs=502TeV |

20<E, <35GeV 1

5 <Epuer < 10GeV T

charged jets , anti-kT GE 0.4_--_

10<E <20GeV T
charged jets , anti—k7 7= 0.4_"_

....... Radiator Radiator

charged jets , anti-kT R= 0.4_-

%
' J ' n
_______ L ' - S S p—— L
------------- ---—|_|_|_ azzonzz ;
F— D° tagged / inclusive | — D° tagged / inclusive I — D° tagged / inclusive =
= = light / inclusive = = light / inclusive = =light / inclusive
15 2 25 1.5 2 25 1.5 2 25
In(1/6) In(1/6) In(1/6)

Figure 9. The splitting-angle distributions for D’ meson tagged jets, inclusive jets and also light-quark

jets normalized to the number of jets in Pb+Pb collisions at /s = 5.02 TeV (upper plots) and also the

DY meson tagged jets/inclusive jets (light-quark jets/inclusive jets) ratios (bottom plots) calculated for
three energy intervals of the radiators: 5 < Ep,giator < 10 GeV (left panel), 10 < Er,giator < 20 GeV
(middle panel) and 20 < Er,giator < 30 GeV (right panel). The shaded areas correspond to the angles
at which the radiation is suppressed due to the “dead-cone” effect. Figure is from Ref. [232].

The jet shape p(r) describes the transverse energy profile of charged hadrons as a func-
tion of the angular distance from the jet axis. This observable has been well-studied
for light flavor jets [205,234] to search the medium response effect as energetic parton
dissipating energy to the medium [6]. The measurement of the medium modification
on the b-jet shape has been reposted in Refs. [118,128] by the CMS collaboration. On
the ond hand, the comparison of jet shapes of b-jets in Pb+Pb and p+p collisions shows
the presence of the QGP modifies the energy distributions around the jet axis of b-jets.
On the other hand, their measurements indicate a stronger jet energy redistribution
of b-jets at larger radii compared to that of inclusive jets. Generally speaking, the
bottom quarks are expected to dissipate less energy in nuclear collisions compared to
light quarks and gluons due to the “dead-cone” effect. However, at larger jet radii,
the medium response effect plays the dominant role in the enhancement of jet energy
distribution in Pb+Pb collisions compared to the p+p baseline. Therefore, these in-
teresting results may suggest that the heavier quark, like the bottom, may drive a
stronger medium response effect than a massless parton. In this context, the heavy-

108



Symmetry 2023, 15,727

flavour jets can serve as promising sensitive probes to the quasi-particle excitation of
the quark soup.

The Soft Drop (SD) grooming procedures reveal the two-prong structure of a jet,
described by the momentum sharing z; and opening angle R [228], which establishes
the connection between the final state observable to the parton splitting function. The
splitting history could be helpful to identify the production mechanisms of heavy-
flavour jets [235,236]. Heavy quark jets from the gluon splitting process usually tend
to have more balanced z; and larger Ry compared to that from the FEX and FCR.
The first measurement of the D-jet splitting function is performed by ALICE [237],
and some theoretical efforts which focus on the medium modifications of zg and Ry
of c- and b-jets are presented in Refs. [238,239]. The medium effects result in more
imbalanced z¢ distribution and larger opening angles between the two subjets in the
heavy quark jets, similar to the medium modification of inclusive jets observed by the
CMS [240] and ALICE [241] collaboration.

4. Summary and Conclusions

This review covers the current development of theoretical studies on heavy-flavour

jets in ultra-relativistic heavy-ion collisions. We introduce the recent theoretical advances of
heavy-flavour production in heavy-ion collisions and then give a comprehensive discussion
of several recent investigations relating to the heavy-flavour jet observables.

We briefly overview the recent theoretical advances that help us understand the heavy-
flavour production in heavy-ion collisions, mainly focusing on the initial production,
transport approaches, hadronization mechanism, and diffusion coefficient extraction.
These phenomenological studies based on the transport models reveal a fact that the
elastic scattering of heavy quarks is dominant at lower pr region (p% < 5mg), while
the inelastic one dominate the high pr regions. Besides, different from the fragmenta-
tion hadronization of heavy quarks in a vacuum, within the hot and dense nuclear
matter, the coalescence mechanism plays an important role in explaining the large
collective flow and the enhancement of baryon-to-meson ratio of a charmed hadron
in nucleus-nucleus collisions at the RHIC and the LHC. The diffusion coefficient
of heavy quarks in the QGP has been extracted by various theoretical frameworks,
which implies that 27T D; slightly increases with temperature. The newly developed
Bayesian inference approach may be promising to implement a robust determination
of the transport coefficient of heavy quarks by a model-data fit.

The studies on yield suppression and momentum imbalance of heavy-flavour jets are
dedicated to addressing the mass effect of jet energy loss. Theoretical investigations
predict stronger yield suppression of light quark jets compared to heavy-flavour
jets, which is preliminarily proven by the recent ATLAS measurement of b-jet R4 4.
However, the dijet asymmetry shows a reduced sensitivity to the jet quenching effect,
therefore the difference of the medium modification on x; between inclusive and
bb dijets seems to be moderate. We have to say the nuclear modification factor is
still an effective and powerful observable to test the mass effect of energy loss in
QGP. On the other hand, the strategy to isolate the jets initiated by heavy quarks
is also crucial to address the mass effect, since GSP processes indeed have a large
contribution to the production of heavy quark jets but suffer stronger suppression in
nucleus—nucleus collisions.

An observable related to angular correlation aims at the deflection of the jet axis caused
by the medium-induced pr-broadening of jet quenching. It’s found that the angular
deviation caused by the in-medium scattering is hard to be observed for high-pr jets,
both for bb dijets and Z° + (b-)jet. That makes sense because higher pr jets are more
difficult to be changed by the in-medium scattering with the thermal parton in QGP.
Meanwhile, medium modification on the radial profiles of jets containing lower-pr D
meson can well capture the angular de-correlation of the charm quark and the jet axis.
This suggests that heavy flavors may be more suitable to address the medium-induced
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pr-broadening of jet quenching since they are experimentally accessible to the low-pr
domain where the angular deviation is visible.

®  The substructure observable can reveal a wealth of information about the inner config-
uration of heavy-flavour jets. In the vacuum case, declustering techniques provide
an inventive way to reestablish the splitting history of hard partons which helps us
unlock the “dead-cone” effect of charm quark in the experiment. For heavy-flavour
jets, the substructure observable also provides a unique opportunity to identify their
production mechanisms. Furthermore, jet substructure, such as jet shape, seems more
sensitive to the induced medium excitation in nucleus—nucleus collisions than full-jet
observables. Much theoretical effort should be made to address the interplay of the
“dead-cone” effect of medium-induced radiation and the medium response of heavy
quarks. From the current perspective, the studies of substructures of heavy-flavour
jets could play an increasingly important role in high-energy nuclear physics.

¢  The initial jet spectra and the “selection bias” play important roles in the medium
modifications of jet substructure in nuclear collisions. Normally when we focus on
the mass effect of the yield or substructure modification of heavy quark jets, it is
apriori to believe that bottom jets should have a weaker medium modification in
heavy-ion collisions compared to charm jets under the same conditions. However,
in the studies of radial profile and fragmentation function of heavy-flavour jets, it’s
found that b-jets have very different initial substructure compared to that of c-jets
event within the same kinematic constraints, which eventually leads to stronger
medium modification of b-jets at the final-state compared to c-jets. On the other
hand, the “selection bias” poses a challenge to the theoretical studies that aim at the
nuclear modification mechanism of heavy-flavour jets in the hot and dense QCD
medium. It brings additional “modifications” to the ratio PbPb/pp of jet substructure
distributions, nevertheless, these “modifications” do not exactly reflect the change of
jet substructure but only the decrease of jet energy from the higher kinematic region
in Pb+Pb collisions.
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Abstract: Pairs of lepton and antilepton (dilepton) in a continuous mass range are one of the most
experimentally challenging and golden probes of the quark-gluon plasma (QGP) produced in heavy
ion collisions because they do not strongly interact with the hot and dense medium, and reflect the
properties of the medium at the time the dilepton is generated. The measurements of dileptons
require lepton identification with high purity and high efficiency at large detector acceptance. STAR
is one of two large experiments at the relativistic heavy ion collider with a primary goal of searching
for the QGP and studying its properties. The STAR experiment launched a comprehensive dielectron
(ete™) program enabled by the time-of-flight (TOF) detector that had been fully installed in 2010.
In this article, we review the decade-long R&D, the construction and performance of the STAR
TOF detector, and dielectron measurements, including thermal dielectron production and dielectron
production from the Breit-Wheeler process. Future perspectives are also discussed.

Keywords: quark gluon plasma; heavy ion collision; dilepton; chiral symmetry restoration; thermal
radiation; strong magnetic field; Breit-Wheeler process

1. Introduction

Quark—gluon plasma (QGP) consists of fundamental building blocks of matter at the
most extreme temperature and density conditions. QGP existed briefly during the first
few microseconds after the Big Bang and can be recreated in ultrarelativistic heavy-ion
collisions in which quarks and gluons are liberated from confinement within nucleons.
The thermodynamic and hydrodynamic properties of the QGP, such as temperature and
viscosity, have been under intense investigation by means of theoretical lattice quantum
chromodynamic (QCD) computations [1,2], and in experiments utilizing the world’s most
powerful supercomputers and particle accelerators [3,4]. Thermal lepton pairs (e*e™
and pu~) from QGP radiation [5-7] are penetrating probes of the true temperature of
the emitting source and are considered the holy grail of the study of QGP since they
do not suffer from either final state interactions or the blue-shift effects from collective
motion [8-11].

Despite the focus on nuclear physics, heavy-ion collisions have been understood as
an opportunistic tool for studying quantum electrodynamics (QED) in unique regimes for
nearly a century [12,13], and have attracted significant interest in the last 40 years [14-16],
with generations of powerful accelerators. Some of the earliest measurements of electro-
magnetic processes in heavy-ion collisions were studied by the BEVALAC at LBNL [17], the
AGS at BNL [18], and by the SPS at CERN [19]. In 2000, the relativistic heavy ion collider
(RHIC) began operation and ushered in a new era of high-energy nuclear physics with
ultrarelativistic Au beams, providing collisions with a center-of-mass energy per nucleon
pair from /sy = 200 GeV at top energy to 3.0 GeV in fixed-target mode. The payoff
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from this next-generation facility was almost immediate, with all four RHIC experiments
reporting the observation of a new state of nuclear matter in 2004: the QGP [20-23]. In an
influential workshop in 1990 titled “Can RHIC be used to test QED?” [24], the top priority
was said to be “to understand the validity of the best available descriptions of eTe™ pair
production in peripheral heavy-ion collisions, especially for the domain where this process
is known to be nonperturbative (multiple pair production)”. It positively concluded that
“A study of electromagnetic phenomena in extremely peripheral collisions of relativistic
heavy ions can become a rich and exciting field that will complement studies of central
collisions.” However, none of the three (Landau-Lifschtz, Bethe-Heitler and Breit-Wheeler)
processes was explicitly mentioned. Right from the start of RHIC operation, the two “large”
experiments at RHIC (STAR and PHENIX) studied the electromagnetic production of e*e™
from the electromagnetic fields of colliding ultrarelativistic Au nuclei [25,26]. Multiple
experiments performed measurements of the total cross-section of electromagnetically pro-
duced "1~ from ultraperipheral heavy-ion collisions [26-28] or from exclusive p + p [29]
collisions. Significant progress through multiple discoveries was achieved in the physics
of photon interactions. Experimental measurements and theoretical descriptions have
been progressing from the initial discoveries toward quantitative and precise comparisons.
Polarized photons were used and proposed as a tool to test and define the photon Wigner
function [30-36], to probe the properties of the QGP [37-43], to measure nuclear charge
and mass radii [37,44—46], to study gluon structure inside nuclei [47-49], and to investigate
new quantum effects [45,48,50-53]. The subject has evolved significantly in the last decade,
with new measurements and a new understanding of thermal radiation and strong QED
fields.

With the installation of a time-of-flight detector (TOF) surrounding the STAR time
projection chamber (TPC) starting in 20092010, the combination demonstrated effective
electron particle identification with the necessary purity and large acceptance in a very
cost-effective configuration. We dedicate this review article to the relevant STAR TOF
detector at the RHIC facility, with special attention given to its unique capabilities and
limitations with respect to measuring thermal dielectron radiation from QGP and the novel
QED phenomena, especially the Breit-Wheeler process and vacuum birefringence.

2. Time-of-Flight Detector

The multigap resistive plate chamber (MRPC) was first developed by the ALICE TOF
group in the 1990s [54] to efficiently identify copiously produced charged particles in
relativistic heavy ion collisions. As a new type of gaseous detector with precision timing
performance, the MRPC is suitable for applications requiring a large area, high granularity,
and low cost.

The MRPC in China was first developed by the high-energy physics group led by
Prof. Hongfang Chen at the University of Science and Technology of China (USTC) in 2000,
when the STAR experiment at RHIC sought to build an MRPC-based TOF to improve the
identification capability of charged particles. USTC was responsible for the R&D of MRPC
to meet the requirements of STAR TOF.

The first MRPC prototype was very simple, with only one readout pad and a sensitive
area of about 3 x 3 cm? and five 0.22 mm thick gas gaps (see the left panel of Figure 1),
aiming to verify the feasibility of this technique. In late 2000, the performance of this
prototype was studied in the T10 test beam facility at CERN. The prototype functioned
well, with a time resolution of 70 ps and detection efficiency of >95% (right panel of
Figure 1) [55,56]. Soon after this success, a batch of MRPC modules with different structures
were developed and tested [57]. Figure 2 shows the structure of an MRPC prototype with
a sensitive area of 20 x 6.3 cm? and six gas gaps. The sensitive area was divided into
12 regions by 12 readout pads with a size of 3.1 x 3.0 cm?. The time resolution of this
prototype reached 60 ps, and its detection efficiency exceeded 97% in the beam test with
good uniformity [57]. An MRPC prototype with the same sensitive area, but with two
stacks of five gas gaps, was also constructed and tested. Its time resolution reached 50 ps,
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and its detection efficiency exceeded 99%. Considering the limited available space for STAR
TOF installation, the 6-gap MRPC structure was chosen for the STAR TOEF. The readout
pads were recombined into a size of 3.1 x 6.1 cm? to reduce the total number of readout
channels [58].
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Figure 1. (left) The first MRPC module produced at USTC. (right) Detection efficiency and time
resolution as a function of distance from the center of the readout pad [55].
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Figure 2. The structure of the MRPC prototype for STAR TOF.

In 2002, a TOF tray prototype (TOFr) with 28 MRPC modules was built by USTC and
Rice university. A team led by Prof. Hongfang Chen tested the performance of the TOFr
under various operating conditions at the AGS facility for 10 weeks prior to installation
in the STAR experiment for the 2002-2003 physics run. The optimal parameters of high
voltage, gas mixture, and threshold voltage for the operation of the prototype at STAR
were determined from the beam test results [59]. TOFr was installed in STAR after the
test at the AGS replacing one central trigger barrel module, and was part of the p+p
and d+Au physics runs. In the STAR environment, the detection efficiency of the TOFr
tray, averaged over all the channels, was around 95%, and the time resolution was 85 ps.
The performance of the TOFr tray met the STAR physics goals and could significantly
extend STAR particle identification capabilities [60]. With 20 separation, protons/(pions +
kaons) and kaons/pions were identified up to 3 and 1.6 GeV/c, respectively. Although the
acceptance of the prototype was only 1/120 of the TOF system, several important physics
results were achieved from the acquired data thanks to the extended particle identification
capability [61,62]. With the success of the TOFr physics run, the STAR collaboration decided
that all TOF MRPC modules were to be produced in China.

Thanks to the experiences of producing and operating the TOFr, and the extensive
study of the MRPC technology [63-66], the production-process and quality-control require-
ments for MRPC module mass production for the STAR TOF were established. In 2006,
funded by the National Natural Science Foundation of China, the Chinese Academy of
Sciences, and the Ministry of Science and Technology, the Chinese STAR group launched
the construction of the STAR TOF. By 2009, over 4000 MRPC modules were produced
by Tsinghua University and USTC. Due to the strict quality management, the final yield
was >95%, with excellent uniformity in performance [67,68]. The whole STAR barrel TOF
consisted of 120 trays (each tray was analogous to the TOFr), 3840 MRPC modules, and
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23,040 channels in total. It covered approximately the pseudo-rapidity interval (—1, 1) and
full azimuthal range. Operating with a 94.7% CoHyF4 + 5.3% iso-Butane gas mixture, the
MRPCs of the STAR barrel TOF showed a better intrinsic time resolution than 70 ps (the
overall time resolution of STAR TOF also depended on the time jitter of the “start” time
detector, which varied with different heavy ion collision systems). This time resolution and
the corresponding particle identification capability were consistent with those achieved by
TOFr and remained stable for more than 10 years of STAR operation.

After the success of the STAR TOF project, the USTC group continued to develop
the MRPC technique and applied it to large facilities, such as a muon telescope detector
and end-cap TOF for the STAR experiment, an end-cap TOF upgrade for the Beijing
Spectrometer (BESIII), the TOF for the compressed baryonic matter (CBM) experiment, and
the TOF for the CSR external-target experiment (CEE) [69].

3. Thermal Dileptons

Photons and dileptons (e*e™ or u "y ~) are emitted at various stages during the space-
time evolution of the nuclear medium created in ultrarelativistic heavy-ion collisions. As
penetrating electromagnetic probe dileptons do not suffer from strong interactions, they
keep undistorted information of the sources from which the dileptons are coming. These
sources are expected to contribute differently in lepton-pair invariant mass (Mj;), which
are usually categorized into three regions:

(1) In the low-mass region (LMR), below ¢ mass (M;; < 1.1 GeV/ c?), the main contri-
butions are from light meson (11, 7, 0°, w, ¢) decays or Dalitz decays. In particular, one can
investigate hadronic in-medium properties via p” spectral modifications, which is sensitive
to the mechanisms of chiral symmetry restoration in QCD matter [70]. Modified dilepton
yields in LMR are expected to be related with the medium’s lifetime and the transition
from hadronic into partonic degrees of freedom [71].

(2) In the intermediate-mass region (IMR), namely, between ¢ and /4 mass (M;; ~1.2—-
3 GeV/c?), the invariant-mass spectrum is continuum-like in both heavy flavor decays
and nuclear matter emissions. This provides the chance to measure the direct radiation
signals of QGP, which are expected to be a clean thermometer of the nuclear medium [10]
by extracting the inverse slope of the mass spectra, which is unaffected by the blue shift of
the expanding system.

(3) In the high-mass region (HMR), M;; > 3 GeV/ c2, the main sources are heavy
flavor/quarkonium decays and the Drell-Yan process.

Thermal dileptons from QGP radiation are of particular interest since they are sensitive
to the properties of the produced medium. By investigating QGP radiation in different
invariant-mass regions, one can probe different stages during the time evolution of the
QGP phase.

The measurements of the above dileptons require large detector acceptance, large
event statistics, and clean lepton identification. STAR collected a large sample of Au + Au
collision events with the TOF detector. The TOF detector greatly extended the capability of
the STAR experiment for particle identification. Combining the timing measurement from
the TOF detector, and the momentum and ionization energy loss (dE/dx) measurements
from the tracking detector, namely, the time projection chamber (TPC), one can cleanly
identify low-momentum electrons with high efficiency and purity. Figure 3a shows the
no, (the n times of the standard deviation of measured dE/dx to the Bichsel prediction)
as a function of particle momentum. The electron band largely overlapped with charged
hadrons when using data from the TPC alone. With a TOF velocity close to the speed of
light in vacuum, most of the hadrons were rejected. The remaining hadrons were a clean
electron band and fast hadrons, as shown in Figure 3b.

The wide, uniform pseudorapidity and azimuthal acceptance of the STAR TPC and
TOF detector allow for the precision reconstruction of dielectron pairs with the good
systematic control of uncorrelated and correlated backgrounds. After the removal of these
background contributions, dielectron invariant-mass spectra were measured with STAR
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at various collision energy levels. Decays from light mesons after a freeze-out (usually
called a cocktail) can be removed by simulating the cocktail contributions. The remaining
dielectron spectra are of particular interest and expected to contain radiation information
from various stages of heavy-ion collisions before freeze-out.

Au + Au s\, =200 GeV

/B -11<0.025

2x10™ 1 2
momentum (GeV/c)

Figure 3. (a) no, measured with the time projection chamber in Au + Au collisions at ,/sS\n = 200 GeV.
(b) no, with a particle velocity cut using the TOF detector. The figure was taken from [72].

Figure 4 shows e'e™ invariant-mass spectra after cocktail subtraction in Au + Au
collisions at Vo = 27,39, 624, and 200 GeV [73,74]. The figure shows model calculations for
total thermal radiation (solid lines), including both in-medium hadronic (dashed lines) and
QGP (dotted lines) contributions. The model calculations provide a consistent description
of the measured dielectron spectra across broad-energy and invariant-mass regions. In the
LMR, the dominant hadronic radiation is mainly generated through p meson in-medium
broadening through interactions with the hadronic medium, particularly baryons. The same
model also provided a consistent description of the invariant-mass spectrum of the dimuon
pairs measured in the NA60 experiment at SPS [75]. The p meson in-medium broadening
was suggested to be evidence of the partial restoration of the chiral symmetry in the hot QCD
medium [76]. The QGP radiation contribution was expected to take over at the IMR, where
the precision of the current measurements is limited. The search and investigation of the QGP
thermal radiation are future directions in the dilepton programs at both RHIC and LHC.
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Figure 4. STAR measurements of dielectron invariant-mass spectra after cocktail removal in Au + Au
collisions at /s, =27, 39, 62.4, and 200 GeV [73,74] in comparison with the model calculations of
the total thermal radiation (blue solid lines), including in-medium hadronic (red dashed lines) and
QGP (green dotted lines) contributions [10,71,77].
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Figure 5 shows the collision energy dependence of the integrated dielectron yield,
normalized to the charge pion dN/dy in the low-mass region of 0.3 < Mj; < 0.7 GeV/c?
measured from HADES [78], NA60 [75], and STAR [73,74]. Theoretical model calculations
on dielectron yields (dashed blue line) and the fireball lifetime (solid red line) are also
shown in the figure. The model provides a good description of the energy dependence,
which exhibited a modest increase from the SPS to the top RHIC energy. This increase also
shows the good tracking of the fireball lifetime across a broad collision energy range. The
measurements from STAR shown here are from the Beam Energy Scan (BES) Phase I. The
recorded BES-II data and analyses further extend the measurements from 19.6 GeV down
to 7.7 GeV, offering new insights of the hot medium properties in the high-baryon-density
region. Future experiments, such as NA60+, CBM and MPD, could further extend the
measurements to low energy [79-81].
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Figure 5. Collision energy dependence of the integrated dielectron yield normalized to the charged
pion dN/dy in the low-mass region of 0.3 < M;; < 0.7GeV/c? measured from HADES [78],
NAG60 [75] and STAR [73,74] in comparison with the model calculations of dielectron yields (dashed
blue line) and the fireball lifetime (solid red line) [77].

4. Dileptons from the Breit-Wheeler Process

When matter and antimatter [82] interact in a process called annihilation, they both
disappear, and their mass is instantly converted into energy [83,84]. In 1934, Breit and
Wheeler started the theoretical study of the simplest reverse process of the collision of
two light quanta (7 — e*e™) to create mass from energy [85]. The Breit-Wheeler study
indicated that it is impossible to achieve this process via 7y-ray collisions in existing Earth
base experiments, which still holds true. Alternatively, they proposed observing the process
via relativistic heavy-ion collisions in which the highly Lorentz-contracted electromagnetic
field induced by fast-moving ions can be treated as a powerful source of photons for colli-
sions. The treatment of quantizing the Lorentz-boosted Coulomb field was first proposed
by Fermi [86], and further developed by Williams and Weizsacker [13], which is called the
Williams—Weizsacker method or equivalent photon approximation (EPA).

Over the past few decades, dielectron production from the collision of light quanta was
observed at various hadron and electron—positron collider
experiments [19,25-27,29,87-92]. However, the existing experimental results lack precision
and differential measurements to demonstrate themselves as the Breit-Wheeler process.
The pioneering study of the Breit-Wheeler process at RHIC was conducted by STAR with
Au + Au collision data from /snn = 200 GeV taken in 2001 [25]. The data were collected
with the trigger of ultraperipheral collisions (UPCs) in order to reject hadronic interactions.
The specific energy loss (dE/dx) from the TPC only allows for the identification of electrons
from pion backgrounds in a very limited kinematic range (65 < pr < 130 MeV/c). In
total, 52 candidate events were selected out of 800,000 triggered events in which the limited
statistics prevents further claims from being made. For the data taken in 2010 with the
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fully installed TOF, the contamination background from hadron pairs could be largely
reduced by using the double difference in the time of flight between the two measured
tracks, and the expectation for dielectrons calculated using the measured momentum and
path length from the TPC. Together with dE /dx information from the TPC, the optimized
section criteria could ensure a 99% purity of dielectron candidates.

Measurements of the production rate of exclusive dielectron pairs from the data taken
in 2010 [93] are shown in Figure 6. The measurements were performed in the fiducial phase
space reported in the figure. Figure 6a shows the invariant-mass spectrum of exclusive
dielectron pairs, which was smooth and featureless. The potential background contribution
from exclusive vector meson photoproduction with the decay branch of dielectrons was
estimated with STARLight [94] model and is shown as solid purple lines in the figure; the
results were negligible in comparison with the experimental data. Figure 6b displays the
differential | cos | distribution in which 6’ is defined as the polar angle of the electron
(positron) with respect to the beam in the electron—positron center-of-mass frame. The
falloff of the distribution resulted from the detector acceptance. In comparison with
isotropic emission (dashed line in the figure), the measured exclusive process exhibited
enhancement toward a small polar angle. The differential cross-section, as a function of
the pair transverse momentum (P, ), is shown in Figure 6c. The data characterize a clear
peak in the production rate at very low transverse momentum. All these features were the
consequence of the energy spectrum and quantum numbers of the two photons involved
in the Breit-Wheeler process. Therefore, the Breit-Wheeler process was unambiguously
identified for relativistic heavy-ion collisions in this measurement.
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Figure 6. Differential cross-sections for exclusively dielectron pairs as functions of (a) invariant-mass
M, (and potential vector-meson background from photoproduction), (b) polar angle distribution
| cos 6’|, and (c) pair transverse momentum P, . The figure was taken from [93].

Conventionally, the Breit-Wheeler process is only studied in UPCs to reject hadronic
backgrounds. Furthermore, photon-induced processes are not generally considered to add
up coherently for collisions with nuclear overlap. This begins with |/ measurements at a
very low transverse momentum in Pb + Pb collisions from ALICE [28], in which significant
excesses were observed in peripheral collisions. The abnormal excesses of |/ were
confirmed via the STAR measurements [95], and well-described by the phenomenological
model with a coherent photon-nucleus production mechanism [50,96-99]. Assuming that
coherent photon nuclear production is responsible for the observed ] /1 excesses, the Breit—
Wheeler process should also exist and contribute to dielectron production for collisions
with nuclear overlap.

Utilizing the datasets collected in 2010, 2011, and 2012, STAR performed dielectron
measurements at a low transverse momentum for hadronic heavy-ion collisions (non-
UPCs) [38]. The electron identification criteria were the same as those described in Section 3.
Figure 7 shows the transverse momentum distributions of dielectron pairs in different mass
regions for 60-80% Au + Au and U + U collisions. As expected, a significant excess was
observed and concentrated below pr ~ 0.15 GeV /c with respect to the hadronic cocktail.
The magnitude of the excess could be well-described with the model incorporated with
the Breit-Wheeler process in hadronic heavy-ion collisions [100]. To further investigate the
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features of the Breit-Wheeler process in hadronic heavy-ion collisions, STAR measured the
p3. distributions of excess yields within acceptance in different mass regions for peripheral
collisions, as shown in Figure 8. The aforementioned model calculations are also plotted in
the figure. The theoretical results fell below the data points at large p% values, and overshot
the data at low p2. Such a discrepancy can be well-quantified by the corresponding

\/(p3) of pzT distributions, as shown in Figure 8d. The disagreement between the data and
the model calculations suggests the possible origins of the pr broadening from the hot
medium created in the nuclear overlap region. By introducing a magnetic field trapped in
an electrically conducting QGP, the pr broadening can be reasonably described. ATLAS
collaboration also found a significant pr broadening effect via the dimuon channel in
comparison to those in UPCs [39], and quantified the effect via the acoplanarity of dimuon
pairs. Alternatively, the broadening was explained by the electromagnetic scattering
of leptons in the hot and dense medium [40]. All these descriptions of the broadening
effect assumed that there was no impact-parameter dependence of the pr distribution in
the production process. Recent theoretical calculations [30,31] that recovered the impact
parameter dependence demonstrated that the broadening was mainly from the initial light
quantum collisions. This was further experimentally confirmed via CMS measurements [34]
through exclusive dimuon production from photon—photon collisions in UPCs. Small
tension still existed between data and theoretical calculations, which left room for possible
effects from the hot medium.
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Figure 7. The transverse momentum distributions of dielectron pairs within STAR acceptance for
different mass regions in peripheral Au + Au and U + U collisions compared to the hadronic cocktail.
The figure was taken from [38].

Due to the extreme Lorentz contraction in relativistic heavy-ion collisions, the induced
electromagnetic field was almost fully perpendicular to the direction of motion of the heavy
nuclei, suggesting that the induced photons were fully linearly polarized in the transverse
plane. Li et al. [101] proposed that the collisions of linearly polarized photons can lead
to second- and fourth-order modulations in the azimuth (in the plane perpendicular to
the beam direction). As shown in Figure 9, STAR performed the first measurement of
the decay angular distribution (A¢) for the Breit-Wheeler process in relativistic heavy-ion
collisions. Significant cos(4A¢) modulation was found, which could be described well via
the numerical lowest-order QED calculation [102]. The observed angular modulation was
closely related to the vacuum birefringence in which the vacuum was polarized by the
extremely strong electromagnetic field in the absence of a medium [103]. This also inspired
the discovery of cos(2A¢) modulation for vector meson photoproduction [45,48,51] in
heavy-ion collisions.
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Figure 8. The p7 distributions of excess yields within the STAR fiducial cuts in mass regions of (a)
0.40-0.76, (b) 0.76-1.2, and (c) 1.2-2.6 GeV /2 for peripheral Au + Au and U + U collisions. (d) The
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Figure 9. Decay angular distribution from UPCs and 60-80% central collisions with the theoretical
calculations from QED [101], STARLight [94], and SUPERCHIC3 [104]. The figure was taken from [93].

5. Future Perspectives

The dilepton measurements at SPS with NA60 in the dimuon channel were performed
with high statistics and with high data quality almost two decades ago. RHIC could provide
important insights in the dielectron channel at the top energy and in the Beam Energy Scan
Phase I (BES-I). The high-statistics data from BES-II and future data at the top energy level
showed potential for providing the temperature measurements around the phase boundary
and at the QGP phase. Future ALICE upgrades and experiments at high baryon density
also promise an exciting dilepton program with LHC energies [79-81,105].

The future data-taking plan at RHIC and the LHC would provide an opportunity to per-
form the high-precision multidifferential analysis of these two photon-related physics [106,107].
The incoming RHIC run would allow for STAR to significantly improve the precision of the
transverse momentum spectra and the angular modulation strength for the Breit-Wheeler
process. The improved precision of transverse momentum spectra provides an additional
powerful constraint to the proposed final-state broadening effects. The added precision
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in the angular modulation measurements is expected to experimentally demonstrate the
impact parameter dependence of angular modulation strength, which is predicated by
lowest-order QED calculations. Furthermore, precise angular modulation measurements
could also serve as a sensitive probe of the hot medium, since the final state interactions
would destroy the angular modulation resulting from the linear polarization of the initial
photons. The much larger statistics provided by the future data-taking plan makes more
differential measurements, such as angular modulation strength versus pair transverse
momentum for dielectrons from the Breit-Wheeler process possible. The data-taking cam-
paigns planned at the LHC would also allow for ALICE to measure the Breit-Wheeler
process with much more precise measurements in a similar region of phase space as that
measured at RHIC, but in collisions with a much larger Lorentz boost factor. Such measure-
ments provide additional information on the photon kinematic distributions over a broad
range of photon energy. Similarly, analyses of the 7y — u™u~ process in events with a
hadronic overlap by CMS and ATLAS [107,108] from the future data-taking plan would
shed new light on the presence (or lack) of medium-induced modifications. In much of the
progress achieved in the last decade, TOF played an indispensable role. We anticipate that
future progresses on this subject would continue to rely on the time-of-flight detector with
its revolutionary technology advances.
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