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Transitions between different states of matter and their thermodynamic properties are described by the
Equation of State (EoS). A universal representation of the EoS of quantum chromodynamics for the wide range of
phase diagrams has yet to be determined. The expectation of the systems to undergo various types of transitions
depending on the temperature (7), the chemical potential (145), and other thermodynamic features make solving
that puzzle challenging. Furthermore, it needs to be apparent which experimentally measurable observables could
provide helpful information for determining EoS. The application of different EoS for hydrodynamical evolution
was introduced in the EPOS3 generator, which allows one to study its changing effect on the experimental
observables. The family of EoS proposed by the BEST Collaboration was implemented. The critical point
location and the strength of criticality variations were investigated with particle yield, transverse momentum

spectra, flow, and moments of the net-proton distributions.

DOLI: 10.1103/PhysRevC.108.014905

I. INTRODUCTION

Determining the EoS is crucial for the complete description
and understanding of the quantum chromodynamics (QCD)
phase diagram. The relations between thermodynamic quanti-
ties characterizing different states of matter are depicted in the
construction of the Equation of State (EoS). The substantial
topic of the present research is the investigation of transi-
tions between partonic and hadronic mediums. Depending on
the medium’s 7" and up, it is expected to undergo smooth
crossover or rapid first-order phase transition. EoS expresses
the relations between various matter parameters such as pres-
sure, temperature, energy density, speed of sound, and the
former. It is not trivial to determine it for the broad range
of the up. At ugp =0 and extreme 7, one can apply the
nonperturbative QCD and based on the first principles Lattice
QCD computations [1-3]. It provides quantitative information
on the deconfined state QGP and crossover transition. Even
though applying increasingly sophisticated algorithms [4], the
area of the figure at nonzero up is still not fully understood.
The existence and placement of the critical point (CP), where
the crossover transition switches to possible first-order phase
one, cannot be predicted using fundamental principles.

Various attempts are performed to generate the EoS,
allowing one to characterize the whole QCD phase diagram,
starting from pp = 0 and ending with higher baryon density
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matter. Some EoS introduce the first-order phase transition for
finite ;5 and relatively lower 7. Nevertheless, several provide
information about the CP location and properties of this phase
transition [4,5].

II. BEST EOS

The collaboration Beam Energy Scan Theory (BEST) pro-
posed a family of EoSs describing the same region of the
QCD phase diagram as studied in the BES program [6,7].
BEST covered the region of pp in the range 0-450 MeV and T
between 30 MeV—-800 MeV. The equations respect the lattice
QCD results up to O (,u%). They consider the existence of
crossover transition, and first-order phase transition and give
a possibility to choose the location of CP on the QCD phase
diagram {7, up}. The coverage of EoS at finite up is possible
due to the applied by BEST strategy [5,6,8]:

(1) Describe the universal scaling behavior of the EoS in
the three-dimensional (3D) Ising model close to the CP
using an appropriate parametrization;

(2) The 3D Ising model phase diagram is mapped
using a parametric change of variables onto the QCD
one [Ising variables to QCD coordinates: (h, r) —
(T, up)l, where h is magnetic field, and r is reduced
temperature r = (T — T¢)/1c;

©2023 American Physical Society
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FIG. 1. The linear transformation is used in mapping the 3D
Ising model diagram on the QCD one [8].

(3) Estimate the critical contribution to the expansion co-
efficients from Lattice QCD using the thermodynamics
of the Ising model EoS;

(4) Reconstruct the full pressure, incorporating the proper
critical behavior and matching lattice QCD at ug = 0.

In Fig. 1, the nonuniversal mapping procedure is illus-
trated. Using six parameters (listed and described in Sec. IT A),
the critical thermodynamics is linearly transferred to QCD.

A. Selection of the EoS parameters

The primary studies possible due to the modifications and
development of the EPOS3 model [9] allow one to study the
impact on final observables of the changes between the variety
of EoS. As mentioned in Sec. II, the BEST EoS is, in reality,
the family of EoSs, the set of various EoS tables. To obtain
the EoS, one must choose the parameters corresponding to
mapping properties and locate the CP on the QCD phase
diagram.

The composition of the input parameters is crucial in set-
ting the strength of the criticality of the transitions of the
matter. Moreover, by changing the CP’s location to some
extreme values, one can expect the crossover or the first-order
transitions in the evolution of examined simulated systems.
The structure of the parameter input file is as follows:

MODE TO K WUBC Atxl,az w P,

where (all visualized in the right panel of Fig. 1):

(i) MODE - corresponds to way of locating the CP on
the diagram. In this study, the CP lies on a parabola
parallel to the chiral transition line—which reports to
MODE = PAR;

(ii) Tp - the value of T at which the parabolic pseudocrit-
ical line crosses the 7" axis;

(iii) « - the curvature of the transition line at the 7' axis;

(iv) umpc and T¢ - the upg and T at the CP;

(v) Ay, ., - the difference between two angles shown in
Fig. 1.

(vi) o - the global scaling parameter in the mapping (the
higher w the less criticality in transitions of matter);

(vii) p - the relative scaling in the mapping; both w and p
application described in more details in [8].

The T¢, o > can be easily calculated from the given param-
eters

Te = To + «/Torge (1a)
2K
oy = 180/m | arctan | — . (1b)
Topsc
aZ = a] + AO(1.D¢2 (lC)

III. EPOS3 MODEL

EPOS3 is an abbreviation of Energy conserving quantum
mechanical multiple scattering approach, based on Partons
(parton ladders), Off-shell remnants, and Saturation of parton
ladders.

The model consists of several phases of evolution:

(i) initial stage (based on the parton Gribov-Regge

theory) [10,11];

(i1) core/corona division [12—14];

(iii) hydrodynamical evolution [13];

(iv) hadronization based on the given EoS;

(v) hadron rescattering (based on ultrarelativistic quan-
tum molecular dynamics (UrQMD) [15,16]);

(vi) resonance decays.

The crucial element of the model’s theoretical framework
is the sophisticated treatment of the hadron-hadron scatter-
ing and the initial stage of the collisions at ultrarelativistic
energies. It is highly relevant in the understanding of possi-
ble parton-hadron phase transition. The merged approach of
Gribov-Regge theory (GRT) and the eikonalized parton model
is utilized to treat the first interactions happening just after
the collision properly—satisfying conservation laws and equal
treatment of subsequent Pomerons [10,11,17].

If the density of the strings is very high, they cannot de-
cay independently, which describes the scenario of the heavy
ions and the high-multiplicity pp collisions. In EPOS3, the
dynamical process of the division of the strings segments into
core and corona is introduced in order to deal with this issue
[12-14].

The separation is based on the abilities of a given string
segment to leave the “bulk matter”, shown in Fig. 2. As the
criteria for deciding if it goes to core or corona, the transverse
momentum of the element and the local string density are
considered. If the string segment belongs to the very dense
area, it will not escape but will build the core, which will be
driven in the next step by a hydrodynamical evolution. When
the segment originates from the part of the string close to a
kink, characterized by the high transverse momenta, it escapes
the bulk matter and joins the corona and consequently will
show up as a hadron (jet hadrons). There is also a possibility
that the string segment is close to the surface of the dense part
of the medium, and its momentum is high enough to leave it;
it also becomes a corona particle. The following equation is
used for the determination of the core and corona:

P = by — o / pdL, )
Y

where y is the trajectory of the segment, p the string den-
sity, and fgjoss @ nonzero constant for pr > pr, null for
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FIG. 2. The Monte Carlo simulation: full circles correspond to
string segments contributing to core and open to corona. The big
circles are just for the eye guidance showing the surface of collided
nuclei [14].

pr < pr and interpolated linearly between pr; and prp.
If the p!*" is positive for a given segment, it escapes and
becomes a corona particle; in the opposite case, it contributes
to the core.

As it has been studied [18-21], the QGP does not expand
like an ideal fluid, and the effect of the bulk viscosity has to be
taken into account in the simulations. In EPOS3, the 3D + 1
viscous hydrodynamics is applied, providing an proper de-
scription of the collective expansion of the matter [13]. The
hydrodynamic evolution is based on the EoS. In this project
we introduced the possibility to change EoS and apply the
BEST ones.

In the simulations, the definitive treatment of individual
events is essential—the generalization in considering smooth
initial conditions for all events is not applied. The event-by-
event (ebe) approach in hydrodynamical evolution is based on
the random flux tube initial conditions [13]. It has a relevant
impact on the final observables, such as spectra or various har-
monics of flow. The hadronization process occurs according to
the microcanonical approach described in [22,23].

The final part of the simulation uses a so-called hadronic
afterburner - UrQMD [15,16].

When the system’s density is very high and the mean free
paths of constituent particles are small about any macroscopic

length scale, the hydrodynamic description can be used—in
the initial phase of the QGP evolution. With the system’s
cooling, the density and the mean free paths decrease; oppo-
sitely, the /s increases. Finally, the differences in the mean
free path of various particle species become relevant, and the
system’s collective description becomes inadequate. When the
density and the temperature are low enough, the kinetic theory
is applied using the UrQMD code [15,16].

The particles can interact only when they leave the
hypersurface of the freeze-out. The 2 — n hadronic scattering
is performed according to the measure reaction cross
sections [24]. Of the 60 different baryonic species and
their antiparticles, about 40 mesonic states are considered
[15,16]. There are implemented such interactions between
hadrons as [25]

(i) elastic scattering,
(i1) string excitations,
(iii) resonance excitations,
(iv) strangeness exchange reactions.

The hadronic scattering significantly impacts the final ob-
servables [26,27].

IV. RESULTS AND DISCUSSION
A. Simulations

The two collision energies were studied: Au + Au colli-
sions at /syy = 7.7 GeV and 27 GeV. Below the /syy =
11.5 GeV the onset of QGP is expected according to STAR
experimental results [28—30], which motivates the choice of
the lower collision energy. The second one is the medium one
in BES-I at RHIC [31]. The EPOS3 model simulations where
performed using following EoS:

(i) X3F crossover, three flavor conservation [12];
(i) BEST EoS with various parameters listed in Table I.

Substantial statistics is needed for the precise studies of
narrow centrality binning. In this research, we performed the
preliminary investigation using lower number of events but
looking into effects of various EoS.

The only element of the simulation at given energy per-
formed by the EPOS3 model which changes is the EoS.
All the presented data sets can be used to directly compare
the proposed EoS. Figures 3-6 illustrate the dependencies of

TABLEI. Sets input parameters for constructing nine BEST EoS used in the EPOS3 simulations. Left part corresponds to input parameters
for the BEST EoS construction code, in the right columns include calculated output variables.

Number MODE Ty K IBC AV w P Tc UBe o o) oTe pwTc
BEST 1: PAR 155 —0.0149 350 90 1 2 143 350 3 93 143 286
BEST 2: PAR 155 —0.0149 350 90 4 1 143 350 3 93 572 572
BEST 3: PAR 155 —0.0149 420 90 0.75 2 138 420 4 94 103 207
BEST 4: PAR 155 —0.0149 350 90 10 1 143 350 3 93 1432 1432
BEST 5: PAR 169 —0.0149 420 90 1 1 153 420 4 94 153 153
BEST 6: PAR 169 —0.0149 420 90 0.5 1 153 420 4 94 76 76
BEST 7: PAR 174 —0.0149 440 90 1 1 157 440 4 94 157 157
BEST 8: PAR 178 —0.0149 300 90 1 1 170 300 2 92 170 170
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FIG. 3. Energy density as a function of temperature at pug =
300 MeV for all constructed EoS.

energy density and pressure with temperature for each EoS at
wp 0.30GeV and 0.45 GeV. The significant variations due to
the presence of CP are visible in the density energy plots in
the T = 0.12-0.2 GeV region.

B. Production of particles

Figure 7 shows the particle production at the most central
0-5 % collisions of Au + Au simulated with EPOS3 model.
They are compared with STAR data published in [32]. Cen-
trality in the model are defined using the Glauber model.
Various EoS sets of parameters were used in performed sim-
ulations; the numbers of EPOS3 data sets correspond to those
listed in Table I. As all the points from simulations precisely
overlap each other, so only part of the data sets were plotted.
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FIG. 4. Energy density as a function of temperature at uz =
450 MeV for all constructed EoS.
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FIG. 5. Pressure as a function of temperature at g = 300 MeV
for all constructed EoS.

The relations between particles’ and antiparticles’ production
are reflected using ratios in Fig. 8.

The higher number of produced baryons than antibaryons
proves that in EPOS3 simulations, the impact of nonzero
baryon potential is kept for all the proposed EoSs. The
model reflects the experimental data reasonably, except
for pions twice overestimated. Nonetheless, their ratio is
kept.

The possible reason for such discrepancies is the too-wide
rapidity distribution of simulated data. In the experimental
analysis, the selection of particles characterized by the
ly| < 0.1 is very narrow. In such a case, even a tiny deviation
in the rapidity distribution strongly affects the performed
investigation.
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FIG. 6. Pressure as a function of temperature at up = 450 MeV
for all constructed EoS.
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FIG. 7. Particle yields for Au+ Au most central 0-5% col-
lisions at ,/syy = 7.7GeV simulated with EPOS3 model using
various EoSs and compared with STAR data [32].

In both Figs. 7 and 8, no relevant differences between
simulations obtained with various EoSs are observed.
Notwithstanding the X3F EoS corresponds to the crossover
transition, which is not expected to happen for cooling
systems created in collisions of Au 4 Au at \/syy = 7.7 GeV.

C. Particles’ dynamics

The differences between the EoS were searched in the dy-
namics of the expanding matter. The listed below observables
were investigated:

(i) transverse momentum (pr) spectra of identified
hadrons: p, p, K*, 7% (Au+ Au at Syv = 7.7 and
27 GeV, 0-5 % and 60-80 % centrality ranges),

(ii) elliptic flow (v,) of identified hadrons: p, p, KT,
7% (Au+ Au at /syy = 7.7 and 27 GeV, 0-80 %

centrality).
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FIG. 8. Particle ratios for Au + Au most central 0—5 % collisions
at /syy = 7.7GeV simulated with EPOS3 model using various
EoSs and compared with STAR data [32].
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FIG. 9. pr spectra of identified hadrons for Au + Au collisions
at \/syv = 27 GeV. Simulated data compared with STAR experimen-
tal data [32].

Surprisingly, none of the above-mentioned observables
depended on the applied EoS. Figures 9 and 10 show the
comparison of the simulated EPOS3 p; and v2 with STAR
experiment for Au + Au collisions at /syy = 27 GeV. Con-
cerning the proton results, there are large discrepancies, in
particular the yields are much too low. This is a “known
problem” in EPOS3, which will be solved in EPOS4. In the
EPOS framework, primary particles (before hydroevolution
and hadronic cascade) originate either from “Pomeron decay”
or from “remnant excitation and decay”. The latter becomes
very important at RHIC energies, which is not considered
properly in EPOS3, being optimized for LHC collisions. Very
preliminary EPOS4 results look very promising for RHIC
Au + Au scatterings down to 20A GeV. The aim of the current
project is not to optimize RHIC applications, but to under-
stand what works and what does not work in EPOS3 in the
RHIC energy domain, and to present the implementations of
different BEST EoS, including first results.

D. Moments of particle distributions

The nonmonotonic behavior in the event-by-event
fluctuations of globally conserved quantities is treated as one
of the signatures of the presence of CP [33,34]. The moments
of distributions characterizing the given fluctuations are:
mean (M), standard deviation (o), skewness (S), the kurtosis
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FIG. 10. v, of identified hadrons for Au + Au collisions at
JSyv = 27 GeV. Simulated data are shown with the curves and
STAR experimental data [32] with black points.

(x). They are linked with the corresponding higher-order
thermodynamic susceptibilities and the system’s correlation
length [35,36], which are expected to fluctuate for large
samples in equilibrium at the CP. In the vicinity of CP, in
reality, the system is driven away from the thermodynamic
equilibrium, and the maximum value of correlation length
attains 1.5-3 fm [36]. During the fireball evolution after the
hadronization stage, the freeze-out signal information can
dissipate [37]. However, if it survives, the higher moments
can become helpful in studies of CP’s location. As the CP’s
location is changed in various EoSs, the moments of particle
distributions are expected to be a useful tool in the performed
investigation. In the EPOS3 model, the critical fluctuations
are not propagated in the hydroframework. However, still, the
variations between different EoS could be visible.

Figures 11 and 12 show the So and ko? integrated overall
Npare as a function of the collision energy. To perform this
analysis in smaller centrality bins, enormous statistics are
required. However, even in integrated data, significant energy
dependence is present for So for all EoSs. All the points
at the given energy are within the statistic uncertainties; ef-
fectively, no clear statement about the discrepancies between
the EoSs. ko2 shows more considerable variations between
different EoS data sets. At \/syy = 7.7 GeV, the highest point
corresponds to the EoS where the CP is located at high T and
low pp and the simulated system is expected to go through
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FIG. 11. The So of net-proton distributions for Au + Au colli-
sions at ,/syy = 7.7 and 27 GeV as a function of the collision energy
J/Snn. The zoomed window corresponds to collisions at /syy =
27 GeV. The shifts of the point on the x axis are applied for better
visualization.
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FIG. 12. The «o? of net-proton distributions for Au + Au col-
lisions at /syy = 7.7 and 27 GeV as a function of the collision
energy ./syn. The zoomed window corresponds to collisions at

sxy = 27 GeV. The shifts of the point on the x axis are applied
for better visualization.
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the first-order transition. At the same time, the negative value
is related to BEST4, where the criticality is less pronounced.
For data sets simulated at /syy = 27 GeV, the differences are
minor; however, the BEST8 value is the highest. The energy
dependence is not definite.

The measurements of the net-proton distributions’ mo-
ments show the differences between data simulated using
various EoSs. They are more pronounced in peripheral col-
lisions where we do not expect an immense contribution from
the core particles, consequently, less dependent on the EoS.

V. CONCLUSION

The studies of various EoS implemented in the EPOS3
model were described. Developing the generator’s code
by introducing a new EoS gave a possibility to investigate
the impact of EoS on the final observables. Apart from the
EoS, the whole structure of the model remained unchanged.
EPOS3 model did not show the variations between different

implemented EoS for most of the examined observables
(like flow or yields). It concludes that the EPOS3 model is
not sensitive to switching the EoS used in simulations. This
version of the model is still under development. Studies based
on higher statistics will be performed on the final model
version, EPOS4.
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