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New results of the NA61/SHINE Collaboration at the CERN SPS on mean hadron multiplicities in
proton-proton (p+p) interactions are analyzed within the transport models and the hadron resonance gas (HRG)
statistical model. The chemical freeze-out parameters in p+p interactions and central Pb+Pb (or Au+Au)
collisions are found and compared with each other in the range of the center-of-mass energy of the nucleon pair√

sNN = 3.2–17.3 GeV. The canonical ensemble formulation of the HRG model is used to describe mean hadron
multiplicities in p+p interactions and the grand canonical ensemble in central Pb+Pb and Au+Au collisions. The
chemical freeze-out temperatures in p+p interactions are found to be larger than the corresponding temperatures
in central nucleus-nucleus collisions.
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I. INTRODUCTION

Studies of properties of the strongly interacting matter at
extreme energies and densities is one of the main goals for
high-energy nucleus-nucleus (A+A) collision experiments.
The data of the NA49 Collaboration on hadron production
in central Pb+Pb collisions [1–3] at beam energies Elab =
20A, 30A, 40A, 80A, and 158A GeV (which corresponds
to

√
sNN = 6.3,7.6,8.8,12.3,17.3 GeV for the center-of-mass

energy of the nucleon pair) show rapid changes of several
hadron production properties. Particularly, the sharp maximum
of the K+/π+ ratio (the horn) at 30A GeV predicted in
Ref. [4] was found with approximate constant value of this
ratio at collision energies higher than 80A GeV. These data
were obtained at the Super Proton Synchrotron (SPS) of the
European Organization for Nuclear Research (CERN), and
they have been confirmed by the Beam Energy Scan (BES)
program [5] at the Relativistic Heavy Ion Collider (RHIC) at
the Brookhaven National Laboratory (BNL).

These results have different interpretations. For instance,
the results are consistent with the onset of deconfinement in
central Pb+Pb collisions at about 30A GeV [6], assuming
that hadron production is mainly determined by the properties
of the early stage of the collision. On the other hand, the
strangeness horn is also qualitatively described within the
thermal model [7,8], especially when some modifications are
considered; see, e.g., Refs. [9–11]. Therefore, these data do not
allow one to make firm conclusions with regard to the onset of
deconfinement. The successor of the NA49, the NA61/SHINE
Collaboration, is performing the scan of the beam energy and
system size at the SPS [12–14]. Additionally, the BES program
at RHIC [5] studies Au+Au collisions in the energy range of√

sNN = 7.7–200 GeV. An important aspect of these studies is
a comparison of A+A and p+p collisions. Information about
the physical properties of the system created in Pb+Pb and
p+p collisions is also very useful in a sense that these reactions
represent two limiting cases of the system sizes.

In the present paper we analyze the new p+p data of the
NA61/SHINE at plab = 20, 31, 40, 80, and 158 GeV/c [14]
(which corresponds to

√
sNN = 6.3,7.7,8.8,12.3,17.3 GeV).

We also repeat the analysis of the NA49 data in central Pb+Pb
collisions. This is done because of an extension of the NA49
data on central Pb+Pb collisions [1–3,15,16] in comparison
to the results used in previous studies, e.g., in Ref. [17].

We analyze also the recent data from the HADES Col-
laboration for both p+p collisions at Ekin = 3.5 GeV [18],
and Au+Au collisions at Ekin = 1.23A GeV [19]. The
corresponding center-of-mass energies are

√
sNN = 3.2 GeV

for p+p and 2.4 GeV for A+A. For completeness of the
analysis we redo the early fits of the Au+Au collisions
for Ekin = 0.8A,1.0A GeV at GSI Schwerionensynchroton
(SIS), and for the Elab = 11.6A GeV at BNL Alternating
Gradient Synchrotron (AGS) [20–24]. The corresponding
center-of-mass energies are

√
sNN = 2.2,2.3, and 4.9 GeV.

Therefore, the analyzed energy range is
√

sNN =3.2–17.3
GeV for p+p interactions and

√
sNN =2.2–17.3 GeV for

central Pb+Pb or Au+Au collisions. Such an analysis extends
previous studies regarding the systematic comparison of the
hadron production properties in A+A and p+p collisions to
energies below

√
sNN = 17.3 GeV. It should be noted that

there are two facilities under construction which will operate
in the considered energy region: the Facility for Antiproton
and Ion Research (FAIR) [25,26], and the Nuclotron-based
Ion Collider Facility (NICA) [27].

The data on hadron multiplicities are compared with
predictions of two popular transport models—ultrarelativistic
quantum molecular dynamics (UrQMD) [28–30] and hadron
string dynamics (HSD) [31–33]. The properties of p+p
interactions are the input to these models. Therefore, we
test whether this input obtained from the parametrization
of previous p+p results allows one to reproduce the new
NA61/SHINE data.

We perform the fits of the mean hadron multiplicities within
the statistical hadron resonance gas (HRG) model in the grand
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canonical ensemble (GCE) for central Pb+Pb and Au+Au
collisions, except for the lowest energies at SIS where the
strangeness-canonical ensemble (SCE) was used, and in the
canonical ensemble (CE) for p+p inelastic interactions. These
fits provide us with the HRG model parameters as the functions
of collision energy. Particularly, we present a comparison of the
chemical freeze-out temperatures in p+p and central collisions
of heavy ions in the energy region

√
sNN = 3.2–17.3 GeV.

In the literature, such a comparison was previously limited to
higher collision energies

√
sNN � 19.4 GeV for p+p [40]. Our

results enable one to estimate the range of the chemical freeze-
out parameters that can be reached in collisions of different size
nuclei during the current energy and system size scanning by
NA61/SHINE at SPS, and in the future experiments at NICA
and FAIR.

The paper is organized as follows. In Sec. II the results of
the calculations of mean hadron multiplicities in inelastic p+p

reactions within the UrQMD and HSD models are presented.
The HRG is considered in Sec. III. The results for p+p inelastic
interactions and central A+A collisions are presented. The
summary in Sec. IV closes the paper.

II. TRANSPORT MODELS FOR PROTON-PROTON
COLLISIONS

In this section the UrQMD and HSD transport model results
regarding inelastic p+p interactions are compared with the
NA61/SHINE data [14] on mean hadron multiplicities 〈π+〉,
〈π−〉, 〈K+〉, 〈K−〉, and 〈p〉 at plab = 20, 31, 40, 80, 158 GeV/c
which corresponds to

√
sNN = 6.3,7.7,8.8,12.3,17.3 GeV

(the p multiplicity was not reported for the lowest collision
energy). A comparison of the NA61/SHINE results with
UrQMD and HSD predictions is presented in Figs. 1(a)–1(e).
In addition, the 〈K+〉/〈π+〉 ratio is shown in Fig. 1(f). From

FIG. 1. Mean hadron multiplicities in inelastic p+p reactions as functions of the center-of-mass collision energy
√

sNN . The full circles
are the data [14] of NA61/SHINE Collaboration. The solid and dashed lines correspond to the results of the HSD 2.5 and UrQMD 3.4 model
simulations, respectively. The crosses show the fit in the statistical hadron-resonance gas model in the canonical ensemble (see Sec. III).

064906-2



HADRON MULTIPLICITIES AND CHEMICAL FREEZE-OUT . . . PHYSICAL REVIEW C 93, 064906 (2016)

Fig. 1(a) one concludes that both transport models—UrQMD
and HSD—underestimate yields of 〈π−〉 at all SPS energies,
except the highest one,

√
sNN = 17.3 GeV. As seen from

Figs. 1(d) and 1(e) the UrQMD also underestimates 〈K+〉 and
overestimates 〈p〉. Both models have problems describing the
yields of K− shown in Fig. 1(c). The π− momentum spectra
in p+p reactions within the UrQMD have been analyzed and
compared to properly normalized π− spectra in central Pb+Pb
collisions in Ref. [34] (see also Ref. [35], where the mean
values of hadron transverse mass have been calculated within
the UrQMD and HSD models). It should be noted that the p+p
results are used as the input for the transport model description
of A+A collisions. Therefore, it is evident that improvements
of parametrization of p+p results in both the UrQMD and
HSD models are really needed.

III. HADRON RESONANCE GAS MODEL

A. The model formulation

Statistical models appear to be somewhat successful in
calculations of mean hadron multiplicities in high energy colli-
sions. This approach assumes a thermodynamical equilibrium
of stable hadrons and resonances at the chemical freeze-out
state described by thermal parameters to be determined by
fitting data. A general description of the HRG model can be
found elsewhere, e.g., in the introduction part of Ref. [36].

In the GCE formulation of the HRG the conserved charges,
such as baryonic number B, electric charge Q, and net
strangeness S, are conserved on average, but can differ from
one microscopic state to another. In the CE formulation these
charges are fixed to their exact conserved values in each
microscopic state. The distinct difference appears between
calculations of hadron multiplicities in different statistical
ensembles, if the number of particles with corresponding
conserved charge is of the order of unity or smaller [37–42].
In the considered range of collision energies the CE is relevant
for p+p collisions, while GCE can be used for central Pb+Pb
and Au+Au collisions, except for the lowest energies at
SIS. The exact conservation of net strangeness needs to be
enforced there, i.e., the calculations for these low-energy A+A
collisions are done within the SCE [7,8].

In the GCE the fitting parameters are the temperature T ,
baryonic chemical potential μB ,1 the system volume V , and the
strangeness under-saturation parameter γS which is discussed
in Ref. [43]. For the convenient comparison between A+A and
p+p we use the radius R calculated from V ≡ 4πR3/3 instead
of volume. The CE treatment of p+p collisions assumes
the fixed values of the conserved charges—baryonic number
B = 2, electric charge Q = 2, and net strangeness S = 0.
Therefore, in the CE the fitting parameters are T , R, and γS .
In the SCE for SIS we set the strangeness conservation radius
equal to the radius of the system. Therefore, the fit parameters
in the SCE are the same as in the CE, but only strangeness is

1The chemical potentials μS and μQ correspond to the conservation
of strangeness and electric charge, respectively. They are found from
the conditions of zero net strangeness and fixed proton to neutron
ratio in the colliding nuclei.

conserved exactly. Note that at low collision energies a role of
the exact energy conservation becomes quite important. One
should then follow the microcanonical ensemble formulation
which was not used in the present paper.

The HRG model fits are done by minimizing the value,

χ2

Ndof
= 1

Ndof

N∑

i=1

(
N

exp
i − NHRG

i

)2

σ 2
i

, (1)

where N
exp
i and NHRG

i are the experimental and calculated
in the HRG hadron multiplicities, respectively; Ndof is the
number of degrees of freedom, that is, the number of the
data points minus the number of fitting parameters; and σ 2

i =
(σ syst

i )2 + (σ stat
i )2 is the sum of the squares of the statistical

and systematic experimental errors.
In our calculations we include stable hadrons and reso-

nances that are listed by the Particle Data Group [44], and take
into account both the quantum statistics, and the Breit-Wigner
shape of resonances with finite widths. The list of particles
includes mesons up to f2(2340), (anti-)baryons up to N (2600),
and generally corresponds to the newest THERMUS 3.0 [36]
compilation. We do not include hadrons with charm and
bottom degrees of freedom which have a negligible effect on
the fit results. In contrast to Refs. [9,10] we also removed the σ
meson [f0(500)] and the κ meson [K∗

0 (800)] from the particle
list because of the reasons explained in Refs. [45–48].

The mean multiplicity 〈Ni〉 of ith particle species is
calculated in the HRG model as a sum of the primordial
mean multiplicity 〈Nprim

i 〉 and resonance decay contributions
as follows:

〈Ni〉 = 〈
N

prim
i

〉 +
∑

R

〈ni〉R
〈
N

prim
R

〉
, (2)

where 〈ni〉R is the average number of particles of type i
resulting from decay of resonance R. Note that Eq. (2) is also
valid for calculating yields of unstable particles, such as the
φ meson, K∗(892) resonance, or �(1520) resonance. This is
important because yields of these unstable particles have been
measured (see, e.g., Refs. [15,16,18,49]). Note, however, that
the present version of THERMUS does not take into account
the resonance decay contribution to mean multiplicities of
particles which are marked as unstable. As a result, yields of
φ, K∗(892), or �(1520) can be underestimated by up to 25%.
The actual amount depends on the HRG parameters used, and
on the modeling of relevant decay branching ratios, which are
sometimes poorly constrained. On the other hand, if, e.g., one
marks the φ as a stable particle in THERMUS, then the decay
contribution to the φ multiplicity is calculated, but the further
decays of φ to kaons or pions are not taken into account in
the program, while they are accounted in the experiment. To
avoid this problem and to simultaneously fit yields of stable
and unstable hadrons in THERMUS one has to use multiple
particle sets. Alternatively, one can add an extra loop for the
summation of the decay contributions to the yields of unstable
particles in the THERMUS code.

We have verified that in this case THERMUS yields essen-
tially the same results for total hadron yields of all particles as
our own implementation of the HRG. Thus, we use the latter in
all our subsequent analysis. We also enable the calculation of
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FIG. 2. (a) Temperature T as a function of baryon chemical potential in central Pb+Pb and Au+Au collisions. Temperature T (b),
strangeness saturation factor γS (c), radius of the system R (d) in p+p inelastic reactions and central heavy ion collisions as functions of the
collision energy; see text for more explanations.

asymmetric error bars for the obtained parameters, which are
obtained by explicitly analyzing the χ2 = χ2

min + 1 contours.

B. HRG results for central A+A collisions
and p+p inelastic reactions

The A+A data at AGS and SPS energies are fitted within
the GCE HRG model. The SCE HRG formulation is employed
to describe the old A+A data at SIS (marked as SIS in the
figures), and the new data obtained at SIS by HADES (marked
as HADES). The p+p data of HADES and NA61/SHINE
collaborations are analyzed within the CE HRG. The extracted
values of the chemical freeze-out parameters, T and μB ,
are plotted in Fig. 2(a). The boxes correspond to our fit of
the latest compilation of the NA49 data for central Pb+Pb
collisions [1–3,15,16]. The full right triangles show our fit to
the recent Au+Au data from HADES [19]. The open right
triangles show the results of the newest analysis of the p+Nb
and Ar+KCl reactions performed using THERMUS 3.0 by the
HADES collaboration [50]. The Ar+KCl∗ label corresponds
to the fit with the reduced number of fitted yields [50]. The
up and down triangles show our fits to the old Au+Au data
listed in [21] and in [24]. The Au+Au data at SIS allow one
to extract temperature and baryonic chemical potential. They

are shown in Figs. 2(a) and 2(b). The parameters R and γS ,
however, cannot be reliably defined, thus, they are not shown
in Figs. 2(c) and 2(d) at SIS.

The main set of data used in our analysis contains the mean
total multiplicities. All the data from the NA61/SHINE, NA49
at SPS, and also the point at AGS energy are the total 4π
mean multiplicities, i.e., the hadron yields integrated over
the whole rapidity range. The p+p data from HADES are
also the mean multiplicities, but extracted from di-electron
yields, which may add some unaccounted systematic error
to this point. The SIS Au+Au data contain the hadron yield
ratios and the average number of participants. The Au+Au
data from HADES contain only the ratios at mid-rapidity. The
HRG model parameters obtained from different sets of data
demonstrate the smooth and consistent behavior. The largest
deviation is seen at the

√
sNN = 6.3 GeV in p+p reactions

from the NA61/SHINE. This can be attributed to the absence
of the antiproton data at

√
sNN = 6.3 GeV, which are present

in the measurements at four higher SPS energies provided by
the same collaboration.

The gray band in Fig. 2(a) is the parametrization from
Ref. [51],

TA+A(μB) = a − bμ2
B − cμ4

B, (3)
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TABLE I. The comparison between fitted and measured total 4π multiplicities, and the prediction for the unmeasured yields. The fit is
done within the CE formulation of the HRG. Some yields at the lowest energy are omitted from the table, because the energy of the system is
not enough for their creation. The mean multiplicities in p+p inelastic interactions are measured by HADES [18] at

√
sNN = 3.2 GeV, and by

NA61/SHINE [14] at
√

sNN = 6.3 GeV and 7.7 GeV.

√
sNN = 3.2 GeV

√
sNN = 6.3 GeV

√
sNN = 7.7 GeV

Measurement Fit Measurement Fit Measurement Fit

π+ 0.782 1.582 ± 0.232 1.698 1.985 ± 0.288 1.903
π− 0.238 1.067 ± 0.203 0.9345 1.438 ± 0.288 1.174
K+ 0.00398 0.097 ± 0.015 0.0938 0.157 ± 0.018 0.130
K− 3.82 × 10−4 0.024 ± 0.00632 0.0258 0.045 ± 0.005 0.051
p 1.37 1.14 1.1
p̄ 4.78 × 10−5 0.0047 ± 0.0008 0.0046
� 0.00466 0.0669 0.0785
�̄ 1.57 × 10−5 0.00161
	+ 2.20 × 10−4 0.0226 0.0254
	̄+ 3.11 × 10−6 3.27 × 10−4

	− 6.00 × 10−5 0.011 0.0129
	̄− 4.78 × 10−6 4.90 × 10−4


0 9.04 × 10−4 0.00122

̄0 7.35 × 10−7 8.32 × 10−5


− 6.93 × 10−4 0.00101

̄− 8.53 × 10−7 9.36 × 10−5

� 4.06 × 10−6 1.11 × 10−5

�̄ 1.70 × 10−8 3.28 × 10−6

π 0 0.39 ± 0.1 0.578 1.54 1.76
K0

S 0.0013 ± 0.0003 0.000977 0.0501 0.0811
η 0.02 ± 0.007 0.017 0.0846 0.134
ω 0.006 ± 0.002 0.00591 0.0364 0.145
K∗+ (2.0 ± 0.6) × 10−4 0.000218 0.0113 0.0406
K∗− 4.62 × 10−5 0.00273 0.0117
K∗0 1.36 × 10−4 0.00797 0.0302
K̄∗0 5.86 × 10−5 0.00347 0.0144
φ 7.72 × 10−5 0.00454 0.0129
�(1520) 3.83 × 10−5 0.00206 0.00626

where a = 0.166 ± 0.002 GeV, b = 0.139 ± 0.016 GeV−1,
and c = 0.053 ± 0.021 GeV−3. The width of the band indi-
cates the corresponding error bars, that were obtained for each
T (μB) point from the errors of the a, b, and c, using the
standard methods of propagations of uncertainties. Together
with the parametrization of the μB ,

μB = d

1 + e
√

sNN

, (4)

where d = 1.308 ± 0.028 GeV, e = 0.273 ± 0.008 GeV−1,
Eq. (3) allows one to plot temperature as the function of
energy.

The fit of our results for T and μB in central Pb+Pb and
Au+Au collisions with the same analytical functions (3) and
(4) yields somewhat different parameters, namely, a = 0.157
GeV, b = 0.087 GeV−1, c = 0.092 GeV−3, d = 1.477 GeV,
e = 0.343 GeV−1. The corresponding error bars are somewhat
large and are not shown, because we used only a few points
to determine the freeze-out line. However, the obtained line
in Fig. 2(a) is within the gray error bars at large chemical
potential. Therefore adding new points there would not change
the line. The most important effect is from the top SPS points
that give smaller temperature in our analysis. Interestingly,

Eq. (3) gives T = 157 MeV at μB = 0, which is close to the
latest findings at the LHC [52–54].

The change in the parametrization of the chemical freeze-
out line (3) and (4) is a combination of two effects:
the extension of the list of particles, and the changes in
the experimentally measured particle set. The HRG fit of
the latest NA49 data [1–3,15,16] in the present paper gives
approximately constant temperature at top SPS energies and
growing radius of the system, as seen from Figs. 2(b) and 2(d).
The previous HRG fit [17] of the old NA49 data with a smaller
table of particles in the HRG gave the opposite: constant radius
and growing temperature.

To further study the effects of heavy resonance decays on
the HRG model parameters, we have analyzed different cuts
for the maximal resonance mass Mcut, included in the table of
particles. Varying the cut in the range 1.7 < Mcut < 2.4 GeV,
we have found that the inclusion of heavy resonances may
decrease the temperature up to 10 MeV, and the effect is
stronger for larger collision energy.

The data of the NA61/SHINE on inelastic p+p interactions
[14] are fitted in the CE HRG model. The experimental results
and HRG fit within the CE are shown in Fig. 1 and in Tables I
and II. The obtained T , γS , and R parameters are presented in
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TABLE II. The same as Table I for p+p inelastic interactions at
√

sNN = 8.8, 12.3, and 17.3 GeV measured by NA61/SHINE [14].

√
sNN = 8.8 GeV

√
sNN = 12.3 GeV

√
sNN = 17.3 GeV

Measurement Fit Measurement Fit Measurement Fit

π+ 2.221 ± 0.274 2.383 2.556 ± 0.261 2.618 2.991 ± 0.394 3.161
π− 1.703 ± 0.287 1.603 2.030 ± 0.281 1.844 2.494 ± 0.315 2.368
K+ 0.170 ± 0.025 0.183 0.201 ± 0.014 0.195 0.234 ± 0.022 0.233
K− 0.084 ± 0.007 0.081 0.095 ± 0.006 0.098 0.132 ± 0.014 0.133
p 1.05 1.04 1.04
p̄ 0.0059 ± 0.0007 0.0059 0.0183 ± 0.00186 0.0182 0.0402 ± 0.0033 0.0402
� 0.0987 0.0974 0.104
�̄ 0.00196 0.00553 0.0108
	+ 0.0314 0.0301 0.0314
	̄+ 4.19 × 10−4 0.00118 0.00237
	− 0.018 0.0179 0.0202
	̄− 5.90 × 10−4 0.00164 0.00315

0 0.00203 0.00198 0.0023

̄0 1.02 × 10−4 2.70 × 10−4 4.91 × 10−4


− 0.00171 0.00171 0.00204

̄− 1.13 × 10−4 2.95 × 10−4 5.28 × 10−4

� 2.31 × 10−5 2.59 × 10−5 3.47 × 10−5

�̄ 3.77 × 10−6 1.03 × 10−5 1.80 × 10−5

π 0 2.28 2.53 3.12
K0

S 0.122 0.137 0.174
η 0.173 0.204 0.256
ω 0.185 0.253 0.343
K∗+ 0.0519 0.0647 0.0804
K∗− 0.019 0.026 0.0377
K∗0 0.0403 0.0517 0.0665
K̄∗0 0.0227 0.0305 0.0432
φ 0.0157 0.0183 0.0211
�(1520) 0.00707 0.00853 0.00978

Table III. These parameters are also shown in Figs. 2(b)–2(d)
for both p+p and A+A collisions.

In addition, we make the fit of the available p+p data point
from the NA49 at the Elab = 158 GeV (

√
sNN = 17.3 GeV)

[16,49]. The NA49 p+p data include more hadron species,
therefore, we check how the selection of a different particle
set influences the results. We also fit the data from HADES
Collaboration [18], for p+p collisions at Ekin = 3.5 GeV
(
√

sNN = 3.2 GeV).

The lower solid line in Fig. 2(b) shows the behavior of
temperature in A+A as the function of energy calculated
according to Eqs. (3) and (4). Other lines in Figs. 2(b)–2(d)
are the fits that were made to guide the eye.

The analysis of the NA49 and NA61/SHINE p+p data
at 158A GeV gives very close HRG parameters. The cor-
responding points almost coincide. Larger error bars for the
NA61/SHINE are from a smaller number of measured particles
compared to NA49 (5 versus 18). The same reason causes

TABLE III. Summary of the fitted parameters in p+p inelastic interactions within CE formulation of HRG.

Parameters
√

sNN = 3.2 GeV
√

sNN = 6.3 GeV
√

sNN = 7.7 GeV

T (MeV) 141.0+15.9
−19.3 102.0+51.6

−2.8 154.6+13.6
−8.9

γS 0.242+0.086
−0.071 1.000+0.000

−0.423 0.635+0.112
−0.081

R (fm) 0.61+0.32
−0.17 2.88+0.12

−1.61 1.38+0.28
−0.32

χ 2/Ndof 4.95/2 0.80/1 4.44/2
√

sNN = 8.8 GeV
√

sNN = 12.3 GeV
√

sNN = 17.3 GeV

T (MeV) 144.1+5.9
−4.8 163.3+7.9

−6.2 170.8+8.0
−7.0

γS 0.642+0.069
−0.058 0.555+0.052

−0.043 0.497+0.053
−0.045

R (fm) 1.80+0.20
−0.21 1.46+0.18

−0.19 1.44+0.19
−0.21

χ 2/Ndof 0.89/2 0.88/2 0.35/2
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much smaller χ2/Ndof for NA61/SHINE than that for NA49.
The extracted freeze-out parameters are only slightly changed
by adding the new multiplicity data to the NA61/SHINE set of
particles measured at 158A GeV. The further addition of the
particles leads only to an increase of the χ2/Ndof and decrease
of the error bars, i.e., the larger number of fitted particles gives
more constraints on the range of the HRG parameters.

It is seen from Table III that values of χ2/Ndof are
significantly smaller than unity for collision energies

√
sNN =

8.8,12.3,17.3 GeV. This usually indicates that the experimen-
tal errors might be overestimated.

The temperature in p+p is gradually increasing with
collision energy from Tp+p � 130 MeV to Tp+p � 170 MeV.
The sudden drop of the temperature at

√
sNN = 6.3 GeV is

correlated with the corresponding increase of the radius Rp+p

and the γS . Large error bars at this energy indicate that the
measurement of the p̄ and/or other (anti)baryon is needed to
constrain the parameters.

The HRG model for multiplicities in p+p reactions at√
sNN = 19.4 GeV was considered in Refs. [39,40]. This

energy is close to the top SPS energy. The p+p temperature in
Refs. [39,40] is in agreement with our results within the error
bars. The e+ + e− and p + p̄ temperatures in Refs. [39,40] are
also close to our results. The p+p temperature for

√
sNN =

200 GeV at RHIC was found to be Tp+p � 170 MeV [55],
which is in agreement with a slow increase and a saturation of
the temperature obtained in our fit.

A possible universal mechanism of thermal hadron pro-
duction in collisions of elementary particles was suggested
in Ref. [56]. It connects the temperature to the string tension
between quarks, and explains why the temperatures in e++e−,
p+p, and p+p̄ appear to be close to each other. On the other
hand, secondary collisions and medium effects are evidently
important in central Pb+Pb (or Au+Au) collisions.

The unexpected finding is a decrease of γS parameter
with collision energy in p+p inelastic reactions in the SPS
energy region. Together with the point from HADES one may
conclude that γS increases at small energies and probably has
a maximum at the low SPS energy. As seen from Fig. 2(c)
a similar behavior is observed for γS in central Pb+Pb and
Au+Au collisions. Our results at the top SPS energy agree
with those obtained in Refs. [39,40]. We note that previous
studies on hadron production in p+p collisions dealt with
higher collision energies than those considered in our paper.
There the γS parameter was generally found to increase with
collision energy. Our results at SPS energies are also in a
slight contrast with recent paper [57], where it is implied
that γS universally increases with collision energy. However,
the corresponding error bars are still large to make the final
conclusions.

As seen from Fig. 2(d) the system radius in p+p inelastic
reactions is approximately independent of the collisions
energy, Rp+p � 1.5 fm. An exception is the lowest energy
p+p point from HADES. The volume that was found in
the p+p reactions at RHIC gives essentially larger values
of the radius, Rp+p � 3.6 fm [55]. We do not see, however,
the increase of R at the SPS energies. The dependence of the
radius on the collision energy is somewhat different in p+p

and A+A collisions at the SPS energies: It grows in central
A+A collisions, while in p+p inelastic reactions the radius is
approximately constant.

Note that the excluded volume corrections [58] neglected
in the present paper do not change the results for the intensive
HRG model parameters—T ,μB,γS—only if all hard-core radii
of hadrons are assumed to be equal to each other. However,
the excluded volume corrections can significantly reduce the
densities [59] and, thus, increase the total system volume
at chemical freeze-out in a comparison to the ideal HRG.
Therefore, the finite size of hadrons influences the total
system volume: the values of Rp+p and RA+A would become
larger and their energy dependence would be changed. The
intensive HRG model parameters can also be influenced, if
one considers hadrons with different hard-core radii [60,61].
However, this will require additional assumptions (and new
model parameters) about sizes of various hadrons, which are
presently somewhat poorly constrained.

Thermal HRG model parameters for all intermediate sys-
tems like p+A or A+A collisions of small nuclei are expected
to be in between those found in the present study for Pb+Pb
and p+p reactions. Presently existing results, particularly,
the independent analysis of p+Nb and Ar+KCl reactions
by HADES Collaboration [50] supports this statement. The
existing results also indicate that temperatures reached by
different systems in the beam energy scan at the SPS might be
very similar. However, exact conservation of net strangeness
and baryonic number remains important in p+A and light
nuclei collisions. Therefore, the total number of strange
hadrons and antibaryons per nucleon participant may be
essentially reduced for small systems despite their larger
temperatures.

IV. SUMMARY

Our analysis of the new data for mean hadron multi-
plicities demonstrates that both transport models—UrQMD
and HSD—should be significantly modified and tuned to the
presently available p+p data at SPS energies. This is indeed
important as the properties of p+p reactions are used in these
transport models as the input for Monte Carlo simulations of
A+A collisions.

The CE HRG model leads to the good description of the
data on hadron multiplicities in p+p interactions. Our results
define the range of the chemical freeze-out parameters—T ,
γS , and R—that can be reached in collisions of different size
nuclei during the energy and system size scanning at the SPS
energy range. The comparison of the obtained HRG parameters
in p+p inelastic reactions and central Pb+Pb (or Au+Au)
collisions shows that the freeze-out temperature in p+p is
larger than that in A+A, Tp+p > TA+A. The temperature in
p+p slowly grows with energy from 130 to 170 MeV, while
the A+A temperature strongly increases at small collision
energy and saturates fast at TA+A � 157 MeV, in contrast to
TA+A � 166 MeV found in previous studies. In the considered
energy range the largest difference Tp+p − TA+A

∼= 60 MeV is
at low energies. The Tp+p � TA+A at

√
sNN = 6.3 − 7.7 GeV,

064906-7



V. VOVCHENKO, V. V. BEGUN, AND M. I. GORENSTEIN PHYSICAL REVIEW C 93, 064906 (2016)

and then the difference grows again reaching about 20 MeV at
the highest SPS energy.

At all collision energies the γS parameter in central Pb+Pb
and Au+Au collisions is larger than that in p+p inelastic
reactions. It seems that in both cases this parameter has a local
maximum at the low SPS energy. The obtained results also
indicate that the γS parameter in p+p interactions decreases
with collision energy at SPS energies. While the error bars
are still too large to make firm conclusions, this is in contrast
with the previous studies, which dealt with higher collision
energies, and predicted a monotonous increase of the γS with
the collision energy.

The dependence of the system radius on the collision energy
is somewhat different in central Pb+Pb collisions and p+p
reactions in the SPS energy region. The radius RA+A increases
with collision energy for 40%, while Rp+p has approximately
constant value. The RA+A dependence found in our analysis
is different than in the previous studies,2 where RA+A was
approximately constant at the SPS. The radius, temperature,
and the γS parameters in p+p reactions at such low collision
energies are obtained for the first time.

The fit of the mean multiplicities considered in the present
paper, both in p+p and A+A reactions, assumes that a
system behaves at the chemical freeze-out as the ideal hadron
resonance gas. Thus, the effects of the possible deconfinement
phase transition may be signaled as some irregular behavior

2It should be noted that finite size of hadrons, neglected in the
present paper, may have an influence on the total system volume and
its dependence on the collision energy.

of the obtained parameters and deviations of the data from
the HRG model results. We do see an indication of such an
irregular behavior for γS at low energies in A+A collisions
and, surprisingly, even stronger in p+p interactions. However,
there is not enough data at low energy A+A, while the
lowest available p+p point contains a different set of measured
particles than for other p+p points. Therefore, the uncertainties
in extracted parameters are still too large to make firm
conclusions and more data in both A+A and p+p are needed
at this energy range to clarify this point.

The measurements of total particle multiplicities for a wider
set of hadron species are needed. The minimal set of fitted
multiplicities should include particles possessing all three con-
served charges—B,S,Q—and the corresponding antiparticles
for both p+p and A+A. For example, an appropriate set of
hadron species may include π+, π−, K+, K−, p, and p̄.
Therefore, the additional measurements of antiproton at the
lowest SPS and proton mean multiplicities in both p+p and
intermediate A+A reactions at all SPS energies are necessary.
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