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Abstract. We investigate the increase in strangeness production with charged
particle multiplicity (dNch/dy) seen by the ALICE collaboration at CERN in
p-p, p-Pb and Pb-Pb collisions using the hadron resonance gas model. The
strangeness canonical ensemble is used taking into account the interactions
among hadrons using S-matrix corrections based on known phase shift anal-
yses. We show the essential role of constraints due to the exact conservation
of strangeness which is instrumental to describing observed features of strange
particle yields and their scaling with dNch/dy. Furthermore, the results on com-
paring the hadron resonance gas model with and without S-matrix corrections,
are presented. We observe that the interactions introduced by the phase shift
analysis via the S-matrix formalism are essential for a better description of the
yields data independent of collision system. This work is based on our long-
lasting collaboration and most recent publications with Jean Cleymans∗∗∗∗.

1 Introduction

The experimental particle yeild data from heavy-ion collisions across different experiments
and broad range of energies have been shown to originate from a thermal production [1–7].
These data have been successfully explained by the hadron gas model (HRG) with a common
freezeout temperature T f and chemical potentials �µ f associated with the conserved charges.
It has been shown that the freezeout temperature obtained from the HRG conincides with the
chiral crossover temperature from lattice QCD (LQCD) at vanishingly small finite µB [8].

It is argued that the S-matrix scheme can improve the HRG model in approximating the
QCD partition function in the hadronic phase and hence can provide a more accurate descrip-
tion of the measured particle yields [9–14]. In this work, we apply the S-matrix extended
HRG model to analyze data obtained by the ALICE collaboration on charged-particle mul-
tiplicity in p-p collisions at 7 TeV [15] as well as 13 TeV [16], in p-Pb collisions at 5.02
TeV [7, 17] and in Pb-Pb collisions at 2.76 TeV [18–20], all in the central region of rapidity.

We estimate the yields of (multi-)strange hadrons and discuss strangeness suppression as
a function of dNch/dη and strangeness content of hadrons. We formulate the HRG model in
the canonical ensemble of strangeness conservation and account for differences between the
fireball volume at midrapidity VA and the correlation volume VC required for exact global
strangeness conservation [21–24]. We include the S-matrix corrections to proton production
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by using the empirical phase shifts of πN scattering and the contribution of hyperons to
proton yield and corrections to the hyperon yields, employing an existing coupled-channel
study involving πΛ, and πΣ interactions in the S = −1 sector [25].

2 Strangeness production and HRG model

In the framework of HRG model with the grand canonical ensemble, the quantum numbers
are conserved on average and are implemented using the corresponding chemical potentials �µ
linked to conserved charges �Q. At the LHC energies, all chemical potentials �µ are set to zero,
i.e. the system is charge neutral. Such a model has been applied to quantify thermalization
and particle production in most central heavy-ion collisions at the LHC. At low multiplicity
events or low collisions energies, a thermal description requires exact implementation of
charge conservation which is usually described in the C-ensemble [21, 22, 26–30].

We focus on the canonical ensemble with exact strangeness conservation (total
strangeness S = 0) and assume all other quantum numbers are conserved on average in
the GC ensemble with �µ = 0. The strangeness canonical partition function can be expressed
as a series of Bessel functions [21, 27, 30, 31],

ZC
S=0 =

∞∑
n,p=−∞

In(S 2)Ip(S 3)I−2n−3p(S 1). (1)

The mean multiplicity in the canonical ensemble of particle k carrying strangeness s in a
given experimental acceptance A, are obtained as

〈Ns
k〉A = VA ns

k(T ) 1
ZC

S=0
×∑∞n,p=−∞ In(S 2)Ip(S 3)I−2n−3p−s(S 1). (2)

The particle yields are obtained using the temperature (T ) and two volume parameters:
the volume of the system in the acceptance VA and the correlation volume VC of global
strangeness conservation which appear in the arguments of the Bessel functions. To get the
total multiplicity of a given strange particle in the C ensemble resonance decays have to be
added. To identify the contribution and dependence of various terms in Eq. (2) on strange
particle quantum number s, only leading terms can be considered (p = n = 0), so

〈Ns
k〉A � VA ns

k(T )
Is(S 1)
I0(S 1)

. (3)

The ratio of Is(S 1)/I0(S 1) is the suppression factor which decreases with increasing s and
with decreasing thermal phase-space occupied by strange particles. These correspond to
the strangeness canonical suppression that have been introduced [21] to describe thermal
production of multi(strange) hadrons in heavy-ion collisions. In this work, we apply the
HRG model with the C-ensemble to quantify the production of (multi-)strange hadrons and
their behavior with charged particle multiplicity. We modify the HRG model with a more
complete implementation of interactions within the S-matrix formalism.

3 S-matrix formalism and HRG

The various interactions among hadrons modify the density of states (DOS) of a thermal
system and hence the thermal abundances of hadron states [9, 10, 32, 33]. In the scattering
matrix (S-matrix) formalism, an effective spectral function B(M) (M represents center-of-
mass energy of the system) describing the DOS can be computed from the S-matrix [9]. It
summarizes the various interactions among the scattering channels. As the energy increases,
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summarizes the various interactions among the scattering channels. As the energy increases,

new interaction channels open and scattering becomes inelastic. The channel-specific spec-
tral function Ba(M) describes the energy dependent component of the full B(M) for a given
channel a. The channel yield, e.g., from a resonance decaying into multiple final states, can
be obtained as

na(T ) =
∫ ∞

mth

dM
2π

Ba(M) n(0)(T,M), (4)

where n(0) is the ideal gas formula for the particle density.

Figure 1. Proton to
Λ + Σ0-baryons yield ratio is
shown as a function of
temperature. The predictions
from the S-matrix scheme and
from the HRG scheme (with and
without width) are presented as
line, dashed line and dotted line
respectively. The blue solid
triangle represents the
experimental value measured by
the ALICE collaboration for the
most central Pb-Pb collisions (at
2.76 TeV).

We focus on computing the hadron yields of protons and Λ + Σ0-baryons. Following
previous studies for protons, we employ the empirical phase shifts from the GWU/SAID PWA
on the πN scattering [34]. In addition to this, we implement a ππN background contribution
based on the LQCD computation of the baryon charge-susceptibility χBQ. For the strange
(|S | = 1) baryon system, we employ an existing coupled-channel model involving K̄N, πΛ,
and πΣ interactions. The S-matrix scheme for |S | = 1 hyperons is based on Ref. [35] without
any extra tuning.

It is observed that the HRG model overestimates the yields of protons and underestimates
the yields of Λ+ Σ0-baryons. As a result, the ratio of the yields of protons to Λ+ Σ0-baryons
is larger than the measured experimental ratio. Figure 1 shows the comparison of ratio of
protons to Λ + Σ0 yields measured by the ALICE collaboration for the most central Pb-Pb
collisions (at 2.76 TeV), with the corresponding predictions from the HRG model and from
the S-matrix scheme. It is observed that the result obtained from the measured hadron yields
favor the S-matrix prediction and hence illustrates the robustness of this method.

4 Comparison of results with ALICE data

We have used the latest version of THERMUS [36] and extended it to include the S-matrix
approach. As a first step, we made a fit for each multiplicity bin of pp collisions at

√
s = 7

TeV [15] by keeping the number of parameters to a minimum. Two temperature values were
chosen: T f = 156.5 MeV and T f = 160 MeV based on the results from LQCD [37] and the
recent HRG model analysis of ALICE data for central Pb-Pb collisions [4]. The strangeness
suppression factor γs is fixed to 1 (γs = 1) as motivated by fits in central Pb-Pb collisions,.
The chemical potentials due to conservation of baryon number and electric charge are set to
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zero for LHC energy. Thus, in the SCE only two parameters remained, the volume of the
system in the experimental acceptance VA and the canonical volume VC which quantifies the
range of exact strangeness conservation.

Figure 2 (left) shows the hadrons yields calculated using the SCE for different charged
particle multiplicities dNch/dη for a single volume V = VA � VC . For comparison, the exper-
imental results from the ALICE collaboration are also shown as symbols. The SCE model
qualitatively explains the hadron yields data even with a single volume parameter. For large
dNch/dη > 100 all hadron yields, as well as extracted V , depend linearly on charged particle
rapidity density. However, for lower dNch/dη this dependence is clearly non-linear for strange
particles due to strangeness canonical suppression which increases with the strangeness con-
tent of particles. At the quantitative level, however, as seen in Fig. 2 (left), using a single
volume leads to too much suppression at small charged particle multiplicities, particularly for
S = −2 and S = −3 baryons. This result is consistent with the previous observation, that a
single volume canonical model implies too strong strangeness suppression in low multiplicity
events [17].
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Figure 2. Left: Yields for VA = VC . Right: Yields for VA � VC , The two top lines are the fitted volumes
VA (x5) in fm3. The particle yields are indicated together with the multiplicative factor used to separate
the yields. The solid blue lines have been calculated for T = 156.5 MeV while the solid red lines have
been calculated for T = 160 MeV. The values of the volumes used have been parametrized empirically
(see text for more details).

We have also performed the SCE model fit to data with two independent volume pa-
rameters as shown in Fig. 2 (right). In general, strangeness conservation relates to the full
phase-space whereas particle yields are measured in some acceptance window. Thus, the
strangeness canonical volume parameter VC can be larger than the fireball volume VA, re-
stricted to a given acceptance. The resulting yields exhibit much better agreement with data
by decreasing strangeness suppression at lower multiplicities due to larger value of VC than
VA.

The pion yields data are slightly underestimated by the model points while the kaons are
overestimated. This has implications for the kaon to pion ratio discussed further below. The
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Figure 3. Strange and multi-strange particles to pions yield ratios versus charged particle multiplicity.
The symbols show experimental data and the lines represent the SCE model results obtained using
VA � VC .

strangeness suppression effect and its CSE model description are important to describe the
dependence of particle yields on the fireball volume VA. The ratio of strange particle and
pion yields, is shown in Fig. 3. This ratio has been discussed prominently by the ALICE
collaboration [15] where a comparison with other model calculations was presented. The
SCE model introduced here compares very favorably to the ones discussed in [15]. The
underestimation of the pion yield is responsible for the larger discrepancy in the kaon to pion
ratio.
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Figure 4. Proton to Lambda ratio as a function
of charged particle multiplicity is shown. The
lines represent predictions from the HRG
model including the S-matrix corrections while
the dotted lines represent predictions from the
HRG model without S-matrix corrections at
temperature T = 160 MeV and 156.5 MeV. The
solid symbols represent the experimental data
measured by the ALICE
collaboration[7, 15–20].

The importance of the S-matrix description of proton and hyperon yields can be seen
with data from the central Pb-Pb collisions by comparing measured p/Λ ratio with the S-
matrix results as shown in Fig. 4. The lines represent predictions from the HRG model
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including the S-matrix corrections while the dotted lines represent predictions from the HRG
model without S-matrix corrections at temperature T = 160 MeV and 156.5 MeV. The shaded
region (in gray) shows the theoretical predictions spanned by different stages of the S-matrix
improvement: from including only elastic scatterings of ground state hadrons (upper limit)
to the full list of interactions (lower limit). The solid symbols represent the experimental
data measured by the ALICE collaboration[7, 15–20]. The ratio is very sensitive to the S-
matrix corrections which amount to a reduction of proton yield by a factor of 0.75 and a 1.24
enhancement of the Λ yield. The thermal model without S-matrix corrections exhibits large
deviations from the p/Λ ratio data. We also found that the ratios of strange and multi-strange
particles from SCE model describe the ALICE data very accurately.

5 Summary

We have studied the effect of global strangeness quantum number conservation on strangeness
production in heavy-ion and elementary collisions in a given acceptance region using the
hadron resonance gas (HRG) model in the canonical ensemble. The HRG model is extended
with the S-matrix corrections to the yields of protons and hyperons. The S-matrix calculation
is based on the empirical phase shifts of πN scattering, an estimate of the ππN background
constrained by Lattice QCD results of baryon-charge susceptibility, and an existing coupled-
channel model describing the |S | = 1 strange baryons.

It is demonstrated that an accurate description of the widths of resonances and the non-
resonant interactions in a thermal model leads to a reduction of the proton yield relative to
the HRG baseline (by ≈ 25%). Including the protons from strong decays of |S | = 1 hyperons,
which constitute ≈ 6% of the total yields, does not alter this conclusion. Such a reduction
is also crucial for resolving the proton anomaly in the LHC data. For the hyperons, the S-
matrix scheme predicts an increase in the Λ + Σ0 yields relative to the HRG baseline by
≈ 23%. This is consistent with the data from the ALICE collaboration. Furthermore, the
S-matrix prediction on the ratio of yields of proton to Λ + Σ0 is in good agreement with the
measured values by the ALICE collaboration in Pb-Pb collisions in the events with the largest
multiplicities (dNch/dη). The evolution of (multi-)strange baryons to Λ yields with dNch/dη
calculated in the present thermal model in the C-ensemble follows the measured values within
two standard deviations.

A good description was obtained for the variation of the strangeness content in the final
state as a function of the number of charged hadrons at mid-rapidity with the same freezeout
temperature T f ∼ 156.5 MeV. This further supports the idea that at LHC energies (inde-
pendent of colliding system), the freezeout temperature coincides with the chiral crossover
as calculated in LQCD. An exact conservation of strangeness is to be imposed in the full
phase-space rather than in the experimental acceptance at mid-rapidity. Consequently, the
correlation volume parameter where strangeness is exactly conserved was found to be larger
than the fireball volume at mid-rapidity.

The S-matrix formulation discussed here accurately describes the measured hadron yields
and supports the interpretation of the LQCD results. It will be useful to employ this in
analyzing the multi-strange baryon sectors and the light mesons.
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