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We analyze the transverse-momentum spectra of strange hadrons produced in Pb + Pb collisions at the
collision energy

√
sNN = 2.76 TeV for different centrality bins. Our approach combines the concept of chemical

nonequilibrium with the single-freeze-out scenario. The two ideas are realized in the framework of the Cracow
model, whose thermodynamic parameters have been established in earlier studies of the ratios of hadron
multiplicities. The geometric parameters of the model are obtained from the fit to the spectra of pions and
kaons, only. Using these parameters, we obtain an excellent description of the spectra of protons and the K0

S ,
K∗(892)0, and φ(1020) mesons. A satisfactory description is obtained for the �, �, and � hyperons.
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I. INTRODUCTION

Thermal and statistical models of hadron production [1–19]
have become the standard tools to analyze mean multiplicities
of the particles produced in heavy-ion collisions. They have
explained successfully the BNL Alternating Gradient Syn-
chrotron (AGS) [5–7], the CERN Super Proton Synchrotron
(SPS) [8–14], and the BNL Relativistic Heavy Ion Collider
(RHIC) [15–20] data on hadronic abundances. Supplemented
by the proper definition of the spacetime geometry and
hydrodynamic flow at freeze-out, the statistical models allow
us to describe the transverse-momentum spectra and other
soft-hadronic observables [17–21]. Nevertheless, the recent
CERN Large Hadron Collider (LHC) data on heavy-ion
collisions show that the predictions of two popular versions
of the statistical model (the chemical equilibrium model
and the strangeness nonequilibrium model) give too large
values for the kaon-to-pion ratio, (K+ + K−)/(π+ + π−), and
especially, for the ratio of protons to pions (p + p̄)/(π+ + π−)
[22,23]. The recent fit [24] gives values for protons and
antiprotons almost three standard deviations higher compared
to the LHC data. The pions, kaons, and protons are the most
abundant particles that are produced in heavy-ion collisions;
therefore, this discrepancy is very uncomfortable for the
thermal interpretation of hadron production. The problem with
the correct description of protons is sometimes referred to as
the proton puzzle [25].

Besides the problems with thermal interpretation of
the hadron abundances at the LHC, one encounters also
problems with the hydrodynamic interpretation of the
transverse-momentum spectra of pions, kaons, and protons;
see Fig. 1 in Ref. [22] and Figs. 13, 14, and 15 of Ref. [23].
The ratios of data and model analyzed in Ref. [23] have a
very characteristic convex shape. Quite a few hydrodynamic
models are discussed in Ref. [23]: Viscous Israel-Stewart
2+1 Hydrodynamics with UrQMD (VISH2 + 1) [26],
Hydro-Kinetic Model (HKM) [27], Energy-sharing, Parton
Multiple scattering with Outshell remnants and Screening

model (EPOS) [28], and Krakow [29].1 All these models
exhibit a deficit in the very low-pT region, with the largest
effect of about 25–50% for pions in the most central collisions
(c = 0–5%). In the ultraperipheral collisions (c = 70–80%),
the models fail to reproduce the data at both the low and
high transverse momenta. Similar features appear in the
calculations presented in Refs. [30] and [31]. This situation is
quite surprising, as the hydrodynamic models are supposed to
work at low momenta, say, up to pT ∼ 2 GeV.

At least four concepts have been already introduced to
explain the proton puzzle: the nonequilibrium hadronization,
inelastic interactions in the hadronic phase, incomplete list of
hadrons, and flavor hierarchy at freeze-out; see a recent review
[32] and references therein. However, each of these concepts
has its weak points and the puzzle is not solved yet. Here we
discuss only the nonequilibrium hadronization model, because
in our earlier work we have found [33] that one can connect
the proton puzzle with the anomalous behavior of the pion
pT spectra and solve the two problems within the chemical
nonequilibrium version of the Cracow single freeze-out model.

Encouraged by the success of our approach, in this paper
we extend our study to all centrality classes and all measured
hadrons including the recently measured strange mesons and
baryons. Following the same procedure as in Ref. [33], we take
the values of thermodynamic parameters from Ref. [34] and
find the model geometric parameters from the fit to the pion and
kaon spectra, only. In the next step, with the same parameters
we determine the spectra of other hadrons. In this work we
show that this strategy leads to an excellent description of the
spectra of p + p̄, K0

S , K∗(892)0, and φ(1020). A satisfactory
description is also obtained for �, �, and �.

The paper is organized as follows: In Sec. II we introduce
our approach based on the Monte Carlo version of the Cracow

1We note that the Krakow hydrodynamic model cited in Ref. [23]
is different from the Cracow freeze-out model used in our paper,
although the former uses also the concept of single freeze-out at the
end of the hydrodynamic evolution.
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model as implemented in the THERMINATOR code [35,36]. The
parameters of the model are fixed by the fits to the pion and
kaon spectra, which are described in Sec. III. The results
showing the pT spectra of strange particles are presented in
Sec. IV. The general discussion of our physics results in Sec. V
and the two appendices close the paper.

II. THE CRACOW MODEL

A. The freeze-out spacetime geometry

The starting point for our considerations is the Cooper-
Frye formula. The hadron rapidity and transverse-momentum
distributions are calculated from the expression

dN

dyd2pT

= E
dN

d3p
=

∫
d� · p f (p · u), (1)

where d�μ = τf rdr dη dϕ uμ is an element of the freeze-out
hypersurface and uμ is the hydrodynamic Hubble-like flow at
freeze-out:

uμ = xμ

τf

= (t,x,y,z)

τf

. (2)

The parameter τf fixes invariant time at freeze-out, τ 2
f =

t2 − x2 − y2 − z2. Hence, the freeze-out hypersurface may be
conveniently parameterized with the help of three variables.
In our case we use the transverse distance from the collision
axis, r =

√
x2 + y2, the spacetime rapidity, η = 1/2 ln(t +

z)/(t − z), and the azimuthal angle, ϕ = tan−1(y/x). Since
we consider a boost-invariant system, the integration over the
spacetime rapidity η in Eq. (1) stretches from minus to plus
infinity. On the other hand, the integration over r is restricted
to the range 0 � r � rmax, where rmax defines the edge of
a firecylinder. The quantities τf and rmax are the only two
geometric parameters of the Cracow model.

The distribution function f (pu) consists of primordial
(directly produced) and secondary (produced by resonance
decays) contributions. The decays are handled by THERMI-
NATOR [35,36] and include all particles and well-established
resonances. The primordial distribution of the ith hadron in
the local rest frame has the form [37]

fi(p,T ,ϒi) = gi

ϒ−1
i exp

(√
p2 + m2

i

/
T

) ∓ 1
. (3)

Here gi is the degeneracy factor connected with spin, mi is
the mass of the particle, ϒi is the particle’s fugacity, and T
is the system’s temperature. The −1 (+1) sign corresponds to
bosons (fermions).

The integration of the distribution function (3) over three-
momentum gives the hadron density

ni(T ,ϒi) =
∫

d3p

(2π )3
fi(p,T ,ϒi). (4)

Similarly, the integration of the distribution (1) over transverse-
momentum gives the rapidity distribution dN/dy. In
Appendix A we show that the freeze-out geometry of our

model implies the relation2

dNi

dy
= dNi

dη
= πr2

maxτf ni(T ,ϒi). (5)

Consequently, the knowledge of the thermodynamic parame-
ters together with the rapidity density allows us to determine
the system’s volume per unit rapidity,

dV

dy
= πr2

maxτf . (6)

As we shall see below, an independent experimental estimate
of this quantity may serve us to reduce the number of
independent geometric parameters of our model from two to
just one.

B. Implementation of the chemical nonequilibrium

The difference between equilibrium and nonequilibrium
models resides in the pre-exponential part of the fugacity
factor ϒi :

ϒi = γ
Ni

q+Ni
q̄

q γ
Ni

s +Ni
s̄

s exp

(
μQQi + μBBi + μSSi

T

)
, (7)

where γq and γs are the nonequilibrium parameters, Ni
q and Ni

s

are the numbers of light (u,d) and strange (s) quarks in the ith
hadron, while Ni

q̄ and Ni
s̄ are the numbers of the antiquarks in

the same hadron. The μQ, μB , and μS are the electric, baryon,
and strange chemical potentials in the system, while Qi , Bi ,
and Si are the electric charge, baryon number, and strangeness
of the ith hadron [33,37]. The chemical potentials are very
small at the LHC energies. Therefore, for simplicity,3 we set
μQ = μB = μS = 0 and obtain

ϒi = γ
Ni

q+Ni
q̄

q γ
Ni

s +Ni
s̄

s . (8)

The term nonequilibrium comes from the fact that the
case with γq �= 1 and γs �= 1 is equivalent to the introduction
of the nonequilibrium chemical potentials μq/T = ln γq and
μs/T = ln γs through the relation

ϒi ≡ exp

(
μq

(
Ni

q + Ni
q̄

) + μs

(
Ni

s + Ni
s̄

)
T

)
. (9)

From Eq. (9) one can conclude, for example, that the conditions
μi > 0 or γi > 1 (i = q,s) mean that the number of quark and
antiquark pairs in this case is larger than the corresponding
equilibrium number obtained with the same temperature. This
kind of phenomenon may appear because of fast expansion
and cooling of the strongly interacting system. It can be also a
result of the interplay between annihilation and recombination

2We stress that η denotes the spacetime rapidity in our model;
hence, Eq. (5) means that the spacetime rapidity distribution is equal
to the rapidity distribution. On the other hand, the pseudorapidity and
rapidity densities are usually quite different, especially at y = 0 [21].

3This assumption does not affect our results, because we do not
consider very small differences between particles and antiparticles at
the LHC and analyze only their total number. We also neglect the
contributions from the charmed hadrons in Eqs. (7) and (8).
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processes. For example, a pp̄ annihilation to n pions would
produce the relation between nucleon and pion chemical
potentials4

2μN = nμπ . (10)

Generally, n may depend on energy; however, Eq. (8) pos-
tulates that n = 3. One can also imagine a QCD mechanism
like the gluon condensation followed by the formation of low
momentum qq̄ pairs which fuse into pions, which subsequently
condense [38]; see also [39,40].

Roughly speaking, one can say that in the nonequilibrium
statistical model the extra degrees of freedom parametrize
the effects connected with a departure from the equilibrium
physics. However, using Eqs. (8) and (9) we imply that there
are only two parameters responsible for deviations from the
standard statistical model—for all particles the corrections
scale in the way corresponding to their quark content. In this
work, similarly to our previous paper [33], we compare two
cases: the nonequilibrium statistical hadronization version of
the Cracow model (NEQ SHM), where γq �= 1 and γs �= 1,
and the equilibrium version (EQ SHM), where γq = γs = 1.

In typical calculations, the use of the parameter γs does
not lead to substantial modifications of other thermodynamic
parameters, like temperature or volume, but helps to describe
strange particles. The appearance of γs can be explained, for
example, in the so-called core-corona model [41–44], where
a superposition of two sources of particle production is taken
into account: single nucleon-nucleon (NN) collisions and a
fully equilibrated source.

The use of γq > 1 (to our knowledge, introduced for the first
time in Ref. [38]) makes the freeze-out temperature and/or vol-
ume smaller, because it influences the most abundant particles
in the medium: Pions are multiplied by γ 2

q while protons by γ 3
q .

The temperature found in the recent chemical nonequilibrium
calculations [34] is about 140 MeV. It is lower than the
transition temperature obtained by the Wuppertal-Budapest
Collaboration, Tc = 150–170 MeV. We note, however, that
direct comparisons of the chemical nonequilibrium models
(i.e., the models with γs �= 1 and/or γq �= 1) with the lattice
simulations is inappropriate, since the lattice simulations
are done for full chemical equilibrium. Furthermore, the
temperature of freeze-out may be not connected with the phase
transition temperature—we expect only that the latter is higher
than the former.

We note that the value of γq used in Ref. [34] is equivalent to
the pion chemical potential μπ = 2T ln γq � 134 MeV, which
is very close to the π0 mass, mπ0 � 134.98. It may suggest
that a substantial part of π0 mesons form the condensate. Since
the prediction of the Bose condensation in 1924 [45,46] the
beauty and simplicity of this phenomenon have attracted the
attention of many physicists [39,40,47–56]. However, only

4Using the Gibbs free energy one can show that the coefficients
multiplying chemical potentials in equilibrium are equal to the
coefficients appearing in the definition of the process. Equation (10)
describes the equilibrium among protons, antiprotons, and pions only,
with the condition that a pp̄ pair produces exactly n pions. We thank
Edward Shuryak for pointing out this relation to us.

FIG. 1. (Color online) Temperature T shown as a function of
centrality for the chemical nonequilibrium model (solid red [gray]
line). The results from Ref. [34] are denoted as PLPR.

recently it has been confirmed experimentally in the system of
cold atoms [57,58]. The high-temperature Bose condensation
on the MeV ∼1012 K scale is also possible even in very small
systems which are created in elementary particle collisions
[59]. The Bose condensate formed in the ultrarelativistic
regime has been considered in Refs. [60,61] as a dark-matter
candidate in cosmological models. There are also interesting
effects that appear inside of the pion condensate; see, e.g.,
Ref. [62]. Besides that, large pion chemical potentials may
lead to the formation of other types of condensates like a
diquark Bose condensate [63,64]. All those findings indicate
at the importance of further studies of the Bose condensation
phenomenon in high-energy physics.

III. FIXING MODEL PARAMETERS—SPECTRA
OF PIONS AND KAONS

As in our previous work [33], we use the thermodynamic
parameters of the NEQ SHM model determined first in
Ref. [34]. In Ref. [33] we used the values of T , γq , and γs from
Ref. [34] and determined the values of rmax and τf from the
χ2 fit to the spectra of pions and kaons. In this work we adapt
a simpler method—in addition to T , γq , and γs we use also
the value of the volume dV/dy determined in Ref. [34]. The
latter introduces a relation between rmax and τf ; see Eq. (6).
Hence, we need to fit only one parameter, which we choose to

FIG. 2. (Color online) The parameters γq (a) and γs (b) as
functions of centrality for the chemical nonequilibrium model.
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FIG. 3. (Color online) Geometric parameters (a) and the volume
per unit rapidity (b) for both the chemical nonequilibrium and
chemical equilibrium models.

be the ratio rmax/τf . In multiple calculations we have verified
that the use of T , γq , and γs from Ref. [34] together with the
two-dimensional fit of rmax and τf leads to the same results as
the use of T , γq , γs , and dV/dy from Ref. [34] along with the
one-dimensional fit of rmax/τf .

In order to analyze the centrality classes that are different
from those studied in Ref. [34] and to facilitate the numerical
manipulations, we use polynomial approximations for the
functions T (c), γq(c), γs(c), and dV/dy(c). They are explicitly
given in Appendix B. In practice, for the centrality class
defined by the range c = c1–c2%, we use the values from
the middle of the range; for example, we take T ((c1 + c2)/2).
Having determined the optimal value of rmax/τf for each
studied centrality class, we use it to make predictions for the
pT spectra of protons and other hadron species.

In Fig. 1 we show the centrality dependence of the
temperature T used in NEQ SHM. The small squares represent
the values taken from Ref. [34], the dashed line (denoted as
PLPR) is the interpolation of the results found in Ref. [34], and
the red (gray) line represents our approximation. In Figs. 2(a)
and 2(b), we show the two analogous plots of γq (c) and γs(c). In
Fig. 3 we show the geometric parameters (a) and the volume
per unit rapidity (b) for both the chemical nonequilibrium
and chemical equilibrium models. In the EQ SHM version

FIG. 4. (Color online) Upper panels: Transverse-momentum spectra of pions (left), kaons (middle), and protons (right) in different centrality
classes. The data [23] are shown by the open symbols. The calculations in the nonequilibrium version of the Cracow model are indicated by the
lines. Lower panels: The ratios of the experimental and theoretical pT spectra in the most central (c = 0–5%), semiperipheral (c = 30–40%),
and ultraperipheral (c = 80–90%) collisions for pions, kaons, and protons.
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FIG. 5. (Color online) Same as Fig. 4 but in the equilibrium Cracow model.

we fix the temperature to be the same for all centralities,
T = 165.6 MeV, and fit both rmax and τf . In this case, once
again we fit first the pion and kaon spectra only and use the
obtained parameters for all other particles. It is interesting to
notice that although the geometric parameters are different for
NEQ SHM and EQ SHM the volume per unit rapidity remains
almost unchanged if we fix the centrality class.

The results of our calculations for pions, π+ + π−, kaons,
K+ + K−, and protons, p + p̄, are shown in Fig. 4 for NEQ
SHM and in Fig. 5 for EQ SHM. We consider all centralities
and the whole pT range provided by the experiment for pions
and kaons. In order to show all centralities together we have
multiplied each spectrum at a given centrality by the factor
displayed in the upper right panel. Experimental error bars in
the upper panels are of the size of the symbols and, therefore,
they are not shown. The logarithmic scale used for the pT

axis emphasizes the low-pT region. The lower panels show
the data-to-model ratios for the most central, c = 0–5%,
semiperipheral, c = 30–40%, and ultraperipheral collisions,
c = 80–90%.

In the upper panels of Figs. 4 and 5 one can observe a
good agreement for pions and kaons both for NEQ and EQ

versions of the Cracow model in the wide pT range and for all
centralities. This agreement is a strong argument in favor of
the parametrization (2) of the flow at freeze-out. On the other
hand, the protons in central collisions are described only in
NEQ, as we first observed in Ref. [33].

The agreement between the data and the model predictions
is more clearly displayed in the lower panels of Figs. 4 and 5
where the linear vertical scale is used. The NEQ lines in the
Cracow model go exactly through the experimental points for
pions and kaons, for most central and semiperipheral collisions
in the whole range from the lowest available point up to pT =
3 GeV. The deviations appear only in ultraperipheral collisions
for pT � 1.5 GeV. In spite of the fact that we fitted only pions
and kaons, the agreement for protons is also very good.

Comparing Figs. 4 and 5 one can check that the NEQ fit
is much better than the EQ fit. Moreover, in EQ SHM the
demand of the best fit for pions and kaons bends pions up and
kaons down at low pT . The proton spectra behave similarly to
the kaon spectra. The protons are so much in anticorrelation
with the pions that a simultaneous fit of the low pT part of
the spectrum of pions and protons in EQ SHM seems to be
impossible.
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FIG. 6. (Color online) The centrality dependance of the χ 2 cal-
culated for the joint fit of the pT spectra of pions and kaons.

The quality of the fit in NEQ and EQ is illustrated in
Fig. 6. The values of χ2 indicate that NEQ SHM is three
times better for central and semicentral collisions. Starting
with the centrality of about 40%, the difference between NEQ
and EQ SHM decreases while the values of χ2 grow very
rapidly. This behavior may be explained by the qualitative
change of the spectra which are exponential in central and
semicentral collisions and become well described by a power
law in peripheral collisions.

IV. SPECTRA OF STRANGE PARTICLES

Another challenging test for the NEQ SHM model is a
comparison of the model predictions with the data available
for the pT spectra of strange particles. In order to verify the
model we use the same parameters as those found in the study
of pions and kaons. We do not present here the results for

the chemical equilibrium version, since it always yields much
worse agreement with the data as compared to the chemical
nonequilibrium version.

In the model analysis of the spectra of strange particles it
is very important to take into account the same weak decay
corrections as those considered by the experiment. The ALICE
Collaboration does not specify the weak corrections for K0

S ;
hence, we take into account the K0

S ’s coming from all possible
decays. The spectra of the � hyperons were corrected for
the feed-down contributions coming from the weak decays
of �− and �0. Therefore, we subtract the feed-down from
these particles only. ALICE also did not correct the � spectra
for the feed-down from nonweak decays of �0 and from the
�(1385) family. All �0 and 88.25% of �−(1385), �0(1385),
and �+(1385) decay into � and are included in the � yield in
THERMINATOR by default. The �’s and �’s are directly taken
from the generated events.

The results for K0
S , K∗(892)0, and φ(1020) are shown in

Fig. 7. The error bars are indicated only if they are bigger than
the corresponding symbols in the figure. One can see that the
pT spectra of these particles are fitted very well. For many
centralities the NEQ model lines go through the experimental
points. We stress that it is very nontrivial that the fit done
initially for π+ + π− and K+ + K− only appears so good also
for p + p̄, K0

S , K∗(892)0, and φ(1020). These particles have a
different quark content and therefore different nonequilibrium
corrections according to Eq. (8). Moreover, the K∗(892)0,
in contrast to other particles, is a short-living resonance that
could not interact frequently with the hadronic matter possibly
formed in the final state. The fact that we fit its spectrum
together with the long-living φ(1020) supports our picture of
the nonequilibrium hadronization and the single freeze-out.

The model and experimental pT spectra of the hyperons (�,
� = �+ + �−, and � = �+ + �−) are shown in Fig. 8. One
can see that the behavior of � is different from the behavior

FIG. 7. (Color online) Transverse-momentum spectra of K0
S (left), K∗(892)0 (middle), and φ(1020) (right) in different centrality classes.

The data [65,66] are shown by the open symbols. The calculations in the nonequilibrium Cracow model are indicated by the lines.
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FIG. 8. (Color online) The same as in Fig. 7 but for � [65], �, and � [67].

of � and �. The typical shape of the � spectrum is similar
to that observed in the data, but the overall normalization of
the model spectrum is smaller. The experimental results for �
and � at low pT are well reproduced, but for higher values of
pT (pT > 2 GeV) the NEQ SHM model overshoots the data.
One of the possible sources of these discrepancies may be the
use of the thermodynamic parameters established earlier in
Ref. [34]. At the time when Ref. [34] was written, the data
on multistrange particles were not available. Therefore, the
authors of Ref. [34] made an estimate of the yields of �, �,
and �. In a more recent paper they report lower values of γs

and propose to take into account the �(1560) resonance that
decays into � [68]. Unfortunately, the fit is done only for the
c =10–20% centrality bin (this is so probably because ALICE
made different centrality selections for different particles, and
they coincide only for the c = 10–20% bin).

As we are mainly interested in the spectra, in this paper
we do not refit the whole presently available set of data on
mean multiplicities. Nevertheless, we can make an estimate
of the effect of inclusion of the �(1560) decays into � in the
similar way as it has been done in [68]. The result is shown in
Fig. 8 by the dashed line. One can see that the agreement is
improved with �(1560) included, especially for more central
events. On the other hand, the peripheral events for � start to
deviate from the data in a similar way as the calculations for
� and �. There is approximately the same area under the data
and simulation curves, but we have too few particles at low
pT and too many at high pT . This may be an artifact of the
Cracow model that assumes a simple Hubble form of flow at
freeze-out for all particles at all centralities; see Eq. (2). Thus,
the excess at high pT may be an indication that heavy particles
in our model experience too much flow.5

5A similar conclusion was drawn from the blast wave fits presented
in Ref. [69].

V. CONCLUSIONS

In this work we have analyzed the transverse-momentum
spectra of strange hadrons produced in Pb + Pb collisions at
the collision energy

√
sNN = 2.76 TeV. In this way, we have

extended our approach initiated in Ref. [33], where we studied
pions, kaons, and protons only. An additional new aspect of
the present work is the complete analysis of the data collected
at different centrality classes.

Our approach combines the concept of chemical nonequi-
librium with the single-freeze-out scenario. To calculate the
transverse-momentum spectra we have used the framework of
the Cracow model with thermodynamic parameters established
in earlier studies of the ratios of hadron abundances. The geo-
metric parameters of the model have been obtained from the fit
to the pion and kaon spectra. Using the same thermodynamic
and geometric parameters, we have obtained an excellent
description of the spectra of K0

S ’s, K∗(892)0’s, and φ(1020)’s.
These particles have different lifetimes, and the presence of
a long hadronic phase after the chemical freeze-out would
change the temperature parameters characterizing K∗(892)0’s
and φ(1020)’s. Therefore, our simultaneous description of
K∗(892)0’s and φ(1020)’s confirms the validity of the single-
freeze-out approximation. A satisfactory description is also
obtained for �, �, and �.

Our general conclusion is that the chemical nonequilibrium
model with essentially one extra geometric parameter allows
for a good description of the spectra of all hadrons measured
in heavy-ion collisions at the LHC energies. Since at lower
energies the spectra were very well described by the equilib-
rium model with γq = 1 [70], it may suggest a new physics
mechanism of particle production at the LHC.
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TABLE I. Coefficients used in Eq. (B1) describing the centrality dependence of the thermodynamic and geometric parameters for the two
versions of the model.

Nonequilibrium Equilibrium

rmax τf T γq γs rmax τf

A 12.046 7.89 137.91 1.63 2.05 11.42 9.31
B −1.44 × 10−1 −9.34 × 10−2 2.57 × 10−2 −6.17 × 10−5 2.05 × 10−3 −1.57 × 10−1 −1.22 × 10−1

C 3.97 × 10−4 1.65 × 10−4 1.08 × 10−3 −8.34 × 10−6 −7.69 × 10−5 9.47 × 10−4 2.90 × 10−4

D −1.40 × 10−6 1.77 × 10−6 −6.42 × 10−6 5.05 × 10−8 −3.56 × 10−7 −4.98 × 10−6 2.36 × 10−6
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APPENDIX A: RAPIDITY AND SPACETIME
RAPIDITY DISTRIBUTIONS

Using our definition of the element of the freeze-out
hypersurface d�μ in Eq. (1) we may write

E
dN

d3p
= τf

∫ rmax

0
r dr

∫ +∞

−∞
dη

∫ 2π

0
dϕ puf (pu). (A1)

Integrating this equation over momentum gives

dN

dη
= τf

∫ rmax

0
r dr

∫ 2π

0
dϕ uμ

∫
d3p

E
pμf (pu). (A2)

The covariant form of the last integral on the right-hand side
in Eq. (A2) implies

dN

dη
= τf

∫ rmax

0
r dr

∫ 2π

0
dϕ n(T ,ϒ). (A3)

If the freeze-out conditions correspond to constant values of
T and ϒ , the last factor in Eq. (A3) factorizes and we obtain
the desired formula

dN

dη
= πr2

maxτf n(T ,ϒ). (A4)

In addition, the boost invariance of Eq. (A1) implies that the
density dN/dη is obtained from the expression whose general
form may be written as

dN

dη
=

∫
dy

∫
d2pT F (pT ,y − η), (A5)

where F is a function of the difference y − η. From Eq. (A5)
we conclude that

dN

dη
= dN

dy
. (A6)

APPENDIX B: THERMODYNAMIC PARAMETERS
AS FUNCTIONS OF CENTRALITY

In this section we present our approximate formulas for the
centrality dependence of the thermodynamic and geometric
parameters in the chemical nonequilibrium and chemical
equilibrium models. All functions are approximated by the
third-order polynomial of the form

A + Bc + Cc2 + Dc3, (B1)

where c is given in percentages multiplied by 100. The
appropriate coefficients are given in Table I.
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