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Decoding the phase structure of QCD via
particle production at high energy

Anton Andronicl?, Peter Braun-Munzinger!>*#, Krzysztof Redlich"® & Johanna Stachel®

Recent studies based on lattice Monte Carlo simulations of quantum chromodynamics (QCD)—the theory of strong
interactions—have demonstrated that at high temperature there is a phase change from confined hadronic matter to a
deconfined quark-gluon plasma in which quarks and gluons can travel distances that greatly exceed the size of hadrons.
Here we show that the phase structure of such strongly interacting matter can be decoded by analysing particle production
in high-energy nuclear collisions within the framework of statistical hadronization, which accounts for the thermal
distribution of particle species. Our results represent a phenomenological determination of the location of the phase
boundary of strongly interacting matter, and imply quark-hadron duality at this boundary.

uent ‘nucleons’: protons and neutrons. Although the density in

the centre of a heavy nucleus is extremely large (about 10* times
the density of water), the mean distance between nucleons exceeds their
diameter (the radius of the nucleon is about 0.88 fm =0.88 x 10~ m
and the number density inside a nucleus is 119 =0.16 fm—>). Thus, normal
nuclear matter is a dilute many-body system. If such matter is compressed
or heated in high-energy nuclear collisions (see, for example, refs 1-3
to even higher densities or high temperatures (typically of the order of
ks T~ mc*, where m, is the mass of the lightest hadron (the pion), T is
the temperature, kg is Boltzmann’s constant and c is the speed of light),
then quarks, the building blocks of nucleons, are expected4‘7 to be no
longer confined but able to move over distances much larger than the
size of the nucleon. Such a ‘deconfined’ state of matter, named the quark-
gluon plasma (QGP)?, is likely to have existed in the early Universe within
the first microseconds after the Big Bang®. One of the challenging ques-
tions in modern nuclear physics is to identify the structure and phases
of such strongly interacting matter®.

Evidence for the existence, in the laboratory, of the QGP has been
obtained by studying collisions between heavy atomic nuclei (Au and
Pb) at ultra-relativistic energies. The first relevant results came from
experiments at the CERN (European Organization for Nuclear
Research) Super Proton Synchrotron (SPS) accelerator!!. Using the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory (BNL), experiments confirmed the existence of this new
state of matter, providing further strong evidence for QGP formation
and expansion dynamics in the hot fireball produced in high-energy
nuclear collisions. Supporting evidence was also obtained from exper-
iments at the BNL Alternating Gradient Synchrotron (AGS) through
the discovery of collective dynamics at high energy'?. For nuclear col-
lisions, the centre-of-mass energies per nucleon pair, _ /sy, covered by
different accelerator facilities are: (1) the BNL AGS,  fsyy =2.7-
4.8 GeV, (2) the CERN SPS, _ /sy =6.2-17.3 GeV, (3) the BNL RHIC,
JSnn =7.0-200 GeV and (4) the CERN Large Hadron Collider (LHC),
SN =2.76-5.02 TeV.

The results from RHIC showed that the QGP behaves more like a
nearly ideal, strongly interacting fluid than a weakly interacting gas of
quarks and gluons'>!3-16, These results were confirmed and extended
into hitherto unexplored regions of phase space (in particular, high

Q tomic nuclei are bound by the strong force between their constit-

transverse momenta) by experiments at the CERN Large Hadron
Collider (LHC)!7~1°, At LHC energies, the fireball formed in Pb-Pb
collisions is so hot and dense that quarks or gluons (partons) produced
initially with energies of up to a few hundred gigaelectronvolts lose a
substantial fraction of their energy while traversing it.

The characterization of the QGP in terms of its equation of state
(which expresses pressure as a function of energy density) and of its
transport properties (such as its viscosity or diffusion coefficients) as
well as delineating the phases of strongly interacting matter® is a major
ongoing research effort>>!#21-22, However, it has turned out that direct
connections between the underlying theory of strong interactions in
the standard model of particle physics, QCD? and the experimental
data are not readily to be established. This is because the constituents of
the QGP—the coloured quarks and gluons—are not observable as free
particles, a fundamental property of QCD called ‘confinement’. What
is observable are colourless bound states of these partons, resulting in
mesons and baryons; these bound states are generally referred to as
hadrons. Furthermore, the equations of QCD can be solved analytically
only in the high-energy and short-distance limit where perturbative
techniques can be used owing to the asymptotic freedom property of
QCD?**. This is unfortunately not possible for the QGP, where typical
distance scales exceed the size of the largest atomic nuclei and the typ-
ical momentum scale is low. The only technique known at present is
lattice QCD (LQCD)?, whereby the QCD equations are solved numer-
ically by discretizing the QCD Lagrangian on a four-dimensional
space-time lattice and evaluating them statistically via Monte Carlo
methods.

In the following sections we discuss how the phase structure of
strongly interacting matter described by LQCD can be decoded by
analysing particle production in high-energy nuclear collisions. This
is achieved by using the observed thermalization pattern of particle
abundances within the framework of statistical hadronization at various
collision energies.

Connecting hadronic states and QCD constituents

From LQCD calculations, a deconfinement transition from matter
composed of hadronic constituents (that is, hadronic matter) to a QGP
has indeed been predicted (see ref. 2 for an early review) at an energy
density of about 1 GeV fm . Besides deconfinement, there is also a
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chiral symmetry restoration transition expected in high-energy-density
matter?”28,

Owing to the very small masses of the up and down quarks, the
equations of QCD exhibit symmetries, called chiral symmetries, that
allow separate transformations among the right-handed quarks (with
spin oriented in the direction of momentum) and left-handed quarks.
Such symmetries, however, are not manifest in the observed strongly
interacting particles; these particles do not come in opposite-parity
pairs. Thus, chiral symmetry must be spontaneously broken at finite
energy density. Consequently, QCD predicts the existence of a chiral
transition between a phase in which chiral symmetry is broken, at low
temperature or density, and a chirally symmetric phase at high tem-
perature or density. The connection between deconfinement and chiral
transition is theoretically not fully understood.

It has been demonstrated”, again using the methods of LQCD, that
at zero baryo-chemical potential y, the deconfinement transition is
linked to the restoration of chiral symmetry and that it is of crossover
type with a continuous, smooth but rapid increase of thermodynamic
quantities in a narrow region around the pseudo-critical tempera-
ture T.. Henceforth using units such that i=1, kg=1and c=1, the
value of T at vanishing y, is currently calculated in LQCD to be
154+ 9 MeV?*’ and 156 =9 MeV>"*? with different fermion actions,
in excellent agreement (uncertainties quoted here and elsewhere are
the standard error of the mean). Recent LQCD results also quantify
the small decrease of T, with increasing 14, as long as 14, < 3T.. Within
this parameter range the transition is still of crossover type. A funda-
mental question is the possible existence of a critical endpoint, where
a genuine second-order chiral phase transition is expected. This
has been addressed both experimentally (see a review in ref. **) and
theoretically (see a review in ref. *) but remains one of the outstanding
questions related to our understanding of the phase structure of hot
and dense QCD matter.

These results do not shed light on the mechanism of the transition
from deconfinement to confinement. In fact, the crossover nature of the
chiral transition raises the question whether hadron production from a
deconfined medium might also happen over a wide range of tempera-
tures and how confinement can be implemented in a smooth transition
without leading to free quarks. A related question is whether colour-
less bound states (hadrons) might survive in a deconfined medium.
The present work attempts to shed light on some of these questions by
connecting LQCD phenomenology and the impressive body of results
on hadron production in central collisions between two heavy atomic
nuclei at high energy. Central collisions are nearly head-on collisions;
centrality is calculated in experiments matching measured particle mul-
tiplicity or energy to the geometry of the collision (see details in ref. 7).

The QCD Lagrange density is formulated entirely in terms of the
basic constituents of QCD, the quarks and gluons. The masses of had-
rons as colourless bound states of quarks and gluons are well calcu-
lated within LQCD, showing remarkable agreement with experiment™.
This confirms that chiral symmetry is broken in the QCD vacuum, as
reflected in the mass differences between parity partners as well as the
existence of anomalously light pions as approximate Goldstone bosons
associated with spontaneous symmetry breaking.

One of the consequences of confinement in QCD is that physical
observables require a representation in terms of hadronic states. Indeed,
as has been noted recently in the context of QCD thermodynamics (see
ref. *® and references 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¢.. To make this
more transparent, we first note that all thermodynamic variables, such
as pressure P and entropy density can be expressed in terms of deriva-
tives of logarithms of Z. For P, for example, we obtain for a system with
volume V and temperature T:

P _ 1 On[Z(V, T, u)]
" T3 ov

(1)
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imply that, aslong as T< T,

where the partition function of the hadron resonance gas model is
expressed in mesonic and baryonic components, where m; is the mass
of a given hadron. The chemical potential 1 then reflects the baryonic,
electric charge and strangeness components &= (ft, (g, [s)-

To make this connection quantitative, detailed investigations have
recently been made into the contribution of mesons and baryons to
the total pressure of the matter. In particular, in refs ***® and references
therein, the equation of state and different fluctuation observables are
evaluated in the hadronic sector via the hadron resonance gas and com-
pared to predictions from LQCD. Very good agreement is obtained
for temperatures up to very close to T, lending further support to the
hadron-parton duality described by equation (2).

The partition function of the hadron resonance gas in equation (2)
is evaluated as a mixture of ideal gases of all stable hadrons and res-
onances. In the spirit of the S-matrix formalism*, which provides a
consistent theoretical framework to implement interactions in a dilute
many-body system in equilibrium, the presence of resonances corre-
sponds to attractive interactions among hadrons. This is generally a
good approximation, because for the temperatures considered here
(T< 165 MeV) the total particle density is low, < 0.5 fm .

Sometimes, additional repulsive interactions are modelled with
an ‘excluded volume’ prescription (see ref. 37 and references therein),
which is inherently a low-density approach. For weak repulsion, imply-
ing excluded volume radii of ry < 0.3 fm, the effect of the correction is
mainly to decrease particle densities, whereas the important thermal
parameters T and py, are little affected. Strong repulsion cannot be mod-
elled that way: much larger r; values lead to, among others, unphysical
(superluminous) equations of state, in contradistinction to results from
LQCD. In the following we use ro=0.3 fm for both mesons and bary-
ons. All results on thermal parameters described below are unchanged
from what is obtained in the non-interacting limit except for the overall
particle density, which is reduced by up to 25%.

Over the course of the past 20 years it has become apparent*~*° that
the yields of all hadrons produced in central collisions can be very
well described by computing particle densities from the hadronic par-
tition function described by equation (2). To obtain particle yields at a
particular temperature Tirand 1, one multiplies the thermal densities
obtained in this way with the fireball volume V. In practice, Tes, tp
and V, the parameters at ‘chemical freeze-out’ from which point on all
hadron yields are frozen, are determined from a fit to the experimen-
tal data. We note that V is actually the volume that corresponds to a
slice of one unit of rapidity y, centred at mid-rapidity. Experimentally,
the rapidity density dN/dy of a hadron is obtained by integrating its
momentum-space distribution over the momentum component trans-
verse to the beam direction. In general we take these yields N at mid-
rapidity (y=0), where the centre of mass of the colliding system is at rest.

As will be discussed below, this ‘statistical hadronization approach’
provides, via equations (1) and (2), a link between data on hadron pro-
duction in ultra-relativistic nuclear collisions and the QCD partition
function. This link may shed light on the QCD phase diagram. The
possibility of such a connection was surmised early on®*® and various
aspects of it have been discussed more recently*+4/-%3,

The full power of this link, however, becomes apparent only with the
recent precision data from the LHC. Below, we discuss the accuracy
that can be achieved in the description of hadron production using the
parton-hadron duality concept described by equation (2). We first
focus on hadrons that contain only light quarks with flavours up, down
and strange (u, d and s) and place emphasis on LHC data. Those show
matter and antimatter production in equal amounts, thus indicating
that 1, is very close to zero. It is in this energy region that the LQCD
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approach can be applied essentially without approximations using cur-
rent computer technology. We then explore the lower-energy region
(500 GeV > _ fsq > 15 GeV) and show that consistent information on
the QCD phase diagram for 0 < yi, < 300 MeV can be achieved by
quantitatively comparing LQCD predictions for finite /4, with results
from statistical hadronization analysis of hadron production data. In
section ‘Statistical hadronization of heavy quarks’ we discuss how the
statistical hadronization approach can be extended to include heavy
(charm ¢ and bottom b) quarks. We further discuss how the recent LHC
data can provide information on the hadronization of these heavy
quarks during the expansion and cooling of the QGP formed in such
high-energy central nuclear collisions.

Statistical hadronization of light quarks

The description of particle production in nucleus-nucleus collisions
in the framework of the statistical hadronization approach is particu-
larly transparent at the LHC energy where the chemical freeze-out is
quantified, essentially, by the temperature Tisand the volume V of the
fireball produced.

The parameters of the statistical hadronization approach are
obtained with considerable precision by comparison with the yields
of particles measured by the ALICE Collaboration®*-*. To match the
measurement, the calculations include all contributions from the strong
and electromagnetic decays of high-mass resonances. For 7%, K= and
K% mesons, the contributions from heavy-flavour hadron decays are
also included. The measurement uncertainty o is accounted for as the
quadratic sum of statistical and systematic uncertainties; see below.

For the most central Pb—Pb collisions, the best description of the ALICE
data on yields of particles in one unit of rapidity at mid-rapidity is obtained
with Ty=156.5 1.5 MeV, 11, =0.7-£3.8 MeV and V=5,280-£410 fm’.
This result is an update of the previous analysis from ref. ** using an extended
and final dataset. The standard deviations quoted here are exclusively due to
experimental uncertainties and do not reflect the systematic uncertainties
connected with the model implementation, as discussed below.

Remarkably, the values of the chemical freeze-out temperature
T.s=156.5£ 1.5 MeV and the pseudo-critical temperature
T.=154+9 MeV obtained in LQCD agree within errors. This implies that
chemical freeze-out takes place close to hadronization of the QGP, lending
support also to the hadron-parton duality described by equation (2).

A comparison of the statistical hadronization results obtained with
the thermal parameters discussed above and the ALICE data for parti-
cle yields is shown in Fig. 1. Impressive overall agreement is obtained
between the measured particle yields and the statistical hadronization
analysis. The agreement spans nine orders of magnitude in abun-
dance values, encompasses strange and non-strange mesons, baryons
including strange and multiply strange hyperons as well as light nuclei
and hypernuclei and their antiparticles. A very small value for the
baryo-chemical potential 14, =0.7 3.8 MeV, consistent with zero, is
obtained, as is expected from the observation of the equal production
of matter and antimatter at the LHC®!.

The largest difference between the data and calculations is observed
for proton and antiproton yields, where a deviation of 2.7 is obtained.
This difference is connected with an unexpected and puzzling centrality
dependence of the ratio (p + 5 ) /(7 + 7 ) (see figure 9 of ref. **). As
discussed below, the other ratios (hadrons/pions) increase towards
more central collisions until a plateau (the grand-canonical limit) is
reached. The peculiar behaviour of the (p + p) /(7 * + 7~ )ratio at LHC
energy is currently not understood. Arguments that this might be con-
nected to annihilation of baryons in the hadronic phase after chemical
freeze-out®? are not supported by the results of recent measurements
of the relative yields of strange baryons to pions®’.

A further consequence of the vanishing baryo-chemical potential is
that the strangeness chemical potential 1, also vanishes. This implies
that the strangeness quantum number no longer affects the particle
production. In the fireball the yield of strange mesons and (multi-)
strange baryons is exclusively determined by their mass m and spin
degeneracy (2] + 1) in addition to the temperature T.

REVIEW

The thermal origin of all particles including light nuclei and
antinuclei is particularly transparent when inspecting how their yields
change with particle mass. This is shown in Fig. 2, where the measured
yields, normalized to the spin degeneracy, are plotted as a function of
the mass m. This demonstrates explicitly that the normalized yields
depend exclusively on m and T. For heavy particles (m > T') without
resonance decay contributions their normalized yield simply scales
with mass as m*?exp(—m/T), illustrated by the nearly linear depend-
ence observed in the logarithmic representation of Fig. 2. We note that,
for the subset of light nuclei, the statistical hadronization predictions
are not affected by resonance decays. For these nuclei, a small variation
in temperature leads to a large variation of the yield, resulting in a
relatively precise determination of the freeze-out temperature
Thudei= 159 &= 5 MeV, consistent with the value of T.; extracted above.

The incomplete knowledge of the structure and decay probabilities
of heavy mesonic and baryonic resonances discussed above leads to
systematic uncertainties in the statistical hadronization approach. We
note from Fig. 2 that the yields of the measured lightest mesons and
baryons (7, K, p and A) are substantially increased relative to their
primordial thermal production by such decay contributions. For pions,
for example, the resonance decay contribution amounts to 70%. For
resonance masses larger than 1.5 GeV the individual states start to
overlap strongly®®. Consequently, neither their number density nor
their decay probabilities can be well determined. Indeed, recent LQCD
results indicate that there are missing resonances compared to what is
listed in ref. 2*. The resulting theoretical uncertainties are difficult to
estimate but are expected to be small because T¢is very small compared
to the mass of the missing resonances. A conservative estimate is that
the resulting systematic uncertainty in T is at most 3%. This is con-
sistent with the determination of T using only particles whose yields
are not influenced by resonance decays (see above). Until now, none of
these systematic uncertainties are taken into account in the statistical
hadronization analysis described here.

The rapidity densities of light (anti-)nuclei and hypernuclei have
been predicted® on the basis of 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
Thudei = 159 MeV or Ty~ T. &2 155 MeV) are produced with tempera-
tures 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.
For the hypertriton 3H and antihypertriton %H, the situation is even
more dramatic: this object consists of a bound state of (p, n, A), with
an energy of only 130430 keV needed to remove the A particle from
the bound state. This implies that the A particle is very weakly bound
to a deuteron, resulting in root-mean-square size for this bound state
of close to 10 fm, about the same size as that of the fireball formed in
the Pb-Pb collision.

The detailed production mechanism for loosely bound states remains
an open question. One, admittedly speculative, possibility is that such
objects, at QGP hadronization, are produced as compact, colourless
droplets of quark matter with quantum numbers of the final-state
hadrons. The concept of possible excitations of nuclear matter into
colourless quark droplets has already been considered®. In the context
of our work, these states should have a lifetime of 5 fm or longer, with
excitation energies of 40 MeV or less, for evolution into the final-state
hadrons that are measured in the detector. Since by construction they
are initially compact, they would also survive a possible short-lived
hadronic phase after hadronization. This would be a natural explana-
tion for the striking observation of the thermal pattern for these nuclear
bound states emerging from Figs. 1, 2. We note that the observed ther-
mal nature of the production yields of the nuclear bound states is very
difficult to reconcile with the assumption that these states are formed by
coalescence of baryons, where the yield is proportional to a coalescence
factor introduced as the square of the nuclear wavefunction, which
varies widely among the various nuclei®®®’. For a recent discussion of
the application of coalescence models to production of loosely bound
states, see ref. 8.
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Fig. 1 | Hadron abundances and predictions of the statistical
hadronization model. a, dN/dy values for different hadrons and nuclei,
measured at mid-rapidity (red circles), including the hypertriton 3H, are
compared with the statistical hadronization analysis (blue bars). The data

It could be argued that composite particles such as light nuclei
and hypernuclei should not be included in the hadronic partition
function described in equation (2). However, all nuclei, including
light, loosely bound states, should result from the interaction of the
fundamental QCD constituents. This is confirmed by recent LQCD
calculations®.

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-antimatter
symmetry observed at the LHC is lifted, implying non-vanishing
values of the chemical potentials. Furthermore, in central collisions at
energies below _ /s~ 6 GeV the cross-section for the production of
strange hadrons decreases rapidly, with the result that the average
strange hadron yields per collision can be far below unity. In this situ-
ation, one needs to implement exact strangeness conservation in the
statistical sum in equation (2) and apply the canonical ensemble for the
conservation laws’*”!. Similar considerations apply for the description
of particle yields in peripheral nuclear and elementary collisions. An
interesting consequence of exact strangeness conservation is a suppres-
sion of strange particle yields when going from central to peripheral
nucleus-nucleus collisions or from high multiplicity to low multiplicity
events in proton-proton or proton-nucleus collisions. In all cases the
suppression is further enhanced with increasing strangeness content
of the hadron. Sometimes, additional fugacity parameters grare intro-
duced to account for possible non-equilibrium effects of strange- and
heavy-flavour hadrons**”2, These parameters modify the thermal yields
of particles by factors g, where the power n¢ denotes the number of
strange or heavy quarks and antiquarks in the hadron.
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are from the ALICE Collaboration for central Pb-Pb collisions at the
LHC>3-%, b, The ratio of the data to statistical hadronization predictions
(model), with errors bars determined only from the data as the quadratic
sum of statistical and systematic uncertainties.

Experimental consequences of canonical thermodynamics and
strangeness conservation laws have been first seen at SPS energy”>. All
the above predictions are qualitatively confirmed by the striking results
from high-multiplicity proton-proton and p-Pb collisions from the
ALICE Collaboration at LHC energy®. The data also explicitly exhibit
the plateau in strangeness production for Pb—Pb collisions, which is
to be expected when the grand-canonical region is reached, further
buttressing the thermal analysis discussed above.

An intriguing observation, first made in ref. 74 is that the overall
features of hadron production in eTe™ annihilations resemble that
expected from a thermal ensemble with temperature T~ 160 MeV, once
exact quantum number conservation is taken into account. In these
collisions, quark-antiquark pairs are produced with production yields
that are not thermal but are well explained by the electro-weak standard
model; see, for example, table 2 in ref. ”°. Hadrons from these quark
pairs (and sometimes gluons) appear as jets in the data. The underlying
hadronization process can be well described using statistical hadroni-
zation model ideas”>”%. These studies reveal further that strangeness
production deviates noticeably from a pure thermal production model
and that the quantitative description of the measured yields is rather
poor. Nevertheless, recognizable thermal features in e™e™ collisions,
where equilibration should be absent, may be a consequence of the
generic nature of hadronization in strong interactions.

From a statistical hadronization analysis of all measured hadron
yields at various beam energies the detailed energy dependence of the
thermal parameters Trand pip, has been determined*!#%5177-81 ‘While
1, decreases smoothly with increasing energy, the dependence of Ti¢
on energy exhibits a striking feature that is illustrated in Fig. 3: Ter
increases with increasing energy (decreasing 4i,) from about 50 MeV
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Fig. 2 | Mass dependence of hadron yields compared with predictions of
the statistical hadronization model. Only particles (no antiparticles) are
included and yields are divided by the spin degeneracy factor (2] +1). Data
are from the ALICE Collaboration for central Pb-Pb collisions at the LHC.
For the statistical hadronization approach, the ‘total’ yields (blue bars)
include all contributions from high-mass resonances (for the A hyperon,
the contribution from the electromagnetic decay X° — A~, which cannot
be resolved experimentally, is also included); the primordial yields before
strong and electromagnetic decays are plotted as the dotted line. For more
details, see the main text.

to about 160 MeV, where it exhibits a saturation for sy > 20 GeV.
The slight increase of this value compared to Tr=156.5 MeV obtained
at LHC energy is due to the inclusion of some data at RHIC energies,
but the details of this small difference are currently not fully
understood.

The saturation of T;f observed in Fig. 3 lends support to the earlier
proposal?®082 that, at least at high energies, the chemical freeze-out
temperature is very close to the QCD hadronization temperature!,
implying a direct connection between data from relativistic nuclear col-
lisions and the QCD phase boundary. This is in accord with the earlier
prediction, more than 50 years ago®»®, that hadronic matter cannot
be heated beyond this limit. Whether there exists, at lower energies, a
critical endpoint®® in the QCD phase diagram is currently at the focus
of intense theoretical'® and experimental effort”’.

To illustrate how well the thermal description of particle produc-
tion in central nuclear collisions works we show, in Fig. 4, the energy
dependence (excitation function) of the relative abundance of several
hadron species along with the prediction using the statistical had-
ronization approach and the smooth evolution of the parameters (see
above). Because of the interplay between the energy dependence of T¢¢
and y, there are characteristic features in these excitation functions. In
particular, maxima appear at slightly different center-of-mass energies
in the K*/7* and A/7" ratios, whereas the corresponding antiparticle
ratios exhibit a smooth behaviour®.

In the statistical approach in equation (2) and in the Boltzmann
approximation, the density n(y, T) of hadrons carrying baryon num-
ber B scales with the chemical potential as n(uy,T) o< exp(Bw/T).
Consequently, the ratios p/7t and d/p, where d refers to a deuteron,
scale as exp(up/T), whereas the corresponding antiparticle ratios scale
as exp(—up/T). From Fig. 3, it is apparent that yi,/ T decreases with
collision energy, accounting for the basic features of particle ratios in
the upper panel of Fig. 4. On the other hand, strangeness conservation
unambiguously connects, for every T value, the strangeness potential
and the baryo-chemical potential, yts= ps(14). As a consequence, the
yields of K™ and K~ increase and, respectively, decrease with 1,/ T.
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Fig. 3 | Energy dependence of chemical freeze-out parameters Tsand
. The results are obtained from the statistical hadronization analysis of
hadron yields (at mid-rapidity, dN/dy, and in full phase space, 4) for
central collisions at different energies. The parameterizations shown are:
Ty =Tif" /{1 + exp[2.60—In( [sxy)/0.45]} and 1, = a/(1 + 0.288 /5y )
with s\ in gigaelectronvolts, Tiifm =158.4 MeV and a=1,307.5 MeV.
The uncertainty of the limiting temperature T'™, determined from the fit
of the five points that represent the highest energies, is 1.4 MeV.

At higher energies, where T and hence pion densities saturate, the A/7+
and K*/7* ratios are decreasing with energy (see lower panel of Fig. 3).

We further note that, for energies beyond that of the LHC, the
thermal parameter T is determined by the QCD pseudo-critical
temperature and the value of i, vanishes. Combined with the energy
dependence of overall particle production®” in central Pb-Pb collisions,
this implies that the statistical hadronization model prediction of parti-
cle yields at any energy, including those at the possible Future Circular
Collider (FCC)® or in ultrahigh-energy cosmic ray collisions®, can be
made with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each measured energy
yields a pair of (Tt ) values, these points can be used to construct a
T versus (y, diagram, describing phenomenological constraints on the
phase boundary between hadronic matter and the QGP; see Fig. 5.
We note that the points at low temperature seem to converge towards
the value for ground-state nuclear matter (1, =931 MeV). As argued
previously®2, this limit is not necessarily connected to a phase transi-
tion. Although the situation at low temperatures and collision energies
is complex and at present cannot be investigated with first-principles
calculations, the high-temperature, high-collision energy limit allows a
quantitative interpretation in terms of fundamental QCD predictions.

The connection between LQCD predictions and experimental
chemical freeze-out points is made quantitative in Fig. 5. We use here
recent results for the QCD phase boundary from the two leading LQCD
groups®*%, represented by the band in Fig. 5. As can be seen, the LQCD
values follow the measured 11, dependence of the chemical freeze-out
temperature very closely, demonstrating that with relativistic nuclear
collisions one can directly probe the QCD phase boundary between
hadronic matter and the QGP. The above results imply that the pseu-
do-critical temperature of the QCD phase boundary at i, =0 as well
as its f, dependence up to p, =300 MeV have been determined exper-
imentally. There is indirect but strong evidence from measurements of
the initial energy density as well as from hydrodynamical analysis of
transverse momentum spectra and from the analysis of jet quenching
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Fig. 4 | Collision-energy dependence of the relative abundance of
several hadron species. The data for central collisions (symbols) are
compiled from refs 713!, and are compared to statistical hadronization
calculations for the smooth parameterizations of Tc¢and s, as functions of
energy shown in Fig. 3.

data that the initial temperatures of the fireball formed in the collision
are substantially higher than the values at the phase boundary, reaching
300-600 MeV at RHIC and LHC energies’"*2.

The present approach can be extended beyond hadron yields to
higher moments of event-by-event particle distributions. Although pre-
cision predictions from LQCD exist for higher moments and suscep-
tibilities, especially at LHC energies where 1y, is close to zero (see, for
example, refs **3%), there are formidable difficulties in experimentally
determining such higher moments with accuracy. Pioneering exper-
iments were performed at the RHIC accelerator with intriguing but
not yet fully conclusive results; for a recent review see ref. . Analyses
of higher moments are, therefore, not considered here. Recently, how-
ever, the variances (second moments) of strangeness and net-baryon-
number fluctuations were reconstructed®® from hadron yields
measured in Pb-Pb collisions at mid-rapidity by the CERN ALICE
Collaboration. The second moments determined in this way are in
impressive agreement with LQCD predictions obtained at the chiral
crossover pseudo-critical temperature T ~ 154 MeV. Furthermore, an
interesting strategy was proposed to directly compare experimental
data on moments of net-charge fluctuations with LQCD results to
identify freeze-out parameters in heavy ion collisions®. Within still large
systematic uncertainties the extracted freeze-out parameters based on
second-order cumulants are consistent with statistical hadroniza-
tion’>%. Although no formal proof of the above discussed quark-hadron
duality near the chiral crossover temperature exists, the empirical evi-
dence has recently clearly been strengthened.

Statistical hadronization of heavy quarks

An interesting question is whether the production of hadrons with
heavy quarks can be described with similar statistical hadroniza-
tion concepts as developed and used in the previous section for light
quarks. We note first that the masses of charm and beauty quarks,
m.=1.28 GeV and my, =4.18 GeV, are much larger than the charac-
teristic scale of QCD, Aqcp =332 MeV for three quark flavours, in the
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Fig. 5 | Phenomenological phase diagram of strongly interacting
matter. The diagram is constructed from chemical freeze-out points

that result from statistical hadronization analysis of hadron yields for
central collisions at different energies. The freeze-out points, with

error bars showing the standard error of the mean, extracted from
experimental datasets in our own analysis (red squares) and other similar
analyses’”7%132133 (other symbols), are compared to predictions from
LQCD3** (grey band). The inverted triangle marks the value for ground-
state nuclear matter (atomic nuclei). The colouring of the labels ‘quark-
gluon matter’ and ‘hadronic matter’ indicates the temperature of the matter.

modified minimal subtraction scheme?. Both masses are also suffi-
ciently larger than the pseudo-critical temperature T. introduced above,
such that thermal production of charm and, in particular, beauty quarks
is strongly Boltzmann-suppressed. This is also borne out by quantitative
calculations®”~°. On the other hand we expect, in particular at LHC
energies, copious production of heavy quarks in relativistic nuclear
collisions through hard scattering processes which, in view of the large
quark masses, can be well described using QCD perturbation theory'%.
Consequently, the charm and beauty content of the fireball formed in
the nucleus—nucleus collision is determined by the initial hard scat-
tering. Furthermore, the annihilation of charm and beauty quarks is
very small, implying that their numbers are tightly preserved during
the fireball evolution'®".

The charm quarks produced will, therefore, not resemble a chemical
equilibrium population for temperature T. However, what is needed for
the thermal description proposed below is that the heavy quarks pro-
duced in the collision reach a sufficient degree of thermal equilibrium
through scattering with the partons of the hot medium. Indeed, the
energy loss suffered by energetic heavy quarks in the QGP is indicative of
their ‘strong coupling’ with the medium, dominated by light quarks and
gluons. The measurements at the LHC'%>!%* and RHIC!™ of the energy
loss and hydrodynamic flow of D mesons demonstrate this quantitatively.

Of the various suggested probes of deconfinement, charmonium (the
bound state of the charm and anticharm quarks, ¢¢) is particularly inter-
esting. The J/1) meson (the ground state of charmonium) is the first
hadron for which a clear mechanism of suppression (melting) in the
QGP was proposed early on, based on the colour analogue of Debye
screening'®. This concept for charmonium suppression was tested
experimentally at the SPS accelerator but led, with the turn-on of the
RHIC facility, to a number of puzzling results. In particular, the
observed rapidity and energy dependence of the suppression ran coun-
ter to the theoretical predictions!%.

However, before publication of the first RHIC data, a quarko-
nium production mechanism based on statistical hadronization,
was proposed’? that contained a natural explanation for the later obser-
vations at RHIC and LHC energy. The basic concept underlying this
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statistical hadronization approach’ is that charm quarks are produced
in initial hard collisions, subsequently thermalize in the QGP and are
‘distributed’ into hadrons at the phase boundary, that is, at chemi-
cal freeze-out, with thermal weights as discussed above for the light
quarks”>101107.108 ' A alternative mechanism for the (re)combination
of charm and anticharm quarks into charmonium in a QGP'* has
been proposed, based on kinetic theory. For further developments see
refs 110-113.

In the statistical hadronization approach, the absence of chemical
equilibrium for heavy quarks is accounted for by introducing a fugacity
g The parameter g. is obtained from the balance equation’?, which
accounts for the distribution of all initially produced heavy quarks into
hadrons at the phase boundary, with a thermal weight constrained by
exact charm conservation. Using this approach, the knowledge of the
heavy-quark production cross-section along with the thermal param-
eters obtained from the analysis of the yields of hadrons composed of
light quarks (see section ‘Statistical hadronization of light quarks’) is
sufficient to determine the yield of hadrons containing heavy quarks
in ultra-relativistic nuclear collisions.

As a consequence, a very useful observable with which to verify the
thermal origin of heavy-flavour hadrons produced in a nuclear collision
is the abundance ratio of different resonance states such as ¥(2S)/(J/))
in the charm-sector or 7(25)/211S) in the bottom-sector (where bottom-
onium 7Y'is the bound state of the bottom and antibottom quarks, bb).
Indeed, the first measurement of the ¢(2S)/(J/1)) abundance ratio at the
SPS energy''* demonstrated that there are clearly different production
mechanisms for charmonia in elementary and nuclear collisions. This
is demonstrated in Fig. 6. Whereas in elementary collisions this ratio is
roughly 0.15 and hardly varies with energy, the value observed in central
Pb-Pb collisions is more than a factor of four smaller and is remarkably
consistent with the assumption that these charmonia are produced at
the phase boundary, as are all other hadrons.

The chemical freeze-out temperature barely varies with energy
beyond /sy =10 GeV. Because the charm production cross-section
drops out in the ¥(2S)/(J/1) ratio, the prediction of the statistical had-
ronization model for central Pb—Pb collisions at LHC energy is 1(2S)/
(J/1) =0.035, with the precision indicated in Fig. 6. Recently, the
ALICE Collaboration released the first (transverse momentum inte-
grated) data on the above ratio; the preliminary result is, within the still
considerable experimental uncertainties, consistent with the statistical
hadronization prediction, lending further support for the thermaliza-
tion of charm quarks in the hot fireball and the production of charmed
hadrons at the phase boundary.

It is also important to assess to what degree the charmonia produced
participate in the hydrodynamic expansion of the fireball. This can be
done by measuring the second Fourier coefficient of the angular dis-
tribution of J/1) mesons projected onto a plane perpendicular to the
beam direction, the so-called elliptic flow. The first measurement of
J/1 elliptic flow at the LHC!!® pointed towards rather large values
of the elliptic flow coefficients. The recent measurement at
./Saw =5.02 TeV from the ALICE Collaboration''¢ establishes the
detailed flow pattern as a function of transverse momentum. The large
elliptic flow observed for J/1) mesons is similar to that observed for
open charm mesons'!” (mesons that contain one charm quark or anti-
quark) and is surprisingly close to the flow coefficients for light had-
rons. This provides strong support for charm quark kinetic
thermalization, in agreement with the statistical hadronization assump-
tion, and implies that charm quarks couple to the medium in a similar
way as do light-flavour quarks. Within the current statistical accuracy
the J/1) data at RHIC are compatible with a null flow signal''8. An ellip-
tic anisotropy signal was measured for J/1) mesons at SPS energy'!® and
was interpreted as a path-length dependence of the screening.

The response of charmonia produced in ultra-relativistic nuclear
collisions to the medium of the fireball is characterized by the nuclear
modification factor R 5. This factor is constructed as the ratio between
the rapidity densities for J/1) mesons produced in nucleus—nucleus
(AA) collisions and proton—proton collisions, scaled by the number
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Fig. 6 | Relative production of 1(2S) and J/1) mesons as a function of
collision energy. The data points for proton-proton collisions are from
experiments at SPS, the Hadron-Electron Ring Accelerator (HERA), RHIC
and the LHC!**"13°, The point for central Pb-Pb collisions at the SPS energy
is from the NAS50 experiment'!*. The average value of the proton-proton
measurements is represented by the black horizontal line with dashed
uncertainties. The blue band denotes statistical model calculations for the
temperature parameterization from heavy-ion fits; see Fig. 3. The errors on
the data are the quadratic sum of statistical and systematic uncertainties.

of nucleon-nucleon collisions in a given centrality bin. Clearly, if all
charmonia in the final state originate from hard scattering processes
in the initial state, then Ryp = 1.

In the original colour-screening model'%®, Ry was expected to
be significantly reduced from unity and to decrease with collision
centrality and energy, owing to the increasing energy density of the
medium. The early experimental situation until 2009, that is, before
LHC turn-on, is summarized in ref. '?. Indeed, the first data from cen-
tral Pb-Pb collisions at SPS energy showed a substantial suppression,
which could be interpreted in terms of nuclear effects and the Debye
screening mechanism. However, the data at RHIC energy exhibited
a nearly identical suppression and an unexpected peaking at mid-
rapidity'?’, which could not be reconciled with the predictions using
the colour-screening model. Both observations on the energy and
rapidity dependence of Ra 4 for J/1) mesons were, however, consistent
with their thermal origin'?”12!, albeit with the qualification of a rather
poorly known charm production cross-section.

In the statistical hadronization scenario, the J/1 nuclear modification
factor Ry (see above) is obtained by computing the yields in AA colli-
sions while the yields in proton-proton collisions are taken from exper-
imental data. The Ra value determined in this way should increase
with increasing collision energy, implying reduced suppression or even
enhancement due to the rapid increase with energy of the charm pro-
duction cross-section. Clear evidence for such a pattern was obtained
with the first ALICE measurements at LHC energy'?2. Since then, a
large number of additional data including detailed energy, rapidity,
centrality and transverse momentum dependences of R, for J/1) as
well as hydrodynamic flow and ¢/(2S)/(J/1) ratio results have provided
a firm basis for the statistical hadronization scenario!?}, with the biggest
uncertainties still related to the not-yet-measured value of the open
charm cross-section in central Pb-PDb collisions. Current results for J/1)
yields and interpretation within the statistical hadronization picture are
summarized in Fig. 7. A large increase of Ry with increasing collision
energy is clearly observed. Furthermore, more recent measurements
demonstrate (see, for example, figure 16 in ref. 12%) that the increase
is largely concentrated at J/1) transverse momentum values less than
the mass my;,, =3.1 GeV. This latter observation was first predicted in
ref. 12, Both provide further support of the original predictions from
the statistical hadronization approach.
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Fig. 7 | The nuclear modification factor Ra4 for inclusive J/2)
production. a, b, The dependence of Ry on the multiplicity density of
charged particles Ng, per unit of pseudorapidity 7, dNcn/dn|,—¢ is shown
for mid-rapidity (a) and forward rapidity (b). The data are for Au-Au
collisions from the PHENIX Collaboration (blue)'%*! and the STAR
Collaboration (green)142 at RHIC and for Pb—Pb collisions from the
ALICE Collaboration (red)!?*!?* at the LHC. The open boxes and error
bars show the total systematic and statistical uncertainties, respectively.

Recent measurements of the production of bottomonium states at
the LHC!%571%7 and at RHIC'?® can provide further insight into the
understanding of the production dynamics of quarkonia in nuclear
collisions. The nuclear modification factor for the 1 states exhibits, at
LHC energies, a suppression pattern!?® not unlike that expected in the
original Debye screening scenario''2. On the other hand, the observed
production ratio 7{2S)/2(1S), shown in Fig. 8, is also consistent with
a thermalization pattern as one approaches central collisions. Indeed,
for central Pb-Pb collisions, this ratio is compatible with the value
predicted by the statistical hadronization model for T~ 156 MeV. This
provides the tantalizing possibility of adding the bottom flavour as an
experimental observable to further constrain the QCD phase boundary
with nucleus-nucleus collision data at high energies.

An essential ingredient of the statistical hadronization scenario
for heavy quarks is that they can travel, in the QGP, relatively large
distances to combine with other uncorrelated partons. The observed
increase of the Rax for J/1) with increasing collision energy strongly
supports the notion that the mobility of the heavy quarks is such that
it allows travel distances exceeding that of the typical 1-fm hadronic
confinement scale. In fact, for LHC energy, the volume of a slice of one
unit of rapidity of the fireball exceeds 5,000 fm?, as shown in section
‘Statistical hadronization of light quarks} which implies that charm
quarks can travel distances of the order of 10 fm. This results in the
possibility of bound-state formation with all other appropriate partons
in the medium having statistical weights quantified by the character-
istics of the hadron (mass, quantum numbers) at the phase boundary.
The results of the charmonium measurements thereby imply a direct
connection to the deconfinement properties of the strongly interacting
medium created in ultra-relativistic nuclear collisions.
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Outlook

The phenomenological observation of the thermal nature of particle
production in heavy-ion collisions at the QCD phase boundary in
accord with lattice QCD raises a number of challenging theoretical and
experimental issues. An intriguing question is how an isolated quantum
system such as a fireball formed in relativistic nuclear collisions can
reach an apparently equilibrated state. Similar questions appear!*-30
in studies of ultracold quantum gases or black holes and may point
to a common solution. A second area of interest is the mechanism
for the formation of loosely bound nuclear states in a hot fireball at a
temperature exceeding their binding energies by orders of magnitude.
The question of whether there exist colourless bound states inside a
deconfined QGP is related to the experimentally challenging
measurements of excited-state populations of quarkonia.

Another priority for the field is the direct observation of the rest-
oration of chiral symmetry and the related critical behaviour in
relativistic nuclear collisions with precision measurements and analysis
of fluctuation observables. A highlight would be the observation of a
critical endpoint in the QCD phase diagram. Making progress with
these fundamental issues is at the heart of many ongoing and future
theoretical and experimental investigations.

Note added in proof: The proton anomaly discussed in this Review
has recently been explained in terms of a pion-nucleon phase-shift
analysis'*®. The precision of the cross-over temperature in LQCD has
recently been improved to 156.5 £ 1.5 MeV, in very close agreement

with the results obtained here'44,
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