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Ratio of the yield of strange hadrons to pions is considered as an important observable in studying the
properties of the system produced in relativistic heavy ion collisions. Production of strange hadrons
K; K̄;Λ;Σ;Ξ, andΩ has been evaluated microscopically using rate equations by considering their hadronic
interaction cross sections in an expanding medium. The yields obtained from rate equations are normalized
with thermal pions and compared with the measurements from Pb-Pb collisions at various multiplicities at
LHC energy. The calculation has been done for various initial and freeze-out conditions. At 2760 GeV,
LHC energy, Λ, Ξ,Ω freeze-out close to TC and K0

s freezes-out little later. But there is a subtle difference in
freeze-out temperatures of different species which may be distinguishable at lower colliding energies.
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I. INTRODUCTION

The study of strange hadrons plays a key role in extracting
the properties of the medium produced in relativistic heavy
ion collisions. The experiments performed at several collid-
ing energies in several accelerator facilities like the
Alternating Gradient Synchrotron (AGS), Relativistic
Heavy Ion Collider (RHIC), Super Proton Synchrotron
(SPS), and Large Hadron Collider (LHC) provide ample
strange hadron data which help to understand the QCD
phase diagram. Recently, ALICE Collaboration has mea-
sured the yield of strange hadrons K, Λ, Ξ, and Ω in p-p
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7 TeV, p-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV [1,2], and Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV
[3] in various centralities. The normalized yields of strange
hadrons ðHs þ H̄sÞ=ðπþ þ π−Þ are measured at various
charge particle multiplicities and presented as an observable
by ALICE Collaboration [1]. The measured data in Ref. [1]
are ð2K0

sÞ=ðπþ þ π−Þ, ðΛþ Λ̄Þ=ðπþ þ π−Þ, ðΞ− þ Ξ̄þÞ=
ðπþ þ π−Þ, and ðΩ− þ Ω̄þÞ=ðπþ þ π−Þ. We call the ratio
ðHs þ H̄sÞ=ðπþ þ π−Þ the “yield ratio” throughout the
article for the sake of convenience. The yield ratios show
a smooth increasing pattern with multiplicity and then a
saturation for all strange hadrons but with a little deviation
for Ξ=π at lowest measured multiplicity and also at highest
multiplicity.
These measurements are extremely important, as a

smooth pattern of yield ratio with charged multiplicity,

from various colliding systems (p-p, p-Pb, Pb-Pb) at
different colliding energies would answer the question of
similarity of systems with similar multiplicities produced in
these collisions and a deviation may hint for new physics.
The yield ratio for Λ, K, Ω shows a smooth increasing
pattern, but as mentioned above, Ξ shows a deviation. It is
also observed that slopes of yield ratio for multistrange
hadrons are more compared to single-strange hadrons. This
may signify the enhancement of multistrange productions
compared to single-strange ones. To analyze the phenome-
non, an understanding of the microscopic mechanism for
the production of all strange hadrons is necessary, which is
the focus of this calculation.
The study of strange hadrons was believed to be

important because of their enhanced productions in heavy
ion (A-A) collisions over proton-proton (p-p) collisions
and was proposed long before as a good signature of quark
gluon plasma (QGP) [4,5] formation. Widely discussed
hornlike structure in the measurements of Kþ=πþ [6–9]
ratio with colliding energies ignited many theoretical
models in the last two decades. The multistrange baryons
Ξðuss; dssÞ and ΩðsssÞ also show enhancement like Kþ in
Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV [3] over p-p colli-
sions. The observations of Ξ & Ω yield at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV, Auþ Au collisions [10] also supported the
argument of strangeness enhancement in A-A collisions.
Similar observations have also been made at SPS energy by
WA97 Collaborations while measuring Ξ and Ω from
Pb-Pb and p-Pb collisions at CERN [11]. Enhancement
in the case of Ξ, Ω is a factor of 3 in Pb-Pb over p-p
collisions at 158 A GeV [11]. Ξ=π and Ω=π in Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV are 1.6 and 3.3 times more
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compared to p-p collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7 TeV at LHC [3].
In the mean time, the availability of most recent data from
p-Pb collision at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [12] makes it more
interesting as it would help in providing a systematic study
from p-p to p-A to A-A collisions.
Strangeness productions in QGP and hadronic phases

have been studied by various models by several authors
[4,13–24]. The enhanced production of kaons and anti-
kaons in the experiments at various colliding energy ranges
such as SIS (up to 1 GeV) [25], AGS (up to 10AGeV) [26],
and SPS energies (11–158A GeV) [27] are explained by
hadronic scatterings in some of the above works [17,23]
and also using AMPT [28]. However the multistrange
baryon productions have not been explained satisfactorily.
The statistical hadronization model also evaluated the

integrated yield at those energies assuming common chemi-
cal freeze-out temperature for all species [18,21,29] includ-
ing RHIC and LHC energies. However, the model could not
explain the ratios of multistrange hadrons for 0%–20%
centrality of Pb-Pb collision at 2.76 TeV LHC energy while
fitting with p=π ratio. Similarly, productions of kaons and
anti-kaons at higher colliding energies such as at RHIC and
LHC (also at higher SPS energies) have been explained
using models with strange quark evolution assuming a QGP
phase [17,23]. But the multistrange productions are not
explained there.
Using the minimal statistical hadronization model, the

authors inRef. [30] tried to explain themomentum spectra of
hyperonsΛ,Ξmeasured by HADESCollaboration from the
collision of Ar at 1.76A GeV on fixed target KCl without
considering the microscopic productions. The same authors
[30] also explained the kaon productions (Kþ=πþ vs

ffiffiffiffiffiffiffiffi
sNN

p
)

from the NICA experiment (NICAwhite paper) but failed to
reproduce the ratio Ξ−=Λ and Ω−=Ξ− simultaneously [31].
However they got a similar trend of Ξ−=Λ and Ω−=Ξ− withffiffiffiffiffiffiffiffi
sNN

p
although the calculation underpredicts the data. The

authors in Ref. [32] provided a possible explanation of
subthreshold production of Ξ− by considering new decay
channels of massive baryon resonances.
An attempt has also been made in Ref. [33] to explain the

multistrange productions at SPS energy using ultra rela-
tivistic quantum molecular dynamics (UrQMD), but data
were not reproduced. It is observed nowadays that people
are using a sequential freeze-out scenario to explain the
strange hadron yields. Rene Bellewied in one such attempt
while discussing sequential freeze-out of strange hadrons
argued in favor of flavor dependent freeze-out by compar-
ing the latest lattice computation and data of net-kaon, net-
charge, and net-proton fluctuation [34].
In this paper, the microscopic productions of

K; K̄;Λ;Σ;Ξ, and Ω have been discussed with their
interactions in the hot-dense system along with their
evolutions considering Bjorken expansion and using rate
equation. We focus our calculation to analyze the yield-
ratio data for all strange hadrons at different multiplicities

from Pb-Pb collision at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. Since the
hadron gas produced in heavy ion collision is supposedly
a dilute gas, hence consideration of the rate equation or
transport calculation is very much relevant. But instead of
full (3þ 1)-dimensional expansion, we have considered
relatively easier Bjorken expansion as we are interested in
the ratio of the numbers. The final numbers unlike
momentum pT spectra or flow observable would not
change much if we employ (3þ 1)-dimensional expansion.
However the freeze-out parameters may change quantita-
tively although qualitative change is not expected. To
compare, a calculation with 3D Hubble expansion which
is relevant in the hadronic phase is under progress. Full
(3þ 1)-dimensional hydrodynamical treatment is kept for
future work.
We divide the manuscript as follows. The cross sections

of productions for kaon, lambda, sigma, cascade, and
omega in a hadronic medium are discussed in Sec. II.
The formalism for the rate of production is described in
Sec. III. The rate equations for single- and multistrange
hadrons are discussed considering a Bjorken expansion in
Sec. IV. The evolution equations for temperature and
baryon chemical potential(μ) are also described here.
Then the results are presented in the Sec. V and, finally,
Sec. VI is devoted to summary and conclusion.

II. PRODUCTION AND INTERACTION OF
STRANGE HADRONS IN HADRONIC MEDIUM

In the case of relativistic heavy ion collisions, the
observed hadrons might be produced either due to hadro-
nization of quarks when the initial quark gluon state is
produced or because of the nucleonic interactions of the
colliding nuclei. The yield in the later case would be low. In
both the cases, produced hadrons undergo further scatter-
ings inside the medium until they decouple and free stream
towards the detector. The dynamics of hadrons determines
the properties of the system and hence the final yield. In this
study, the aim is to understand the dynamics of strange
degrees of freedom. While considering the production and
interaction of strange hadrons we assume the nonstrange
hadrons to provide thermal background. The time evolution
of the hadronic system is studied with rate equation or
momentum integrated Boltzmann equation along with
Bjorken expansion of the system.
Various interactions involving strange and nonstrange

hadrons that produces K, Λ, Σ, Ξ, and Ω are dis-
cussed below.

A. Interaction channels and strange
hadron cross sections

The production of strange mesons K, K̄ and baryons Λ,
Σ, Ξ, Ω are studied with the following hadronic inter-
actions. They can be categorized as meson-meson (MM),
meson-baryon (MB), and baryon-baryon (BB) interactions
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based on the hadrons in the initial channel. B and Y
represents nonstrange baryons and hyperons, respectively.
The reactions are ππ → KK̄, πN → ΣK, p̄p → ΛΛ̄,
πρ → KK̄, K̄N → Λπ, p̄p → Σ−Σ̄þ, ρρ → KK̄, K̄N →
Σπ, πN → ΛK, ρN → ΛK, p̄p → K−K̄þ, K̄N → KΞ,
K̄Λ → πΞ, K̄Σ → πΞ, ΛΛ → NΞ, ΛΣ → NΞ, ΣΣ → NΞ,
K̄Σ → πΞ, ΛK̄ → Ω−K0, Σ0K̄ → Ω−K0, p̄p → Ω−Ω,
pp̄ → ΞΞ̄. where, N represents nucleons (proton or neu-
tron). The production cross section for hadrons with single
strangeness is described in Refs. [23,35–41]. Many of them
are verified with experimental observations. The cross
sections for inverse reactions are also taken into account
using the principle of detailed balance as in Ref. [42]. There
are some 2 → 3 channels involving baryons in the initial
channels such as BB → BYK, which might be relevant for
strange production at low colliding energies that is when
baryon density in the system is high. However, we neglect
contributions from such processes due to the phase space
factor.

B. Production cross sections for single-strange hadrons

Among the strange hadrons carrying single strange
quantum number, kaons (K, K̄) are the lightest one. For
kaon production, the isospin averaged cross section
(ab → cd) from MM interactions (ππ → KK̄, ρρ → KK̄,
πρ → KK̄� and πρ → K�K̄) is given by

σ̄ab→cdðsÞ ¼
1

32π

P0
cd

sPab

Z
1

−1
dxMðs; xÞ; ð1Þ

where, s ¼ ðpa þ pbÞ2 with pa, pb being the four
momenta of incoming particles a and b; Pab and P0

cd
are three momenta of incoming mesons and outgoing
kaons in the center-of-mass frame, x ¼ cosðPab; P0

cdÞ. M
is the invariant amplitude and calculated from the
following interaction Langrangian densities [35],
LK�Kπ ¼ gK�KπK�μτ½Kð∂μπÞ − ð∂μKÞπ� and LρKK ¼
gρKK½Kτð∂μKÞ − ð∂μKÞτK�ρμ. Similar toMM interactions,
MB interactions (MB → YK) also produce kaons but
strange baryons such as Λ and Σ are also produced along
with. The dominant contributions in this category come
from πN → ΛK, πN → ΣK, ρN → ΛK, ρN → ΣK. The
production cross sections are evaluated and parametrized in
Refs. [35,40]. We have calculated the cross section using
the following expression by considering N�

1ð1650Þ;
N�

2ð1710Þ; N�
3ð1720Þ [36] and N�

5ð1875Þ; N�
6ð1900Þ [37]

as intermediate resonant states.

σ̄MB→YK

¼
X
i

ð2Ji þ 1Þ
ð2S1 þ 1Þð2S2 þ 1Þ

4π

k2i

Γ2
i =4

ðs12 −miÞ2 þΓ2
i =4

Bin
i B

out
i :

ð2Þ
The sum is over resonances with mass (mi), spin (Ji),

and decay width (Γi). ð2S1 þ 1Þ and ð2S2 þ 1Þ are the
polarization states of the meson (M) and baryon (B) in the

incoming channels. Bi represents the branching ratio. Other
required parameters are taken from the particle data book
[36,37]. Although some other resonances like N�

4ð1720Þ;
N�

7ð2190Þ contribute to the production, their branching
ratios are not known clearly.
Other channels of Λ and Σ productions in MB category

are K̄N → Λπ and K̄N → Σπ, the cross sections of which
have been calculated by Ko [43] using K-matrix formalism
for three coupled channels K̄N;Λπ, and Σπ. However, we
use the experimental parametrized cross section considered
in Ref. [35] which is in agreement with Ref. [43] and is as
follows:

σK−p→Λπ0 ¼

8>><
>>:

1.205p−1.428 mb if p ≥ 0.6 GeV

3.5p0.659 mb if 0.6 < p ≤ 1.0 GeV

3.5p−3.97 mb if p > 1.0 GeV

;

ð3Þ

where p in Eq. (3) is the anti-kaon momentum in the
laboratory frame. We consider the isospin averaged cross
section K̄N → Λπ.
Similarly, the parametrized cross section for K̄N → Σπ

is as follows:

σK̄N→Σπ ¼ σK−p→Σ0π0 þ σK−n→Σ0π− ; ð4Þ

where σK−p→Σ0π0 ≈ σK−n→Σ0π− and

σK−p→Σ0π0

¼

8>><
>>:

0.624p−1.83 mb if p ≤ 0.345 GeV
0.0138

ðp−0.385Þ2þ0.0017 mb if 0.345 < p ≤ 0.425 GeV

0.7p−2.09 mb if p > 0.425 GeV

:

ð5Þ

The contributions from the BB category producing single
strange hadrons are pp → KK̄, pp → ΛΛ̄, pp → ΣΣ̄. The
cross sections for pp̄ → ȲYðM̄MÞ, (Y is the hyperon,M is
the meson, here kaon) is given below [39,44,45].

σPP̄→ȲYðK̄KÞ ¼
CACYiðKÞg

4
0

16π
×

s
s − 4m2

P

× Γð1 − αð0ÞÞ2 ×
 

s

sP̄P→ȲYðK̄KÞ
0

!
2ðα0−1Þ

×
eΛ1tmin

Λ1

: ð6Þ

The values of various parameters in the above expression
are tabulated in Table I. The production cross sections of
charged single strange hyperons are 4 times larger than the
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neutral hyperons from p̄p reactions. It has also been found
that σpp̄→Σ̄−Σþ ¼ 4γ4σpp̄→Λ̄Λ and σpp̄→Λ̄Λ ¼ 9

4
σpp̄→Σ̄−Σþ

with γ2 ¼ 1=3. The slopes of the differential cross section
Λ1 for Λ and Σ are taken to be 9 GeV−2 and for K mesons,
to be 4 GeV−2 by fitting the data on strange hadron
production from p̄ − p collisions [46–50]. The value of
g0 has been determined from the decay ρ → ππ with
g2
0

4π ¼ 2.7.
We have considered the inverse reactions KK̄ → ππ,

KK̄ → πρ, KK̄ → ρρ, K−K̄þ → p̄p, ΛK → πN, ΛK →
ρN, ΣK → πN, Λπ → K̄N, ΛΛ̄ → p̄p, Σ−Σ̄þ → p̄p,
Σπ → K̄N and the cross sections are calculated using
principles of detailed balance as follows:

σf→i ¼
Pi

2

Pf
2

gi
gf

σi→f; ð7Þ

where Pi, Pf are the center of mass momenta and gi, gf
are the total degeneracies of the initial and final channels.
Production of single strange hadrons by other
channels where multistrange Ξ and Ω are involved are
described below.

C. Production cross sections for multistrange hadrons:
Cascade(Ξ) and Omega (Ω)

The multistrange hadrons are the baryons having
strangeness more than one; S ¼ �2;�3. Baryons like
cascade (S ¼ −2) and omega (S ¼ −3) fall into this
category. Because of large strangeness content, the pro-
duction of multistrange baryons from nonstrange hadrons is
expensive and less probable. Strangeness exchange reac-
tions become the dominant channels.
The types of reactions producing ΞðS ¼ −2Þ are

K̄Y → πΞ, YY → BΞ, K̄B → KΞ, and BB̄ → ΞΞ̄. Here
Y represents Λ or Σ. More specifically the reactions are
ΛΛ → NΞ, ΛΣ → NΞ, ΣΣ → NΞ, K̄Λ → πΞ, K̄Σ → πΞ,
K̄N → KΞ, p̄p → ΞΞ̄. Out of these above mentioned
channels, the strangeness exchange reactions are
ΛΛ → NΞ, ΛΣ → NΞ, ΣΣ → NΞ, K̄Λ → πΞ, K̄Σ → πΞ,
K̄N → KΞ. The cross sections are calculated from a SU(3)
invariant Langragian density as in Refs. [38,51].

L ¼ iTrðB̄=DBÞ þ Tr½DμPþDμP�
þ g0Tr½ð2α − 1ÞB̄γ5γμBDμB̄γ5γμðDμPÞB�; ð8Þ

B and P appearing in the Lagrangian are the baryon and
pseudoscalar meson octets and Dμ ¼ ∂μ − ig½Vμ� is the
covariant derivative, which accounts for the interaction of
pseudoscalar mesons and baryons through pseudovector
(Vμ) couplings. The octets are

B ¼

2
6664

Σ0ffiffi
2

p þ Λffiffi
6

p Σþ p

Σ− −Σ0ffiffi
2

p þ Λffiffi
6

p n

−Ξ− Ξ0 −
ffiffi
2
3

q
Λ

3
7775;

P ¼ 1ffiffiffi
2

p

2
666664

π0ffiffi
2

p þ η8ffiffi
6

p þ η1ffiffi
3

p πþ Kþ

π− −π0ffiffi
2

p þ η8ffiffi
6

p þ η1ffiffi
3

p K0

K− K̄0 −
ffiffi
2
3

q
η8 þ η1ffiffi

3
p

3
777775;

V ¼ 1ffiffiffi
2

p

2
664

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− −ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 Φ

3
775:

The universal coupling constants g and g0 (g0 responsible
for B-P interactions) are derived from fπNN , gρNN [52] and
we consider the values g ¼ 13, g0 ¼ 14.4 GeV, and param-
eter α ¼ 0.64 [53]. We also take other relevant couplings
from Ref. [51]. It has also been found that the contribution
of η in strangeness exchange reactions is much less
compared to the baryons [51]. Hence we do not consider
the interactions of type K̄Λ → ηΞ and K̄Σ → ηΞ.
Tensor interactions, like vector interactions of V − B, of

D and F types have also been considered by Refs. [38,51]
and we take the SU(3) invariant Lagrangian

Lt ¼ gt

2m
Tr½ð2α − 1ÞB̄σμνB∂μVν þ B̄σμνð∂μVνÞB�; ð9Þ

with gt obtained from ρ − N tensor coupling [52] and m is
for the degenerate baryon mass. The details of the cross
section for all these strangeness exchange reactions are
calculated in Ref. [38]. We use the parametrized cross
section [54] and evaluate the rate of production which is
shown in Ref. [55].
Similarly, Ξ production cross section of BB̄ → ΞΞ̄

channel, i.e., pp̄ → Ξ−Ξ̄þ and pp̄ → Ξ̄0Ξ0 has been
evaluated using quark gluon string model (QGSM) [39].

TABLE I. Parameters for pp → YYðMMÞ reactions.
Reactions CA CYiðMiÞ Λ (GeV−2) s0 (GeV2) Regge trajectory αðtÞ ¼
pp → KþK− 0.08 4 4 1.93 −0.86þ 0.5t
pp → Λ̄Λ 0.10 9=4 9 2.43 0.32þ 0.85t
pp → Σ̄−Σþ 0.10 1 9 2.43 0.32þ 0.85t
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The results are also compared with experimental observa-
tion. Using this cross section the rate has been evaluated
in Ref. [55].
We had already discussed that the strangeness exchange

channels play crucial role in Ξ productions over BB → ΞΞ̄.
The rates of production of ΛΛ → NΞ or K̄Λ → πΞ are 106

times more compared to the channels pp → ΞΞ̄ [55].
Production of ΩðS ¼ −3Þ in heavy ion collisions is not

well understood. However, we have attempted its study of
yield with the current understanding. To mention a few
possible reactions for Ω productions, channels like ΞY →
ΩN and K̄Ξ → Ωπ seem to be important as they fall into
the category of strangeness exchange reactions. But the
production cross sections for these reactions are not clear
by now. The authors in Ref. [56] although argue about its
cross section to be similar to K̄N → πY but the exper-
imental coupling is not available. Other probable channels
we consider are πΞ → ΩK, (π0Ξ− → Ω−K0), K̄Y → KΩ,
(K̄Λ → K0Ω−, K̄Σ0 → K0Ω−) and which are discussed in
detail in Ref. [55].
The other channel we have considered for Ω productions

is BB̄ → ΩΩ̄ or pp̄ → ΩΩ̄. The details of cross section and
rate of production can be found in Refs. [39] and [55].

III. RATE OF STRANGE HADRON PRODUCTION
IN HADRONIC MEDIUM

With the input of cross sections from previous section,
the thermal rates of strange hadron productions in hadronic
medium are evaluated considering the binary interactions in
the following way. The rate RðTÞ at a temperature T is
given by [13,57]

hσvi ¼ T4

4
CabðTÞ

Z
∞

z0

dz½z2 − ðma=T þmb=TÞ2�

× ½z2 − ðma=T −mb=TÞ2�σK1ðzÞ; ð10Þ

where CabðTÞ is given by

CabðTÞ ¼
1

m2
am2

bK2ðma=TÞK2ðmb=TÞ

and σ is the cross section of the particular channel of
interest and v is the relative Moller velocity of the incoming
particles of masses ma and mb. K2 is the modified bessel
function of the second kind. z0 ¼ maxðma þmb;mcþ
mdÞ=T. The detailed derivation of rate and chemical rate
equation is given in Appendix. The rate of various channels
producing single and multistrange hadrons are discussed in
the result section.

IV. YIELD OF STRANGE HADRONS USING
RATE EQUATION

The number densities of K; K̄;Λ;Σ;Ξ, and Ω are studied
using the following rate equations considering the cross
sections described in Sec. II. The nonstrange mesons and
baryons are assumed to provide thermal background to the
strange hadrons that are slightly away from equilibrium.
Equation (11) describes a set of coupled equations for
different strange hadrons and each equation contains terms
for net productions due to binary interactions and dilution
term (ni=t) due to expansion of the system.

dnK
dt

þ nK
t
¼ nπnπhσviππ→KK̄ − nKnK̄hσviKK̄→ππ þ nρnρhσviρρ→KK̄ − nKnK̄hσviKK̄→ρρ

þ nπnρhσviπρ→KK̄ − nKnK̄hσviKK̄→πρ þ nπnNhσviπN→ΛK − nΛnKhσviΛK→πN

þ nρnNhσviρN→ΛK − nΛnKhσviΛK→ρN þ nπnNhσviπN→ΣK − nΣnKhσviΣK→πN

þ nK̄nNhσviK̄N→KΞ − nKnΞhσviKΞ→K̄N þ npnp̄hσvipp̄→KK̄ − nKnK̄hσviKK̄→pp̄

þ nK̄nΛhσviK̄Λ→ΩK − nΩnKhσviΩK→K̄Λ þ nK̄nΣhσviK̄Σ→ΩK − nΩnKhσviΩK→K̄Σ

þ nπnΞhσviπΞ→KΩ − nΩnKhσviΩK→πΞ

dnK̄
dt

þ nK̄
t
¼ nπnπhσviππ→KK̄ − nKnK̄hσviKK̄→ππ þ nρnρhσviρρ→KK̄ − nKnK̄hσviKK̄→ρρ

þ nπnρhσviπρ→KK̄ − nKnK̄hσviKK̄→πρ − nK̄nNhσviK̄N→Λπ þ nΛnπhσviΛπ→K̄N

− nK̄nNhσviK̄N→Σπ þ nΣnπhσviΣπ→K̄N − nK̄nNhσviK̄N→KΞ þ nKnΞhσviKΞ→K̄N

− nK̄nΛhσviK̄Λ→πΞ þ nπnΞhσviπΞ→K̄Λ − nK̄nΣhσviK̄Σ→πΞ þ nπnΞhσviπΞ→K̄Σ

þ npnp̄hσvipp̄→KK̄ − nKnK̄hσviKK̄→pp̄ − nK̄nΛhσviK̄Λ→ΩK þ nΩnKhσviΩK→K̄Λ

− nK̄nΣhσviK̄Σ→ΩK þ nΩnKhσviΩK→K̄Σ
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dnΛ
dt

þ nΛ
t
¼ nπnNhσviπN→ΛK − nΛnKhσviΛK→πN þ nρnNhσviρN→ΛK − nΛnKhσviΛK→ρN

− nΛnΛhσviΛΛ→NΞ þ nNnΞhσviNΞ→ΛΛ − nΛnΣhσviΛΣ→NΞ þ nNnΞhσviNΞ→ΛΣ

− nK̄nΛhσviK̄Λ→πΞ þ nπnΞhσviπΞ→K̄Λ þ nK̄nNhσviK̄N→Λπ − nΛnπhσviΛπ→K̄N

þ npnp̄hσvipp̄→ΛΛ̄ − nΛnΛ̄hσviΛΛ̄→pp̄ þ nKnΩhσviKΩ→K̄Λ − nK̄nΛhσviK̄Λ→KΩ

dnΣ
dt

þ nΣ
t
¼ nπnNhσviπN→ΣK − nΣnKhσviΣK→πN − nΛnΣhσviΛΣ→NΞ þ nNnΞhσviNΞ→ΛΣ

− nΣnΣhσviΣΣ→NΞ þ nNnΞhσviNΞ→ΣΣ − nK̄nΣhσviK̄Σ→πΞ þ nπnΞhσviπΞ→K̄Σ

þ nK̄nNhσviK̄N→Σπ − nΣnπhσviΣπ→K̄N þ npnp̄hσvipp̄→ΣΣ̄ − nΣnΣ̄hσviΣΣ̄→pp̄

þ nKnΩhσviKΩ→K̄Σ − nK̄nΣhσviK̄Σ→KΩ

dnΞ
dt

þ nΞ
t
¼ nΛnΛhσviΛΛ→NΞ − nNnΞhσviNΞ→ΛΛ þ nΛnΣhσviΛΣ→NΞ − nNnΞhσviNΞ→ΛΣ

þ nΣnΣhσviΣΣ→NΞ − nNnΞhσviNΞ→ΣΣ þ nK̄nNhσviK̄N→KΞ − nKnΞhσviKΞ→K̄N

þ nK̄nΛhσviK̄Λ→πΞ − nπnΞhσviπΞ→K̄Λ þ nK̄nΣhσviK̄Σ→πΞ − nπnΞhσviπΞ→K̄Σ

þ npnp̄hσvipp̄→ΞΞ̄ − nΞnΞ̄hσviΞΞ̄→pp̄ þ nΩnKhσviΩK→πΞ − nπnΞhσviπΞ→ΩK

dnΩ
dt

þ nΩ
t
¼ npnp̄hσvipp̄→ΩΩ̄ − nΩnΩ̄hσviΩΩ̄→pp̄ þ nπnΞhσviπΞ→ΩK − nΩnKhσviΩK→πΞ

þ nK̄nΛhσviK̄Λ→KΩ − nKnΩhσviKΩ→K̄Λ þ nK̄nΣhσviK̄Σ→KΩ − nKnΩhσviKΩ→K̄Σ: ð11Þ

We do not consider the initial QGP phase in this study.
The information of the strange production from the QGP
phase should, in principle, constrain the initial number
densities (niðTiÞ) of the rate equations in the hadronic
phase, where Ti is the initial temperature. To take care of
this we treat niðTiÞ as parameters here. These rate equations
are numerically coded as strange hadron transport in heavy
ion collisions (SH-THIC) to get the yield along with
temperature evolution equation considering Bjorken expan-
sion of the system. Although the present study is for LHC
energy,

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV Pb-Pb collisions, where the
baryonic chemical potential (μb) is very small; still we have
considered the evolution of μb for the sake of completeness.
The evolution of the number density depends on the

evolution of the temperature and chemical potential μ
(¼ μs þ μb). We consider net μs to be zero and μ ¼ μb
is the total chemical potential. When we collide two nuclei
in heavy ion collision the net strange content is zero. This
suggests to assume zero strangeness chemical potential for
the produced system from strangeness conservation.
However, strangeness chemical potential is also related
to baryon chemical potential or net baryons in the system.
Conservation of the baryon number may lead to small
strangeness potential. Since we are analyzing the matter
produced at LHC, the baryonic chemical potential here is
very small, hence it is good to assume strange chemical
potential to be zero. The evolution of the baryonic chemical
potential is obtained from the baryon number conservation
equation with Bjorken expansion along z direction as
follows:

∂μn
μ
b ¼ 0; ð12Þ

where, nμb ¼ nbuμ ¼ nbðγ; 0; 0; γvzÞ with nb is the net
baryon number density at (T, μ). The above equation leads
to nbτ ¼ const ¼ k1 and nb ¼

P
B¼N;Λ;Σ;Ξ;ΩðnB − nB̄Þ and

τ is the proper time defined by τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
t2 − z2

p
. The evolution

of μb is obtained from the above equation. We have not
considered Δ and other massive baryons as their contri-
bution is less due to mass. Again, following Bjorken
expansion [58] and energy conservation law ∂μTμν ¼ 0,

we get ∂
∂τ ½T

4

ð1þc2s Þτ� ¼ 0 or Taτ ¼ const ¼ k2 and a ¼ 4
ð1þc2sÞ

considering energy density ϵ that goes as ∼T4. As usual the
Tμν represents the energy momentum tensor of the expand-
ing fluid. c2s is the square of the velocity of sound. Here
k1 ¼ nibτi, k2 ¼ Ta

i τi, where n
i
b; τi; Ti are the initial baryon

number densities, time, and temperature and are parame-
ters. Ti is taken as the Tc from the lattice calculation. After
solving the rate equations with the evolution of temperature
and chemical potential the yields have been calculated and
are discussed in the next section.

V. RESULTS

Taking the cross sections from an earlier section as input,
the rate of production (R ¼ hσviab→cd) for strange hadrons
K; K̄;Λ;Σ;Ξ, andΩ has been calculated from Eq. (10). The
rates are displayed in Figs. 1–5 for the temperature ranges
of our interest. Here we describe the rate of single strange
hadrons (K, Λ, Σ) more explicitly as the multistrange
hadron rates and yields are described in Ref. [55] in detail.
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However the total production rates of Ξ and Ω are
discussed later.
The rate of kaon (K, K̄) productions from meson-meson

(MM) interactions are shown in Fig. 1 for a temperature
range 105–170 MeV. The rate increases with temperature
as expected. We have considered only binary interactions
for strange hadron productions. Among these binary
channels ρρ → KK̄ is the dominant one. ππ → KK̄ and
πρ → KK̄ have similar contributions over the entire range
of temperature as shown in the figure. Figure 2 shows the
rate of kaon productions along with hyperon (Λ;Σ& Ξ)
productions from meson-baryon (M-B) interactions.
Contrary to the increase of rate with temperature, ρN
channel shows a gradual decrease which is due the
behaviour of cross section with center of mass energies
of the colliding ρ and N in the thermal system within the
considered temperature range. The ρN channel dominates
over other channels in this (MB) category when the system
is at lower temperature.
Similarly, other process producing kaons (K, K̄) is the

interaction of p − p̄, which is shown in the left panel of
Fig. 3. Kaons are also produced from strangeness exchange
reactions along with Ξ and Ω. Basically πΞ → ΩK,
K̄Σ → ΩK, K̄Λ → ΩK are the channels, whose contribu-
tions are less to the kaon production but important for Ω
productions, which are shown in Fig. 3. In the right panel of
the Fig. 3, the Λ production rates are shown from
strangeness exchange reactions. K or Σ are the associated
particles in the outgoing channel. These channels play a
dominant role for the yield of light hyperons Λ and Σ. The
cross sections ofNΞ → ΛΛ andNΞ → ΛΣ are most crucial
for the Λ productions. However, we have excluded these
processes because of unreasonable production cross sec-
tions of the inverse processes (producing Ξ) and there is no
experimental verification. Another process which involves
K and Λ productions is ΩK → K̄Λ. Contribution from this
channel is less due to the massiveΩ in the initial channel as
shown in the right panel of Fig. 3.
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FIG. 1. Rate (R ¼ hσvi) of kaon productions from ππ → KK̄,
πρ → KK̄, ρρ → KK̄ with temperature.
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FIG. 2. Rate (R ¼ hσvi) from channels πN → ΛK, ρN → ΛK,
πN → ΣK, K̄N → KΞ.
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FIG. 3. Rate (hσvi) from (left panel) p̄p → KK̄, πΞ → ΩK, K̄Σ → ΩK, K̄Λ → ΩK; (right panel) NΞ → ΛΛ, NΞ → ΛΣ, πΞ → K̄Λ,
ΩK → KΛ.
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Rates from MB (K̄N; ρN; πN) and BB ðppÞ inter-
actions producing K, K̄, and Λ are shown in the left
panel of Fig. 4. These processes have negligible
contributions compared to K̄N → Λπ. The rates of Σ

production can also be understood from Figs. 2, 3,
and 4.
As far as the production rate of Ξ is concerned the

possible processes with initial channel YY;KY; K̄N, and
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FIG. 4. Rate (R ¼ hσvi) from (left panel) K̄N → Λπ and pp̄ → ΛΛ̄; (right panel) πΞ → K̄Σ, NΞ → ΣΣ, ΩK → K̄Σ, pp̄ → ΣΣ̄.
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FIG. 5. Rate (hσvi) from (left panel) Total rates (R ¼ hσvi) of K, Λ, Σ, Ξ, and Ω production. Top panel is obtained with all reaction
channels mentioned in Sec. III; (right panel) total rates (R ¼ hσvi) of K, Λ, Σ, Ξ, and Ω production excluding the cascade production
channels YY → NΞ, K̄YðNÞ → πðKÞΞ and the inverse channels producing Λ and Σ. The rates in the right panel are in log scale.

TABLE II. Initial conditions (freeze-out temperatures, TF) for various multiplicities of K0
s , Λ, Ξ, and Ω. At multiplicities 1601 and

1294, 13.4 kaon and lambda data are only available. At multiplicity 1447.5, cascade and omega data are available only.

dnch=dη Npart c2s

Scenario I Tf1
(in GeV)

Scenario II Tf2
(in GeV)

Scenario III Tf3
(in GeV)

Scenario IV Tf4
(in GeV)

1601 383 1=5 0.152ðK0
s ;ΛÞ 0.144 0.144 0.154

1447.5 356.1 1=5 0.148 (Ξ, Ω) 0.144 0.144 0.154
1294 330 1=5 0.148 (K0

s ;Λ) 0.144 0.144 0.154
966 260.1 1=5 0.145 0.144 0.144 0.154
537.5 157.2 1=5 0.141 0.144 0.144 0.154
205 68.6 1=5 0.130 0.144 0.144 0.154
55 22.5 1=5 0.114 0.144 0.144 0.154
13.4 4.3 1=5 0.100ðK0

s ;ΛÞ 0.144 0.144 0.154
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NN̄ are already discussed. However, we do not consider
YY → NΞ and K̄N → πΞ for the net yield and the reason is
mentioned in the paragraph below. In fact, the contribution
from YY channel is dominant and decide the cascade
production. The variation of rate with temperature is slow.
For details of rate of Ξ, Ω productions, one can see [55].
The total rates of K; K̄;Λ;Ξ, and Ω are shown and
compared in Fig. 5.
From the above figures it is observed that the rate of Ξ

production is more than that of kaon and Λ; the rate of Λ
production is more than K. It is not expected. It was found
that the higher cascade production rate is because of
reaction channels YY → NΞ, K̄YðNÞ → πðKÞΞ which
are calculated using a Lagrangian in Li et al. [38,51].
Theoretical cross sections for these channels are not con-
strained experimentally. The inverse process that produces
Λ along with K̄N → πΛ, in fact, increases the rate of Λ
production than the kaon. Hence we do not consider these
channels of Ξ and Λ productions. Without these channels
we get the rate of production of K to be more than Λ and Λ
to be more than Ξ as expected. Figure 5 displays the total
rate of production of all strange hadrons with and without
the above-mentioned channels.
Now onwards we have excluded these two types

of processes related to Ξ production and the inverse
channels.
Then we solve the rate equations simultaneously to get

the number densities of K; K̄;Λ;Ξ;Ω with various initial
conditions. Various scenarios are mentioned below and the
parameters of initial conditions are tabulated in Tables II
and III. The number densities are then normalized with
thermal pion number density to obtain the yield ratio.
We consider the following scenarios as mentioned

below.
(i) Scenario I: initial number densities of strange

hadrons are assumed to be 15% away from the
equilibrium value, i.e., ni ¼ 0.85neqðTiÞ. Freeze-out
temperatures decrease with centrality.

(ii) Scenario II: initial density is 40% away from the
equilibrium value with constant freeze-out temper-
ature 144 MeV for all centralities.

(iii) Scenario III: initial number density is 15% away
from equilibrium with constant freeze-out temper-
ature 144 MeV.

TABLE III. Initial conditions with freeze-out temperature for scenario V, that explains the data. The * symbol indicates the
unavailability of data at those multiplicities.

dnch=dη Npart Cs
2

Scenario V Tf5ðK0
sÞ

(in GeV)
Scenario V Tf5ðΛÞ

(in GeV)
Scenario V Tf5ðΞÞ

(in GeV)
Scenario V Tf5ðΩÞ

(in GeV)

1601 383 1=5 0.154 0.156 * *
1294 330 1=5 0.153 0.156 * *
1447.5 356.1 1=5 * * 0.155 0.156
966 260.1 1=5 0.153 0.155 0.156 0.156
537.5 157.2 1=5 0.152 0.154 0.156 0.156
205 68.6 1=5 0.150 0.151 0.154 0.154
55 22.5 1=5 0.146 0.146 0.146 0.146
13.4 4.3 1=5 0.141 0.141 * *
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FIG. 6. Yield ratio for K0
s from 2.76 TeV Pbþ Pb collisions.

The solid points with error bar are the data points measured by
ALICE Collaboration. The solid, dashed, and dotted lines are the
results of theoretical calculation with different initial conditions
for various scenarios. Left panel is for scenarios I, II, and III and
the right panel is for scenarios IV and V.

MICROSCOPIC STUDY OF STRANGE HADRON PRODUCTION … PHYS. REV. D 101, 094004 (2020)

094004-9



(iv) Scenario IV: initial number density is 40% away
from equilibrium with constant freeze-out temper-
ature 154 MeV (motivated from statistical hadroni-
zation model at 2.76 TeV LHC energy [59]).

(v) Scenario V: initial number density is 15% away from
the equilibrium value and considered the temper-
ature that best explain all the data simultaneously.

(vi) Scenario VI: initial number density is 15% away
from equilibrium and TF ¼ 154 MeV constant for
all centralities.

In all scenarios we have taken c2s ¼ 1=5, Tc ¼ 156 MeV
and evaluated the yield ratio by stopping the calculation at
TF and finally compared with the available data [1,3]. Here
we have considered 2K0

s ¼ Kþ þ K− as shown in Figs. 6
and 7. The data of lightest hyperon, Λ contains both Λ0 and
Σ0. As it is difficult to separate Σ0 from Λ0 data. The isospin
conservation channel of Σ0 decay is Σ0 → Λ0 þ π0. But Σ0

is not heavy enough to decay through this channel. Mass of
Λ0 and π is more than Σ0. Hence, Σ0 preferably decays toΛ0

and γ (branching ratio more than 99%), which is an isospin
non-conserving channel (weak decay) and difficult to
reconstruct. Hence Λ data contains Σ0. Apart from that Λ
may contain the feed down from weak decays of Ξ but it is
already excluded from the data as mentioned in Ref. [60].
But the feed down contribution fromΩ and other resonances
such as Σ�ð1385Þ family: Σþ�;Σ0�;Σ−�, and Σ�ð1660Þ are
not removed from the data. In fact Σð1385Þ can decay to Λ
through isospin conservation channel. In our calculation, this
contribution is taken care by multiplying a constant factor
0.8 to lambda production and adding it to the net yield.
In scenario I, ni for kaon, lambda, sigma, cascade, and

omega are assumed to be 15% away from the equilibrium
value. The initial temperature Ti for this scenario, in fact for
all scenarios, is taken to be Tc which is 156 MeV, a value
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FIG. 7. Yield ratio for Λ from 2.76 TeV Pbþ Pb collisions. The
solid points with error bar are the data points measured by ALICE
Collaboration. The solid, dashed, or dotted lines are the results of
theoretical calculation with different initial conditions for various
scenarios. Left panel is for scenarios I, II, and III and right panel
is for scenarios IV and V.
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FIG. 8. Yield ratio for Ξ from 2.76 TeV Pbþ Pb collisions. The
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taken from recent first principle calculation based on lattice
computation (154� 9 MeV). Velocity of sound is consid-
ered to be c2s ¼ 1=5, which is reasonable for hadron phase.
The freeze-out temperatures are different for different
multiplicities as shown in Table II. TF decreases with
multiplicity in scenario I and the results for yield ratio are
shown in Figs. 6 and 7. It does not explain all the data
points for K0

s and Λ. This is similar to the yield ratio of Ξ
and Ω which are displayed in Ref. [55]. In scenario II, the
system is allowed to evolvewith an initial density 40% away
from the equilibrium value and with a constant TF ¼
144 MeV for all values. We have considered this freeze-
out temperature which is a lower temperature compared to
the TF obtained from statistical hadronization model
(154 MeV). We cannot consider a higher temperature as
it would exceed Tc. The τi is taken the same for all scenarios
for a particular multiplicity. τi is different for different
multiplicity. Like the previous scenario, scenario II also does
not explain the kaon, lambda, cascade and omega data.
Scenario III underpredicts the data (for all species).

In scenario III, we take ni to be 15% away from equili-
brium value with constant TF ¼ 144 MeV, we observed
data are underpredicted (Figs. 6 and 8.)
Being inspired for a TF ¼ 154 MeV for all dNch=dη,

as predicted by statistical hadronization model for
2.76 TeV, LHC energy and as shown in the article by
ALICE Collaboration [59], we take TF ¼ 154 MeV for all
centralities with ni ¼ 40% away from equilibrium value
(ni ¼ 0.6neqðTiÞ) in scenario IV and ni ¼ 15% away from
equilibrium value (¼ 0.85neqðTiÞ) in scenario VI and tried to
analyze the data. For scenario IVall data of all species (K,Λ,
Ξ,Ω) are underpredicted. But in the case of scenario VI, data
ofΛ,Ξ,Ω at higher multiplicities are explained (although not
better). However, kaon data are overpredicted. The initial
conditions for scenarios I–IV are tabulated in Table II.
We tried to analyze for a scenario which could explain

the data of all strange hadrons simultaneously and tried to
get the information of TF. That is scenario V, where ni is
15% away from the equilibrium value. Here the freeze-out
temperatures that explain the yield-ratio data for all
dNch=dη are tabulated in Table III, which show a decreas-
ing pattern of TF with multiplicity. These are displayed in
Fig. 10. The simultaneous explanation of the yield ratios of
multistrange hadrons Ξ and Ω for scenario V is also
displayed in Fig. 9.

VI. SUMMARY

The yield ratio of strange hadrons; ðKþþK−Þ=ðπþþπ−Þ,
ðΛþ Λ̄Þ=ðπþ þ π−Þ, ðΣþ Σ̄Þ=ðπþ þ π−Þ, ðΞ− þ Ξ̄þÞ=
ðπþ þ π−Þ, and ðΩþ Ω̄Þ=ðπþ þ π−Þ measured from p-p,
p-Pb, and Pb-Pb collisions at various centralities and
colliding energies are presented by ALICE Collabora-
tion as an observable in Refs. [1,3] against the charged
particle multiplicity. The smooth rise of yield ratio pose a
question—does the yield depend explicitly on multiplicity
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FIG. 9. Yield ratio forΩ from 2.76 TeV Pbþ Pb collisions. The
solid points with error bar are the data points measured by ALICE
collaboration. The solid, dashed, and dotted lines are the results
of theoretical calculation with different initial conditions for
various scenarios. The top panel is for scenarios I, II, and III and
the bottom panel is for scenarios IV, V, and VI.
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only? Does the colliding system, whether nucleon-nucleon
(p-p) or nuclei (heavy)-nuclei (heavy) not matter? Do the
colliding energies,

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 or 5.02 or 7 TeV matter
for the yield explicitly? Answering these questions in a
single step is difficult.
With an aim to answer these questions and to explain the

strange hadron yields, we have made an initial framework
and studied the strange hadron productions at LHC energy,ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV from Pb-Pb collisions microscopically,
considering the cross sections of various interactions pro-
ducing strange hadrons.We have calculated for LHC energy
initially, because (i) measurements are available and (ii) the
systemswhich are produced at variousmultiplicities of LHC
energy have a common feature like negligible baryon
chemical potential. The calculation would be extended to
other colliding energies with different colliding systems.
In this article we have calculated the rate of single and

multistrange hadron productions considering various pos-
sible hadronic interactions and their cross sections, where
most of the cross sections were constrained experimentally.
Then the yield of K; K̄;Λ;Ξ;Ω are evaluated solving rate
equations simultaneously by considering the evolution of
temperature and baryonic chemical potential of the system.
Considering a hadronic system at Tc ¼ 154 MeV we have
calculated the strange hadron yield with various initial
conditions and obtained the yield ratio by normalizing with
thermal pions and finally compared the results with exper-
imental observations to have an information of freeze-out
(chemical) scenario. The best explanation of the yield ratio
data (scenario V) at 2.76 TeV LHC energy suggests that
(i) multistrange hadrons Ξ,Ω freeze-out close to Tc, so also
Λ at higher multiplicity, (ii) the freeze-out temperature of K
is different and less than multistrange hadrons, (iii) TF
increaseswithmultiplicity. This is for all strange hadrons.At
highest multiplicity, a single freeze-out scenario for
K; K̄;Λ;Ξ;Ω can be inferred. But the microscopic calcu-
lation suggests for the sequential freeze-out of strange
hadrons as the cross sections or rate of productions of
hadronic species are different and follows an order. But the
sequential freeze-out is not clearly visible for strange hadron
species at LHC energy. However it is expected at lower
colliding energies. At LHC, probably the energy density and
temperature is too high and the rate of production does not
distinguish the differences in mean free paths of the species
which lead to a common freeze-out at high multiplicity.
A smooth change of TF with dNch=dη at LHC energy is

expected if the yield ratio depends only on dNch=dη or
Npart. Present calculation is expected to help to check
whether energy density or finite size of the freeze-out
volume can be another parameter. Further improvement of
calculation can be done by considering the corrections due
to the volume of the pion freeze-out surface and consid-
ering the error bars due to the uncertainty of parameters.
Thus it would be interesting to analyze the yield ratio

data for all colliding energies available with a wide range of

multiplicities to have a general conclusion in the future.
This microscopic work set a framework to look for a better
answer in future calculation.
We have considered c2s ¼ 1=5 in our calculation and it

explain the data nicely. When c2s ¼ 1=3 is considered the
theoretical estimate overestimates the experimental obser-
vations for all dNch=dη. It would be more appropriate to
use the parametrization of the equation of state from lattice
with temperature dependent c2sðTÞ, which may improve the
calculation. The yield of Ξ, Ω including single strange
hadrons K; K̄;Λ are explained with this slow equation of
state with c2s ¼ 1=5.
Finally, summarizing the results it can be said that the

strange hadrons Λ, Ξ, Ω freeze-out earlier at a temperature
close to Tc at LHC energy, but kaons freeze-out little later
because of its higher cross section. But there is subtle and
indistinguishable difference in freeze-out temperatures of
hyperons. Sequential freeze-out or the differences in freeze-
out temperatures of various species may be clearly dis-
tinguishable or visible when the system is formed at lower
colliding energy with substantial dominance from baryons.
If we move from central collision to peripheral collisions,
the freeze-out temperature does not depend strongly on
centrality. It is same for Λ, Ξ, and Ω. For kaon it differs
slightly. In general, for particular species, the freeze-out
temperature does not depend strongly on centrality.
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APPENDIX: RATE EQUATION

We first outline the derivation of the chemical rate
equation for the evolution of number density of particle
type a [61]. The Boltzmann equation is given by

pμ∂μfa ¼ C½fK�; ðA1Þ

where faðx; p; tÞ is the phase space density of species a.
Assuming the phase space density to be spatially homo-
geneous and isotropic we have

E
∂fa
∂t ¼ C½fK�: ðA2Þ

Integrating over momenta we get

ga
ð2πÞ3

Z
d3p

∂fa
∂t ¼ ga

ð2πÞ3
Z

d3p
E

C½fa�;

which gives
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dna
dt

¼ ga
ð2πÞ3

Z
d3p
E

C½fa�; ðA3Þ

where naðtÞ is given by

naðtÞ ¼
ga

ð2πÞ3
Z

d3pfaðE; tÞ:

Let us define

dΠ ¼ g
ð2πÞ3

d3p
E

so that the right-hand side of Eq. (A3), for some reaction
aþ b → cþ d, may be written as (assuming classical
particles) Z

dΠaC½fa�

¼ −
Z

dΠadΠbdΠcdΠdð2πÞ4δ4

× ðpa þ pb − pc − pdÞFabcd;

where Fabcd is given by

Fabcd ¼ jMj2aþb→cþdfafb − jMj2cþd→aþbfcfd

and Maþb→cþd denotes the amplitude for forward reaction
aþ b → cþ d and Mcþd→aþb denotes the amplitude for
the reverse reaction cþ d → aþ b. Assuming PT invari-
ance, we have

jMj2aþb→cþd ¼ jMj2cþd→aþb ¼ jMj2

so that we getZ
dΠaC½fa�

¼ −
Z

dΠadΠbdΠcdΠdð2πÞ4

× δ4ðpa þ pb − pc − pdÞjMj2ðfafb − fcfdÞ:
The differential cross section [62] for the reaction aþ b →
cþ d is given by

dσ¼ 1

EaEbvab

Z
dΠcdΠdð2πÞ4δ4ðpaþpb−pc−pdÞjMj2;

where vab ¼ jva − vbj denotes the Moller velocity (or
relative velocity in loose terms) and which is given by

vab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpa:pbÞ2 −m2

am2
b

q
EaEb

:

The above expressions suggest the definition for the non-
thermal (NTh) averaged cross section times velocity as

hσabvabiNTh ¼
1

nanb

Z
dΠadΠbdΠcdΠdð2πÞ4

× δ4ðpa þ pb − pc − pdÞjMj2fafb: ðA4Þ

Hence the evolution equation for number density of
particles a will be

dna
dt

¼ −nanbhσabvabiNTh þ ncndhσcdvcdiNTh: ðA5Þ

To make further progress we assume that the nonthermal
reaction rate is approximately equal to the thermal average,
i.e., near chemical equilibrium and the same is also
assumed for slightly away from equilibrium. hσviNTh≈
hσviTh. Hence the chemical rate equation becomes

dna
dt

¼ −nanbhσabvabiTh þ ncndhσcdvcdiTh: ðA6Þ

From now onwards we will remove the subscripts “Th” for
thermal averages. All averages that appear below should be
understood as thermal averages. If the system is also
expanding, then the rate equation becomes

dna
dt

þΓexpna¼−nanbhσabvabiThþncndhσcdvcdiTh; ðA7Þ

where Γexp is the expansion rate. For (1þ 1)-dimensional
Bjorken expansion, Γexp ¼ 1

t. Also, since we are studying
the production of strange hadrons whose masses are much
larger than the temperature range ðT < TcÞ in which we are
interested, we can take the equilibrium distribution to be
Maxwell-Boltzmann distribution. Hence the reaction rate
RðTÞ for a reaction with incoming particles a, b and
outgoing particles c, d and at a temperature T is given by
[13,57],

hσviab→cd ¼
R
σve−Ea=Te−Eb=Td3pad3pbR
e−Ea=Te−Eb=Td3pad3pb

¼ CabðTÞ
16π2T2

Z
σve−Ea=Te−Eb=Td3pad3pb; ðA8Þ

where CabðTÞ is given by the following expression

CabðTÞ ¼
1

m2
am2

bK2ðma=TÞK2ðmb=TÞ
;

and K2ðxÞ denotes the modified bessel function of the
second kind. Taking a preferential direction for pa along the
z direction and taking θ as the angle between pa and pb,
one gets after simplification
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hσviab→cd¼
CabðTÞ
8T

Z
∞

s0

ds½s−ðmaþmbÞ2�½s−ðma−mbÞ2�

×
1ffiffiffi
s

p σK1ð
ffiffiffi
s

p
=TÞ; ðA9Þ

where K1ð
ffiffiffi
s

p
=TÞ ¼

ffiffi
s

p
T

R
dEþe−Eþ=T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2þ − s

p
. With

z ¼
ffiffi
s

p
T , one can write the thermal averaged reaction rate as

hσviab→cd ¼
T4

4
CabðTÞ

Z
∞

z0

dz½z2 − ðma=T þmb=TÞ2�

× ½z2 − ðma=T −mb=TÞ2�σK1ðzÞ; ðA10Þ

where z0 ¼ maxðma þmb;mc þmdÞ=T.
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