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Abstract. Here we develop a new strategy to analyze the chemical freeze-out of light (anti)nuclei produced
in high energy collisions of heavy atomic nuclei within an advanced version of the hadron resonance gas
model. It is based on two different, but complementary approaches to model the hard-core repulsion
between the light nuclei and hadrons. The first approach is based on an approximate treatment of the
equivalent hard-core radius of a roomy nuclear cluster and pions, while the second approach is rigorously
derived here using a self-consistent treatment of classical excluded volumes of light (anti)nuclei and hadrons.
By construction, in a hadronic medium dominated by pions, both approaches should give the same results.
Employing this strategy to the analysis of hadronic and light (anti)nuclei multiplicities measured by ALICE
at \/syn = 2.76 TeV and by STAR at /syny = 200 GeV, we got rid of the existing ambiguity in the
description of light (anti)nuclei data and determined the chemical freeze-out parameters of nuclei with high
accuracy and confidence. At ALICE energy the nuclei are frozen prior to the hadrons at the temperature
T = 175.1f§:g MeV, while at STAR energy there is a single freeze-out of hadrons and nuclei at the
temperature T' = 167.2 £ 3.9 MeV. We argue that the found chemical freeze-out volumes of nuclei can be
considered as the volumes of quark-gluon bags that produce the nuclei at the moment of hadronization.

PACS. 25.75.-q Relativistic heavy-ion collisions

05.70.Ce Thermodynamic functions and equations of state

64.30.-t Equations of state of specific substances

1 Introduction

The concept of hard-core repulsion plays an important role
in the statistical mechanics of classical systems since, de-
spite its simplicity, it allows one to correctly reproduce the
basic properties of real gases at short distances. Its impor-
tance in describing the multiplicities of hadrons produced
in the central high energy nuclear (A+A) collisions is be-
yond any doubts. In atomic physics it is clear that the
hard core in the intermolecular interaction has its funda-
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mental origin in the Pauli exclusion principle and the elec-
tron exchange correlations between atoms and molecules
(see, e.g., [1] and references therein) which allows one to
predict the composition and thermodynamics of inertial
fusion plasmas due to the account of the Pauli-blocking
effect between atomic clusters [2]. However, the applica-
tion of the fundamental Pauli principle on the quark level
to account for a repulsive hard core in the interaction
among hadrons is still in its infancy [3]. The account of the
Pauli blocking effect for light clusters in nuclear matter is
meanwhile well-elaborated for not too high temperatures
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[4] and for applications to the composition of supernova
matter [5,6], where usually excluded volume approaches
are applied to account for light cluster abundances [7,8,9].
Within the quantum statistical approach, the second virial
coefficient is addressed via a generalized Beth-Uhlenbeck
equation of state which accounts for medium effects on the
scattering phase shifts among clusters (cluster virial ex-
pansion [10]). The latter not only describes systematically
the in-medium modification of the hard-core interaction,
but ultimately leads to the Mott dissociation of the nu-
clear clusters due to Pauli blocking. The generalization of
this successful quantum statistical approach to the higher
temperatures by including all species of a hadron reso-
nance gas and the treatment of repulsive Pauli-blocking
effects on the basis of their fermionic quark substructure
is a formidable task that has just been started [11]. For
the time being, one can already get interesting insights for
the discussion of chemical freeze-out (CFO) of light clus-
ters in the QCD phase diagram, in the context of ongoing
discussions of the puzzle why these clusters freeze out in
ultrarelativistic heavy-ion collisions at CERN and BNL
according to predictions of the thermal statistical model
at the same high temperature Tecrpo ~ 160 MeV like all
the other hadrons while their binding energies are at least
an order of magnitude smaller.

This puzzle of the light nuclei production at LHC and
RHIC has been discussed in many recent papers [12,13,
14,15,16,17,18,19,20,21,22], from both alternative points
of view: the coalescence of nucleons (and hyperons, if ap-
plicable) in the final state after thermal freezeout of the
hadrons on the one hand, and the CFO of the nuclei ac-
cording to the thermal statistical model together with
the other hadronic species directly in the vicinity of the
hadronization transition in the QCD phase diagram on
the other.

When drawing the lines for the Mott dissociation of
light clusters as derived from the quantum statistical model
into the QCD phase diagram one observes [23,24] that at
the conditions of LHC and STAR experiments the medium
modifications for nuclear clusters are not important, so
that they can be expected to follow the ordinary thermal
statistical model albeit including a hard core repulsion as
in free space. Therefore, we devote the present work to
extending the concept of hard core repulsion for hadronic
systems with nuclear clusters in a thermodynamically con-
sistent way and will apply it to the description of hadron
and light cluster yields obtained in these experiments.

The real breakthrough in achieving a very high accu-
racy in the description of hadronic yields measured from
the low AGS BNL collision energy (\/sny = 2.7 GeV) to
the LHC CERN one (\/syy = 2.76 TeV) is related to the
hadron resonance gas model (HRGM) with several hard-
core radii of hadronic species [25,26,27,28], i.e. with the
multicomponent hard-core repulsion. Indeed, using just
two extra parameters, the hard-core radii of pions R, and
kaons Ry, in addition to the hard-core radii of baryons Ry,
and the ones of other mesons R,,, which are traditionally
employed in the HRGM, it was possible to achieve a very
accurate description of all independent hadron multiplic-

ity ratios measured prior to the LHC era with a x?/dof
which is in the range between 1.15 [26,27,28] and 0.96 [29].
The high accuracy achieved by the HRGM with multicom-
ponent hard-core repulsion allowed us not only to eluci-
date the characteristics of the CFO of A+A collisions, but
also to reveal new irregularities of thermodynamic quanti-
ties at the CFO and to formulate new signals of two phase
transitions [30,31,32,33,34] which are expected to exist in
strongly interacting matter.

We have to remind that traditionally the CFO is de-
fined as the moment after which the inelastic reactions
stop to exist, while the evolution of hadronic matter is
dominated by elastic reactions towards thermal freeze-out
and decays of resonances [35].

However, the multicomponent versions of the HRGM
based on the Van der Waals (VAW) approximation to the
hard-core repulsion, i.e. which employ the classical second
virial coefficients, are rather complicated and they take
a lot of CPU time, since for N different hard-core radii
for each iteration of the fitting process of experimental
data one has to solve the system of N + 1 transcenden-
tal equations which involve hundreds of double integrals
[25,26,27,28,29]. Therefore, the application of the multi-
component HRGM based on VAW approximation to cases
of N > 1 is rather problematic. Fortunately, an entirely
new and efficient approach to treat the multicomponent
hard-core repulsion for large values of N was invented in
Ref. [36]. This novel approach based on the induced sur-
face tension concept has two important advantages over
the other multicomponent versions of the HRGM: first,
the number of equations to be solved is always two and
it does not depend on N and, second, it allows one to go
beyond the VAW approximation [37,38,39,40]. Note that
the classical virial coefficients are traditionally denoted as
the excluded volumes (per particle).

Despite the great achievements of the HRGM one im-
portant problem of the CFO was not resolved until re-
cently. It is the CFO puzzle of light (anti)nuclei yields
measured by the STAR RHIC collaboration in Au+Au
central collisions [42,43,44] at the center-of-mass collision
energy /syn = 200 GeV and the ones obtained recently
by the ALICE CERN collaboration in Pb+Pb collisions
at the center-of-mass collision energy /syny = 2.76 TeV
[45,46,47].

There are many important aspects of the CFO puz-
zle of light (anti)nuclei yields [19,21,22,49,50,57,58,59,
60,61,62] measured in A+A collisions, but in our opinion
the central one, is the value of their CFO temperature
T4. This is so, since without the reliable knowledge of
their CFO temperature Ty one cannot formulate a physi-
cally adequate model for the production of deuterons (d),
helium-3 (*He), helium-4 (*He) and hyper-triton (5 H) and
their antiparticles in A4+A collisions and a model of their
thermalization as well. Other approaches in the litera-
ture which describe the production of nuclei in heavy ion
collisions obtain estimates for T4 using extensions of the
HRGM that consider the nuclei as point-like particles [57]
or assume the hard-core radius of all light (anti)nuclei to
be equal to the hard-core radius of baryons Ry [58]. It is
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of interest to go a step further and aim to describe nuclei
in a more realistic way.

In our previous work [60] a more elaborate HRGM has
been presented that is based on the concept of induced
surface tension [36,37,38]. It uses an approximate expres-
sion for the hard-core radius of light (anti)nuclei denoted
as bag model approximation (see below). This restriction
was overcome recently in [62], where it was shown that
the bag model approximation can safely be used for pion-
dominated matter. However, the derivation of the equa-
tion of state (EoS) which extends the induced surface ten-
sion concept to the classical second virial coefficients of
light (anti)nuclei as suggested in [40] is a heuristic one.

In the present work we develop a mathematically rigor-
ous treatment of a mixture of hadrons and light (anti)nuclei
with hard-core repulsion based on the induced surface ten-
sion concept [36,37,38]. In addition, with the help of this
newly developed HRGM we analyze here not only the AL-
ICE \/syy = 2.76 TeV data on light (anti)nuclei [45,46,
47], but also the STAR /syny = 200 GeV data [42,43,
44]. Our experience on achieving the accurate description
of the hadronic data documented in Refs. [25,26,27,28,29,
30,31,33,34,37,38] gives us a confidence that an essential
improvement of the light nuclei data description will help
the community to resolve the puzzles of the CFO of light
nuclei.

The work is organized as follows. In Sect. 2 the math-
ematically rigorous derivation of the induced surface ten-
sion EoS for the mixture of hadrons and nuclei with classi-
cal second virial coefficients is presented. Sect. 3 contains
the results on two models of the CFO of light (anti)nuclei
produced in the central A+A collisions on LHC and RHIC.
Sect. 4 is devoted to the discussion of the obtained results
and summarizes our conclusions.

2 Self-Consistent Treatment of Classical
Excluded Volumes

In this section, we briefly show how to extend the method
of self-consistent treatment of classical systems with multi-
component hard-core interaction to the case of interaction
of hadrons and light nuclei. It was introduced in [39] and
successfully applied in [40] to mixtures of classical hard
spheres and hard discs of different sizes.

There are three major reasons to consider the HRGM
with multicomponent hard-core repulsion as the most re-
alistic EoS of hadron matter at high temperatures and
moderate particle number densities. First, a long time
ago it was found that for temperatures below 170 MeV
and moderate baryonic charge densities (below the nuclear
saturation density) the mixture of stable hadrons whose
interaction is described by the quantum second virial co-
efficients behaves almost like a mixture of ideal gases of
particles in which both the stable hadrons and their reso-
nances are included, but the latter should have the aver-
aged vacuum values of masses [48]. As it was demonstrated
in Ref. [48] and recently discussed in Ref. [49], the main
physical reason for this kind of behavior is rooted in an

almost complete cancellation between the attractive and
repulsive terms in the quantum second virial coefficients.
Hence, the remaining deviation from the ideal gas (a weak
repulsion) can be modeled by the classical hard-core re-
pulsion.

Second, considering the HRGM as the EoS of hadronic
matter one can be sure that its pressure will never exceed
the one of the quark-gluon plasma. The latter may oc-
cur, if the hadronic phase is modelled as the mixture of
ideal gases [38,51]. It is well-known that the number of
spin-isospin degeneracies of all known hadrons and their
resonances with the masses up to 2.6 GeV is so large that,
if one ignores the hard-core repulsion between them, at
temperatures above 180 MeV their pressure will be larger
than the pressure of the quark-gluon plasma. An example
of comparing the HRGM EoS with the lattice QCD results
can be seen in Fig. 8 of Ref. [38].

Third, an additional and important reason to consider
the HRGM as the hadronic matter EoS in the vicinity of
CFO is a purely practical one: the hard-core repulsion is
a contact interaction and, hence, the energy per particle
of such an EoS coincides with the one of the ideal gas,
even for the case of quantum statistics [52]. Consequently,
during the evolution of the system after CFO to the kinetic
freeze-out one will not face a hard mathematical problem
[63,54] to somehow “transform® the potential energy of
interacting particles into their kinetic energy and into the
masses of particles which appear due to resonance decays.

These are the main reasons which allow one to re-
gard the HRGM as an extension of the statistical boot-
strap model [55] supplemented by the hard-core repulsion,
but for a truncated hadronic mass-volume spectrum, and
which allow one to successfully apply it to the description
of hadronic multiplicities measured in the central heavy
ion collision experiments.

Although during last few years several valuable results
were obtained with the help of HRGM [25,26,27,28,30, 31,
32,33,34,56], at the moment the hard-core radii are well
established for the most abundant hadrons, i.e. for pions,
for the lightest K*-mesons, for nucleons and for the light-
est (anti)A-hyperons. Nevertheless, the HRGM based on
classical virial coefficients is very successful in describing
the properties of a hadron gas at CFO temperatures above
50 MeV, hence it is natural to apply it to the description
of multiplicities of atomic nuclei measured in A+A col-
lision experiments instead of calculating their quantum
virial coefficients.

However, even finding the classical excluded volumes
of light (anti)nuclei consisting of A baryons is, in general,
a highly nontrivial task, since there is no well-developed
formalism to calculate the cluster integrals of the particles
which are clusters themselves. Due to this reason the usual
Mayer procedure to calculate such cluster integrals cannot
be used in the general case. Furthermore, even the clas-
sical excluded volumes of light (anti)nuclei with hadrons
are known the next nontrivial task is to rigorously derive
the corresponding system of equations which can be used
for the actual fitting of the data.
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Nucleus Rims classical distance L

(fm) L(Rrms) (fm)
deuteron | 2.1421 £ 0.0088 2R:ms 4.280
triton 1.7591 £+ 0.0363 V3Rrms 3.047
3He 1.9661 + 0.0030 V3Ryms 3.405
‘He 1.6755 £ 0.0028 4Ryms/ V6 2.739
SH 4.9 (Ref. [65]) ~ V/3Rrms 8.487

Table 1. The rms radii of light nuclei Ryms (2-nd column)

taken from [64], except for the % H nuclei which is an estimate
of Ref. [65]. The 3-rd column shows the relation between the
typical distance among the constituents L and the rms radius
Ryms of light nuclei, whereas the 4-th column provides the ac-
tual estimates for L(Ryms). See text for details.

Fortunately, the light nuclei of A baryons with A €
[2; 4] are roomy clusters, i.e. their root mean square (rms)
radii Ryms = /(r?) are rather large [63,64] as one can see
from the second column of Table 1. This fact allows us to
easily find out their classical second virial coefficient with
the hadrons if the hard-core radii of all constituents of the
considered nuclei are known. Assuming that the light nu-
clei of A baryons can be considered as the quasi-classical
particles which slowly move around the common center-
of-mass on the distance R,ns, one can estimate the typical
distance between the constituents L(R,ns) in such nuclei.
For the (anti)deuteron the typical distance between the
(anti)nucleons is L(Ryms) =~ 2(Rrms), while to estimate
such a distance for triton, *He, 3H and their antiparti-
cles we suppose that they are the equilateral triangles.
In this case, Rims is the radius of the circle described
around the equilateral triangle and, hence, the classical
distance between the constituents inside such nuclei is
L(Rims) =~ V3Rims =~ 1.732R.. Similarly, for the *He
nucleus and its antiparticle, we assume that the nucle-
ons form an equilateral tetrahedron with the radius of the
sphere described around it being R;s. Then the classical
distance between the constituents of the *He nucleus is
L(Ryms) >~ 4Rims/ V6 ~ 1.633Ryms. These simple formu-
lae and the actual estimates of L(R,ns) for different light
nuclei are, respectively, given in the 3-rd and 4-th columns
of Table 1.

Comparing the typical distances L(RZ ) between the
constituents of A baryons nuclei with the sum of largest
hard-core diameter of hadrons 0.84 fm [36,37] and the
hard-core diameter of baryons 2R, = 0.73 fm [36,37], one
concludes that it is possible to freely translate the hadron
with the hard-core radius R}, around each of the nucleus
constituent, i.e. a baryon of hard-core radius R, = 0.365
fm, without touching any other constituent of this nucleus
[62]. Therefore, the classical second virial coefficient (ex-
cluded volume per particle) of a hadron and a nucleus of
A baryons can be written as

2
ban = bra = Agﬂ(Rb +Ry)?, (1)

where Ry is the hard-core radius of baryons.

Similarly, we introduce the classical second virial coef-
ficient (excluded volumes per particle) by, p, of hadrons of
radii Ry, and Ry, as

bhihy = bhon, = =m(Rp, + Rp, ). (2)

[SCRN V)

Now we consider a mixture of hadrons and light nuclei as
Boltzmann particles with hard-core interaction. Neglect-
ing for a moment the nucleus-nucleus interaction, i.e. as-
suming that b4, 4, = 0, one can write the total excluded
volume of such a mixture as

Viet — Z Z Nibri N, (3)

k€hi,Ay l€hs, Az

where Ni (N;) is either the number of hadrons of sort h
or the number of nuclei of A baryons. Note that in the
sums in Eq. (3) the antiparticles are considered as the
independent sorts of particles.

It is convenient to introduce the additional degeneracy
of nuclei of A baryons g4 and explicitly write the second
virial coefficient (1) as

2 2
ben, = gkAgﬂ'(Rk + Ry,)? = JeazT X

X (R + 3Ry Ry, +3R,R; + R}), (4)
where gpa = Adga + Okn, and gaaR%4 = ARy, (5)

where 04 and dgp, are the Kronecker ¢ symbols.

Using the fact that the mean number of light nuclei
(N4) is very small compared to the mean number of all
other hadrons ), (Ny), ie. (Na) < >, (Np), for light

nuclei we can also write

A(Na) <D (Np), (6)

h

which allows us to approximate Eq. (3) as

2
tot
Vvea:cl — gﬂ- Z Z ngkA1 X
k€hy,A1 l€ER,As

x (R} 4+ 3R;R; +3RyR} + R)Nig1a,, (7)

where we substituted the binomial expression (4) for nucle-
us-hadron interaction and a similar binomial formula for
the hadron-hadron interaction into Eq. (3). In addition in
Eq. (7) the double summation is extended by adding the
second degeneracy factor g;4, to account for the nucleus-
nucleus interaction in a symmetric way which is conve-
nient for further evaluation. Due to the inequality (6)
which is valid for light nuclei the approximated Eq. (7)
is rather accurate for A+A collisions.

Combining the first term in the brackets of Eq. (7)
with the last term, and the second term with the third
one, it is possible to identically rewrite the total excluded
volume (7) in a shorter form

o 4
Vipe = 37 > ) Nugra, (R} +3RZR)Nigia,, (8)

k€hi,A1 l€ha,Ag
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which can be used to determine the mean excluded volume
of the system per particle

Veve = Vetfil/ Z Ny =~ VJ;’&/ Z Nigia = (9)

leh,A leh, A
~ Z Nigra, Vi + Z Nigka, Sk R, (10)
k€hy,Aq k€hy, A1
where we introduced the eigen volume Vi, = %WR% and

eigen surface Sy, = 47 R? of the particle of hard-core radius
Ry, and the mean hard-core radius R defined as

R= ZngkARk/ZNl-

keh,A leh,A

(11)

To obtain Egs. (9)-(11) we, apparently, employed the in-
equality (6). In the thermodynamic limit Eqgs. (10) and
(11) enable us to self-consistently determine the EoS of
the considered mixture within the VAW approximation.

To proceed further, we assume that for an infinite sys-
tem one can replace all Ny values in (11) by their statis-
tical mean values (Ny) and write

E—) Z <Nk>gkARk/Z <Nl>

kch,A leh, A

(12)

where (N;) will be calculated self-consistently using the
grand canonical ensemble (GCE) partition function. This
means that using Veze (10) with R defined by Eq. (12)
one can calculate the GCE partition function regarding R
as a function of temperature 7" and chemical potentials
{pr} and afterwards one can find R from the calculated
partition.

Denoting the chemical potential for the k-th sort of
particles as ug, one can write the GCE partition function
as

Z(Tv {Mk} ) V) =

>

{Ny} | keh,A

OV — Vezer)- (13)

In Eq. (13) the thermal density ¢ of the k-th sort of
particles contains the Breit-Wigner mass attenuation. In
the Boltzmann approximation ¢, can be written as

b = grys”! / dm L X
o s Ny (M) (m —mg)? + T2 /4
k
d3p /02 +m2
S e[ 0

where g;, denotes the degeneracy factor of the k-th sort of
particle, g is its strangeness suppression factor [66], |sg|
is the number of valence strange quarks and antiquarks in
this sort of particle, while the factor

oo

/ dm I},
(m—my)?+T7/4

Th
M

Ni(M;I)

(15)

denotes a normalization constant, in which ME h denotes
the decay threshold mass of the k-th hadronic resonance,
while Iy, denotes its width. Clearly, for the stable hadrons
and light nuclei the width I, should be set to zero, which
leads to the familiar expression for the thermal density

s dp3 24+m?
o = glﬁ’l@k‘ / (27h)3 exXp |:_pT —E ]

We would like to stress that the Breit-Wigner ansatz
for the mass attenuation is an approximation which is usu-
ally valid for relatively narrow resonances only. However,
the expression for thermal density of unstable particles
(14) in the spirit of a Beth-Uhlenbeck EoS [67] is valid for
more general mass distributions which may replace this
ansatz. For some dynamical models of hadron structure
such as the NJL model, one could separate the resonant
part of the interaction which would correspond to an un-
stable hadronic state and can be approximated by a Breit-
Wigner ansatz and the residual, repulsive interaction [68,
69,70]. This is fortunate if the approach shall be combined
with an excluded volume model for the short-range repul-
sion, in order to avoid a possible double counting. The
generalized Beth-Uhlenbeck EoS can be rigorously derived
for a mixture of hadron resonances [72,73] from a cluster
decomposition of the Phi-functional approach [74], if the
generalized Phi-functional belongs to the class of cluster
two-loop diagrams [75,11].

Note that the Heaviside step function 6 in Eq. (13)
is very important, since it ensures the absence of negative
values of the available volume (V —V o) and provides the
finite number of all particles for finite volume of the system
V. However, due to its presence, the evaluation of the GCE
partition function (13) is hard. To overcome this difficulty
one should make the Laplace transformation with respect
to V to the isobaric partition (for an appropriate review
see [76]) which is defined as

(16)

Z(T i} ) = / Ve (T ) V). (17)
0

Below we show that the isobaric partition Z(T, {ur}, )
can be found exactly by changing the integration variable
dV — d(V —Vezer). However, first of all it is necessary to
define the quantities (Vi) in the GCE variables. In terms
of the partial pg-derivative of the partition (13), one can
define (Ny) as follows

(Vo) = T2 W (2 ) V)]

S (18)

In terms of definition (18) Eq. (12) for R can be cast as

B kezh:AgkARka“ W[Z(T, {4}, V)]
s iz ) V) 19)
kEh, A
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Changing the variable dV — d(V —V 4z¢) in Eq. (17), one
finds

oo

Z(T, {px}, ) = /dv’e**v’ X

(=)

FemWesag(V). (20)

{Ny} keh, A

Substituting into Eq. (20) the expression (10) for Vg,
one gets

Z(T’ {Mk}?A) =

_ N,
[gbkeuTk_AgkA(Vk"rRSk)V/ *

/dV’ ST N | -

(Ni} k€h,A
- / dViexp [V | 3 gre# oealVik RS0\ 1 (21)
r keh,A
Integration with respect to variable dV’ in Eq. (21) can
be done easily resulting in
1
Z(T {pe}, A) = (22)

)‘*‘F()‘vTv{/Lk}))

where the function F(A, T, {1k }) which defines the system
pressure in the thermodynamic limit is given by

FOT {m}) =Y drexp [% —Agra[Vi + Skﬁ]} . (23)

keh,A

The GCE partition function (13) can be found now by the
inverse Laplace transform

X+i00
/d)‘ etV Z(Tv {Nk} ’ )‘) =
X—100

6>‘*V
- g%(/\’ T7 {Mk})

As usual, in Eq. (24) the integration contour in the com-
plex A-plane is chosen to the right-hand side of the right-
most singularity A*, i.e. x > A* (more details can be found
in Ref. [76]). Since the number of hadronic states and light
nuclei used in the HRGM is finite [36,37], then the sum in
Eq. (24) contains the finite number of terms and, hence,
as shown in Ref. [76], the isobaric partition (24) has only
the simple pole at A = A*. The latter is a solution of the
equation

211

Z(T,{pr},V)

(24)

A=A*

AT = ‘F()‘*vT’ {Mk}) (25)

In the thermodynamic limit V' — oo from Eq. (24) one
finds the system pressure as p = TA* , since in this limit
the GCE partition behaves as Z(T,{ur},V — o0) ~

exp(pV/T) [77].

Second virial coefficients of light nuclear clusters ...

Using Eq. (25) one can write for the pressure

p=T Y oérexp

keh,A

|::U/k: — pgra[Vi + RSk (26)

T )

which should be supplemented by the equation for the
mean hard-core radius R. Using Eq. (24) one can rewrite

Eq. (19) as follows
o) * OF
B kezh:AgkARkT”k [)\ V — ln(l — FxF )]
R=— 27
> g [V —In(1 - 5] 27)
keh,A
In the thermodynamic limit V' — oo the terms In(1 — g{; )

in Eq. (27) are small compared to the term A\*V. Hence,
finding the partial derivatives % from Eq. (25), in the
limit V' — oo one can rewrite Eq. (27) as

> graRkoK exp {—MrpgkAT[VHSkE]}
T _ kemA _ (@)

i —DPg Vi+Sk R
Z CbkeXp[ k ch,Z[wk k ]}
kER,A

With the help of equation (26) for pressure it is convenient
to cast the last result in terms of the induced surface ten-
sion (IST) coefficient [36]

=pR =
— Vi — X S
= Tkg:AgkARmk exp [Mk PIkA Zk’ kA k] (29)

Rewriting equation for pressure similarly, one gets

p= Zpkz

keh,A
- Vi — XgraS
—T Z b1, exp |:,Uk pgkAjlz 9kA k] . (30)
keh,A

where the partial pressures {py} of each sort of particles
are introduced for convenience.

The system of Egs. (29) and (30) for the IST coefficient
X and pressure p, respectively, defines the EoS of the mix-
ture of hadrons and light nuclei within the VAW approx-
imation. Note that in contrast to the heuristic derivation
of such a system suggested in [62] the present derivation of
the system (29) and (30) is rigorous and well-controlled.
The applicability range of the VAW approximation is, un-
fortunately, rather narrow and, therefore, its usage at the

packing fractions n = > graVipk (here Dk
keh,A

the particle number density) above 0.12-0.15 may lead to
problems with causality [37,38,78] (a typical example of
acausal HRGM can be found in Ref. [79], see also its cri-
tique in Refs. [37,38]).

Fortunately, the applicability range of the system (29)
and (30) can be extended to higher values of packing frac-
tions in a simple way. The main idea of the IST approach

=218
3#k
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[36,37,38,39,40] is that at high pressures the mean radius
R in Eqgs. (26), (8) and (29) should be suppressed stronger
than it is provided by the VAW approximation. Then for
increasing pressure the mean radius R should gradually
vanish leading to a reduction of the effective excluded vol-
ume of particle of k-th sort which is defined as

Vi SpY
vers — gkA( e+ SkX) N
gxa(Vi + Sk R), for % <1,
— (31)
9eA Vi, for % > 1.

In other words, a gradual vanishing of the mean hard-core
radius R should provide a slow transformation of the VAW
(excluded volume) approximation, which is valid at low
packing fractions 1 < 0.1, into the eigen volume approx-
imation, which is valid at high packing fractions n > 0.5
[77,80]. As suggested in Ref. [36] and verified in Refs. [37,
38,39,40] such an additional suppression of R can be ob-
tained by replacing the term X'Sj on the right hand side
of Eq. (29) as

XSy — XSpag, where ap > 1, (32)
where the auxiliary parameters aj should be chosen in
such a way that they describe the higher virial coefficients.
Under this generalization Eq. (29) becomes

2=) 5=

keh,A
— X
= Tkg;AgkARk¢k GXP[M gkA(p‘;? 22 ,(33)

where Y, denotes the surface tension coefficient of k-th
sort of particles. In this way one can account not only for
the second virial coefficients, but also for the higher order
virial coefficients as demonstrated for systems with single-
component hard-core repulsion in Refs. [37,38,39] and for
two-component mixtures studied recently in [40].

The reason to chose all the parameters oy as ap > 1
becomes apparent after analyzing the effective excluded
volume (31). Indeed, substituting Eq. (33) into Eq. (31)
one finds for hadrons

Z lelef(alfl)SLE/T

IER, A
> Dn
neh,A

VT =V, + Sy, (34)

This equation shows that in the limit of low packing frac-
tions, i.e. for Y'max[Sy]/T < 1, each exponential in Eq.

T
upper Eq. (31). However, it is easy to show that for high
packing fractions an opposite inequality ETS’“ > 1 is valid
for any Sy > 0. In this case the condition oy > 1 provides
the vanishing of the mean radius R = % and, hence, in
this limit the effective excluded volume of each particle

(34) is exp [—M} ~ 1 and, hence, one recovers the

approaches its eigen volume, V;’ RN Vi. Thus, at high
packing fractions Eq. (34) leads to the lower Eq. (31).

The system (30), (33) is a generalization of the IST
EoS derived in Ref. [40] for the classical hard spheres onto
the multicomponent mixture of hard spheres (hadrons)
and roomy classical clusters which are the light nuclei of
A baryons. As one can see from the derivation above such
a generalization is not straightforward and contains some
nontrivial steps. In particular, the inequality (6) played a
crucial role in simplifying our derivation of the mean ex-
cluded volume per particle. Furthermore, the fact that the
thermal density (14) of considered particles may, in prin-
ciple, include the finite width opens an entirely new pos-
sibility to apply the present approach to the treatment of
other roomy exotic clusters which have even larger width,
than the hypertriton 3 H like, e.g., “Li and *H [6,41].

In fact, the system (30), (33) can be generalized further
in the spirit of Refs. [39,40] in order to extend it to very
high packing fractions n ~ 0.45 — 0.5 by introducing into
treatment the induced curvature tension.

In Refs. [37,38] it is shown that even with a single pa-
rameter o = const = a = 1.245 Egs. (30), (33) for the
classical hard spheres allows one to go beyond the VAW
approximation, whereas in Ref. [40] one can find several
examples on how two auxiliary parameters enables us to
go far beyond the VAW approximation for two compo-
nent classical systems. However, an extension of the sys-
tem (30), (33) onto the quantum mechanical treatment of
light (anti)nuclei in the spirit of Ref. [39] still remains a
challenge for theoreticians.

3 Analysis of light nuclei multiplicities
measured in A+A collisions

The system (30), (33) is the IST EoS with classical ex-
cluded volumes of (light) nuclei and, hence, hereafter it
is called IST EoS in order to distinguish it from another
treatment of hard-core repulsion developed in [60,62]. Al-
though an approach of Refs. [60,62] is approximative, nev-
ertheless, we consider it as a complementary one to the
IST model. It is based on the idea to introduce the equiv-
alent hard-core radius R} of a pair Ah by equating the
excluded volume %W(Rffh)?’ with the equivalent hard-core
radius R%} to the actual excluded volume of such a pair
ban given by Eq. (1). Then we get the equivalent hard-core
radius as [62]

R%, = A5 (R, + Ryp) . (35)
From the expression for R} one can determine the effec-
tive hard-core radius of a nucleus in a hadronic medium
dominated by pions

Ra~RY —R,~ ASRy+ (A5 —1)R, ~ A5R;,. (36)

It is necessary to stress that this approximation is well jus-
tified for the A+A of high energies by the fact that pions
are the most abundant particles. In particular, this is the
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case for the LHC and the highest RHIC collision energies.
The term (A3 — 1)R, in Eq. (36) is a small correction to
the effective hard-core radius of nuclei R4 ~ A%Rb, since
the hard-core radius of pions R; ~ 0.15 fm [36,37] is es-
sentially smaller than the one of baryons Ry = 0.365 fm
and the hard-core radii of kaons Rx = 0.395 fm and other
mesons R, = 0.42 fm. Therefore, for low values of bary-
onic chemical potential (roughly for ug < T') the pions
are the least suppressed by the hard-core repulsion and,
consequently, for any A < 4 the correction (A3 — 1)R, <
0.088 fm in Eq. (36) can be safely neglected for the pion-
dominated hadronic medium.

The hard-core radius of light (anti)nuclei (36) is similar
to the expression of the Bag Model radius (BMR) [81] of
large bags of quark-gluon plasma and, hence, hereafter
this model is called the BMR. EoS. Despite the fact that
it is an approximative approach, it is, however, simpler
because with the help of the hard-core radius (36) the
IST EoS allows one to treat the nuclei and hadrons exactly
on the same footing. Moreover, a simultaneous use of IST
and BMR approaches allows us to introduce a new strategy
to locate the CFO of light (anti)nuclei. Since in the pion-
dominated hadronic medium the BMR. approach should
give the same results as the IST, we have to search for the
region of parameters at which both approaches provide a
similar quality of the data description.

For the BMR approach the system (30), (33) should
be slightly modified. Then formally considering the light
(anti)nuclei as the primed sorts of hadrons ', (with A =
2,3,4), we can write

p= Y p=TY ¢kexp[m] 67

T
kEh,h’, keh,h',
=) %=
keh,h!,
— pVi — ax XS
=Ty Rmexp[“’“ e "], (38)
keh,h’,

where the hard-core radii of primed hadrons are given by
Eq. (36).

The partial values pg and Xy, entering the system (30),
(33) (or (37), (38)) allow one to write the particle number
density of k-th sort of particle in a simple way

Op _ 1 prag—Ypan

= = —————————. 39
Opy T ay1090 —ayga9; ( )

For the system (37), (38) the coefficients a; are given by
[37]

4 Pk Pk
a1 =1+ 37w Z RET’ ajp = 4w Z RﬁT: (40)
kEh,h/, keh,h',
4 Xy Xk
a,m:g’fr Z Rﬁ?, age = 1+4w Z Rgak?:(‘ﬂ)
keh,h!, kEh,h',

while in order to calculate the particle number densities
for the system (30), (33) in Egs. (40) and (41) one has to
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Fig. 1. Upper panel: Ratios of hadronic yields measured at
Vsnn = 2.76 TeV (symbols) vs. the results of IST EoS (30),
(33) (bars, for more details see the text). The CFO tempera-
tures T4 = T = 150.1 & 1.9 MeV are for the singe CFO IST
EoS. Insertion shows the deviation of theory from data in the
units of experimental error. Middle panel: Temperature de-
pendence of xZ;, x2 and x4 for the IST EoS. Lower panel:
Same as in the middle panel, but for the BMR EoS.
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make the following replacements

R}, — AR}, R}, — AR}, (42)

for the powers of hard-core radius of A baryons nucleus.

After finding all partial values {px} and {¥}}, from the
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expressions (39)-(41) one can determine the thermal yield
Ni* = Vpg of the k-th sort of particles. For hadrons,
however, one has also to add the contribution coming from
the decays of resonances. For the known branching ratios
Br_,j of hadronic decays | — k one can write the total
yield of k-th sort of hadrons as follows

Nt =V (Pk + ZP: BTI—}k) ;

I#k

(43)

where V is the CFO volume. Since all details of the fitting
process are well presented in the original works [37,38],
here we discuss the most important issues only.

To analyze the ALICE data [45,46,47] we use the setup
of Ref. [37], while for the analysis of the STAR data that
of Ref. [38]. The main difference in fitting the hadrons and
the A-baryon nuclei is that for hadrons we use the ratios

theo _ Pk + En;ék Pn Brag
K o+ En;ék pn Brp_ '

(44)

of yields of hadrons of sorts k and [. On contrary for the
A baryon nuclei we employ the yields. Hence the total
x2,,(V) used in the present work is

Xt (V) =x7 +Xx2(V) =
NeTP

Rtheo RETP p W — 2
3 [BeRE] o MO
k#£leh A A

Here x2 and x? denote, respectively, the mean deviation
squared for hadrons and (anti)nuclei. Note that y2,,(V)
is a function of the CFO volume V. This is an important
difference from our previous analyses of [25,26,27,29,37,
38|, which, as we will show below, allows us to elucidate
the new details on the CFO of light (anti)nuclei. Since
now on we also consider a single value o = 1.25[37,38].

First, we apply the single CFO model to the ALICE
data description. The hadronic data were taken from Refs.
[82,83,84,85]. In the HRGM it is traditionally assumed
that the CFO occurs for all particles simultaneously. The
principal results are given in Table 2 and Figs. 1 and 2.
To get these results we calculated the x7,, using 2 fitting
parameters, i.e. the CFO temperature and the CFO vol-
ume of nuclei V =V}, for 11 hadronic ratios and 8 yields
of light (anti)nuclei. All the chemical potentials are set to
zero, while 7, = 1 is fixed according to Refs.[37,38]. The
hard-core radii of hadrons are taken from our previous
works [37,38] (are listed above). These values provide an
excellent description of hadron yield ratios from AGS to
LHC energies.

As one can see from Fig. 1 and from Table 2 the
quality of ALICE data description obtained for the single
CFO scenario is similar for the IST and BMR EoS. More-
over, the corresponding CFO temperatures are very sim-
ilar, since the x2,, is completely defined by the hadronic
contribution to x7,,. Although the obtained overall de-
scription is satisfactory with x2,/dof|rst ~ 1.627 and
x2,;/dof|Bamr =~ 1.336, there are two surprising features
in this scenario. First, x2,;/dof|;s found by the advanced
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Fig. 2. The yields of nuclear clusters measured at /sNn =
2.76 TeV vs. theoretical description in the scenario of sepa-
rate CFO of light (anti)nuclei. Upper panel: The min x% (V)
corresponds to the BMR EoS (third row in Table 2). Lower
panel: Same as in the upper panel, but for the IST EoS (forth
row in Table 2).

model is somewhat larger than x2,, /dof| garr. Second, the
CFO volumes of light (anti)nuclei are essentially larger

exTp
than the CFO volume V;, = - ++21N:;1 Br . 8165 +
b # —T

600 fm® of hadrons found from the experimental multi-
plicity of positive pions N, ;:ip. This is best seen, when
applying the new strategy to determine the common CFO
volume for nuclei which is found to be V4 € [11100; 13260]
fm3. Comparing V4 with V;, one finds that minV, ~
11100 fm3 is sizably larger than max V}, ~ 8765 fm3. This
means that at the same CFO temperature the emission
volume of hadrons and nuclei are rather different, i.e. the
nuclei are freezing out in a much larger volume which
means that there is no common hyper-surface of CFO.
In our opinion, both of these features evidence for the in-
ternal inconsistency of the single CFO scenario at ALICE
energy of collisions. Therefore, following the original idea
of Ref. [60], we verify the hypothesis of separate CFO of
light (anti)nuclei.

From Fig. 1 one can see that at high CFO temperatures
the quantity x%(Va(T4)) has a deep minimum not only
for the IST and BMR EoS, but even for the vanishing
size of nuclei. In other words, the existence of a minimum
of x% at high temperatures is a generic feature of the
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Description Th, MeV Ta, MeV Va, fm? x?/dof
Single CFO, BMR 150.354+£1.91 150.35+1.91 11241 + 2016 1.336
Single CFO, IST 150.06 £1.94 150.06 £1.94 13357 £ 2277 1.627
Separate CFO, BMR 148.12+2.03  168.41 &+ 5.60 2997 + 1164 0.675
Separate CFO, IST 148.12 £2.03 198.59 +30.47 1544 4+ 1027 0.656

Table 2. The results obtained by the advanced HRGM for the fit of ALICE data measured at /s = 2.76 TeV. The CFO
temperature of hadrons is T, the CFO temperature of light (anti)nuclei is T4, while their CFO volume is V4. The last column

gives the fit quality.

advanced versions of HRGM. In the scenario of separate
CFO of nuclei, there are three fitting parameters, namely
the CFO temperatures of hadrons T}, and nuclei T4, and
the CFO volume of nuclei V4. As one can see from Table
2 and from Figs. 1 and 2 one can see that the hypothesis
of separate CFO of nuclei provides an excellent fit with
x2,,/dof|sT ~ 0.656 and x2 . /dof|garr = 0.675. Thus,
compared to the single CFO scenario the value of x2,, /dof
in this case decreased by 50%.

However, the minimum of X2A| 1sT 1s located at essen-
tially larger CFO temperature than the one found for the
minimum of X?a, | Bam r- Moreover, the found T4 for IST EoS
is so large, that one can doubt the existence of hadrons
and nuclei at this CFO temperature. Fortunately, with
the help of the new strategy introduced in the preceding
section one can resolve this problem easily. Indeed, simi-
lar results for the description of light (anti)nuclei by the
IST and BMR EoS can be achieved in the vicinity of the
common CFO temperature T'5°™ defined by the equality

Xa(V (T )rs = x2(V(TE™)Bur =
= T™ =175.1723 MeV,

where the common CFO temperature still corresponds
to a very accurate description of the ALICE data for
light (anti)nuclei x2(V(T$™))|rst ~ 3.2 and V™
Va(T™) ~ 2660711160 fm>. The upper and lower devia-
tions from T5°™ = 175.1 MeV in Eq. (47) were found nu-
merically by increasing the value of x2(V(T5°™))|rsT ~
3.2 on lo. Note that for T3 = 175.1 MeV the total
value of x2,;/dof = 12.123/16 ~ 0.758 is rather small, i.e.
it still corresponds to a highly accurate description of the
ALICE data. Furthermore, the found range of T5°™ is con-
sistent with the values of CFO temperature found for the
RHIC collision energy [37,57,56,86] and it is a few MeV
above the upper estimate for the cross-over temperature
Tpo ~ 147 — 170 MeV predicted by the lattice formulation
of QCD at vanishing value of the baryonic chemical poten-
tial [87,88]. Therefore, we are confident that the HRGM
is applicable at these values of the common CFO temper-
ature.

It is necessary to mention that the above numbers dif-
fer slightly from our preliminary results of a similar anal-
ysis reported in Ref. [62]. The main difference is that in
the present work we use the non-vanishing width for all
hadronic resonances, while in Ref. [62] the solutions of sys-
tems (29), (30) and (37), (38) were found for zero width
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Fig. 3. Upper panel: Ratios of hadronic yields measured at
/3NN = 200 GeV (symbols) vs. the results of IST EoS (bars)
(30), (33) (for more details see the text). The CFO tempera-
tures T4 = T}, = 167.284+3.93 MeV are given for the singe CFO
IST EoS. Insertion shows the deviation of theory from data in
the units of experimental error. Lower panel: Temperature
dependence of x2,;, x2 and x? for the IST EoS.

of all hadronic resonances in order to fasten the fit pro-
cess. However, the value of T$°™ = 175.1 MeV found here
and the result T$°™ = 174.6 MeV found in [62] are prac-
tically the same, whereas its uncertainty determined here
is a couple of MeV larger than in Ref. [62].

The results of a similar analysis of the STAR data
measured at /s = 200 GeV are presented in Table 3 and
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Figs. 3 and 4. The STAR data consist of 10 hadronic ratios
that are taken from Refs. [90,91,92] and are shown in the
upper panel of Fig. 3, yields of (anti)deuterons [44], and 5
light (anti)nuclei yield ratios [42,43]. For the single CFO
scenario, we have 3 fitting parameters, i.e. CFO tempera-
ture T}, = T'a, CFO baryonic chemical potential pu7a = p’
and the CFO volume of nuclei V4. The strange chemical
potential and the one of third projection of isospin are set
to zero for simplicity, while 7, = 1 according to Ref. [38].

The results obtained for the hadronic ratios are de-
picted in the upper panel of Fig. 3, while the CFO tem-
perature scan of xZ,,(V(Ta = Th))|rsT is shown in the
lower panel of this figure. As one can see from Fig. 3 all
hadronic ratios, except the ratio £2 are well reproduced
by the IST EoS. From Table 3 one can see that the CFO
temperature T}, the CFO baryonic chemical potential p’
and x2,,/dof obtained for the IST and BMR EoS are prac-
tically the same. But the most striking result is that for
the single CFO scenario, the value of common CFO vol-
ume V§™ = 1898.5 + 157.5 fm3 (see Table 3) is only
30 percent smaller compared to the corresponding value
Viem ~ 2660f}%g fm? found above for the ALICE energy.
We believe this is a remarkable finding, since the collision
energy of the ALICE data is about 1 times larger than
the one of the STAR data. At the same time for this sce-
nario, the CFO volume of hadrons V;, = 2808 + 253 fm®
found via the density of positive pions is slightly larger.

For the scenario of separate CFO of light (anti)nuclei,
the CFO temperature of nuclei is substantially higher than
the one of hadrons as one can see from Table 3. Although
the higher value of T4y provides a better description of the
light (anti)nuclei yields as it is seen from Fig. 4, the value
of Xiot(V(TS™))/dof|1sT = Xiot(V(TE™))/dof|Brr =~
1.61 with T'9°™ ~ 180 £ 11.25 MeV is about 10 percent
larger than for the scenario of a single CFO. The reason
is that for the scenario of separate CFO there are two
additional parameters, namely the temperature of nuclei
T4 and their baryonic chemical potential u4 were fitted
in this case. As a result, the number of degrees of free-
dom in this case is 17 — 5 = 12. Therefore, in contrast
to the ALICE data, the STAR data do not demonstrate
any preference for the separate CFO of light (anti)nuclei.
Furthermore, in our opinion, there is no reason to expect
that CFO of light (anti)nuclei can occur at the CFO tem-
peratures above 175-180 MeV, since the hadronic descrip-
tion at those CFO temperatures is rather problematic ac-
cording to the contemporary lattice version of QCD [87,
88]. The recent lattice QCD result for the continuum-
extrapolated chiral susceptibility at vanishing values of
baryonic chemical potential define with high accuracy the
pseudo-critical transition temperature Tp, = 156.5 + 1.5
MeV [89] from its peak position. However, it also demon-
strated that this peak has a full-width at half maximum of
about 40 MeV. Therefore we conclude that the STAR data
which favor the single CFO scenario with T%m“| STAR ™
167.22 MeV and V(T5°™)|sTar =~ 1898.5 fm* (see Table
3) is not in contradiction with the lattice QCD result of
Ref. [89].
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Fig. 4. Upper panel: Yield of (anti)deuteron and ratios
of yields of light (anti)nuclei measured at /syn = 200 GeV
(symbols) vs. the results of IST EoS (bars) (30), (33) (for more
details see the text). The temperatures T4 = T, = 167.28 +
3.93 MeV are for the singe CFO with IST EoS. Insertion shows
the deviation of theory from data in the units of experimental
error. Lower panel: Same as in the upper panel, but for the
separate CFO with IST EoS for T4 = 240.29 4 21.38 MeV.

It is necessary to point out that the lower quality of
the description of STAR data is generated by the ratios
3H/3He and 3 H/3He (see Fig. 4). This is an old puz-
zle [93,94] which still awaits for its solution. It is clear,
however, that an increase of the CFO temperature above
175-180 MeV is not a viable solution and hence one has
to look for another explanation.

The most intriguing question of this work is: how can
one interpret the common CFO volume of light (anti)nuclei
V™7 Of course, at the present stage of research, this
question cannot answered with confidence, since neither
the mechanism of light nuclei production nor the mecha-
nism of their thermalization are well established. However,
our educated guess is that the thermal production of light
(anti)nuclei is most naturally caused by the hadroniza-
tion of quark-gluon bags [60,95] formed in A+A collisions
which have the Hagedorn mass spectrum [55]. Since the
Hagedorn mass spectrum is a perfect thermostat and a
perfect particle reservoir [96] any particle or cluster emit-
ted by the bags with such a mass spectrum will be pro-
duced in full chemical and thermal equilibrium with the
emitting bag. Such a hypothesis is not only able, in prin-
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Description Th, MeV Ta, MeV ulh MeV wa, MeV Va, fm*  x?/dof
Single CFO, BMR 167.16 £ 3.87 167.16 £3.87  29.99 +3.25 29.99 +3.25 1692 + 364 1.429
Single CFO, IST 167.28 +£3.93  167.28 £3.93  30.05+3.26 30.05+3.26 2155 4411 1.482
Separate CFO, BMR  166.51 +4.07 178.62 +£14.63 28.84 +5.37 32.63+4.94 979 £+ 605 1.607
Separate CFO, IST 166.51 +4.07  240.29 +21.38  28.84 +5.37 44.08 £ 6.81 545 + 537 1.330

Table 3. The results obtained by the advanced HRGM for the fit of STAR data measured at /s = 200 GeV. The CFO
temperature of hadrons (nuclei) is T}, (T4), the CFO baryonic chemical potential of hadrons (nuclei) is p% (1), while the CFO

volume of nuclei is V4. The last column gives the fit quality.

ciple, to explain the fact that the light nuclear clusters
appear in full chemical and thermal equilibrium, but also
the fact that the CFO temperatures extracted here from
the ALICE and STAR data coincide. Moreover, in a re-
cent preprint [97] based on a simplified transport model
which, nevertheless, accurately takes into account the mi-
croscopic reactions between hadrons and heavy resonances
with the Hagedorn mass spectrum it is shown that such an
approach is able to reasonably well reproduce the ALICE
data on hadronic and light nuclei multiplicities [45,46,47]
with the common CFO temperature of hadrons and nuclei
Teom = 149 MeV for the Hagedorn temperature Ty = 167
MeV. Note that this value of T,,,, almost coincides with
the result T}, = T4 = 150.35 = 1.91 MeV obtained within
a single CFO scenario for the ALICE data (see Table 2).
Unfortunately, the authors of Ref. [97] have not analyzed
the case of different CFO temperatures for hadrons and
light nuclei, but the results obtained in the present work
clearly demonstrate that this scenario is more favorable.

Therefore, in accordance with our hypothesis, the found
values of V{°™ can be considered as the total volume of
all quark-gluon bags from which the light (anti)nuclei are
produced. If this is the case, we can predict that the en-
tropy of quark-gluon bags produced at the collision ener-
gies \/syn = 2.76 TeV and /syny = 200 GeV are related
to each other as

S ycom . (com 3
ALICE A ( Awm) JALICE ~1.609. (48)
SsTaR Vo (T3 srar

Since during the hydrodynamic expansion of a perfect
fluid the entropy is approximately conserved, the ratio of
entropies at CFO of nuclei should be equal to the ratio
of initial entropies formed at the moment of thermaliza-
tion of quark-gluon bags. Therefore, the relation between
initial entropies (48) can be either verified by the hydro-
dynamic simulations or, alternatively, it can help to fix
the value of initial energy density which is used in the
integrated Hydro Kinetic Model [98].

In fact, the common CFO volumes obtained for two
different energies of collision allow us to determine the

number of emitting sources of nuclei. From the ratio of two

v peom
PrmE = 14015 = £ =
one can find the radius of emitting source R%’"“"® ~ 4.49
fm for the number of 7 sources for the ALICE data and
5 sources for STAR data, or R’*"¢ ~ 3.566 fm for the

number of 14 sources for the ALICE data and 10 sources

common CFO volumes

for the STAR data. Of course, it may be just a coinci-
dence, but the radius of emitting source R’“"® ~ 3.566
fm is just 0.25 percent smaller than the coalescence model
parameter §r = 3.575 fm used in Ref. [99] to model the for-
mation process of light (anti)nuclei. Therefore, according
to our hypothesis that the light (anti)nuclei are produced
from the quark-gluon bags with Hagedorn mass spectrum
at the moment of their hadronization the radius of the
emitting source R’ ~ 3.566 fm is, most likely, the ra-
dius of such bags. However, an additional verification of
the found emitting source radius is necessary.

4 Conclusions

In this work, we suggested and exploited an entirely new
strategy to elucidate the CFO parameters of light (anti)nuc-
lei produced in A+A collisions of high energy, in which the
medium of secondary hadrons is dominated by pions. This
strategy is based on two different approaches to model
the hard-core repulsion between light nuclei and hadrons.
The first approach is based on an approximate treatment
of equivalent hard-core radius of roomy nuclear clusters
and pions. The second approach is rigorously derived here
using a self-consistent treatment of classical excluded vol-
umes of light nuclei and hadrons. In other words, here
we generalized the induced surface tension concept to the
mixtures of hadrons of different hard-core radii and light
(anti)nuclei of different sizes and masses, and derived the
corresponding equation of state.

Since in the pion-dominated hadronic medium both
approaches should give the same results by construction,
we employed such a strategy to determine the simultane-
ous (common) description of the same experimental data
by two different approaches. In all scenarios of CFO stud-
ied here we, indeed, always found the region where these
two approaches provide a simultaneous and good descrip-
tion of the data. Such a strategy allows us to get rid of
the existing ambiguity in the light (anti)nuclei data de-
scription and to determine the CFO parameters of nuclei
in A+A collisions of high energy with high confidence. In
particular, for the ALICE data measured at \/syy = 2.76
TeV we found that the separate CFO of nuclei provides a
very high accuracy in the description of hadronic multi-
plicity ratios and the light (anti)nuclei yields using only 3
fitting parameters with x7,, /dof ~ 0.758. The found CFO
temperature of nuclei is 7" = 175.1723 MeV and their
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CFO volume is V5™ = 26601190 fm?, while the CFO of
hadrons occurs at essentially lower temperature.

On the contrary, from the analysis of the STAR data
measured at /syy = 200 GeV, we found that the sin-
gle CFO of hadrons and nuclei with 3 fitting parame-
ters provides a better description which, in addition, is
internally self-consistent. In this case the best descrip-
tion of the STAR data is achieved for the following CFO
parameters of nuclei: 79" = T} = 167.2 £ 3.9 MeV,
V§om = 1898.5 £ 157.5 fm?® and x7,,/dof ~ 1.45.

Based on the idea that the light (anti)nuclei are pro-
duced from the quark-gluon bags with an exponential mass
spectrum, we interpret the found CFO volumes of nuclei
as the sum of volumes of quark-gluon bags. From this in-
terpretation, we estimated the ratio of initial entropy of
thermalized bags for A+A collision energies \/syn = 200
GeV and /syy = 2.76 TeV and the number of the emit-
ting sources of nuclei, which, in principle, can be verified
by the hydrodynamic or hydro-kinetic approaches. Sur-
prisingly, if the number of such sources is 14 for the ALICE
energy and, consequently, 10 for the STAR energy, as it is
required by their common CFO volumes, then the radius
of emitting sources of nuclei is 3.566 fm, which practically
coincides with the value of the coalescence distance used
in a successful transport code simulating the production
of nuclei [99].

In the present work we demonstrate that the experi-
mental data for the yields of hadrons and light nuclei pro-
duced in heavy-ion collisions at RHIC and LHC energies
can be described with a very high accuracy, if one uses
a formulation of the HRGM that employs the classical
second virial coeflicients corresponding to a hard-sphere
model of nuclei and hadrons. At the same time it is shown
that the determination of the CFO temperature of light
nuclei is a rather delicate issue since the result depends
on the underlying scenario of their CFO.

The simple model of hard spheres for the repulsive
interactions between hadrons and nuclei as employed in
the present work can of course only be considered as an
intermediate step in our understanding of the formation
of hadrons and light nuclei from a hadronizing quark-
gluon plasma. Microphysical approaches should be fur-
ther developed which treat hadrons and nuclei as multi-
quark clusters and would allow for a deeper understanding
of the hadrochemistry on the quark level. One aspect of
a description on this level would be the explanation of
the short-range repulsion by quark Pauli blocking among
hadrons (see, e.g., Ref. [3]), eventually augmented by re-
pulsive multi-pomeron exchange forces that have proven
essential to describe large-angle nucleus-nucleus scattering
at the Fermi energy and in resolving the hyperon puzzle
of neutron star structure [100]. From the further system-
atic analysis of light nuclei production measured in the
heavy ion collision experiments a picture may emerge in
which the puzzling result of a high CFO temperature finds
its explanation by a hadronization of multi-quark states
from the QGP, as it was already anticipated in Ref. [95]
and emphasized again in Ref. [59] in the light of the recent

experiments.
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