
�¨¸Ó³  ¢ �—�Ÿ. 2015. ’. 12, º 4(195). ‘. 818Ä831

”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��. ’…��ˆŸ

THERMAL DESCRIPTION OF PARTICLE PRODUCTION
IN AuÄAu COLLISIONS AT STAR ENERGIES

A. Tawˇk 1, E. Abbas 2

Egyptian Center for Theoretical Physics (ECTP), Modern University for Technology
and Information (MTI), Cairo

World Laboratory for Cosmology and Particle Physics (WLCAPP), Cairo

The hadron ratios measured in central AuÄAu collisions are analyzed by means of the Hadron
Resonance Gas (HRG) model over a wide range of nucleonÄnucleon center-of-mass energies,

√
sNN =

7.7−200 GeV as offered by the STAR Beam Energy Scan I (BES-I). The temperature and baryon
chemical potential are deduced from ˇts of experimental ratios to thermal model calculations assuming
chemical equilibrium. We ˇnd that the resulting freeze-out parameters using single hard-core value and
point-like constituents of HRG are identical. This implies that the excluded volume comes up with no
effect on the extracted parameters. We compare the results with other studies and with the lattice QCD
calculations. Various freeze-out conditions are confronted with the resulting data set. The effect of
including new resonances is also analyzed. At vanishing chemical potential, a limiting temperature was
estimated, Tlim = (158.5 ± 3) MeV.

‚ · ¡μÉ¥ ¶·μ ´ ²¨§¨·μ¢ ´Ò μÉ´μÏ¥´¨Ö ¢ÒÌμ¤μ¢  ¤·μ´μ¢ ¢ Í¥´É· ²Ó´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ AuÄAu
¢ · ³± Ì ³μ¤¥²¨  ¤·μ´´μ£μ ·¥§μ´ ´¸´μ£μ £ §  (��ƒ) ¢ Ï¨·μ±μ° μ¡² ¸É¨ Ô´¥·£¨° Í¥´É·  ³ ¸¸ ¸¨-
¸É¥³Ò ´Ê±²μ´Ä´Ê±²μ´ Å

√
sNN = 7,7−200 ƒÔ‚, ± ± ¡Ò²μ ¶·¥¤²μ¦¥´μ ¢ ¶·μÍ¥¸¸¥ ¸± ´¨·μ¢ ´¨Ö

¶μ Ô´¥·£¨Ö³ ¶ÊÎ±  I ±μ²² ¡μ· Í¨¥° STAR (BES-I). ’¥³¶¥· ÉÊ·  ¨ ¡ ·¨μ´´Ò° Ì¨³¨Î¥¸±¨° ¶μÉ¥´-
Í¨ ² ¶μ²ÊÎ¥´Ò ¨§ Ë¨É¨·μ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μÉ´μÏ¥´¨° ¨§ ¢ÒÎ¨¸²¥´¨° ¢ · ³± Ì É¥¶²μ¢ÒÌ
³μ¤¥²¥° ¢ ¶·¥¤¶μ²μ¦¥´¨¨ Ì¨³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö. �μ± § ´μ, ÎÉμ ¶ · ³¥É·Ò ¢Ò³μ· ¦¨¢ ´¨Ö,
¶μ²ÊÎ ¥³Ò¥ ¸ ¶μ³μÐÓÕ Éμ²Ó±μ ¢¥²¨Î¨´Ò ¦¥¸É±μ£μ ±μ·  ¨ ÉμÎ¥Î´ÒÌ ±μ´¸É¨ÉÊÔ´Éμ¢ ��ƒ, ¨¤¥´-
É¨Î´Ò. �Éμ μ§´ Î ¥É, ÎÉμ ´¥ÊÎ¥É · §³¥·μ¢ ±μ´¸É¨ÉÊÔ´Éμ¢ ´¥ ¢²¨Ö¥É ´  ¢¥²¨Î¨´Ê ¨§¢²¥± ¥³ÒÌ
¶ · ³¥É·μ¢. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ¤·Ê£¨³¨ ³μ¤¥²Ö³¨ ¨ ¢ÒÎ¨¸²¥´¨Ö³¨ Š•„ ´ 
·¥Ï¥É±¥. � ¸¸³μÉ·¥´Ò · §²¨Î´Ò¥ Ê¸²μ¢¨Ö ¢Ò³μ· ¦¨¢ ´¨Ö, ¨ ¨¸¸²¥¤μ¢ ´μ ¨Ì ¢²¨Ö´¨¥ ´  ¶μ²ÊÎ ¥-
³Ò¥ ·¥§Ê²ÓÉ ÉÒ. ’ ±¦¥ · ¸¸³μÉ·¥´ ÔËË¥±É ÊÎ¥É  ´μ¢ÒÌ ·¥§μ´ ´¸μ¢. �μ± § ´μ, ÎÉμ ¶·¨ ¨¸Î¥§ ÕÐ¥
³ ²μ³ Ì¨³¨Î¥¸±μ³ ¶μÉ¥´Í¨ ²¥ ¤μ¸É¨£ ¥É¸Ö ¶·¥¤¥²Ó´ Ö É¥³¶¥· ÉÊ·  Tlim = (158,5 ± 3) ŒÔ‚.

PACS: 24.10.Pa; 25.75.Dw; 12.38.Mh

INTRODUCTION

The heavy-ion experiments are carried out to study hadronic matter under extreme con-
ditions of high temperature and/or density [1]. These conditions likely exist in the core of
compact neutron stars and should be established a few microseconds after the Big Bang,

1http://www.atawˇk.net/; e-mail: a.tawˇk@eng.mti.edu.eg
2E-mail: e.gamal@eng.mti.edu.eg
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when matter was in its primordial state, a soup of Quark-Gluon Plasma (QGP). Data from the
Relativistic Heavy-Ion Collider (RHIC) have shown that QGP, the new state of matter, was
created in AuÄAu collisions [2]. It is conjectured that the created hot and dense partonic mat-
ter rapidly expands and cools down. On path of this evolution, it undergoes phase transition(s)
back to the hadronic matter. Different thermal models [3Ä10] can very well reproduce the
particle abundances, which are governed in ˇnal state Å at chemical equilibrium Å by two
parameters, the chemical freeze-out temperature Tch and the baryon chemical potential μb,
where the latter re	ects the net baryon content of the system. Different values of Tch and μb

at different energies set up the chemical freeze-out line. This line appears very close to the
phase boundary between QGP and hadronic phase, especially at low μb.

To explore the freeze-out diagram preciously, gap in the energies between old RHIC
and top Superproton Synchrotron (SPS) should be ˇlled. Therefore, the Solenoidal Tracker
At RHIC (STAR) launched ˇrst phase of the Beam Energy Scan (BES-I) program [11], in
order to collect data from Au +Au collisions at center-of-mass energies of 39, 27, 19.6,
11.5, and 7.7 GeV covering a wide range of baryon chemical potential ∼ 100Ä400 MeV in
the Quantum Chromodynamics (QCD) phase diagram [11]. Within this energy range, two
important features are conjectured to be populated, the critical endpoint and closeness between
LQCD phase transition and chemical freeze-out.

In the present work, the freeze-out parameters, Tch and μb, are extracted from ˇts of the
experimental particle ratios with corresponding ratios calculated in the HRG model assuming
chemical equilibrium. The experimental hadron ratios are limited to mid-rapidity central
AuÄAu collisions at energies 200, 130, 62.4, 39, 11.5, 7.7 GeV. The contributions of weak
decay feed-down and effects of cut-off on hadron resonances have been studied. The results
are compared with recent lattice QCD pseudocritical temperature Tch = (154±9) MeV, which
has been estimated at vanishing chemical potential [12].

The present paper is organized as follows. Section 1 elaborates details about the HRG
model. The hadron interactions, excluded-volume correction are discussed also in Subsec. 1.2.
The ˇts of the experimental ratios with the HRG calculations are discussed in Sec. 2. Section 3
is devoted to the results and discussion. The conclusions and outlook are summarized in the
last section.

1. THE MODEL

1.1. Hadron Resonance Gas. According to Hagedorn [13], the hadronic phase is assumed
to have large degrees of freedom. Additionally, there should be a kind of equilibrium.
Therefore, statistical mechanics can be used in describing this phase. In nuclear collisions,
the formation of hadrons at chemical freeze-out temperature Tch should be controlled by the
phase space and conservation laws. The phase space of each particle depends on the energy,
degeneracy and available volume. For a large number of produced particles, Grand Canonical
Ensemble (GCE) is justiˇed. The grand canonical partition function reads

Z(T, μ, V ) = Tr
[
exp

(
μN − H

T

)]
, (1)

where H is the Hamiltonian of the system and T (μ) being the temperature (chemical poten-
tial). The Hamiltonian is given by the sum of the kinetic energies of the relativistic Fermi
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and Bose particles. The main motivation of using this Hamiltonian is that it contains all
relevant degrees of freedom of conˇned and strongly interacting matter. It includes implicitly
the interactions that result in resonance formation [14Ä19]. With the above assumptions the
dynamics of the partition function can be calculated exactly and can be expressed as a sum
over single-particle partition functions Z1

i of stable hadrons and their resonances

ln Z(T, μ, V ) =
∑

i

ln Z1
i (T, V ) =

∑
i

±V gi

2π2

∞∫
0

p2dp ln
{

1 ± exp
[
μi − εi(p)

T

]}
, (2)

where εi(p) = (p2 + m2
i )

1/2 is the ith particle dispersion relation, gi is the spinÄisospin
degeneracy factor and ± stands for fermions and bosons, respectively. The ith particle
chemical potential is given as μi = μbBi +μsSi +μI3I3

i , where Bi, Si and I3
i are the baryon,

strange and isospin quantum number, respectively. The thermodynamic properties of the
system can be obtained from the partition function of all resonances in the hadronic phase.

At ˇnite temperature T and baryon chemical potential μi, the pressure of the ith hadron
or resonance species reads

p(T, μi) = ± gi

2π2
T

∞∫
0

p2dp ln
{

1 ± exp
[
μi − εi(p)

T

]}
. (3)

As no phase transition is conjectured in HRG, summing over all hadron resonances results in
the ˇnal thermodynamic pressure. The number density can be obtained as

n(T, μ) =
∑

i

∂

∂μi
p(T, μi) =

∑
i

gi

2π2

∞∫
0

p2dp

exp
[
μi − εi(p)

T

]
± 1

. (4)

The conservation laws should be fulˇlled throughout the chemical potentials and tempera-
ture. They include conservation of strangeness V

∑
i

ni(T, μi)Si = 0 (vanishing strangeness),

baryon, V
∑
i

ni(T, μi)Bi = Z + N (conserved charge and baryon number) and isospin,

V
∑
i

ni(T, μi)I3
i = (N − Z)/2, where N and Z are the neutron and proton number in the

colliding nuclei.
For completeness, it is worthwhile to mention that the degree of nonequilibrium can be

implemented Å among others Å through the strange quark occupation factor γs (and may
be also that of light quarks γq) [20,21] in the partition function

ln Z(T, μ, V, γs) =
∑

i

±V gi

2π2

∞∫
0

p2dp ln
(

1 ± γsi
s exp

[
μi − εi(p)

T

])
, (5)

where si is the number of strange valence quarks and antiquarks in the ith hadron. The value
of γs is always less than unity in protonÄproton (pp) [22,23] and electronÄpositron (e−e+) [24]
interactions. This apparently points to strangeness phase space suppression in elementary
collisions.
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During the ˇnal expansion, the main process at this stage is unstable resonance decay. So,
the ˇnal number density for the ith particle is given as

nfin
i = ni +

∑
j

Brj→inj , (6)

where Brj→i is the effective branching ratio of the jth hadron resonance into the ith particle.
Taking into consideration all multistep decay cascades, we have

Brj→i = brj→i +
∑
l1

brj→l1brl1→i +
∑
l1,l2

brj→l1brl1→l2brl2→i + . . . , (7)

where brj→i is the branching ratio of the jth hadron resonance into the ith hadron.

In the present work, we include contributions of the hadrons, which consist of light 	avors
particles listed by the Particle Data Group (PDG) [26]. The decay branching ratios are also
taken from [26]. For the observed decay channels with unknown probabilities, we follow the
rules given in [27]. The zero-width approximation is utilized, because including the widths
leads to large numerical costs and the less improvement in the ˇnal results [4, 28,29], par-
ticularly at energies higher than that of the Alternating Gradient Synchrotron (AGS) energies.
The excluded-volume correction (EVC) [10] is applied taking into account the volume occu-
pied by individual hadrons with radii rm for mesons and rb for baryons. The thermodynamic
quantities are modiˇed due to EVC. The corrected pressure will be obtained by an iterative
procedure

pexcl(T, μi) = pid(T, μ̃i), μ̃i = μi − υpexcl(T, μ̃i), (8)

where pid(pexcl) being the pressure in the ideal case (case of excluded volume) and υ is the
eigen volume, which is calculated for any hard-core radius r by 16πr3/3 [30]. The framework
of GCE assuming full chemical equilibrium, i.e., γs = 1, is the one, which we utilize in the
present analysis.

1.2. Hadron Interactions and Excluded-Volume Correction. In the present work, we
concentrate on the van der Waals repulsive interaction between hadrons, which can be im-
plemented as hard core [10]. Assuming that hadrons have spherical hard core, a considerable
modiˇcation in the thermodynamic quantities of the ideal hadron gas takes place. Based
on nucleonÄnucleon scattering, the nucleon should have a hard core of radius of approxi-
mately 0.3 fm. The main question is what about the other resonances hard core? In litera-
ture [9, 32], we ˇnd a wide spectrum of hard-core radii ranging from 0.0 and 0.8 fm. As an
attempt to solve this problem, Tawˇk [31] confronted various thermodynamic quantities cal-
culated in HRG with different hadron radii to the ˇrst principle lattice QCD simulations [33].
Using one hard-core radius for all hadrons, it has been concluded that increasing the hard-core
radius reduces the ability to reproduce the lattice QCD calculations. At 0 � r < 0.2 fm,
the ability of the HRG model to reproduce the lattice energy density or trace anomaly at
low temperature (hadronic phase) is very high. Thus, we restrict the hard-core radius to
small values.

In the present work, we estimate the freeze-out parameters in HRG with the point-like
and same ˇnite hard-core radius, r = 0.3 fm, for both mesons and baryons.
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2. FIT WITH PARTICLE RATIOS

From N experimental hadron yields, N − 1 statistically-independent ratios can be con-
structed. Assuming full chemical equilibrium in thermal models, just two parameters should
be estimated in order to reproduce the experimental data. The present work is devoted to
these thermal parameters, Tch and μb. Therefore, ˇtting the HRG results with the experi-
mental ratios determines the statistically-best parameters. Other methods, such as the ˇtting
to the measured hadron yields [34], can be used to deduce another parameter, the ˇreball
volume. Unstable resonance states like φ and K∗ will be avoided because of rescattering
and regeneration [35], which likely happened during the later expansion after the chemical
freeze-out.

At RHIC energies, the rapidity distribution exhibits a boost-invariant plateau near mid-
rapidity [36]. As demonstrated in [37], the effects of hydrodynamic 	ow would be cancelled
out in the particle ratios. Therefore, the measurements at mid-rapidity are consistent with
the framework of the HRG model, which does not contain any dynamical treatment. For our
analysis, the most-central collisions are strongly recommended, especially when the statistical
treatment is based on GCE. The contributions of weak decays were implemented in the
HRG model in order to match with the experimental conditions. The analysis includes 11
(occasionally 10) independent particle ratios. The set of particle ratios is kept unchanged at
all energies as possible.

The criterion for the best statistical ˇtting is based on estimating minima, for instance,

χ2 =
∑

i

(
Rexp

i − Rmodel
i

)2

σ2
i

, (9)

and quadratic deviation

q2 =
∑

i

(
Rexp

i − Rmodel
i

)2

(
Rmodel

i

)2 , (10)

where Rexp
i (Rmodel

i ) is the ith measured (calculated) ratio and σ is the experimental data
error. Both methods, χ2 and q2, are implemented. Any possible deviation between these two
methods should give an indication about the accuracy of the parameters extracted from the
given data set. The statistically-independent ratios used in estimating χ2 and q2 at 200, 130
and 62.4 GeV are π−/π+, K−/K+, p̄/p, Λ̄/Λ, Ξ̄/Ξ, Ω̄/Ω, K−/π−, p̄/π−, Λ/π−, Ξ/π−

and Ω/π−. Except for 200 GeV, we also use (Ω + Ω̄)/π− instead of Ω/π−, i.e., 11 particle
ratios. At 39, 11.5 and 7.7 GeV, π−/π+, K−/K+, p̄/p, Λ̄/Λ, Ξ̄/Ξ, Ω̄/Ω, K−/π−, p̄/π−,
Λ/π− and Ξ̄/π−, i.e., 10 particle ratios are used. Additional ratios may be used, but only in
ˇgures. Further details about the given data sets at various STAR energies are in order.

At 200 GeV, we use yields of pions, kaons, (anti)protons [38], (anti)lambda and multi-
strange baryons [39, 40] measured at mid-rapidity in STAR experiment at centrality 0Ä5%,
except the Ω/Ω̄ ratios, which were measured at 0Ä20% [40]. The measured pions spectra are
corrected for feed-down from weak decays, as well as Λ (Λ̄) are corrected for feed-down from
weak decays of multistrange baryons. The comparison between the experimental (symbols)
and calculated (horizontal lines) ratios is shown in Fig. 1, a.

At 130 GeV, we use yields of pions, kaons, (anti)protons [38], (anti)lambda [41] and
multistrange baryons [40, 42] measured at mid-rapidity in STAR experiment at centrality
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Fig. 1. a) The experimental particle ratios (symbols) [38Ä40] are compared to the HRG calculations
(horizontal lines) at 200 GeV, where the latter were performed at Tch and μb parameters, which assure

minimum χ2. For comparison with other ratios and better appearance, some ratios are scaled (scaling

factor is given), so that we avoid log plotting. b) The same as in plot a, but at 130 GeV, where the
experimental particle ratios are taken from [38,40Ä42]

0Ä5%, except the multistrange baryons, which have been measured at 0Ä20%. The measured
pions spectra are corrected for feed-down from weak decays. The results comparing the
STAR with HRG ratios are shown in Fig. 1, b.

At 62.4 GeV, we use yields of pions, kaons, (anti)protons [38], (anti)lambda and multi-
strange baryons [40] measured at mid-rapidity in STAR experiment at centrality 0Ä5%, except
the multistrange baryons, which were measured at 0Ä20%. The measured pions spectra are
corrected for feed-down from weak decays, as well as Λ (Λ̄) are corrected for feed-down from
weak decays of Ξ. The comparison between the STAR and HRG results is shown in Fig. 2, a.

At 39, 11.5 and 7.7 GeV, we use yields of pions, kaons, (anti)protons [43, 44], Λ, Λ̄,
Ξ and Ξ̄ [45] measured at mid-rapidity in STAR experiment at centrality 0Ä5%. The Ω/Ω̄ ra-
tios have been measured at centrality 0Ä5, 0Ä20 and 0Ä60% for 39, 11.5 and 7.7 GeV,
respectively [46]. The measured pions spectra have been corrected for feed-down from weak
decays, as well as Λ (Λ̄) Å for the feed-down contributions from Ξ weak decay. The

Fig. 2. The same as in Fig. 1, a, but at 62.4 GeV (a), where the experimental particle ratios are taken
from [38,40], and at 39 GeV (b), where the experimental particle ratios are taken from [43Ä46]
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Fig. 3. The same as in Fig. 1, a, but at 11.5 (a) and 7.7 GeV (b), where experimental data are taken
from [43Ä46]

analysis includes 10 independent ratios, where Ω/π was not included. The results are shown
in Fig. 2, b and Fig. 3.

The freeze-out parameters, Tch and μb, are estimated from χ2 and q2 ˇtting approaches
assuming point-like and ˇnite hard-core radius (rm = rb = 0.3 fm). The results are listed out
in Table 1. A few remarks are now in order.

• The difference between the freeze-out parameters extracted from the HRG model with
vanishing and ˇnite hard core is too small.

• The same behaviour of the extracted parameters is also observed in both χ2 and q2

on
√

sNN , although the parameters extracted using q2 are a little bit larger than the ones
using χ2/dof. This re	ects the accuracy of extracted parameters.

• The main difference between both ˇtting methods is that χ2 takes into consideration
the uncertainty of the experiment. In χ2/dof, not only the ratios, which are sensitive to Tch

and μb, will have the upper hand in determining the extracted parameters, but also the ratios
with higher measured accuracy. On the other hand, q2 is designed to re	ect the deviation.
Therefore, χ2/dof seems to be more suitable to be implemented.

• It is obvious that the values of χ2/dof are close to unity, except at 7.7 GeV. The reason
may be the need to assume a degree of nonequilibrium, especially at this relative low energy.

Table 1. At STAR energies, the freeze-out parameters, Tch and μb, are estimated from χ2 and q2

ˇtting approaches assuming point-like and ˇnite hard-core raduis (rm = rb = 0.3 fm). In both
ˇttings, the degrees of freedom (dof) are given

√
sNN , GeV

rm = rb = 0.0 fm rm = rb = 0.3 fm

Tch μb χ2/dof Tch μb q2 Tch μb χ2/dof Tch μb q2

200 159.5 27.5 9.24/9 161.5 30 0.137 159.5 27.5 9.24/9 161.5 29.5 0.137

130 157.5 34 6.86/9 160 32 0.108 157 34 7.07/9 159.5 32 0.109

62.4 157.5 66.5 10.17/9 161.5 73 0.185 157 66 10.51/9 161.5 72.5 0.185

39 160.5 110.5 10.69/8 163.5 113.5 0.122 160.5 110.5 11.03/8 163 112.5 0.124

11.5 153 308 6.06/8 153.5 312 0.072 153 308 6.28/8 153 310 0.073

7.7 145.5 410.5 15.21/8 149 412.5 0.265 145 409 15.07/8 148.5 419 0.263
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Table 2. The freeze-out parameters estimated from χ2/dof best ˇt of various experimental particle
ratios in the HRG framework with rm = rb = 0.0 fm

√
sNN , GeV Tch, MeV μb, MeV

200 159.5± 2 27.5± 4
130 157.5± 4 34± 3.5
62.4 157.5± 3.5 66.5± 4
39 160.5± 3.5 110.5± 4.5

11.5 153± 1.5 308± 2.5
7.7 145.5± 1 410.5± 4

Depending on the previous notes, we focus on the results of χ2/dof method taking
∼ 1σ-error at rm = rb = 0.0 fm. The ˇnal results are summarized in Table 2.

3. RESULTS AND DISCUSSION

3.1. Effects of Excluded-Volume Correction (EVC). The differences between extracted
thermal parameters using ˇnite hard core for hadrons (rm = rb = 0.3 fm) and the vanishing
one (rm = rb = 0.0 fm) are nearly negligible. Actually, if one uses MaxwellÄBoltzmann
statistics, the number density of the ith particle will be suppressed by Ri, Eq. (12), [10]:

nexcl
i (T, μi) = Rin

id
i (T, μi), (11)

where

Ri(T, μi, υ) =
exp

(
−υip

excl

T

)

1 +
∑
i

υinid
i (T, μ̃i)

. (12)

Then, the ratios between two particle species at ˇnite excluded volume will be

nexcl
i (T, μi)

nexcl
j (T, μi)

=
Rin

id
i (T, μi)

Rjnid
j (T, μi)

. (13)

Therefore, the ratios should not be effected, when rm = rb. In the present paper, we use
quantum statistics, which makes a very small shift in the extracted thermal parameters. Both
sides of Eq. (13) are not exactly equal, but still represent a good approximation.

As given in Table 1, although the effect of EVC on the extracted thermal parameters
can be completely ignored, when rm = rb, the effect would increase when different hard-
core radii for mesons and baryons (rm �= rb) are assumed. The effect of EVC appears in
thermodynamic quantities, like energy, entropy and number densities, as seen in Eq. (11).

3.2. Effects of Weak Decay from Feed-Down. The contribution of feed-down from weak
decay has been studied in [4]. Accordingly, the energy dependence of the contribution of
weak decays to yields of pions, protons and hyperons was parameterizations in terms of the
freeze-out parameters, Tch and μb. Concretely, the fraction of the total yield of these particles
is conjectured to stem from weak decays. It has been noticed that this quantity reaches some
asymptotic values, 15, 25 and 35% for pion, lambda and proton, respectively. For antiparticles
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at high energies, such values should be signiˇcantly large [4]. It has been found that assuming
different contributions from feed-down from weak decay leads to different extracted thermal
parameters [4, 27].

3.3. Effects of Including New Resonances. The discovery of new hadron resonances
apparently affects the values of extracted freeze-out parameters, Tch and μb [47].

• We have repeated the analysis without σ labelled as f0(600) aiming to estimate its effect
on the freeze-out parameters at 200 and 130 GeV. We get μb = 27, and Tch = 157 MeV
at 200 GeV and μb = 33.5, Tch = 154.5 MeV at 130 GeV. Comparing these with the
corresponding ones in Table 2 (μb = 27.5, Tch = 159.5 MeV and μb = 34, Tch = 157.5 MeV,
respectively) shows that the effect of including σ is relatively effective.

• We have repeated the analysis at 200 and 130 GeV, when resonance masses � 2 GeV.
The same results were obtained.

We conclude that the discovery of new particles (especially the light ones like σ) would
affect the extracted freeze-out parameters.

3.4. Energy Dependence of the Freeze-Out Parameters. Estimating different freeze-out
parameters at different energies raises the question about the systematic energy dependence.
In Fig. 4, we compare our results with the previous studies [4, 47]. The dependence of the
extracted μb on

√
sNN , Fig. 4, a, can be parameterized as

μb(GeV) =
a

1 + b
√

sNN(GeV)
, (14)

where a = (1.245± 0.094) GeV and b = (0.264± 0.028) GeV−1, which are represented as a
dashed curve in Fig. 4, a. The corresponding values coincide with those obtained in [4] within
the error bands.

Fig. 4. The energy dependence of the extracted parameters μb (a) and Tch (b). The open symbols
represent results of [4], which are extracted by the same criteria (minimizing χ2/dof). The closed

symbols give the results of this paper. The dashed curve (a) stands for Eq. (14). The dashed line (b) gives
the best ˇt of four relative high-energy points (see the text), whereas the solid line (b) represents Eq. (15)
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Also, the dependence of Tch on
√

sNN can be parameterized [47]:

Tch = Tlim

⎛
⎜⎜⎝ 1

1 + exp
[
1.172 − ln (

√
sNN )

0.45

]
⎞
⎟⎟⎠ , (15)

where
√

sNN are given in GeV. The limiting temperature reads, Tlim = 161 MeV. We have
so-far estimated just six points. The range of the extracted temperatures is relatively small,
which would not be enough to construct parameterization as given in Eq. (15). However,
the new results can give a better estimation for Tlim, where the temperature is approximately
constant at relative high energy (200, 130, 62.4 and 39 GeV). Taking the average of these
four points, we have Tlim = (158.5 ± 3) MeV (dashed line in Fig. 4, b).

3.5. Comparing Results with Other Works and LQCD. Figure 5 shows the dependence
of Tch on μb, the freeze-out diagram. The results of [4,25,38] are compared with that of the
present analysis. Also, the results taken from [25] were obtained using statistical hadronization
model with partial chemical equilibrium (γs �= 1). The STAR points [38] were obtained using
the particle ratios, in which strange baryons ratios were not included. The comparison shows
a consistency between the extracted parameters of BES-I (the present work) with the old
RHIC and SPS [4,25,38].

Fig. 5. The regularities in the extracted thermal parameters are shown in the freeze-out diagram. The
closed diamond symbols are the results from [4], the open circle symbols are the results from [25], the

open square is the STAR results (at 0Ä5% centrality) [38] and the closed symbols are the new result of
our analysis. Within the range covered by the present analysis, the agreement is convincing
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Fig. 6. The freeze-out parameters are compared with the lattice QCD calculations (band) [12, 48]

In Fig. 6, lattice QCD pseudocritical temperature [12] and its leading-order correction
in μb/T [48] are confronted with the HRG model parameters in Table 2 showing closeness
of chemical freeze-out and the QCD transition line at relatively low μb.

CONCLUSIONS

Over the last three decades, heavy-ion experiments at energies ranging from SIS and LHC
have been carried out. Different measurements of particle ratios at ALICE, RHIC, SPS, AGS
and SIS revealed the thermal parameters (Tch and μb), which map a smooth curve in the
QCD phase diagram Å the so-called chemical freeze-out curve. BES-I ˇlled the gaps in the
energies between old RHIC and SPS. The baryon chemical potential decreases with energy
increasing re	ecting nuclear transparency and low-rich net baryon density QGP. The chemical
freeze-out temperature increases with energy increasing till saturating at limiting temperature
Tlim = (158.5±3) MeV. This possibly means Å as the energy increases, the system produces
more particles rather than increases its temperature.

The discovery of new resonances, especially with low masses, will affect the extracted
freeze-out parameters. The cut in resonance masses of 2 GeV gives us the same results.
For single hard-core radius of hadrons, the EVC is practically irrelevant when extracting the
chemical freeze-out parameters, although it modiˇes the thermodynamic quantities. The feed-
down from weak decay reaches asymptotic values of 15, 25 and 35% for pion, lambda and
proton, respectively [4]. It is also signiˇcantly large for antiparticles at high energies. The
inclusion of the feed-down contributions should be implemented [4]. The closeness between
lattice QCD pseudocritical temperature [12] and its leading-order correction in μb/T [48] and
the HRG model parameters insure that the validity of the HRG model in the hadronic phase
and time chemical freeze-out occurs at phase transition.
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