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The statistical hadronization model ThermalFist was applied to nu-
merous hadron yields measured in p+p collisions at /s = 8.8, 12.3, and
17.3 GeV, including recently published yields of ¢ and KJ-mesons, mea-
sured by the NA61/SHINE Collaboration. We consistently used the energy-
dependent widths of Breit—Wigner mass distributions of hadronic reso-
nances. The canonical treatment of particles with open strangeness com-
bined with the grand canonical approach for non-strange particles gave a
moderately reasonable agreement with the measured yields, quantified by
x?/NDF = 2-7, only when the volume of strange particles was allowed to
vary freely. This volume is found to be greater than the one for non-strange
matter for all the studied energies. The predicted yields of some of not yet
measured particles are provided.
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1. Introduction

For over three decades the predictions of the statistical hadronization
models have been compared to the yields of hadrons emitted from heavy-ion
(AA) collisions, leading to the very successful description of experimental
results. A spectacular example is the precise description within the Grand
Canonical Ensemble (GCE) of Pb+Pb collisions at the LHC [1], covering
9 orders of magnitude in multiplicity of produced particles at midrapid-
ity. To some surprise, the statistical hadronization model also describes
quite well elementary interactions like proton—proton (pp) collisions [2-5].
With much lower particle multiplicities in pp interactions compared to AA,
the conservation of the relevant physical quantities should be applied more
strictly than just on average over events. In particular, strangeness is found
to be rarely produced in the beam energy range from SIS18 up to SPS. A
special treatment of strangeness is usually applied via: (i) reduction of yields
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of hadrons containing (anti-)strange quarks, parameterized by factor ~s, (i)
strangeness-canonical approach (SC) combining the canonical treatment of
strange hadrons and GCE for the rest of matter, supplemented by (iii) a
possibility of different volume occupied by strangeness compared to the non-
strange bulk [6]. Other improvements to the hadron resonance gas models
are considered (for a discussion, see [7]).

Our first statistical model comparison of yields from p+p at /s =
17.3 GeV [5] was further corrected after the publication of new experimental
results of Z%(1530) and its antiparticle [8]. The calculations were extended
towards lower energies [9], /s = 12.3 and 8.8 GeV, where several strange
hadron yields have been measured recently by the NA61/SHINE Collabo-
ration. The initial unexpected result, that the volume occupied by strange
particles was found to be larger than that of bulk, was consolidated at all
the investigated energies. In the current contribution, we update the cal-
culations for the new experimental yields of KJ [10] and A. The detailed
list of the experimental particle yields and model predictions is provided in
Appendix A.

2. Thermal hadronization

The statistical approach to the particle emission is successful in the de-
scription of the collisions of heavy nuclei at RHIC and LHC energies, where
the Grand Canonical Ensemble (GCE) is applied to the copious production
of particles (~ 30000 in /sy = 5.02 TeV PbPb collision at the LHC).
The values of temperature 1" and baryochemical potential pp obtained from
these analyses seem to limit the region occupied by the hadron resonance
gas at the chemical freeze-out stage in the phase diagram of strongly inter-
acting matter. In contrast, proton—proton collisions at SPS energies provide
much lower multiplicity of charged particles, well below 10 for the bulk and
below 1 for strange particles. Therefore, the full GCE approach should be
excluded in the case of pp collisions. The ThermalFIST package [6] offers the
possibility to apply the Canonical Ensemble (CE) treatment of strange par-
ticles while keeping GCE for the remaining particles (the charm production
does not play any significant role at these energies). This mixed approach
is named SC (Strangeness-Canonical). Applying the CE variant to all the
measured species, which ensures the exact conservation of baryon number
(B = 2) and charge (Q = 2), is certainly more restrictive. In the analyses
performed so far, the CE approach of the hadron resonance gas turned out
not to be very successful in describing particle yields from pp interactions, as
the minimized x? values are largely above the number of degrees of freedom.
Therefore, the results presented here are obtained within the SC variant of
the statistical hadronization model.
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An improved treatment of broad resonances close to the energy threshold
is implemented in ThermalFIST through the energy-dependent Breit—Wigner
scheme (eBW). We found this recipe [11] reducing slightly the x? values in
most cases and, consequently, use it for all the presented results. Inclusion of
eBW resulted in an increase in temperature by about 8 MeV and baryochem-
ical potential by about 10 MeV. The rejection of the yield of ¢(1020)-mesons
performed previously [4] was found to improve significantly the quality of
the description of the experimental results. We also observe this effect, how-
ever, we decided not to reject any of the experimentally measured particle
yields found in a published paper. Following the usual practice, the vg un-
dersaturation factor is used to account for the possible non-equilibration of
strange particles. In addition, the canonical volume of strange particles is
used as a free parameter. The emission volume of strange particles might
differ from that of non-strange species and the HBT analyses of kaon pairs
from pp collisions at similar energies were not precise enough to confirm or
reject this inequality (see the discussion in [5]). Also in AA collisions, much
better agreement with data was obtained with volumes for strange particles
larger than those for the non-strange bulk [12].

3. Results and discussion

The results of our calculations within the thermal hadronization model
are compared to the experimental yields in Figs. 1-3. The thermal model
yield of Kg mesons is evaluated as the average of the yields of Ky and K
mesons calculated by the ThermalFist code. Our calculations provided the
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Fig. 1. Results of statistical hadronization model fit (black lines) to the experimen-
tal yields (full dots) of hadrons from p+p at /s = 8.8 GeV.
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Fig. 2. Results of statistical hadronization model fit (black lines) to the experimen-
tal yields (full dots) of hadrons from p+p at /s = 12.3 GeV.

reasonable values of x2/NDF (5.6 at /s = 8.8 GeV, 1.9 at /s = 12.3 GeV,
and 6.7 at /s = 17.3 GeV), in contrast to the purely Canonical Ensemble
approach or to the scenario with strange particle volume fixed to the bulk
(x%/NDF values were within 13-26, thus at the level reported in the analysis
of NA61/SHINE data [13]). Here, it is worth noticing that in AA collisions,
the x2/NDF values are usually found to be ~ 1 for midrapidity yields of
hadrons, while significantly higher (~ 10) for integrated ones [14, 15|. The
particle yields in /s = 8.8 GeV pp interaction are described quite well except
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Fig. 3. Results of statistical hadronization model fit (black lines) to the experimen-
tal yields (full dots) of hadrons emitted from p+p at /s = 17.3 GeV.
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the case of K~ meson. Here, the model predictions are significantly below
the experimental data. At /s = 12.3 GeV, the agreement with the data
is quite good. At both lower energies, the yields of particles were spanning
around two orders of magnitude. For completeness, we also show the results
for \/s = 17.3 GeV [8]. Here (Fig. 3), 17 particle yields span four orders
of magnitude. The agreement of predicted yields is again reasonable, with
some deviations visible for both Z(1530)? baryons.

The parameters of best fits to the experimental data are shown in Ta-
ble 1. With increasing collision energy, we observe the slight increase in
temperature and a reduction of the baryochemical potential of the bulk.
The strangeness undersaturation factor remains approximately at a con-
stant level of ~ 0.4. The initial observation at /s = 17.3 GeV, that the
radius describing the strangeness canonical volume is larger than that of the
bulk, is now seen for all three studied collision energies, at 3o level.

Table 1. Basic parameters of the statistical hadronization model fit to the yields
for 3 collision energies of the pp system. The SC variant of the ThermalFIST code
was applied, with the radius of strangeness volume allowed to vary freely.

V5 [GeV] 8.8 12.3 17.3
T [MeV] 1437434  163.7+44  1748+29
ip [MeV] 320.0+£85 2855481 2447440

s 0.408 +£0.022 0.386 +0.013 0.419 + 0.010

R [fm] 1.79 + 0.12 1.41 +0.11 1.33 +0.06

Re [fm] 2.354+0.16 2.18 +0.16 1.59 + 0.09
x 25.9 7.6 80.4

NDF 5 4 12

The energy dependence of the statistical hadronization parameters is
plotted in Fig. 4. Generally, the temperature, baryochemical potential, and
strangeness undersaturation factor follow the trend observed in other anal-
yses at energies below /s = 20 GeV. It should be noticed that the un-
certainties of the extracted parameters are often smaller compared to the
previous analyses, as the number of the experimental yields increased and
the precision of these results is often improved. In the case of the analysis
presented in [4], three data points are visible at /s = 17.3 GeV. They reflect
different analyses: the CE approach was applied separately for NA49 and
NA61/SHINE, while the latter dataset was additionally treated with the
GCE method. Apparently, for the CE analysis, the deviation between the
NA49 and NAG61 results far exceeds the uncertainties of each of them. In
contrast, our data point at this energy was obtained with all the experimen-
tal yields combined, including the recent data and rejecting the unpublished
one.
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Fig.4. Energy dependence of basic hadronization parameters: temperature (top
left), strangeness undersaturation factor (top right), baryochemical potential (bot-
tom left), and radius of canonical volume (bottom right). The present results are
compared to previous analyses: FB refers to [2], VB to [4], and VV to [18]. Note
that the current analysis assumes that the volume occupied by the strange hadrons
may differ from that occupied by the non-strange matter.

The radius of the bulk volume follows the general trend from other anal-
yses. As mentioned before, the radius of strange particle volume R¢ is found
to be significantly larger than that of the bulk. Both radii seem to increase
towards lower energies. It might be worth noticing that (within uncertain-
ties) the volume of strange particles appears to be twice as large as that of
the bulk.

The relative discrepancy of model calculations Y.t with respect to the
experimental yields Yy, averaged for all particles measured at three con-
sidered energies (36 experimental multiplicities), was found to be

<Ystat - Yexp

- > = (—4+17)%. (1)

This result indicates that the particle yields calculated within the hadron
gas model should be considered as a quite good (~ 20%) prediction of mul-
tiplicities of unmeasured particles.
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4. Conclusions

Numerous yields of particles from pp interactions (10 species at /s =
8.8, 9 at /s = 12.3 GeV and 17 at /s = 17.3 GeV) were quite success-
fully reproduced in the hadron resonance gas model implemented in the
ThermalFIST code. Some of these yields were recently released by the
NAG61/SHINE Collaboration. The yields of particles with non-zero net
strangeness were treated within the Canonical Ensemble, whereas for the
remaining ones, the Grand Canonical approach was applied. The good rel-
ative agreement of the hadron gas model calculations with the experimen-
tal yields allows to declare an expected ~ 20% accuracy of the predicted
yields. Those predictions might supplement the transport model calcula-
tions with PHSD and PYTHIA 8.2 performed in the broad energy range
2.7 GeV< /syy < 7 TeV [16] and in the 6 GeV < \/snyy < 25 GeV range
within EPOS 1.99 and UrQMD 3.4 models [17].

The thermodynamic parameters (temperature, baryochemical potential,
and strangeness undersaturation factor ) obtained in this analysis follow
the trends observed previously. Their uncertainties are improved compared
to many previous analyses. The finding that the canonical volume of strange
particles is larger (approximately by factor 2) compared to the bulk is ob-
served also at lower available energies (8.8 and 12.3 GeV). Therefore, this
effect calls for experimental (e.g. femtoscopy of kaons) and theoretical veri-
fication.

The pp measurements provide an important insight into the thermody-
namic properties of AA collisions. Therefore, extensive pp measurements at
energies comparable to several realized or planned AA experiments might
provide an important reference to those more complex processes.

Appendix A
Particle yields in pp inelastic interactions

The experimental yields and the results of the thermal hadronization
model are presented in this appendix for proton—proton interactions at three
available energies of 8.8, 12.3, and 17.3 GeV(beam momentum of 40, 80,
and 158 GeV /¢, respectively). The particles listed in the tables are grouped
as mesons (non-strange, hidden-strange, open-strange) and baryons (|.S| =
0, 1, 2 and 3). The systematic and statistical uncertainties, provided in
the original papers, were added in quadrature. The NA49 Collaboration
obtained several yields at 17.3 GeV, while the NA61/SHINE contributed at
all the considered energies.

The experimental yields listed in Table A.1 and A.2 are taken from [19]
except the values for the ¢ [20], K°(892) [21] and K [10] mesons and A
baryon only at /s = 8.8 GeV [22].
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Table A.1. Experimental particle yields and thermal model calculations within SC
approach for pp interactions at /s = 8.8 GeV.

Particle Experimental yield Model
70 2.22
Tt 2.39 £0.16 2.50
T 1.714+0.17 1.68

n 0.15

p°(770) 0.19
o 0.00587 + 0.00056 [20] 0.00593
K3 0.080 + 0.004 [10] 0.089
K+ 0.170 £ 0.025 0.137
K- 0.084 & 0.007 0.056

K°(892) 0.0351 4 0.0038 [21] 0.0321

K°(892) 0.0165
P 1.095 + 0.090 1.017
P 0.0059 =+ 0.0007 0.0061
n 0.76
n 0.008
d 0.026
d 1.6 x 1076
A 0.082 £ 0.009 [22] 0.082
A 0.0015

A(1520) 0.005
E- 1.2 x 1073
=~ 0.07 x 1073

Z0(1530) 0.5 x 1073
=0(1530) 0.02 x 1073
? 13 x 1076

)]

1.7 x 1076
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Table A.2. Experimental particle yields and thermal model calculations within SC
approach for pp interactions at /s = 12.3 GeV.

Particle Experimental yield Model
70 2.53
at 2.674+0.14 2.77
v 2.034+0.17 1.92
n 0.22
p°(770) 0.24
® 0.00789 =+ 0.00041 [20] 0.00791
K3 0.120 + 0.005 [10] 0.128
K+ 0.201 £+ 0.014 0.189
K- 0.095 4 0.006 0.083
K°(892) 0.0583 4 0.0053 [21] 0.0566
K°(892) 0.0029
P 1.093 + 0.070 1.06
P 0.0183 £ 0.0018 0.0185
n 0.79
n 0.025
d 0.027
d 14 x 1076
A 0.11
A 0.006
A(1520) 0.009
E- 2.5 x 1073
5= 0.38 x 1073
Z0(1530) 1.1x 1073
Z9(1530) 0.12 x 1073
n 51 x 1076
? 17 x 1076
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Table A.3. Experimental particle yields and thermal model calculations within SC
approach for pp interactions at /s = 17.3 GeV. The experimental yields newer
than those used in [5] are referred explicitly.

Particle Experimental yield Model
w0 3.14
Tt 3.04 £ 0.17 3.31
T 240+ 0.13 2.42
7 0.30

p°(770) 0.32
1) 0.0125 £ 0.0005 0.0129
K3 0.162 + 0.011 [25] 0.151
Kt 0.229 + 0.016 0.211
K~ 0.181 + 0.008 0.106

K°(892) 0.077 £ 0.006 0.069

K°(892) 0.052 £+ 0.005 0.039
P 1.159 + 0.083 1.126
D 0.0388 £ 0.0015 0.041
n 0.67 +0.10 0.86
n 0.053

d 0.025
d 56 x 1076
A 0.120 + 0.012 0.118
A 0.012
A(1520) 0.012 £+ 0.003 0.010

- (3.3+0.6) x 1073 2.3 x 1073

- (0.79 4 0.10) x 1073 0.58 x 1073
9(1530) (0.6734£0.072) x 1072 [30] 1.1 x 1073
9(1530)  (0.271 +0.025) x 1073 [30] 0.19 x 103
) 41 x 1076
? 22 x 1076
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The results available at /s = 17.3 GeV were obtained by both NA49 and
NAG61/SHINE collaborations. As the NA61/SHINE employs set of TPC de-
tectors inherited from NA49, the systematical uncertainties of experimental
results are correlated. The averaging of the results obtained by both collab-
orations were performed using the method developed by Schmelling 23], as
described in [5]. The method is based on the evaluation of the non-diagonal
elements of the correlation matrix in such a way that the y? value equals
to the number of degrees of freedom. These averaged values are listed using
italic in Table A.3. The neutron yield was evaluated (Appendix A in [5])
from the distribution provided by the NA49 Collaboration in [24]. The yield
of K meson used here is the final result of the NA61/SHINE Collabora-
tion [25]. The uncertainty of this value is factor 4 lower with respect to
that obtained by the NA49. Since the latter result was only published as
preliminary one in the conference contribution [26], it was abandoned in our
dataset. It should be noticed that the expected production of baryons shows
rather weak energy dependence (also for multi-strange ones), while the ex-
pected production of their antiparticles significantly rises with the collision
energy. It is worth to notice that the results at /s = 17.3 GeV are com-
plete as concerning the conservation of electric charge, baryon number, and
strangeness (¢f. Table 2 in [5]). In total, 17 particle yields are measured
at this energy, making it a very detailed data set, comparable to that (15
particles) provided at much higher energy of /s = 200 GeV obtained at
RHIC [27, 28]. The midrapidity densities of hadrons emitted from the latter
collisions have been well described (y?/NDF = 1.1) in the statistical model
calculations [29].
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