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17Nuclear Physics Institute, Academy of Sciences of Czech Republic, 25068 Rez, Czech Republic
18LabCAF. F. F́ısica, Univ. de Santiago de Compostela, 15706 Santiago de Compostela, Spain

a also at Lawrence Berkeley National Laboratory, Berkeley, USA
b also at ISEC Coimbra, Coimbra, Portugal
d also at Technische Universität Dresden, 01062 Dresden, Germany
e also at Dipartimento di Fisica, Università di Milano, 20133 Milano, Italy
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Abstract. The HADES data from p+Nb collisions at a center of mass energy of
√
sNN= 3.2 GeV are

analyzed employing a statistical hadronization model. The model can successfully describe the production
yields of the identified hadrons π0, η, Λ, K0

s , ω with parameters Tchem = (99±11) MeV and µb = (619±34)
MeV, which fits well into the chemical freeze-out systematics found in heavy-ion collisions. In addition, we
reanalyze our previous HADES data from Ar+KCl collisions at

√
sNN= 2.6 GeV with an updated version

of the model. We address equilibration in heavy-ion collisions by testing two aspects: the description of
yields and the regularity of freeze-out parameters from a statistical model fit. Despite this success, the
model fails to describe the observed Ξ− yields in both, p+Nb and Ar+KCl. Special emphasis is put
on feed-down contributions from higher-lying resonance states as a possible explanation for the observed
excess.

PACS. 25.75.-q, 25.75.Dw
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1 Introduction

The idea of applying statistical methods to predict hadron
yields in collisions of ions goes back to Heinz Koppe in
1948 [1]. Half a century later statistical hadronization mod-
els have been established as a successful tool to describe
particle yields or yield ratios from relativistic and ultrarel-
ativistic heavy-ion collisions (HIC) [2–7] with only the pa-
rameters T (temperature), µB (baryo-chemical potential)
and V (volume of the fireball). Moreover, the extracted
freeze-out parameters show a striking regularity, lining up
on a curve in the temperature - baryochemical potential
plane, connecting smoothly data from the lowest energies
at SIS18 up to the highest available energy [8,9], describ-
ing also the production of light nuclei at LHC [10].
These findings give a strong hint that the observed in-
clusive, ensemble-averaged hadron abundances are consis-
tent with a state of matter in thermal and chemical equi-
librium. However, this does not imply that this state is
reached via dynamical equilibration among constituents.
Since the seminal work of Hagedorn [11], statistical meth-
ods have also been used to predict particle production
in elementary e+ + e− and p+p reactions, see e.g. [12].
More recently a detailed analysis applying exactly the
same model [4], which successfully describes hadron yields
in HIC, shows also a good agreement for yields and even
transverse momentum spectra obtained in elementary re-
actions [13,14]. 1 These findings question conclusions drawn
about chemical equilibrium in heavy-ion collisions based
on the comparison of data to hadron yields obtained via
statistical model calculations and suggest a more funda-
mental reason for the agreement.
Deviations from equilibrium are included in the models
with ad-hoc parameters, whose treatment differs between
different realizations. While in [9,16] a grand canonical
ensemble with only the parameters T (temperature), µB

(baryo-chemical potential) and V (volume of the system)
is used for central heavy-ion collisions, the authors of [4]
use a mixed canonical ensemble, conserving strangeness
exactly plus an additional multiplicative factor γs in order
to additionally suppress particles containing strangeness.
In [3], on the other hand, γs plus an additional parameter,
suppressing the light quarks u,d, called γq is used. The au-
thors of [5,17] use also a mixed canonical ensemble, but
introduce a strangeness correlation volume parameter Vc
(or correlation radius parameter Rc) instead of γs. In prac-
tice the only effective difference between Vc and γs shows
up in the predicted yield of the φ meson. As the φ con-
serves strangeness by definition, as an ss state, its yield
is not suppressed in the Vc formalism, while it is strongly
suppressed when γs is used.
The system size and centrality dependence of those non-
equilibrium parameters have been investigated in [18–20].
The authors find a significant increase of the strangeness
suppression factor γs with increasing system size.
In our previous paper [21] we stated that, by applying a
thermal fit to hadron yields obtained from Ar+KCl re-

1 For completeness we refer the reader to another recent sta-
tistical analysis reaching different conclusions [15].

actions at 1.76 A GeV, we find that a mixed canonical
ensemble with the additional volume parameter Vc (Rc)
is necessary to further suppress strangeness to reproduce
simultaneously single-strange particle and the φ meson
yields. While, the double strange Ξ− hyperon yield over-
shoots the thermal fit by more than an order of magnitude.
Recently, feed down from higher-lying resonances has been
proposed as a possible explanation for the observed Ξ−

excess [22].
The hadron spectrum included in the statistical model
THERMUS (v2.3) [23], which we used in [21] was based
on the 2002 report of the particle data group (PDG) [24]
and lacking many high mass resonance states. Those states
influence the prediction for low mass particles as well as
the fit parameters. It has been updated in THERMUS
(v3.0) according to the 2014 report of the particle data
group [25] recently. A comparison of the results of the two
versions can therefore provide insights on the role of high
mass resonances.
In order to understand the origin of the apparent ther-
mal and chemical equilibrium, it is important to consider
both the description of yields and regularity of freeze-
out parameters by confronting data sets from p+Nb and
Ar+KCl using the same statistical model and the same
parameters. The detailed statistical analysis of p+A rep-
resents the first of its kind in this energy regime where
the available yields of different particle species are usu-
ally limited. The HADES data allow for the first time a
simultaneous fit to eight different measured yields in the
same experiment. Special emphasis is put on the effect of
the new states in the hadron spectrum, e.g. feed down,
included in the PDG report in the last decade.
This paper is organized as follows.
We start with an overview of the two data samples in sec-
tion 2, before we present and discuss the results of the
statistical model fits in 3.1 and 3.2. Section 3.3 is devoted
to the Ξ− excess. Our summary is given in section 4. Fi-
nally, in the appendix we include a discussion of statistical
strangeness production at high baryochemical potential
using exact strangeness conservation.

2 Data sample

HADES is a charged-particle detector consisting of a 6-
coil toroidal magnet centered around the beam axis and
six identical detection sections located between the coils
covering almost the full azimuthal angle. Each sector is
equipped with a Ring-Imaging Cherenkov (RICH) detec-
tor followed by Multi-wire Drift Chambers (MDCs), two
in front of and two behind the magnetic field, as well as
a scintillator hodoscope (TOF/TOFino). More abundant
hadrons like π+− and p are identified based on their time-
of-flight, while for less abundant hadron species like K+−

also the energy-loss information from TOF/TOFino, as
well as from the MDC tracking chambers are used. The
first-level trigger is based on the hit multiplicity in the
scintillators covering the same polar angle range between
18◦ and 85◦ as the RICH and the tracking detectors. Due
to the fixed target setup the rapidity coverage depends
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on both the particle mass and the kinetic beam energy
of the incoming projectile. For the K0

S it covers roughly
1.5 units in rapidity (around mid-rapidity) at a kinetic
beam energy of 1.76 GeV and 1 unit in rapidity (around
mid-rapidity) at an energy of 3.5 GeV. Rapidity distri-
butions of the different identified hadrons are obtained
by integrating transverse mass spectra for each bin in ra-
pidity, using Boltzmann distributions fitted to the data
points, for extrapolation to the regions not covered by
active detectors. The obtained rapidity distributions are
fitted with Gaussian like distributions, which are used to
obtain the hadron yields in full phase space. Details may
slightly vary for the various hadrons and are discussed in
the corresponding references given below. The extracted
inverse slope Teff of the transverse mass spectra at mid-
rapidity includes a pure kinetical component Tkin plus an
additive term, depending on the particle mass m and the
square of the radial expansion velocity of the system β.
Note that in case of p+A collisions no radial expansion
of the fireball is expected. However, additional effects like
resonance decays deform the spectra, as demonstrated in
[26–28] in case of φ feed-down to K− spectra. For further
information on radial expansion of the fireball and the re-
lation to the kinetic freeze-out temperature, we refer the
reader to [29–31]. A detailed description of the HADES
detector is given in [32].

2.1 Ar+KCl at
√
sNN= 2.6 GeV

An argon beam of ∼ 106 particles/s was incident with a
beam energy of 1.76A GeV on a four-fold segmented KCl
target with a total thickness corresponding to 3.3 % inter-
action probability. A fast diamond start detector located
upstream of the target intercepted the beam and was used
to determine the time-zero information. The data read-
out was started by a first-level trigger (LVL1) requiring
a charged-particle multiplicity, MUL ≥ 16, in the scin-
tillator hodoscope. Note that only protons, which are the
most abundant charged particles at this energy, with mo-
menta larger than 300 MeV/c in the laboratory reference
frame can hit the scintillator array due to their bending
in the magnetic field of HADES. Based on a full GEANT
simulation of the detector response to Ar+KCl events gen-
erated with the UrQMD transport model [40], we found
that the event ensemble selected by this (LVL1) trigger
condition has a mean number of participating nucleons
〈Apart〉 of 38.5± 4 corresponding to about 35% most cen-
tral collisions [21]. In total 7.4 × 108 LVL1 events have
been collected. The yields of the various identified parti-
cles obtained in [21,33–39] and their inverse slope param-
eter Teff obtained from fitting Boltzmann distributions
to the transverse mass spectra at mid-rapidity are listed
in Tab. 1.
The bias of the second level trigger (LVL2) used to trigger
on electrons and relevant for the ω yield is about of 10%
and is corrected for.
We decided to include the yield of the η meson which is
not measured by HADES but rather interpolated from

TAPS measurements in Ar(Ca)+Ca collisions at 1.5 and
2 A GeV [41,42]. Note that in previous works the η me-
son yield was not well described by a statistical model
approach [5]. The measured energy excitation function of
the η meson yield is parametrized and interpolated using
a polynomial fit [42]. The difference in centrality selec-
tions of the two experiments is accounted for by assuming
a linear dependence of the η yield with 〈Apart〉. Further
details on the used excitation functions are given in [42].

2.2 p+Nb at
√
sNN= 3.2 GeV

A proton beam of about 2 × 106 particles/s with kinetic
energy of 3.5 GeV was incident on a 12-fold segmented
target of niobium (93Nb). The first-level (LVL1) trigger
required a charged-particle multiplicity MUL ≥ 3 in the
scintillator hodoscope. The selected event sample corre-
sponds to the 90% most central collisions. This estimation
is obtained using two different Monte-Carlo models [40,
44] in combination with a small fraction of the data taken
with a trigger condition requiring only a charged-particle
multiplicity of MUL ≥ 2 in the scintillator hodoscope.
About 3.2 × 109 LVL1 events have been collected. The
yields of the various identified particles obtained in [45–48]
and their inverse slope parameter Teff derived from fit-
ting Boltzmann distributions to the transverse mass spec-
tra are listed in Tab. 2. The value for 〈Apart〉 is obtained
from a geometrical overlap model [49,50], where we used
a very conservative error estimation of 20% in total. The
full phase space yield of the ω meson is based on a GiBUU
transport code which describes the data very satisfactorily
within the HADES acceptance [49,51,52].

3 Statistical model fit to hadron yields

3.1 Ar+KCl at
√
sNN= 2.6 GeV

We apply a similar fit as in our previous work [21] but
use the updated version (v3.0) of THERMUS [23]. The
main difference to the previously used version (v2.3) is the
included hadron spectrum which was updated from the
PDG report 2002 [24] to the one from 2014 [25], including
now several new strange states, e.g. K*(800), as well as
states containing charm, which are not relevant here. In
addition, we include now in the fit the experimental yields
of the p, ω and K∗(892)0 which have become available re-
cently [33,37,38].
We use the mixed canonical ensemble where strangeness
is exactly conserved while all other quantum numbers are
calculated grand canonically and fix the charge chemical
potential µQ using the ratio of the baryon and charge num-
bers of the collision system.
The yield of the φ meson is of particular interest, because
of its sensitivity to the strangeness suppression parameters
γs and Rc. Being an ss state the φ conserves strangeness
by definition. Its yield is not suppressed in the Rc for-
malism, while strongly suppressed when γs is used. We
found in [21] that the yield is well described using Rc and
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Table 1. Multiplicities (i.e. yield in full phase space per LVL1 event) and effective temperatures Teff of particles produced in
Ar(1.76 A GeV)+KCl reactions. If only a single error is given, the value corresponds to the total error, including systematic
and statistical uncertainties. A “−” in the Teff column means that the statistics in the spectra is not sufficient to extract a
Teff value. The acronyms (syst) and (extr) stand for systematical and extrapolation respectively and are used to indicate the
systematic uncertainties within the HADES acceptance and the one due to extrapolation in rapidity to full phase space.

Particle Multiplicity Teff [MeV] Reference

〈Apart〉 38.5± 4 − [21,40]
p 22.11± 2.4 142± 5 [33]

π− 3.9± 0.19± 0.34(syst) 82.4± 0.1+9.1
−4.6 [34]

η 0.081± 0.02 − [41,42]

Λ+Σ0 (4.09± 0.1± 0.17 (extr)+0.17
−0.37 (syst))× 10−2 95.5± 0.7 + 2.2 [21]

K+ (2.8± 0.2± 0.1(syst)±0.1(extr))× 10−2 89± 1± 2 [35]

K0
S (1.15± 0.05± 0.09(syst))× 10−2 92± 2 [36]

K− (7.1± 1.5± 0.3(syst)±0.1(extr))× 10−4 69± 2± 4 [35]

K∗(892)0 (4.4± 1.1± 0.5(syst))× 10−4 − [37]

ω (6.7± 2.7)× 10−3 131± 26 [38]

φ (2.6± 0.7± 0.1− 0.3)× 10−4 84± 8 [35]

Ξ− (2.3± 0.9)× 10−4 − [39]

Table 2. As in Tab. 1 but for p(3.5GeV)+Nb reactions.

Particle Multiplicity Teff [MeV] Reference

〈Apart〉 2.8± 0.6 − [49,50]

π0 0.66± 0.06± 0.1(syst) 92± 3 combined fit with π− [45]

π− 0.6± 0.1 92± 3 combined fit with π0 [45]
η 0.034± 0.002± 0.008(syst) 84± 3 [45]

Λ+Σ0 0.017± 0.003 92± 5 [46]

K0
S 0.0055± 0.0007 99± 4 [47]
ω 0.007± 0.004 − [49,51,52]

Ξ− (2.0± 0.4± 0.6(syst))× 10−4 − [48]

therefore stick to this way of suppressing strange particle
yields in our statistical model calculations. Note that at
higher energies and small systems the description of the
φ meson yield improves when additional suppression pa-
rameters are introduced [17].
We fit simultaneously all particle yields listed in Tab. 1,
as well as the mean number of participants 〈Apart〉 (de-
fined as the number of net-baryons within THERMUS and
hence applicable mainly at low energies). We find the fol-
lowing values for chemical freeze-out parameters Tchem =
(70± 3) MeV, µb = (748± 8) MeV, the strangeness corre-
lation radius results as Rc = (2.9± 0.1) fm and the radius
of the whole fireball R = (5.7± 0.8) fm with a χ2/d.o.f. 2

of 3.6. A detailed comparison of the data with the statis-
tical model fit is shown in the upper part of Fig. 1, while
the lower part depicts the ratio of data to the THERMUS
value. As reported previously [21], the Ξ− yield is not re-
produced by the model and hence a number is displayed
instead of a data point.
Comparing the particle yields, the strongest deviations are
observed for the protons, the η and the Ξ−. Already the
results presented in [43] pointed out that the yield of the
η meson seems to favor a significantly higher freeze-out

2 Defined as the number of particle yields included in the fit
minus the number of free parameters.

temperature. However, we want to point out that about
half of its yield results from decays of baryon-resonances
mainly N(1535) in THERMUS. Hence, also the precise
knowledge of the resonance spectrum and the correspond-
ing branching ratios to final states are of great importance
for the description of the η meson yield.
In the sector of the vector mesons, both the yields of the
ω and the φ are in favor of a slightly higher tempera-
ture, while the K∗(892)0 yield is better described with a
lower temperature. The latter observation is made also at
higher energies and has been interpreted in the following
way: due to the short life time of the K∗(892)0, its de-
cay products could be rescattered inside the medium [53],
making the resonance not reconstructable. At the same
time the decay products of the φ meson are less affected,
as the φ decays mainly outside of the medium due to its
longer lifetime. The comparison of resonances with differ-
ent lifetimes could provide an estimate of the lifetime of
the hadronic phase.
These values for the obtained freeze-out parameters may
be compared to the values of Tchem = (76 ± 2) MeV,
µb = (799±22) MeV, Rc = (2.2±0.2) fm, R = (4.1±0.5)
fm and χ2/d.o.f. of 2.6 obtained for the same system in
[21]. We observe a deviation of all parameters at the order
of a few standard deviations. While the percentaged devia-
tion is only at the order of 5% for T and µb it is about 25%
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Fig. 1. Yields (filled red circles) of hadrons in Ar+KCl reac-
tions and the corresponding THERMUS fit values (blue bars).
The lower plot shows the ratio of the experimental value and
the THERMUS value. For the Ξ− the value of the ratio is
quoted instead of displaying a point.

for the radii. Due to correlations between all four param-
eters the minimum of the fit moves to a slightly different
position in the parameter space as a result of an interplay
of several effects. As more hadron states are included, the
baryochemical potential is slightly lower, which is to some
extent compensated by a larger volume. Due to this larger
volume the temperature T is slightly lower as otherwise
the pion rate would overshoot the experimental values.
Also the χ2/d.o.f. of 3.6 (3.3 when not including the Ξ−

yield like in the previous work) is worse compared to the
previous fit [21] results. The observed deviation in the pa-
rameter values compared to our previous work, are indica-
tive of the systematic model uncertainty.
The excess of the experimentally measured Ξ− yield over
the model decreases from a factor 24±9 to a factor 15±6
when using the actual version (v3.0) of THERMUS. We
will come back to this in the discussion of the Ξ− excess.
In order to disentangle the effects due to the different set
of particles included in the fit and of the newly included
hadron states we refit the same Ar+KCl yields (〈Apart〉,
π−, Λ, K0

s , K+, K−, φ) like in our previous work [21].
We find Tchem = (72 ± 3) MeV, µb = (757 ± 14) MeV,
Rc = (2.7± 0.2) fm, R = (5.0± 1) fm which agree within
the stated errors with the parameter values obtained for
the full particle sample. The differences in the obtained pa-
rameter minimum, can therefore be indeed attributed to
the different hadron spectrum used as input to the model.
The comparison of the extracted chemical freeze-out tem-
perature Tchem to the ones extracted from the inverse
slope Teff of transverse mass spectra at mid-rapidity for
various particles listed in Tab. 1 is not straightforward.
As discussed, the extracted inverse slope parameter Teff
includes a pure kinetical component Tkin plus an additive
term, depending on the particle mass m and the square of
the radial expansion velocity β as well as additional effects
like resonance decays.
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Fig. 2. Yields of hadrons in p+Nb reactions (filled red circles)
and the corresponding THERMUS fit (blue bars). The lower
plot shows the ratio of the experimental value and the THER-
MUS value. For the Ξ− the value of the ratio is quoted instead
of displaying a point.

3.2 p+Nb at
√
sNN= 3.2 GeV

For the fit to the yields obtained from p+Nb reactions we
add the charge chemical potential µQ as an additional free
parameter due to the strong asymmetry of the collision
system. Apart from the charge chemical potential µQ, we
use the same parameters as above. The extracted param-
eters are Tchem = (99 ± 11) MeV, µb = (619 ± 34) MeV,
µQ = (18± 18) MeV, Rc = (1.5± 0.8) fm, R = (2.0± 0.6)
fm and χ2/d.o.f. of 2.9. As µQ agrees within the given er-
rors with 0, we also apply a fit with a fixed µQ = 0 and
find that all other parameters change only slightly, well
covered by the stated errors. A detailed comparison of the
data with the statistical model fit is shown in the upper
part of Fig. 2, while the lower part of this figure depicts
the ratio of data to the THERMUS values. Again, in case
of the Ξ−, a number is displayed instead of a point.
Within errors, the values for R and Rc agree with each
other, as the suppression of strangeness is dominated by
the overall small volume.
The ratio between data and model show striking similari-
ties when comparing the Ar+KCl values in Fig. 1 with the
ones of p+Nb in Fig. 2. In both cases the model is able to
describe with fair agreement most of the yields but fails
by nearly an order of magnitude in case of the Ξ−.
Similar to the Ar+KCl fit the excess of the experimentally
measured Ξ− yield over the model decreases from a factor
20± 9 as reported in [48] to a factor 8± 3 when using the
current THERMUS version (v3.0).
The comparison of the extracted chemical freeze-out tem-
perature Tchem to the ones extracted from the inverse
slopes of transverse mass spectra at mid-rapidity for vari-
ous particles listed in Tab. 2 is more straightforward than
in case of Ar+KCl, as we expect no strong collective ex-
pansion of the system [29]. Indeed, the extracted slopes
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Fig. 3. As in Fig. 1 but excluding the p, K+, K−, K∗(892)0,
φ yields, shown by open symbols, in the fit.

show no significant dependence on the particle mass with
an average value of 〈Tkin〉 = (91 ± 2) MeV, which is
in agreement with the value for the chemical freeze-out
temperature extracted from the statistical fit of Tchem =
(99± 11) MeV.
In order to further discuss the similarities between the

Ar+KCl and the p+Nb fit, we reduce our larger Ar+KCl
data sample to the same set of identified hadron species
as in the p+Nb sample, by excluding the yields of the p,
K+, K−, K∗(892)0 and the φ in our fit. 3 For the reduced
Ar+KCl fit we find Tchem = (80±14) MeV, µb = (749±12)
MeV, Rc = (1.9±0.1) fm, R = (4.2±0.2) fm and χ2/d.o.f.
of 2.5. The comparison between data and model is shown
in a similar way as above in Fig. 3.
By restricting the Ar+KCl sample to a comparable one
as available for p+Nb we find a variation of the freeze-out
parameters of order 5%, consistent with the systematic
uncertainty of such an analysis.
The χ2/d.o.f. of the Ar+KCl fits of 3.6 and 2.5 are compa-
rable to the one obtained for the p+Nb sample of 2.9. Also
the absolute average differences of model to data ratio is
smaller in the p+Nb case (13%) compared to (32%) for
the Ar+KCl fit. This is rather surprising as one naively
expects that the larger Ar+KCl system is closer to chemi-
cal and thermal equilibrium and hence less deviation from
statistical equilibrium values. Note that the average num-
ber of participants is smaller than 3 in case of the p+Nb
sample. Furthermore, the p+Nb freeze-out point fits at
least as well as the Ar+KCl points to the previously ob-
served regularity of freeze-out points in the Tchem − µb

plane, displayed in Fig. 4, where the extracted points of
this work are displayed together with similar points ex-
tracted in [8,9,16].
This brings us back to the motivation of our analysis
stressed in the introduction: While the success of the sta-
tistical model in describing particle rates from heavy-ion

3 As the yield of the neutral pions is not directly available,
we restrict µQ by the initial neutron to proton ratio.
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Fig. 4. Chemical freeze-out points in the Tchem – µb plane.
The filled black circles (a) are taken from [16], the black open
triangles (b) are from [8] and the black open circle (c) from [9].
The presented fit results are defined in the legend. The dashed
curve correponds to a fixed energy per nucleon of 1 GeV, cal-
culated according to [8]. The dark blue triangle corresponds to
our Ar+KCl fit presented in [21], the light blue triangle shows
the result obtained for the full sample and open circle to the
reduced data sample both presented in this work.

collisions is often implicitly connected to a thermalization
of the created system, the success of the model for the
p+Nb data at

√
sNN= 3.2 GeV questions this connection.

In this context we refer the reader to a very recent publica-
tion [58], where the authors investigate further the origin
of this apparent equilibrium by comparing rates from a
transport model at different time steps of a heavy-ion col-
lision to those obtained from a statistical hadronization
model.
Apart from such conceptual issues we stress that Tchem
for p+Nb at

√
sNN= 3.2 GeV is “naturally” somewhat

larger than Tchem for Ar+KCl at
√
sNN= 2.6 GeV which

one could attribute to the higher energies in primary col-
lisions producing secondary hadrons. Analogously, µb in
Ar+KCl is larger than for p+Nb, since some noticeable
compression is expected in heavy-ion collisions. In addi-
tion, the authors of [54] find also a slight dependence on
the system size of Tchem.

3.3 On the Ξ− puzzle

Several mechanisms have already been proposed to ex-
plain the excess of the Ξ− yield in Ar+KCl. However, the
presence of the excess of the Ξ− in p+A collisions has sev-
eral interesting implications for the interpretation of the
heavy-ion data as its origin seems to be already in the ele-
mentary channels without the involvement of many-body
effects in the medium. Therefore, the increased cross sec-
tions of strangeness exchange reactions, which were found
to be sufficient to explain the high yield in [55,56], seem to
be questionable as they are unlikely to play an important
role in p+Nb reactions. Also the invoked [57] catalytic
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strangeness production by secondary processes, such as
π + Y → Ξ + K, are strongly suppressed in p+A colli-
sions.
Production via the high mass tails of intermediate reso-
nances has been proposed recently in [22] as another pos-
sible explanation. The authors tuned the mass dependent
branching ratio of high-lying baryon resonances, namely
theN∗(1990),N∗(2080),N∗(2190),N∗(2220) andN∗(2250),
in a transport code to match elementary data on φ me-
son production. As a result the φ/K− ratio in Ar+KCl is
successfully reproduced. The same mechanism is then also
used for the Ξ− hyperon but due to the lack of elementary
data, the model is tuned to match our p+Nb data.
The technique of mass dependent branching ratios for
broad resonances has been successfully applied in order
to describe the dilepton spectra at low energies as pointed
out in [51,59]. Although the tuned branching ratios are
still consistent with the OZI rule, there is no established
experimental evidence for the decay of the N∗ resonances
to final states containing a φmeson or a Ξ hyperon. There-
fore, there is no branching of N∗ resonances to double-
strange final states included in THERMUS.
In addition, the total yield of the five above discussed
N∗ resonances amounts to 1.47× 10−3 and 7.1× 10−4 in
THERMUS for the Ar+KCl and the p+Nb data sample
respectively. In order to explain the observed Ξ− yields
which are of order 10−4 in both systems, branching ra-
tios of the N∗ resonances to Ξ− of order 10% or higher
would be needed. This is a very similar value as the one
quoted by the authors of [22]. Such a large branching ratio
and corresponding contributions from high-lying N∗ res-
onances should manifest itself in a dedicated p+p experi-
ment slightly above Ξ− the elementary production thresh-
old, either directly in the angular distribution of produced
Ξ− (similar to our analysis presented in [60]) or with the
help of a more sophisticated partial wave analysis search-
ing explicitly for an upper limit on the branching ratio N∗

to final Ξ− states (similar like our analysis searching for
kaonic clusters in [61]). We are currently working out the
best experimental setup for a future HADES experiment
addressing these issue.
The feed down to Ξ hyperons in THERMUS is mainly
originating from the decay of excited Ξ(1530, 1690, 1820,
1950, 2030) and some higher-lying Λ and Σ states. Note
that the widths, branching ratios etc. of these states are
not well constrained and subject of current and future
scientific activities [62,63]. The feed down fraction to the
Ξ− yield amounts to 10% and 27% percent of the total
rate in THERMUS, respectively, for Ar+KCl and p+Nb.
From these numbers it becomes clear that the difference
in yields of the double-strange hyperons between the two
used THERMUS versions is not due to additional higher-
lying states and corresponding feed-down. In addition, it
is very unlikely that unknown strange states in the hadron
spectrum could contribute more than an order of magni-
tude more yield than the known ones and hence explain
the excess of the Ξ− yield. The difference between the
two THERMUS version in the Ξ− yield is however con-
nected to the new states in the hadron spectrum via the

mechanism for exact strangeness conservation using the
strangeness correlation volume Vc (see appendix A for
more details). As there are more hadronic (mesonic) states
included in the current version, the probability for coun-
terbalancing the strange quarks of the hyperons is higher
for a given volume. Especially the rather low-lying scalar
meson K∗(800)0+ (also known as κ) is important in this
context as its abundance is still not too rare. However,
one should note that, with a widths of Γ ≈ 500 MeV, evi-
dences for this state are hard to establish. The effect on the
yield is much more prominently seen in the double-strange
baryon sector because their yield scales with the volume
proportional to the power of three, see Eq. (6), compared
to the one of single-strange particles whose yield scales
only quadratically with the volume, see Eq. (5).
From this consideration it becomes clear that a precise
knowledge of the hadron spectrum is an important (”coun-
terbalancing the strange quarks of the hyperons”) issue for
the interpretation of HIC data.

4 Summary and Outlook

By comparing the obtained freeze-out parameters from a
statistical model fit to HADES data obtained from p+Nb
and Ar+KCl collisions at center of mass energies of

√
sNN

= 3.2 GeV and
√
sNN = 2.6 GeV respectively, we tried to

address the aspect of equilibration in HIC by testing two
manifestations, the description of yields and regularity of
freeze-out parameters. We make the rather surprising find-
ing that the statistical model is able to describe the p+Nb
data as well as the larger system the Ar+KCl data, which
questions the often drawn connection between the agree-
ment of statistical models with particle yields in heavy-ion
collisions and thermalization.
Furthermore, we emphasize that the excess of the Ξ− is
already present in cold nuclear matter. Given the rates
of higher-lying N∗ resonances predicted by our statisti-
cal model fit, we find feed down of these states only a
plausible explanation if their branching ratio to Ξ− fi-
nal states is at the order of 10% or higher. Such a large
branching ratio should manifest itself in experimental ob-
servables in a dedicated p+p experiment with HADES,
slightly above the elementary Ξ− threshold. In addition,
we want to point out that HADES data of central Au+Au
collisions will be come available soon and might allow to
gather further insights into the subject.
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A Statistical strangeness production at high
baryo-chemical potential using exact
strangeness conservation

In a pure statistical ansatz based on the common tem-
perature T of all species and the baryo-chemical potential
µB , the multiplicities of mesons and baryons produced
in a heavy-ion collision, neglecting feed-down and isospin
asymmetry are given by∑

i

Mmi =
∑
i

giV

∫
d3p

(2π)3
exp

(
−Ei

T

)
× FSi, (1)

∑
j

Mbj =
∑
j

gjV

∫
d3p

(2π)3
exp

(
−Ej − µB

T

)
×FSj , (2)

with Mmi
and Mbj being the multiplicities of a given me-

son (m) or baryon (b), the degeneracy factors gi,j , the
volume of the fireball V and the energies of the corre-

sponding meson and baryon Ei,j =
√
m2

i,j + p2i,j .

Particles containing strangeness are rare, especially at SIS
energies, and therefore the strange quantum number must
be exactly conserved in each event in the ensemble; each
particle carrying a strange quark must be counterbalanced
by one carrying an antistrange quark due to associated
strangeness production in strong-interaction processes. This
results in a multiplicative canonical suppression factor
FS(T, µB , V, S,NS), which is equal to one for non-strange
particles and approaches, in the limit of large volumes and
temperatures, the grand canonical fugacities

lim
V,T→∞

FSi,j = exp (−Si,jµS/T ). The factor FSi,j for each

particle species i, j depends in general on the thermody-
namical properties of the system, the strangeness content
Si,j of the respective particle and the number of meson
and baryon states containing strangeness NS .
We illustrate the effect of FS by making use of the oppo-
site limit of small volume and temperature, where particle
numbers are small and the canonical strangeness suppres-
sion is most relevant. For M < 1 the multiplicity of kaons
MmK

can be approximated as

MmK
≈ gKV

∫
d3p

(2π)3
exp

(
−EK

T

)
×
[
gY V

∫
d3p

(2π)3

exp

(
−EY − µB

T

)
+ gKV

∫
d3p

(2π)3
exp

(
−
EK

T

)]
.

(3)

The two terms inside the square brackets correspond to
the counterbalance terms for the antistrange quark in-
side the kaons from the hyperons and from the antikaons.
Hence Eq. (3) can be rewritten as

MmK
≈MGC

mK
×
[
MGC

mY
+MGC

mK

]
(4)

with MGC
bY

,MGC
mK

and MGC
mK

corresponding to the grand-

canonical multiplicities of kaons, hyperons and antikaons,

respectively. As we assume T and V to be sufficiently
small, so that M < 1, one can clearly see the resulting sup-
pression due to exact strangeness conservation. Due to the
absence of antimatter at high µB the counterbalance term
for the antikaons by the antihyperons is missing, resulting
in a stronger suppression compared to kaons. Hence for
(EY − µB) � EK we can neglect the antikaon term and
approximate the multiplicity of single-strange hyperons as

MbY ≈MGC
bY ×

[
MGC

mK

]
∝ V 2. (5)

Compared to non-strange particle multiplicities, which are
proportional to V the multiplicity of single-strange parti-
cles is proportional to V 2 for small systems. Rewriting Eq.
(5) for double-strange hyperons, like the Ξ, one finds their
yield scaling with V 3:

MbΞ ≈MGC
bΞ ×

[
MGC

mK

]2 ∝ V 3. (6)

The above mentioned strangeness correlation volume Vc,
in which strangeness has to be exactly conserved, is real-
ized by setting the volume terms in the brackets in Eq.
(3) to Vc. For Vc < V , strange particles are suppressed
additionally on top of the pure canonical suppression.
From these considerations it becomes clear that the size
of FS for a given volume Vc and hence the strength of the
suppression depends also on the number of known strange
particle states. The more states exist the more possibili-
ties are available for counterbalancing the strange (anti-
strange) quarks. This is of relevance for the comparison
of the different THERMUS versions 2.3 and 3.0. The lat-
ter one has more states included, especially the rather low
lying K*(800) states are important in this context.


