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STRANGENESS ENHANCEMENT
AT THE HADRONIC CHEMICAL FREEZE-OUTPACS 25.75.-q, 25.75.Nq

The chemical freeze-out of hadrons created in the high energy nuclear collisions is studied
within a realistic version of the hadron resonance gas model. The chemical non-equilibrium of
strange particles is accounted via the usual 𝛾𝑠 factor, which gives us an opportunity to perform
a high quality fit with 𝜒2/dof ≃ 63.5/55 ≃ 1.15 of the hadronic multiplicity ratios measured
from the low AGS to the highest RHIC energies. In contrast to the previous findings, we ob-
serve the strangeness enhancement at low energies instead of a suppression. In addition, the
performed 𝛾𝑠 fit allows us to achieve the highest quality of the Strangeness Horn description
with 𝜒2/dof = 3.3/14. For the first time, the top point of the Strangeness Horn is perfectly
reproduced, which makes our theoretical horn as sharp as an experimental one. However, the
𝛾𝑠 fit approach does not sizably improve the description of the multistrange baryons and an-
tibaryons. Therefore, an apparent deviation of the multistrange baryons and antibaryons from
the chemical equilibrium requires a further explanation.
K e yw o r d s: chemical freeze-out, 𝛾𝑠 factor, Strangeness Horn, hadron multiplicities.

1. Introduction

The hadron yields measured in heavy ion collisions
are traditionally analyzed within the Hadron Reso-
nance Gas Model (HRGM) [1–4]. Its main assump-
tion is the existence of a thermal equilibrium in the
system under consideration, which is strongly sup-
ported by the excellent coincidence of experimental
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and theoretical yields of the hadrons built up from
𝑢 and 𝑑 quarks. Using the temperature 𝑇 , baryonic
chemical potential 𝜇𝐵 , and chemical potential of the
isospin third component 𝜇𝐼3, the HRGM allows one to
describe the hadronic multiplicities at the moment of
chemical freeze-out (FO), the moment at which all in-
elastic reactions cease to exist. However, the HRGM
has some traditional problems in the description
of the strange hadrons. Thus, within the standard
HRGM formulation with a single hard-core repul-
sion radius for all particles, the energy dependences
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of 𝐾+/𝜋+ and Λ/𝜋− ratios were never satisfacto-
rily reproduced [1–3]. However, the non-monotonic
energy dependence of the 𝐾+/𝜋+ ratio known as the
Strangeness Horn is of special interest, because it may
serve as a signal of the onset of the deconfinement.
In order to account for a deviation from the chemi-
cal equilibrium of strange hadrons, the factor 𝛾𝑠 was
introduced [5]. It is used to describe the undersatu-
rated (oversaturated) densities 𝛾𝑠 < 1 (𝛾𝑠 > 1) of
each strange charge. Formally, the strange fugacity
associated with each (anti)strange charge is simply
multiplied by the 𝛾𝑠 factor. Although the 𝛾𝑠 factor
plays an important role in the analysis of the data
measured in the collisions of elementary particles [3]
and in the nucleus-nucleus collisions [3, 6], the prob-
lem of its justification remains unsolved. Moreover,
the results on the 𝛾𝑠 values obtained within differ-
ent thermal models are controversial. For instance, a
strong suppression of the strange charge in nucleus-
nucleus collisions was reported in Ref. [3], while the
results of Ref. [6] are consistent with 𝛾𝑠 = 1. In order
to resolve the latter problem, we apply the most suc-
cessful version of the HRGM with multicomponent
hard-core repulsion [4, 7–10] to describe 111 indepen-
dent hadron yield ratios measured at 14 values of the
center of mass collision energy

√
𝑠𝑁𝑁 in the interval

from 2.7 GeV to 200 GeV.
The work is organized as follows. In the next sec-

tion, we give the theoretical basis of the present
model. In Section 3, we present the data descriptions
and discuss them. Section 4 is devoted to our conclu-
sions.

2. Hardon Resonance Gas Model

We employ a multicomponent HRGM, which cur-
rently provides the best description of the observed
hadronic multiplicities. It is the model developed in
[4,7–10]. The hadron interaction is taken into account
via the hard-core repulsion, whose radii have different
values for pions 𝑅𝜋, kaons 𝑅𝐾 , other mesons 𝑅𝑚, and
baryons 𝑅𝑏. The best global fit of all hadronic mul-
tiplicities was found for 𝑅𝑏 = 0.2 fm, 𝑅𝑚 = 0.4 fm,
𝑅𝜋 = 0.1 fm, 𝑅𝐾 = 0.38 fm [4]. The main equations
of this HRGM are listed below, but more details can
be found in [4, 7–10].

Let us consider the Boltzmann gas of 𝑁 hadron
species in a volume 𝑉 that has the temperature 𝑇 ,
baryonic chemical potential 𝜇𝐵 , strange chemical po-

tential 𝜇𝑆 , and chemical potential of the isospin third
component 𝜇𝐼3. The pressure 𝑝 and the 𝐾-th charge
density 𝑛𝐾

𝑖 (𝐾 ∈ {𝐵,𝑆, 𝐼3}) of the 𝑖-th hadron sort
are given by the expressions

𝑝

𝑇
=

𝑁∑︁
𝑖=1

𝜉𝑖, 𝑛𝐾
𝑖 =

𝑄𝐾
𝑖 𝜉𝑖

1 + 𝜉𝑇ℬ𝜉
𝑁∑︀

𝑗=1
𝜉𝑗

, 𝜉 =

⎛⎜⎜⎝
𝜉1
𝜉2
...
𝜉𝑁

⎞⎟⎟⎠, (1)

where ℬ denotes a symmetric matrix of the second
virial coefficients with the elements 𝑏𝑖𝑗 = 2𝜋

3 (𝑅𝑖 +
+𝑅𝑗)

3, and the variables 𝜉𝑖 are the solutions of the
system

𝜉𝑖 = 𝜑𝑖(𝑇 ) exp

[︃
𝜇𝑖

𝑇
−

𝑁∑︀
𝑗=1

2𝜉𝑗𝑏𝑖𝑗 +

+ 𝜉𝑇ℬ𝜉

[︃
𝑁∑︀
𝑗=1

𝜉𝑗

]︃−1]︃
, (2)

𝜑𝑖(𝑇 ) =
𝑔𝑖

(2𝜋)3

∫︁
exp

(︃
−
√︀
𝑘2 +𝑚2

𝑖

𝑇

)︃
𝑑3𝑘. (3)

Here, the full chemical potential of the 𝑖-th hadron
sort 𝜇𝑖 ≡ 𝑄𝐵

𝑖 𝜇𝐵 + 𝑄𝑆
𝑖 𝜇𝑆 + 𝑄𝐼3

𝑖 𝜇𝐼3 is expressed in
terms of the corresponding charges 𝑄𝐾

𝑖 and their
chemical potentials, 𝜑𝑖(𝑇 ) denotes the thermal par-
ticle density of the 𝑖-th hadron sort of mass 𝑚𝑖 and
degeneracy 𝑔𝑖, and 𝜉𝑇 denotes the row of variables
𝜉𝑖. For each collision energy, the fitting parameters
are the temperature 𝑇 , baryonic chemical poten-
tial 𝜇𝐵 , and chemical potential of the third projec-
tion of isospin 𝜇𝐼3, whereas the strange chemical po-
tential 𝜇𝑆 is found from the condition of vanishing
strangeness.

In order to account for the possible strangeness
non-equilibration, we introduce the 𝛾𝑠 factor in a con-
ventional way [5] by replacing 𝜑𝑖 in Eqs. (2) and (3) as

𝜑𝑖(𝑇 ) → 𝜑𝑖(𝑇 )𝛾
𝑠𝑖
𝑠 , (4)

where 𝑠𝑖 is the number of strange valence quarks plus
the number of strange valence anti-quarks.

The width correction is taken into account by av-
eraging all expressions containing the mass with the
Breit–Wigner distribution having a threshold. As a
result, the modified thermal particle density of the
𝑖-th hadron sort acquires the form∫︁

exp

(︃
−
√︀

𝑘2 +𝑚2
𝑖

𝑇

)︃
𝑑3𝑘 →
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→

∫︀∞
𝑀0

𝑑𝑥
(𝑥−𝑚𝑖)2+Γ2

𝑖 /4

∫︀
exp

(︁
−

√
𝑘2+𝑥2

𝑇

)︁
𝑑3𝑘∫︀∞

𝑀0

𝑑𝑥
(𝑥−𝑚𝑖)2+Γ2

𝑖 /4

. (5)

Here, 𝑚𝑖 denotes the mean mass of hadrons, and 𝑀0

stands for the threshold in the dominant decay chan-
nel. The main advantages of this approximation are
a simplicity of its realization and a clear way to ac-
count for the finite width of hadrons. The effect of
the vanishing width of resonances or the Gaussian
resonance width parametrization on the chemical FO
parameters is discussed in [11].

The effect of the resonance decay 𝑌 → 𝑋 on
the final hadronic multiplicity is taken into ac-
count as 𝑛fin(𝑋) =

∑︀
𝑌 𝐵𝑅(𝑌 → 𝑋)𝑛th(𝑌 ), where

𝐵𝑅(𝑋 → 𝑋) = 1 for the sake of convenience. The
masses, widths, and strong decay branchings of all
experimentally known hadrons were taken from the
particle tables used by the thermodynamic code
THERMUS [12].

3. Results

3.1. Data sets and fit procedure

In this work, we use the data set which is identical to
that in Ref. [10]. At the AGS energies (

√
𝑠𝑁𝑁 = 2.7–

4.9 GeV or 𝐸lab = 2–10.7 GeV per nucleon), the data
are available with a good energy resolution above 2
GeV per nucleon. However, for the beam energies 2,
4, 6, and 8 GeV per nucleon only a few data points
are available. They correspond to the yields for pions
[13, 14], protons [15, 16], and kaons [14] (except for
2 GeV per nucleon). The data integrated over 4𝜋 are
also available for Λ hyperons [17] and for Ξ− hyperons
(for 6 GeV per nucleon only) [18]. However, as it was
argued in Ref. [2], the data for Λ and Ξ− should be
recalculated for the mid-rapidity. Therefore, instead
of raw experimental data, we used the corrected val-
ues from [2]. Further, we analyzed the data set at
the highest AGS energy (

√
𝑠𝑁𝑁 = 4.9GeV or 𝐸lab =

10.7GeV per nucleon). Similarly to [4], we analyze
here only the NA49 mid-rapidity data [19–24] as the
most difficult ones to be reproduced. Since the RHIC
high energy data of different collaborations agree well
with each other, we analyze the STAR results for√
𝑠𝑁𝑁 = 9.2GeV [25],

√
𝑠𝑁𝑁 = 62.4GeV [26], and√

𝑠𝑁𝑁 = 130GeV [27–30] and 200 GeV [30–32].
The fit criterion is the minimization of 𝜒2 =

=
∑︀

𝑖
(𝑟theor

𝑖 −𝑟exp𝑖 )2

𝜎2
𝑖

, where 𝑟theor𝑖 and 𝑟exp𝑖 are, respec-

tively, theoretical and experimental values of particle
yield ratios, 𝜎𝑖 stands for the corresponding experi-
mental error, and the summation is performed over
all available experimental points.

3.2. The 𝛾𝑠 fit

To improve the description of the strange hadrons and
to investigate the role of their chemical non-equilibri-
um within the multicomponent HRGM, we consider
the 𝛾𝑠 factor as a fitting parameter for each value of
collision energy. In our analysis, we pay a special at-
tention to the 𝐾+/𝜋+ ratio, because it is usually con-
sidered as the most problematic one for the HRGM.

For 14 collision energies
√
𝑠𝑁𝑁 = 2.7, 3.3, 3.8, 4.3,

4.9, 6.3, 7.6, 8.8, 9.2, 12, 17, 62.4, 130, and 200 GeV,
the resulting fit quality 𝜒2/dof = 63.4/55 = 1.15 be-
came slightly better compared to the result 𝜒2/dof =
= 80.5/69 = 1.16 found for the chemical FO model
with 𝛾𝑠 = 1, although the value of 𝜒2 itself, not di-
vided by the number of degrees of freedom, has im-
proved notably. This fact allows us to conclude about
the data fit improvement, at least for some ratios. As
one can see from Figs. 1 and 2, the temperature,
baryo-chemical potential, and chemical potential of
the isospin third projection obtained for the 𝛾𝑠 fit
demonstrate almost the same behavior as for the case
of the chemical FO model with 𝛾𝑠 = 1.

The comparison between the parametrized behav-
ior of the 𝑇 (

√
𝑠𝑁𝑁 ) and 𝜇𝐵(

√
𝑠𝑁𝑁 ) dependences sug-

gested in [33] and our results is shown in Fig. 1. The
functions 𝑇 (

√
𝑠𝑁𝑁 ) and 𝜇𝐵(

√
𝑠𝑁𝑁 ) suggested in [33]

are given by

𝑇 [MeV] =
𝑇lim

1 + exp[2.6− ln(
√
𝑠𝑁𝑁 )/0.45]

, (6)

𝜇𝐵 [MeV] =
1303

1 + 0.286
√
𝑠𝑁𝑁

, (7)

where the collision energy
√
𝑠𝑁𝑁 is measured in GeV.

Here, the value of “limiting” temperature 𝑇lim is 164
MeV [33]. Note that the parametrized chemical po-
tential behavior is in a good correspondence with the
results obtained in this work. On the other hand, we
found lower values for the chemical FO temperature
comparing to [33] in our model, and the results coin-
cide only for the highest RHIC energies. Apparently,
such a difference in the chemical FO temperatures
seen at low collision energies is mainly due to differ-
ent values of the hard-core radii used here and in [33].

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 11 1045
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Fig. 1. Comparison of the behaviors of parameters for the
𝛾𝑠 fit, chemical FO model with 𝛾𝑠 = 1, and Adronic et al. re-
sults from [33]. Upper panel: the chemical FO temperature 𝑇 .
Lower panel: the chemical FO baryo-chemical potential 𝜇𝐵

The most remarkable behavior is demonstrated by
the 𝛾𝑠(

√
𝑠𝑁𝑁 ) function (see the lower panel of Fig. 2).

In contrast to the earlier results [3], we found not a
strangeness suppression, but a sizable enhancement
(𝛾𝑠>1) at the energies below

√
𝑠𝑁𝑁 = 8.8 GeV, while

our results 𝛾𝑠 ≃ 1 are consistent at higher energies
with the findings of Ref. [6]. We have to stress that
our results on the 𝛾𝑠 fit have very high quality. This
is clearly seen in Figs. 3, 4, and 5. At the same time,
the results of Ref. [3] have typical values of 𝜒2/dof be-
tween 2 and 5 at each energy point, while our value
𝜒2/dof = 63.4/55 = 1.15 is given for all 111 indepen-

Fig. 2. Same as in Fig. (1), but for the chemical potential
of the third projection of isospin 𝜇𝐼3 (upper panel) and the
strangeness enhancement factor 𝛾𝑠 (lower panel)

dent ratios measured at 14 energies. Therefore, we
conclude that the results on the strangeness suppres-
sion in heavy ion collisions reported in [3] are based
on a low quality fit, and, hence, they cannot be re-
garded as the statistically confident ones.

We now study which ratios are improved at vari-
ous energies. For AGS energies

√
𝑠𝑁𝑁 = 2.7, 3.3, 3.8,

and 4.3 GeV, the description quality is quite good
even within the ideal gas model [2], since the num-
ber of model parameters is equal or almost equal to
the available number of ratios, and only kaons and Λ
contain strange quarks. Our detailed analysis demon-
strates the fit instability for the low energies due to

1046 ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 11
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Fig. 3. Examples of the description of particle yield ratios ob-
tained for the 𝛾𝑠 fit. The dots denote the experimental values,
while the lines show the fitting results. The symbols on the 𝑂𝑋

axis demonstrate the particle ratios. Upper panel:
√
𝑆𝑁𝑁 =

= 6.3 GeV, 𝑇 = 129 MeV, 𝜇𝑏 = 427 MeV. Middle panel:√
𝑆𝑁𝑁 = 7.6 GeV, 𝑇 = 136 MeV, 𝜇𝑏 = 389 MeV. Lower panel:√
𝑆𝑁𝑁 = 130 GeV, 𝑇 = 161 MeV, 𝜇𝑏 = 29 MeV

Fig. 4. Relative deviation of the theoretical description of
ratios from the experimental value in units of experimental er-
ror 𝜎. The symbols on the 𝑂𝑋 axis demonstrate the particle

ratios. The 𝑂𝑌 axis shows |𝑟theor−𝑟exp|
𝜎exp , i.e. the moduli of rel-

ative deviations for
√
𝑠𝑁𝑁 = 6.3, 7.6, and 130 GeV. Solid lines

correspond to the model of chemical FO with 𝛾𝑠 = 1, while the
dashed lines correspond to the model with the 𝛾𝑠 fit

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 11 1047
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Fig. 5. Description of the 𝐾+/𝜋+ (upper plot) and Λ/𝜋−

ratios (lower plot). Solid lines show the results of [4] for the
HRGM with 𝛾𝑠 = 1. Crosses stand for the case of the 𝛾𝑠 fit

the existence of two local minima with very close
𝜒2 values. Thus, for

√
𝑠𝑁𝑁 = 3.8 GeV, we obtained

𝛾𝑠 ≃ 1.6 for the deepest minimum, while, for another
minimum next to the deepest one, 𝛾𝑠 ≃ 0.8. During
the fit procedure, only the deepest minima were con-
sidered. The existence of two local minima with close
values of 𝜒2 at

√
𝑠𝑁𝑁 = 2.7–4.3 GeV allows us to

conclude [10] that the 𝛾𝑠 concept has to be refined
further in order to resolve this problem.

For the collision energy
√
𝑠𝑁𝑁 = 4.9 GeV, there

are no sizeable improvements compared to the 𝛾𝑠 = 1
approach [4]. The most significant data fit improve-
ments are shown in Figs. 3 and 4. At the energies

√
𝑠𝑁𝑁 = 6.3–12 GeV, the 𝐾+/𝜋+ ratio is notably

improved, while the description of other ratios was
improved only slightly or even got worse. The typical
examples of such a behavior are shown in the upper
and middle panels of Fig. 4. At the same time, for
the collision energy

√
𝑠𝑁𝑁 = 130 GeV, we find the

opposite data description behavior. The lower panel
of Fig. 4 clearly demonstrates a fit quality improve-
ment for all ten ratios except for the 𝐾+/𝜋+ ratio.

The obtained overall value 𝜒2/dof ≃ 1.15 for the
𝛾𝑠 fit is only slightly better compared to the result
𝜒2/dof ≃ 1.16 found in [4], although the value of 𝜒2

itself, not divided by the number of degrees of free-
dom, is essentially improved from the value 𝜒2 ≃ 80.5
reported in [4] to the value 𝜒2 ≃ 63.4 found here.

Nevertheless, the 𝛾𝑠 fit does not essentially im-
prove either the ratios with the multistrange baryons
or the Λ/𝜋− ratio (see the lower panel on Fig. 5)
which is a consequence of the Λ̄ anomaly reported
in [34, 35]. Hence, we believe that a further improve-
ment of the data description is possible. However,
an important result of the 𝛾𝑠 fitting approach is a
precise Strangeness Horn description with 𝜒2/dof =
= 3.3/14, i.e. essentially better than it was done
in [4] with 𝜒2/dof = 7.5/14. Even the highest point
of the Strangeness Horn is perfectly described now,
which makes our theoretical Strangeness Horn as
sharp as an experimental one (see the upper panel
of Fig. 5). Therefore, we consider the high quality of
the 𝐾+/𝜋+ ratio description as an additional impor-
tant criterion in favor of the 𝛾𝑠 fit.

4. Conclusions

We present an advanced description of the experi-
mental hadron multiplicity ratios measured at AGS,
SPS, and RHIC energies. The inclusion of the 𝛾𝑠 fac-
tor into the recently developed version of the HRGM
with the multicomponent hard-core repulsion has es-
sentially improved the Strangeness Horn description
to 𝜒2/dof = 3.3/14, i.e. better than it was done re-
cently in [4] with 𝜒2/dof = 7.5/14 and much better
than it was done in [1–3, 6]. For the first time, even
the highest point of the Strangeness Horn is perfectly
reproduced by our HRGM, which makes our theoret-
ical horn as sharp as an experimental one. In con-
trast to the earlier results reported in [3], we find
that, in heavy ion collisions, there is a sizable en-
hancement of the strangeness at low collision energies
with 𝛾𝑠 ≃ 1.2–1.6. The achieved high quality fit of
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hadronic multiplicities with 𝜒2/dof ≃ 63.5/55 ≃ 1.15
gives us a high confidence in our conclusions. How-
ever, the present analysis shows that the 𝛾𝑠 fit does
not sizably improve the description of the multi-
strange baryons and antibaryons. Therefore, we con-
clude that the alternative approaches to the chemi-
cal FO suggested in [10, 36] should be developed fur-
ther. We hope that the high quality data expected to
be measured at the future heavy ion facilities will help
us to understand the reason for the apparent chemical
non-equilibrium of the strange charge.

We have performed a thorough analysis of two
alternative approaches to treat the chemical freeze-
out of strange particles in the hadron resonance gas
model with the multicomponent hard-core repulsion
[1]. The first approach accounts for their chemical
non-equilibrium via the usual 𝛾𝑠 factor, and such a
model describes the hadron multiplicities measured
in nucleus-nucleus collisions at AGS, SPS, and RHIC
energies with 𝜒2/dof ≃ 63.5/55 ≃ 1.15. In contrast
to earlier beliefs, we find that the strangeness rather
tends to be enhanced than suppressed at low collision
energies, i.e. 𝛾𝑠 > 1, at

√
𝑠𝑁𝑁 = 2.7, 3.3, 3.8, 4.9,

6.3, and 9.2 GeV. The second approach is to treat
the strange particle freeze-out separately from the
non-strange particle freeze-out. Conservation laws al-
low us to connect the freeze-outs of strange and non-
strange hadrons and end up with the same num-
ber of free parameters as for the 𝛾𝑠 approach. We
show that this approach works not worse than the
𝛾𝑠 approach with 𝜒2/dof ≃ 58.5/55 ≃ 1.06, and,
for

√
𝑠𝑁𝑁 = 6.3, 12, and 17 GeV, it significantly

improves the fit quality. For all considered collision
energies, we see that 𝑝/𝜋−, Λ̄/Λ, Ξ̄−/Ξ−, and Ω̄/Ω
ratios are described better than within the tradi-
tional 𝛾𝑠 approach, since the separation of chemi-
cal freeze-outs relaxes the strong connection between
the non-strange and strange baryons. The novel con-
cept of strange particle freeze-out allows us to de-
scribe 111 independent hadron ratios measured at
14 different energies with the highest quality ever
achieved. Based on these results, we conjecture that
the apparent strangeness enhancement is due to the
separate strangeness chemical freeze-out.
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ПIДСИЛЕННЯ ДИВНОСТI
В АДРОННОМУ ХIМIЧНОМУ ФРIЗАУТI

Р е з ю м е

На основi реалiстичної версiї моделi адронного резонансно-
го газу дослiджено хiмiчний фрiзаут адронiв, утворених у
зiткненнях ядер при високих енергiях. Хiмiчна нерiвнова-

га дивних частинок враховується за допомогою введення 𝛾𝑠
фактора, який дозволяє здiйснити високоякiсний фiт вiдно-
шень адронних множинностей, вимiряних в iнтервалi енер-
гiй вiд найнижчих енергiй AGS до найвищих енергiй RHIC,
iз 𝜒2/dof ≃ 63,5/55 ≃ 1,15. На вiдмiну вiд попереднiх ре-
зультатiв, при низьких енергiях ми спостерiгаємо посиле-
ння дивностi, а не її пригнiчення. Крiм того, за допомо-
гою проведеного фiтування параметра 𝛾𝑠 вдалося досягну-
ти найякiснiшого опису Пiка Дивностi iз 𝜒2/dof = 3,3/14.
Вперше вдалося вiдтворити найвищу точку Пiка Дивностi,
що робить теоретичний Пiк настiльки ж гострим, як i експе-
риментальний. Проте, проведене фiтування 𝛾𝑠 не призвело
до суттєвого покращення опису мультидивних барiонiв та
антибарiонiв. Тому, видиме вiдхилення мультидивних ба-
рiонiв та антибарiонiв вiд хiмiчної рiвноваги вимагає дода-
ткового пояснення.
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