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Abstract: We studied the effects of centrality fluctuation and deuteron formation on the cumulant (C,,) and correla-
tion functions («, ) of protons up to the sixth order in the most central (b< 3 fm) Au+Au collisions at /syy =3 GeV

in a microscopic transport model (JAM). The results are presented as a function of rapidity acceptance within the

transverse momentum 0.4 < pr <2 GeV/c. We compared the results obtained by the centrality bin width correction

(CBWC) using charged reference particle multiplicities with the CBWC using impact parameter bins. It was found
that, at low energies, the centrality resolution for determining the collision centrality using charged particle multipli-
cities is not sufficient to reduce the initial volume fluctuation effect for higher-order cumulant analysis. New meth-
ods need to be developed to classify events with high centrality resolution for heavy-ion collisions at low energies.

Finally, we observed that the formation of deuterons suppresses the higher-order cumulants and correlation func-

tions of protons and found it to be similar to the efficiency effect. This work can serve as a noncritical baseline for

the QCD critical point search in the high baryon density region.
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I. INTRODUCTION

One of the primary objectives of relativistic heavy-ion
collision experiments is to unravel the Quantum Chromo-
dynamics (QCD) phase structure. At low ug, the lattice
QCD calculations predict a smooth crossover from had-
ronic to quark-gluon degrees of freedom [1]. QCD-based
models suggest that the transition from Quark-Gluon
Plasma (QGP) to hadronic matter is of the first order at
large baryon chemical potentials [2-4]. The endpoint of
the first-order phase transition line towards low ugp is the
so-called QCD Ceritical Point (CP). Although numerous
studies have been conducted both theoretically [5-14] and
experimentally [15-20], the location of the CP remains
unsettled. The experimental validation of the CP would
be a breakthrough for the exploration of the QCD phase
structure. For this reason, the Beam Energy Scan pro-
gram at RHIC has been operating since 2010 to map out
the phase diagram as a function of baryon chemical po-
tential (up) and temperature (7') [21].

For heavy-ion collisions, one of the foremost meth-
ods for the critical point search is measurement of the
higher-order cumulants of conserved quantities, such as
the net-baryon, net-charge, and net-strangeness numbers.
Theoretically, it is expected that the higher-order cumu-
lants of conserved charges will be sensitive to the correla-
tion length (¢) of the system, which will diverge near the
critical point [22-26]. As a result, non-monotonic vari-
ation of higher-order cumulant ratios from their baseline
values is expected in existence of the critical point. Fur-
thermore, theoretical calculation suggests that the ratio of
the sixth and second order cumulants (C¢/C5) is sensitive
to the phase transition and that it will become negative
when the chemical freeze-out is close to the chiral phase
transition boundary [27, 28]. Thus, the sixth order fluctu-
ation could serve as a sensitive probe of the signature of
the QCD phase transition [29]. Experimentally, due to the
detection inefficiency of neutral particles and multi-
strange baryons, the net-proton and net-kaon are used as
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experimental proxies of the net-baryon and net-strange-
ness, respectively. In the last few years, the measurement
of second, third, and fourth order cumulants of net-charge
[17, 30], net-proton [15, 16, 20, 31, 32], and net-kaon
[18] multiplicity distributions have been conducted by the
STAR and PHENIX experiments in the first phase of the
beam energy scan (BES-I, 2010-2017) program at the Re-
lativistic Heavy Ion Collider (RHIC). The measurement
of the second order mixed cumulant has also been repor-
ted [33]. Recently, the HADES experiment published the
proton number fluctuations in fixed target AutAu colli-
sions at +/syy = 2.4 GeV [34]. Within current statistical
uncertainties, the cumulants of the net-charge and net-ka-
on distributions are found to have either modest or mono-
tonic dependence on the beam energy, whereas the fourth
order cumulant ratio (C4/C,) of the net-proton distribu-
tions exhibits non-monotonic behaviors as a function of
\snn , with a 3.1 o significance [20]. To confirm these
non-monotonic behaviors, it is important to perform high
precision fluctuation measurements at higher pp regions.
To fulfill this goal, RHIC started the second phase of the
beam energy scan program (BES-II) in 2018, focusing on
collision energies below 27 GeV. From 2018 to 2020, the
STAR experiment collected data on high statistics
Au+tAu collisions at y/syy =9.2,11.5, 14.6, 19.6, and 27
GeV (collider mode) and +/syy = 3.0 — 7.7 GeV (fixed
target mode). Conversely, to understand the various back-
ground contributions from different physics processes,
model (without CP) studies are important in that they can
provide baselines for the experimental search of the QCD
critical point. These background contributions may arise
from the limited detector acceptance/efficiency, initial
volume fluctuation, autocorrelation and centrality resolu-
tion, centrality width, baryon number conservation, and
resonance decay. Some of these effects have been stud-
ied previously [35-44] but remain to be understood prop-
erly before solid physics conclusions can be attained.

In this paper, we studied the effects of centrality fluc-
tuation and deuteron formation on the proton cumulant
and correlation functions up to the sixth order in the most
central AutAu collisions at /syy = 3 GeV using the
JAM model. The paper is organized as follows. In Sec. I,
we briefly discuss the JAM model used for this analysis.
In Sec. III, we introduce the observables used for the
present study. In Sec. IV, we present the cumulants up to
the sixth order of the proton multiplicity distribution at
Vsvy =3 GeV with the JAM model and discuss the ef-
fect of centrality fluctuation and deuteron formation. The
article is summarised in Sec. V.

II. THE JAM MODEL

JAM (Jet AA Microscopic Transport Model) is a non-
equilibrium microscopic transport model contracted on
resonance and string degrees of freedom [45, 46]. In the

JAM model, hadrons and their excited states have expli-
cit space and time propagation by the cascade method. In-
elastic hadron-hadron collisions with resonance are ap-
plied at low energy, whereas the string picture and hard
parton-parton scattering are modeled at intermediate and
high-energy, respectively. The nuclear mean-field is ap-
plied based on the simplified version of the relativistic
quantum molecular dynamics (RQMD) approach [47].
Previously, the JAM model has been used to compute
several cumulants and to study different effects on
particle number fluctuations in heavy-ion collision phe-
nomenology [42, 48]. Greater detail about the JAM mod-
el can be found in Refs. [46, 48, 49]. In this study, we
analyzed around 25 million central events for the Au+Au
system at +/syv =3 GeV generated using the JAM mod-
el with a nuclear mean field. Using the simulated events,
we calculated up to sixth order cumulants and correlation
functions of event-by-event proton multiplicity distribu-
tions. The light nuclei are not generated directly in the
JAM model; rather, they are produced with an afterburn-
er code along the coalescence of nucleons with the phase
space obtained from the JAM model [50]. The coales-
cence process is then treated stochastically. The phase
space density of the nucleon is obtained when the simula-
tion process is stopped at a certain time (50 fm/c in our
simulation). The coalescence conditions are constrained
by the relative distance (AR) and relative momentum
(AP) in the two body center of mass frame. When the rel-
ative distance and momentum of any two nucleons are
less than the given parameters (Ry,Py), the light nuclei
are considered to be formed [50-53]. Based on the charge
rms radius of the wave function for deuterons, we fixed
the coalescence parameters of the deuteron at Rp =4 fm
and Py =0.3 GeV/e.

III. OBSERVABLES AND METHODS

Higher-order multiplicity fluctuations can be charac-
terized by different order cumulants (C,). The n" order
cumulant is expressed via a generating function [54] as

1

Cp = — K(@)la=0, (D

oa

where K(«) is the cumulant generating function, which is
logarithm of the moment generating function (K(a)=
In(M(w))). From event-by-event multiplicity distributions,
the various order cumulants can be expressed in terms of
the central moment as follows:

C; =(N), 2

C> = ((6N)?), A3)
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C3 = ((6N)*), *4)
Cy = BNy = 3((BN)*)?, ©)
Cs = ((6N)’) = 10{(SN)*}{(5N)?), (6)
Co =((6N)®) = 15((SNY*W(SN)*y — 10{(6N)*)?
+30((6N)?)°, (7)

where N is the event-by-event particle number and
6N = N — (N) represents the deviation of N from its mean.
(...) represents an average over the event sample. The n-
th order cumulant C, is connected to the thermodynamic
number susceptibilities of a system at thermal and chem-
ical equilibrium:

C,=VTyn, )

where V is the system volume, which is difficult to meas-
ure in heavy-ion collisions. To cancel out the volume de-
pendence, different order cumulant ratios are measured as
experimental observables, which are related to the ratios
of thermodynamic susceptibilities [24, 55]:

2

G o C3_)(3_S

N T T T -V = — =920,

Ci xi M G x2

C C C

Y L B R ¢ R )
C: x2 G i G x2

where M, o, S , and « are the mean, sigma, skewness,
and kurtosis of the multiplicity distribution, respectively.
Moreover, the multi-particle correlation function «, (or
factorial cumulant) can also be expressed in terms of
single particle cumulants [56, 57]:

k1 =Cq, (10)
ky =—C1+Cy, (11)
k3 =2C1—3C+C3, (12)
k4 = —=6C1+11C2 —6C3 + Cy, (13)
ks =24C) —50C; +35C3 — 10C4 + Cs, (14)

kg =—120C; +274C, —225C5 + 85C,
—15Cs + Cé. (15)

For the Poisson distribution, the higher-order correla-
tion functions «,(n>2) are equal to zero. Thus, «, can
also be used to quantify deviations from the Poisson dis-
tribution.

In this study, we analyzed approximately 25 million
central events (b < 3 fm) for an AutAu system generated

using the JAM model. We studied the effect of centrality
fluctuation and deuteron formation up to the sixth order
cumulant of the proton multiplicity distribution in differ-
ent acceptance windows.

In heavy-ion collision experiments, the collision cent-
ralities are usually defined by using charged particle mul-
tiplicities (Nc,) around mid-rapidity in which the smal-
lest centrality bin is a single multiplicity value. To avoid
autocorrelation effects, protons are excluded from N
within || <1 for centrality selection. This centrality
definition is called Refmult3 [16]. For better statistical
accuracy, the cumulant values are reported in wider cent-
rality bins. Therefore, the centrality bin width correction
(CBWC) is necessary to suppress volume fluctuations in
a wide centrality bin [35]. Conventionally, the CBWC is
performed by calculating cumulants in each Refmult3 bin
[39]. However, for such a low energy due to the greatly
reduced final state particle multiplicity, even a single
multiplicity bin may correspond to a wider initial volume
fluctuation. We discuss this effect below by comparing
the results of the Refmult3-CBWC with the impact para-
meter (b) CBWC. In CBWC techniques, as shown in Eq.
(16), the n"™ order cumulants (Cp) are first calculated in
each bin i and then are weighted by the number of events
in each bin (»;),

v
C;,, _ Zinicn’ (16)
il

where C! is the n" order cumulant in the i-th bin (either
in the » = 0.1 fm bin or in each Refmult3 bin) and (3; ;)
represents the total number of events. The uncertainties
reported in the results are statistical due to the finite size
of the event sample, and they are obtained using a stand-
ard error propagation method called the Delta theorem
[58-60]. Generally, the uncertainty on cumulant measure-
ment is inversely proportional to the number of events
and proportional to the certain power of the width of the
proton multiplicity distributions.

IV. RESULTS

We start by discussing the proton dN/dy distribution.
Figure 1 shows the dN/dy distribution of protons and
deuterons in the most central Au+Au collisions at /syy =
3 GeV in the JAM model. The central Au+Au collisions
are chosen with an impact parameter of less than 3 fm.
The deuteron formation probability is proportional to the
initial proton yield in that event according to coalescence
after the kinetic freeze-out [61-63]; i.e.,

Aq=Bn, (17)

where we assume that the neutron yield is proportional to
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JAM model = p (no d-formation)

801 ba< pr<2.0 GeV/c == p (d-formation)
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Fig. 1. (color online) Rapidity (dN/dy) distributions for pro-

tons with and without deuteron formation in the most central
(b < 3 fm) AutAu systems at syy = 3 GeV in the JAM
model.

the proton yield in each event. However, the additional
checks have been performed assuming that the neutron
and protons are uncorrelated [63]. B and n,, represent the
coalescence parameter and initial proton number, respect-
ively. The above assumption is valid where the volume
fluctuation is minimal [64]. The initial proton number (p
without d-formation) can thus be approximated by adding
the observed proton and deuteron numbers as shown in
Fig. 1 and also discussed in an earlier work [64],

ANy,
d_y =np, =n,+ng. (18)

Figure 2 shows the event-by-event proton number
distribution in the most central Au+Au collision at \/syy =
3 GeV with and without deuteron formation in the JAM
model. The distributions are obtained by counting pro-
tons within 0.4 < pr <2.0 GeV/c, and the distributions
presented in Fig. 2 are not corrected by centrality bin
width as described in previous section.

We first discuss the validity of centrality bin width
correction using Refmult3 at /syy =3 GeV. As we dis-
cussed in the previous section, at very low energies, even
a single multiplicity bin corresponds to a wide initial
volume fluctuation, as demonstrated in Fig. 3. Figure 3(a)
shows the two-dimensional correlation plot between Re-
fmult3 and the impact parameter at /syy =3 GeV. We
can observe that at 3 GeV, no strong negative correlation
is found between charged particles at the mid-rapidity re-
gion (Refmult3) and the impact parameter in contrast to
observations for higher energies [39]. This indicates that
at low energies the charged particles in the mid-rapidity
region are insensitive to the initial collision geometry and
have poor centrality resolution. Figure 3(b) shows the b-
distributions for two different fixed Refmult3 values, 67
(the peak value of the Refmult3 distribution with maxim-
um weight) and 60. We can clearly see that even a fixed

0.06 1 0.4 < pr<2.0 (GeV/c)
b < 3.0 fm
0.05{ IyI<05
JAM model
0.044{ Au+Au

— no d-formation
== d-formation

Normalized Number of Event

0.03
0.02
0.01
0.00 . * y ; .
20 40 60 80 100 120
Number of Proton
Fig. 2.  (color online) Normalized event-by-event proton

multiplicity distributions in the most central (b < 3 fm)
Au+Au collisions at syy =3 GeV with and without deuter-
on formation in the JAM model.
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Fig. 3.  (color online) (a) Correlation between Refmult3

(charged particles excluding protons within ||< 1) and the im-
pact parameter in top central (b< 3 fm) Aut+Au collisions at
vVsvy =3 GeV. (b) Impact parameter distributions for fixed
Refmult3 values.

Refmult3 corresponds to all the impact parameter values
from 0-3 fim with a weight that is similar to that of the un-
biased b-distribution.

Figures 4 and 5 show the rapidity acceptance depend-
ence for the cumulants and cumulant ratios of the proton
multiplicity distributions for two different centrality
definitions in Aut+Au collisions at /syy =3 GeV from
the JAM model simulation. The results are also com-
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Fig. 4. (color online) Rapidity acceptance dependence cumulants of proton multiplicity distributions in top central (b < 3 fm) AutAu
collisions at /syy =3 GeV. The centrality bin width correction is performed with (a) each Refmult3-bin (black squares) and (b) a 0.1
fm impact parameter bin (red circles). The results are also compared with the cumulants calculated without the CBWC (green
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Fig. 5. (color online) Rapidity acceptance dependence cumulant ratios of proton multiplicity distributions in top central Au+Au colli-
sions at /syy =3 GeV. The centrality bin width correction is performed with (a) each Refmult3-bin (black squares) and (b) a 0.1 fm
impact parameter bin (red circles). The results are also compared with the cumulants calculated without the CBWC (green triangles).

pared with the cumulants calculated without the CBWC. momentum acceptance for the cumulants and cumulant
We observed that both the cumulants and cumulant ratios ratios in Figs. 6 and 7, respectively. For this study, we
obtained from the Refmult3-CBWC have a large devi- fixed the rapidity acceptance to [y| < 0.5 and the lower
ation from the impact parameter CBWC at +/syy = 3 limit of transverse momentum to py = 0.4 GeV/c. We
GeV. We used 0.1 fm bins for the impact parameter  varied the upper limit of transverse momentum (pr,_ ) ac-
based CBWC. As for the rapidity acceptance dependence, ceptance up to 2.4 GeV/c. We observed that the cumu-
we also studied the CBWC effect with different tranverse ~ lants are saturated after pr ~ 1.5-1.6 GeV/c due to the

rrrrr
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Fig. 6. (color online) Transverse momentum acceptance dependence cumulants of proton multiplicity distributions in top central (b <
3 fm) AutAu collisions at /syy =3 GeV. The centrality bin width correction is performed with (a) each Refmult3-bin (black squares)
and (b) a 0.1 fm impact parameter bin (red circles). The results are also compared with the cumulants calculated without the CBWC

(green triangles).
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Fig. 7. (color online) Transverse momentum acceptance dependence cumulant ratios of proton multiplicity distributions in top cent-
ral Aut+Au collisions at /syy =3 GeV. The centrality bin width correction is performed with (a) each Refmult3-bin (black squares)
and (b) a 0.1 fm impact parameter bin (red circles). The results are also compared with the cumulants calculated without the CBWC

(green triangles).

saturation of the proton yield. Based on this comparison, are therefore needed to determine the collision centralit-
we can conclude that unlike at higher collision energies, ies. Recently, in Refs. [65, 66], machine learning has
the CBWC using charged-particle multiplicity bins can- been proposed to determine the collision centrality with
not effectively suppress initial volume fluctuations in high resolution in heavy-ion collisions. This might be
Au+tAu collisions at /syy = 3 GeV [39]. New methods able to address the centrality fluctuation effect on cumu-
for classifying events at low energy heavy-ion collisions lant analysis at low energies. In the subsequent sections,
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we use the h-CBWC to understand the effect of deuteron
formation on the proton number cumulant and correla-
tion functions.

Theoretically, it was predicted that the rapidity win-
dow dependence of proton cumulants is an important ob-
servable when searching for the QCD critical point and
for understanding the non-equilibrium effects of dynam-
ical expansion on fluctuations in heavy-ion collisions
[57]. Tt is expected that the proton cumulant and correla-
tion functions will exhibit power law dependence with
the rapidity acceptance and number of protons since
C. Kk < (Ay)* o< (N,)" due to the long range correlation
close to the critical point. This relationship holds when
the rapidity acceptance is less than the typical correlation
length near the critical point (Ay <¢) [42, 57]. On the
other hand, if the rapidity acceptance is large enough rel-
ative to the correlation length (Ay > &), the proton cumu-
lant and multi-particle correlation function will be domin-
ated by statistical fluctuations since C,,k, < Ay oc N,
However, if the rapidity acceptance is further enlarged,
the baryon number conservation effect will dominate the
statistical fluctuations.

Figure 8 shows the variation of the cumulants C,, with
the rapidity acceptance (—ymax <Y < Ymax> AY = 2 Ymax) Of
proton multiplicity distributions in the most central
Au+tAu collisions at /syy = 3 GeV. The measurements
were conducted within the transverse momentum range of
0.4 to 2.0 GeV/c. All cumulants are saturated around
Ay ~ 2.2, which is the acceptance up to beam rapidity
(Ybeam = 1.039 at /syy =3 GeV) [39]. C; and C; in-
crease linearly as a function of rapidity acceptance up to

2ypeam due to an increase in the proton number with ac-
ceptance. We observed an approximately 7% reduction in
the mean value of the number of protons in the case in-
cluding deuteron formation. C5 increases in low rapidity
acceptance, exhibits a peak around Ay ~ 0.7-0.8, and then
decreases. The fourth order proton cumulant (C4) values
are negative above Ay ~ 0.6, whereas the fifth and sixth
order proton cumulants (Cs and Cg) are consistent with
zero with large statistical uncertainties. To better under-
stand the effect of deuteron formation, we randomly re-
duced the total proton number by 7% in each event using
binomial sampling. Although the values are not identical,
we found that the effect of randomly dropping 7% of pro-
tons was very similar to the case including deuteron
formation.

Figure 9 shows the rapidity acceptance dependence of
the correlation function «, of protons in the most central
Au+Au collisions at +/syy =3 GeV within the pr range
0.4 to 2.0 GeV/c. Different orders of correlation function
values are saturated at approximately Ay~ 2.2 around
mid-rapidity. x; increases as a function of the rapidity
window. The two particle correlation function (x;) of
protons is found to be negative, and it decreases mono-
tonically up to Ay~ 2.2. The three particle correlation
function («3) of protons increases with Ay ~ acceptance.
The fourth, fifth, and sixth order correlation functions of
protons (x4, k5, and kg, respectively) are found to be close
to zero up to Ay ~ 1; they start to deviate from zero when
further enlarging the rapidity acceptance. Interestingly,
the odd order correlation functions are found to be posit-
ive while the even order correlation functions show neg-

150 30
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= 100 ga 8 20 g Xo
= B 40 4 R B
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5 N u ] 22
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0 T T T T T T T T 0 T T T T
x102 x103
20 2
Rﬁe C4 1 4 CS ul C6
H q.- ol Ll
0 - %$ 0 anﬁé % +
04 -—-28 L 11 oRRTR LT,
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~20 s354888
—1 4 —4 4
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Fig. 8.

(color online) Rapidity acceptance dependence cumulants (C; ~ Cg) of proton multiplicity distributions in top central (b <3

fm) AutAu collisions at /syy =3 GeV. The results were obtained with/without deuteron formation in the JAM model. The blue cross
markers indicate the random reduction of 7% of the protons in each event.
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(color online) Rapidity acceptance dependence of the correlation functions («; ~ k) of the proton multiplicity distribution in

top central (b <3 fm) AutAu collisions at /sy = 3 GeV with/without deuteron formation. The blue crosses represent the random

dropping of 7% of the protons in each event.
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Fig. 10.

(color online) Rapidity acceptance dependence cumulant ratios (C2/Cy, C3/Ca, C4/C2, Cs5/Cy, and Cs/C,) of the proton multi-

plicity distributions in the most central (5 <3 fm) Au+Au collisions at /syy =3 GeV. The results were obtained with/without deuter-
on formation in the JAM model. The blue crosses indicate the random dropping of 7% of the protons in each event.

ative values up to the sixth order at large rapidity accept-
ance at /syy = 3 GeV. The strong rapidity acceptance
dependence is mainly attributed to the effects of baryon
number conservation [67-70]. In addition, we observed
that when we randomly drop 7% of the protons in each
event, the cumulants are close to the deuteron formation
case.

Figure 10 shows the rapidity acceptance dependence
of cumulant ratios C,/C;, C3/Cay, C4/C,, Cs/C; and

Cs/C, of the proton multiplicity distributions in Aut+Au
collisions at +/syy =3 GeV. At small rapidity accept-
ance values, the cumulant ratios follow statistical (Pois-
son) baseline fluctuations, and the values are close to
unity (C,,/C, ~1). C2/C; and C3/C, decrease smoothly
with Ay and saturate around Ay ~ 2. The values of C4/C;
and Cs/C; are positive for small rapidity acceptance,
change sign around Ay ~ 0.6, and then further decrease up
to Ay~1. Cg/C; isclose to 1 within statistical uncer-
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tainty at smaller rapidity acceptance and exhibits negat-
ive values at larger acceptance values. We observed good
agreement between the cumulant ratios for deuteron
formation and the case in which random protons were
dropped.

V. SUMMARY

In this work, we studied the effects of centrality fluc-
tuation and deuteron formation on the cumulant and cor-
relation functions of protons up to the sixth order in the
most central AutAu collisions at +/syy = 3 GeV using
the JAM model. We presented the results as a function of
the rapidity acceptance within the transverse momentum
range of 0.4 < pr <2 GeV/c. The proton cumulants C;
and C, increase linearly as a function of the rapidity ac-
ceptance up to Ay ~ 2ypeam. Lhis also leads to the suppres-
sion of C3 and Cy in the larger rapidity acceptance win-
dow (Ay > 0.6). The cumulants are saturated after pr .. ~
1.5-1.6 GeV/c due to the saturation of the proton yield in
a fixed rapidity acceptance. Further, we found the odd or-
der correlation functions to be positive, whereas the even
order correlation functions were found to be negative up
to the sixth order for larger rapidity acceptance at +/syy
= 3 GeV. This is mainly due to the effects of baryon

number conservation in heavy-ion collisions. The results
obtained by the centrality bin width correction (CBWC)
using charged reference particle multiplicities were com-
pared with the CBWC using finer impact parameter bins.
We observed that the centrality resolution for determin-
ing the collision centrality using charged particle multi-
plicities cannot effectively reduce the centrality fluctu-
ations in heavy-ion collisions at low energies. This
presents a challenge when conducting cumulant measure-
ments in low energy heavy-ion collisions. New methods,
such as machine learning techniques, need to be de-
veloped and applied to determine the collision centrality
with high resolution. This will be crucial for precisely
measuring the higher-order cumulants in heavy-ion colli-
sions at low energies. We also discussed the effect of
deuteron formation on the cumulant and correlation func-
tions of protons and found that it is similar to the binomi-
al efficiency effect due to the loss of protons via deuter-
on formation. This work can serve as a mnon-critical
baseline for the future QCD critical point search in
heavy-ion collisions at high baryon density regions.
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