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Hadron production in relativistic nuclear collisions is well described in
the framework of the statistical hadronization model, over a broad range
of collision energies. We outline this for hadrons composed of light (u, d, s)
and heavy (charm and beauty) quarks, discuss recent findings relevant for
understanding the phase structure of QCD, and formulate some open issues.
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1. Introduction

If one compresses or heats strongly interacting matter to higher densi-
ties and/or high temperatures, one expects [1-4| that quarks are no longer
confined but can move over distances significantly larger than the size of
a nucleon. Under very similar conditions, also a fundamental symmetry of
QCD, the chiral symmetry that is spontaneously broken in hadronic and
nuclear matter, is restored. Such a deconfined, chirally symmetric state of
matter, the Quark—Gluon Plasma (QGP) [5], is likely to have existed in the
Early Universe between the electroweak phase transition at picoseconds after
the Big Bang and for up to 10 microseconds [6]. It can be studied experi-
mentally and theoretically via collisions of nuclei at high energies [7, 8]. One
stage in the complex dynamics of the system produced in heavy-ion collisions
is that of the chemical freeze-out, at which the abundances of hadron species
are fixed. Chemical freeze-out is addressed phenomenologically within the
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statistical hadronization model (SHM) [9-11]. The value of the pseudo-
critical temperate T for the chiral crossover transition at vanishing upg is
currently calculated in Lattice QCD (LQCD) to be 156.5+1.5 MeV [12] and
158.0+£0.6 MeV [13]. The LQCD results also quantify a small decrease of T,
with increasing pp as long as pup < 400 MeV [12—14]. Within this parameter
range, the chiral transition is still of a crossover type [15]. The temperature
for the deconfinement transition is more difficult to evaluate in LQCD due
to the lack of an order parameter at finite quark masses. A recent extrap-
olation of the static quark entropy [16] puts the deconfinement transition
line very close to the one for the chiral transition. The presence of new
phases and possibly of a critical end point at values of up around 600 MeV
is currently theoretically discussed intensely and addressed experimentally,
see very recent reviews [17, 18].

One of the consequences of confinement in QCD is that physical observ-
ables require a representation in terms of hadronic states. Indeed, as has
been noted in the context of QCD thermodynamics (see, e.g., [19] and ref-
erences therein), the corresponding partition function Z can be very well
approximated within the framework of the hadron resonance gas, as long as
the temperature stays below T¢.

In a volume V', the grand canonical partition function for hadron species i
is

In ZZ

3 [ P dpnl £ exp(— (B — ) /1) (1)
0

with + for fermions and — for bosons, where g; = (2J; + 1) is the spin
degeneracy factor, T is the temperature, F; = {/p? + m? the total energy;
i = puBBi + prls; + pnsSi + pcCi are the chemical potentials that en-
sure conservation (on average) of baryon, isospin, strangeness, and charm
quantum numbers. Three initial conditions help fixing (Is;, us, 1c)

(i) isospin stopping identical to baryon stopping: I/ > n;ls;
Nt/ S ni B, with I and N as the isospin and baryon numbers
of the system;

(i) vanishing net initial strangeness: ) . n;S; = 0;
(iii) vanishing net initial charm content: ). n;C; = 0.

One needs as input for the calculations knowledge of the complete hadron
spectrum and the default constitutes what is listed by the PDG [20].

A consistent approach to interactions among hadrons is an implementa-
tion employing the S-matrix formulation of statistical mechanics with mea-
sured pion—nucleon phase shifts including, importantly, also repulsive and
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non-resonant components [21]. This accounts for the strongest contribu-
tion, the pion—nucleon interaction. Implementation of interactions in the
strangeness sector is realized in [22]. For an interesting new contribution,
see [23].

2. Statistical hadronization of light quarks

In practice, Tcr, up, and V, the parameters at chemical freeze-out are
determined from a fit to the experimental data. For the most-central (0
10%) Pb-Pb collisions at the LHC, the best description of the ALICE data
(see [24] and references therein) on yields of particles in one unit of rapidity
at midrapidity, is obtained with Top = 156.6+1.7 MeV, up = 0.7£3.8 MeV,
and V = 4175 + 380 fm? (corresponding to a slice of one unit of rapidity,
centered at midrapidity) |11, 21|, shown in Fig. 1. The standard deviations
quoted here are exclusively due to experimental uncertainties and do not
reflect the systematic uncertainties connected with the model implementa-
tion. Further investigations have led to an order of magnitude improvement
in the precision of up = 0.74+0.45 MeV [25], demonstrating that the central
region at LHC energies is essentially baryon-free.
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Fig. 1. Mass dependence of hadron yields divided by the spin degeneracy factor
(2J 4+ 1), SHM best fit in comparison to the ALICE data. For the SHM, both the
“total” yields, including strong and electromagnetic decays, and the “primordial”
thermal yields are plotted. Figure taken from [26].
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Very good agreement is obtained between the measured particle yields
and SHM over nine orders of magnitude in abundance values, encompassing
strange and non-strange mesons, baryons, including strange and multiply-
strange hyperons, as well as light nuclei and hypernuclei, and their anti-
particles. The initially observed overprediction of about 20% of the data by
the model for proton and anti-proton yields (a deviation of 2.70) is entirely
accounted for via the S-matrix treatment of the interactions [21] leading to
an excellent fit with a x%, = 16.9/19 (for consistency, with the S-matrix
treatment, the excluded-volume correction is not applied anymore). It was
recently shown that the addition (compared to what is listed by PDG [20])
of about 500 new states predicted by LQCD and the quark model does lead
to a strong deterioration of the fit, while a restoration of the good fit qual-
ity at no change of the thermal parameters is observed when the S-matrix
treatment is employed as well for this expanded hadron spectrum [27].

The thermal origin of all particles including light nuclei and anti-nuclei
is particularly transparent when inspecting the dependence of their yields
with particle mass, shown in Fig. 1. We note that the yields of the measured
lightest mesons and baryons, (7, K, p, A) are substantially increased relative
to their primordial thermal production by the resonance decay contributions
(for pions, e.g., the decay contribution amounts to 70% of the total yield).
For the subset of light nuclei, the SHM predictions are, however, not affected
by resonance decays. For these nuclei, due to their large masses, a small
variation in temperature leads to a large variation in the yield, resulting
in a relatively precise determination of the freeze-out temperature Tclei =
159 + 5 MeV, well consistent with the value of Tcr extracted above.

The rapidity densities of light (anti-)nuclei and hypernuclei were actu-
ally predicted [28], based on the systematics of hadron production at lower
energies. It is nevertheless remarkable that such loosely bound objects (the
deuteron binding energy is 2.2 MeV, much less than Top ~ T, ~ 157 MeV)
are produced at temperatures very close to that of the phase boundary at
LHC energy, implying that any further evolution of the fireball has to be
close to isentropic. The detailed production mechanism for loosely bound
states remains an open question (see recent review [29]). One possibility
is that such objects, at QGP hadronization, are produced as compact, col-
orless droplets of quark matter with quantum numbers of the final-state
hadrons [11] (see discussion below).

The thermal nature of particle production in ultra-relativistic nuclear
collisions has been experimentally verified not only at LHC energy, but also
at the lower energies of the RHIC, SPS, and AGS accelerators. The essential
difference is that, at these lower energies, the matter—anti-matter symmetry
observed at the LHC is lifted, implying non-vanishing values of the chemical
potentials. Furthermore, in central collisions at energies below /syy =~
6 GeV, the cross section for the production of strange-hadrons decreases
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Fig. 2. Left: Energy dependence of the chemical freeze-out parameters Top and pp.
The results are obtained from the SHM analysis of hadron yields (at midrapidity,
dN/dy, and in full phase space, 47) for central collisions at different energies.
Right: Collision energy dependence of the relative abundance of several hadron
species (the data are compiled in [30, 31]). Figures taken from [11].

rapidly, with the result that the average strange hadron yields per collision
can be significantly below unity. In this situation, one needs to implement
exact strangeness conservation, applying canonical thermodynamics [9, 32,
33]. Similar considerations apply to the description of particle yields in
peripheral nuclear and elementary collisions.

While pp decreases smoothly with increasing energy, the dependence of
Tcr on energy exhibits a striking feature which is illustrated in Fig. 2 (left):
Tcr increases with increasing energy from about 60 MeV to a saturation for
VSNN > 20 GeV, of about 158 MeV, when averaging over all experiments.
The saturation of T observed in Fig. 2 lends support to the earlier proposal
[34-36] that, at least at high energies, the chemical freeze-out temperature
is very close to the QCD hadronization temperature [37], implying a direct
connection between data from relativistic nuclear collisions and the QCD
phase boundary. Hagedorn noted long ago |38] that hadronic matter cannot
be heated beyond a certain limit, but the saturation observed here indicates
a different boundary. The parametrizations shown in Fig. 2 are: Top =
T /(1 + exp(2.60 — In(/snyn)/0.45)) and pp = a/(1 + 0.288,/snN), with
Vsnn in GeV, the ‘limiting temperature’ T(l}ill = 158.4 £ 1.4 MeV, and
a =1307.5 MeV.
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To illustrate how well the thermal description of particle production in
central nuclear collisions works, we show also in Fig. 2 (right), the energy
dependence of the relative abundance of several hadron species along with
the prediction using the SHM and the parametrized evolution of the pa-
rameters. In particular, the maxima (occurring at slightly different c.m.
energies) in the KT /7" and A/n%t ratios are naturally explained [37] as
the interplay between the energy dependence of Tcr and pp and the conse-
quence of strangeness conservation. Deuterons are also well reproduced (see
discussion below).

Since the statistical hadronization analysis at each collision energy yields
a pair of (Tcr, pp) values, these points can be entered into the phase diagram
of QCD shown in Fig. 3. Note that the points at low temperature and high
up seem to converge towards the value for the ground-state nuclear matter
(1B ~ 930 MeV). At high collision energies, the points are very close to the
pseudo-critical line for the chiral phase transition (and deconfinement) [12,
13, 16].
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Fig.3. Phase diagram of strongly interacting matter constructed from chemical
freeze-out points for central collisions at different energies, extracted from exper-
imental data sets in our own (squares) and other similar analyses [31, 39-41] is
compared to predictions from LQCD [12, 13, 16] shown as bands. For the location
of a possible critical endpoint (CEP), see [17].
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3. Extension to hadrons with heavy quarks

There is now significant experimental information, from relativistic nu-
clear collisions, not only on the production of hadrons composed of light
(u,d,s) valence quarks, but also of open and hidden charm and beauty
hadrons. In particular, there is good evidence, mainly from results obtained
at the CERN Large Hadron Collider (LHC) [42-44|, that charm quarks
reach a large degree of thermal equilibrium, although charm quarks in the
system are initially chemically far out of equilibrium. This is supported by
heavy-quark diffusion coefficients from LQCD [45, 46]. A strong indication
for equilibration is the fact that J/¢ mesons participate in the collective,
anisotropic hydrodynamic expansion [47, 48|.

To microscopically understand the production mechanism of charmed
hadrons for systems ranging from pp to Pb—Pb, various forms of quark coa-
lescence models have been developed [49-52]. This provides a natural way to
study the dependence of production yields on hadron size and, hence, may
help to settle the still open question of whether the many exotic hadrons
that have been observed recently are compact multi-quark states or hadronic
molecules (see |53, 54| and references therein). Conceptual difficulties with
this approach are that energy is not conserved in the coalescence process and
that color neutralization at hadronization requires additional assumptions
about quark correlations in the QGP [55].

Another approach, named SHMc, has been formulated by the extension
of the SHM to also incorporate charm quarks. This was first proposed in [56]
and developed further in [11, 43, 57, 58] to include all hadrons with hidden
and open charm. The key idea is based on the recognition that, contrary
to what happens in the (u,d, s) sector, the heavy (mass ~ 1.2 GeV) charm
quarks are not thermally produced even at LHC energy. Rather, production
takes place in initial hard collisions. The produced charm quarks then ther-
malize in the hot fireball, but the total number of charm quarks is conserved
during the evolution of the fireball [58] since charm quark annihilation is very
small. In essence, this implies that charm quarks can be treated like impu-
rities. Their thermal description then requires the introduction of a charm
fugacity g. [43, 56]. The value of g. is not a free parameter but experi-
mentally determined by measurement of the total charm cross section. For
central Pb—Pb collisions at LHC energy, g. ~ 30 [43]. The charmed hadrons
are, in the SHMc, all formed at the phase boundary, i.e. at hadronization, in
the same way as all (u, d, s) hadrons, only with the boundary condition that
all charm quarks present in the QGP materialize in hadrons (as warranted

by gc)'
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In [44], it is demonstrated that, with that choice, the measured yield for
J/1 mesons is very well reproduced along with the yield of all light-flavor
hadrons. The uncertainty in the prediction is mainly caused by the uncer-
tainty in the total charm cross section in Pb—Pb collisions. We note here
that the excellent agreement of charmed-hadron yields with those computed
with the SHMc implies that charm quarks, and consequently charmonia, are
unbound inside the QGP; in fact, their final yields at full LHC energy ex-
hibit enhancement compared to expectations using collision scaling from pp
collisions, contrary to the original predictions based on [59]. For a detailed
discussion, see [11].

For the description of yields of charmonia, feeding from excited char-
monia is very small due to their strong Boltzmann suppression. For open
charm mesons and baryons, this is not the case, and feeding from excited
D*, A%, and X7 is an essential ingredient for the description of open charm
hadrons [43]. Even though the experimental mass spectrum of excited open
charm hadrons is not complete, in particular in the baryon sector, the pre-
diction of yields for D mesons and A, baryons compares very well with
the measurements', both concerning transverse momentum and centrality
dependence.

A particularly transparent way to look at the data for Pb—Pb collisions is
obtained by analyzing the centrality dependence of the yield ratio (J/v)/D°
and comparing the results to the predictions of the SHMc. Recently, both
the D% and J/v production cross sections have been well measured down
to py = 0. The yield ratio (J/v)/Dy is reproduced with very good precision
for both measured centralities, as demonstrated in Fig. 4. This result lends
strong support to the assumption that open and hidden charm states are
both produced by statistical hadronization at the phase boundary. A more
extensive comparison between SHMc and data for open charm hadrons is
shown in [43, 62].

From the successful comparison of measured yields for the production of
(u,d,s) as well as open and hidden charm hadrons obtained from the SHM
or SHMc with essentially only the temperature as a free parameter at LHC
energies, one may draw a number of important conclusions.

— First, we note that hadron production in relativistic nuclear colli-
sions is described quantitatively by the chemical freeze-out parameters
(Tcr, up)- Note that the fireball volume appearing in the partition
function is determined by normalization to the measured number of
primary charged particles. At least for energies \/syn > 10 GeV, these

! For A, baryons, one has to augment the currently measured charm-baryon spectrum
to account for the large number of additional states predicted by LQCD to achieve
agreement with experimental data [61].
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Fig.4. J/v¢ to D ratio measured in Pb-Pb collisions at the LHC and predicted
by the Statistical Hadronization Model with charm SHMec. Figure from [60].

freeze-out parameters agree with good precision with the results from
LQCD for the location of the chiral crossover transition. Under these
conditions, hadronization is independent of particle species and only
dependent on the values of T' and pp at the phase boundary. At LHC
energy, the chemical potentials vanish, and only T' = T, is needed to
describe hadronization.

— The mechanism implemented in the SHMc for the production of
charmed hadrons implies that these particles are produced from un-
correlated, thermalized charm quarks as is expected for a strongly
coupled, deconfined QGP (see also the discussion in [43]). At LHC en-
ergy, where chemical freeze-out takes place for central Pb—Pb collisions
in a volume per unit rapidity of V a 5000 fm?, this implies that charm
quarks can travel over linear distances of order 10 fm (see [11, 43] for
more detail). This result provides strong evidence for deconfinement
in the charm sector. Recent theoretical studies provide some argu-
ments for the presence of a confined phase at temperatures above the
hadron-resonance-gas phase but below the QGP phase 63, 64|. The
observation of deconfined charm quarks above T, does not lend support
for the existence of such a phase, since colorless charmonium cannot
be formed from colored charm and anti-charm quarks in absence of
gluons.

Future measurement campaigns at the LHC will yield detailed informa-
tion on the production cross sections of hadrons with multiple charm quarks
as well as excited charmonia. The predictions from the SHMc for the rele-
vant cross sections exhibit a rather dramatic hierarchy of enhancements [43]
for such processes. Experimental tests of these predictions would lead to
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a fundamental understanding of confinement/deconfinement and hadroniza-
tion. The vision is to obtain, from the measured charmonium spectrum
compared to SHMc, a deconfinement temperature similar in spirit to the
above cited freeze-out temperature for nuclei.

4. Some open issues

We have demonstrated that the SHM and SHMc approaches provide an
excellent description of hadron production in relativistic nuclear collisions
from /syny = 3 GeV into the multi-TeV range. Recently, there has been
increased interest in searching for quark—gluon plasma signatures also in light
systems such as pA and pp collisions [65]. This has led to investigations of
SHMc predictions also for these systems [66] and established new systematics
which is rather well visible in the available data, with the exception of the
DY meson, whose yield is unexpectedly suppressed by about a factor of 2
compared to SHMc predictions. Furthermore, the degree of equilibration
reached in the light systems has not yet been well determined.

The detailed production mechanism for composite objects such as light
nuclei and hyper-nuclei has not yet been fully established, despite signifi-
cant experimental efforts. As cases in point, we note that the system size
dependence of the loosely bound hyper-triton which for pp collisions is better
understood in a coalescence framework, while “He and mass-4 hypernucleus
production in heavy systems is well described in the SHM approach. We
note in this context that a possible connection between coalescence models
and SHM was already recognized more than 30 years ago [67, 68|, see also
a recent study in [69]. Clearly, very loosely bound objects such as hyper-
triton with a radius of order of 10 fm cannot survive even the dilute hadronic
phase after chemical freeze-out. In [11], it was then speculated that such
objects are first produced as compact (multi-quark) clusters with mass and
quantum number of the final state such as hyper-triton and only signifi-
cantly later evolve into the full nuclear wave function. How this evolution
takes place is, however, not understood. On the other hand, hyper-triton
cannot directly coalesce into the fully formed large object as the coalescence
process has to take place via the strong interaction which is very short range
(1-2 fm). So in both models, the initial configuration has to be compact.
The importance of this aspect is not currently taken into account in the
coalescence approach.

A possible way of how to deal in the SHM with the production of objects
whose size is comparable to or even much larger than the size of the fireball
formed in the collision was recently proposed in a schematic way in [70]. This
mechanism was very recently implemented into our version of the SHM but
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indeed does not lead to agreement with the measured system-size dependence
of the production yields of light nuclei [71], where the canonical suppression
is sufficient to describe the experimental data.

Finally, we recognize the efforts by Cohen and collaborators [72, 73] to
shed light on the ‘light nucleus puzzle’ but do not share their understanding
of the non-equilibrium dilute hadronic phase after chemical freeze-out in
SHM.

K.R. acknowledges support from the National Science Centre (NCN),
Poland, under OPUS grant No. 2022/45/B/ST2/01527, and of the Polish
Ministry of Science and Higher Education. This work is part of and sup-
ported by the DFG Collaborative Research Centre, SFB1225/ ISOQUANT.
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