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Abstract. A review is given on recent experimental and theoreti-
cal/phenomenological developments regarding the phase structure of the
strongly interacting matter. Specifically, evolution with collision energy of net-
proton number fluctuations as measured by several experiments are presented
and their implications for the QCD phase diagram are outlined. In addition, the-
oretical calculations on correlations between conserved charges are presented
and prospects for their experimental explorations are addressed.

1 Introduction

The quest for the phase structure of strongly interacting matter, hereinafter referred to as
Quantum Chromodynamics (QCD) matter, remains at the focus of contemporary theoretical
and experimental investigations. By know it is well established that, in nuclear collisions at
cm energies from several TeV down to about 12 GeV per nucleon pair the matter created in
head-on collisions of heavy ions freezes out close to the chiral phase transition line, taking
place at a pseudo-critical temperature values of about 156 MeV [1, 2]. This opens unique
experimental opportunities to probe the strongly interacting matter close to the phase bound-
ary, such as experimental verification of its Equation of State (EoS). In this energy range the
lattice QCD (1IQCD) calculations predict crossover chiral transition [2], which still awaits ex-
perimental confirmations. Contrary to the high energy region, first principle calculations at
low energies (high net-baryon densities) are still not available, however a number of effective
models predict, that at reasonably large net-baryon densities the QCD matter undergoes a
first order chiral phase transition [3-7]. This lends support to the existence of the chiral Crit-
ical End Point (CEP) at which the anticipated first order phase transition line terminates and
smooth crossover transition sets in. Hence at the CEP the system would undergo a second
order phase transition. One of the main goals of experiments at lower energies is to locate the
position of the chiral CEP in the QCD phase diagram.

Fluctuations of conserved charges, such as baryon number, electric charge, strangeness
and charm, as well as correlations between them are identified as promising tools to probe the
chiral criticality. The objective is to characterise the response of the system to external pertur-
bations, such as infinitesimal changes in the chemical potentials. In theoretical calculations,
within the Grand Canonical Ensemble (GCE) of statistical mechanics, for a system of fixed
volume V and temperature 7 this task is performed by evaluating the n' order susceptibilities

*e-mail: a.rustamov@gsi.de

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 276, 01007 (2023) https://doi.org/10.1051/epjconf/202327601007
SQM 2022

Xg» 1.€., derivatives of the thermodynamic pressure P with respect to the chemical potentials
g responsible for the conservation of the corresponding charge ¢ on average, evaluated at
vanishing values of chemical potentials
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where ¢4, P = P(T,V,i0)/ T* and fty = pg/T denote reduced susceptibility, reduced pres-
sure and reduced chemical potential, respectively. In experiments the cumulants are directly
measured in a given detector acceptance either by first reconstructing the multiplicity distri-
butions of the corresponding net-charge number (,) or by using probabilistic approaches
based on the detector response functions for particle identification (cf. [8, 9] and references
therein). The so obtained experimental cumulants «,(N,) can be directly compared to those
computed via derivatives of thermodynamic pressure (cf. Eq. 1), provided that the system
under consideration is in thermal equilibrium and all necessary instrumental effects and non
critical signals, such as those stemming from detection efficiencies, participant fluctuations,
suppression of fluctuations due to e-by-e conservation laws and resonance decays are prop-
erly accounted for [10-13].

2 Experimental Results

In this section I briefly discuss experimental measurements related to crossover and critical
point studies, provide their comparison with the model calculations and implications for the
QCD phase diagram.

2.1 Search for a critical point

Fig. 1 shows the evolution with collision energy of the fourth to seconder order cumulants
of net-proton distributions' as measured by the STAR [14, 15] (black star symbols) and
HADES [16] (magenta box) collaborations. The data points are contrasted with calculations
within two different ensembles of statistical mechanics [13, 17, 18]: (i) Grand Canonical En-
semble (GCE) with the ideal gas EoS in the Boltzmann limit, represented with the dashed line
along unity; (ii) Canonical Ensemble (CE), implemented in the full phase space, also using
the ideal gas EoS. In the following these are referred to as the GCE or Hadron Resonance Gas
(HRG) baseline and the CE baseline, respectively. Such treatment of cumulants within CE en-
sures that in each event the baryon number (number of baryons minus number of antibaryons)
is exactly conserved in the full phase space, inducing strict correlations between baryon and
anti-baryon numbers. As a consequence, since there are essentially no antibaryons at low
energies, the baryon number does not fluctuates in the full phase space, leading to a binomial
distributions in the finite acceptance at low energies (for more details see the Appendix C
of Ref. [13])%. This, however, apples if wounded nucleons [19] do not fluctuate from event-
to-event, while in practice they do [11, 20]. Thus, non-critical contributions to the finally
measured (net-)proton cumulants, stemming from fluctuations of wounded nucleons, need to
be corrected for. This is in particular essential at low energies because, in addition to the
above mentioned arguments regarding binomial multiplicity distributions, most of these con-
tributions scale with the net-proton number. For example, at LHC energies, where net-proton
number at mid-rapidity is practically zero, contributions from wounded nucleon fluctuations

! At low collisions energies these are essentially cumulants of proton number.
2 At high energies baryons and anti-baryons fluctuate in the full phase space, only net-baryon number does not.
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Figure 1. Left panel: evolution with the collision energy of «4/«, measured for net-proton distributions.
The STAR data, represented with black star symbols, are measured for |y|<0.5 (-0.5 <y < O for the
lowest energy) and 0.4 < pr[GeV/c] < 2. The HADES measurement (magenta square symbol) is for
ly] < 0.4 and 0.4 < pr[GeV/c] < 1.6. Also presented are two non-critical baselines; the HRG baseline:
indicated with the dashed line at unity, the CE baseline: shown by solid the red line/boxes (analytical
calculations) and blue symbols (generated values). Right panel: Similar to the left panel for «x4/«,. The
corresponding 1QCD results for net-baryons are presented with the hashed cyan region.

are immaterial for the measured second order cumulants of net-protons, while at lower en-
ergies these contributions are substantial [11, 15, 16]. Coming back to Fig. 1, both analytic
(red line/boxes) and generated (blue symbols) results of the CE baseline are presented there.
It is worthwhile to mention that, ingredients of the CE calculations, such as single parti-
cle partition functions are estimated using the experimentally measured mean multiplicities
of protons, which are "naturally" treated as CE multiplicities. Also, it is important to note
that the analytic calculations and generated values fully incorporate experimental conditions,
such as acceptances both in rapidity and transverse momentum coverage. Fig 1 shows that
correlations induced by the baryon number conservation in full phase space survive in the
finite experimental acceptance thereby suppressing, with respect to the GCE baseline, the
net-proton cumulants. Clearly this kind of modifications of cumulants do not originate from
searched for critical phenomena induced by phase transitions or existence of a critical point.
The CE results represent more realistic ("proper") baseline. The critical behaviour due the
presence of the critical point is predicted based on universality arguments and suggest non-
monotonic behaviour of the order parameter as a function of collision energy, which should
led to non-monotonic, with respect to a "proper” baseline, energy dependence of fourth or-
der cumulants for proton or net-proton number distributions [21]. Such a non-monotonic
behaviour with the significance of 3.10 is reported by the STAR collaboration [14], albeit
with respect to the GCE baseline. However, this conclusion changes if one considers the
"proper" baseline. Indeed, within the uncertainties, the experimentally measured energy de-
pendence of the k4/k, ratio, presented in the left panel of Fig. 1, are consistent with the CE,
i.e., noncritical baseline, as reported in Ref. [13]. The presented experimental measurements
look promising, however the precision of the data does not allow to draw firm conclusions
regarding the existence of the first order phase transition or related CEP. This situation will
improve significantly with the available high statistics data from the STAR experiment, the
ongoing analysis at NA61/SHINE and future measurements at the CBM experiment [22].



EPJ Web of Conferences 276, 01007 (2023) https://doi.org/10.1051/epjcont/202327601007
SQM 2022

2.2 Search for a crossover transition

The search for the crossover transition has a clear advantage because of its closeness to the
genuine second order phase transition belonging to the O(4) universality class in three dimen-
sions, realised in the limit of massless u and d quarks [23]. Indeed, 1QCD calculations indicate
that critical signals of the chiral limit survive also after accounting for physical light quark
masses [24]. On the other hand, the cumulants of the O(4) dynamics significantly differ from
those calculated within GCE with the ideal gas EoS [25]. For example, the sixth (also eighth)
order cumulants of net-baryons are negative, while in GCE with the ideal gas EoS they remain
positive such that xs/k» = kg/k» = 1. Here one again needs to be careful, because the CE
baseline for x4/x, may also become negative starting from some collision energy [13, 26].
Hence deviations of these ratios from the CE baseline towards negative values would be a
strong signal for the crossover transition [27-30], still to be confirmed in experiments. In
the right panel of Fig. 1 the ratios of the six to second order cumulants of net-protons are
presented, as measured by the STAR experiment. Qualitatively the 200 GeV STAR data are
indeed consistent with the anticipated negative sign. However, the data point at 54.4 GeV of
STAR is at odds with the 1QCD calculations [30]. Another interesting measurements would
be to test the hierarchy of cumulant rations as predicted by the 1QCD calculations for the
ratios of baryon number susceptibilities. Such measurements were recently reported by the
STAR collaboration for net-protons [31], yet with sizable measurement uncertainties. Future
as well as already available data from the STAR and ALICE collaborations will allow for
systematic exploration of the crossover region of the QCD phase diagram with significantly
enlarged statistics.
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Figure 2. Left panel: scaled second order cumulants of net-proton distributions as a function of the
acceptance coverage around mid-rapidity, measured by the ALICE experiment (black symbols) [32, 33].
The colored lines correspond to calculations accounting for baryon number conservation for different
values of the correlation coefficient in the rapidity space [18, 34]. The solid black line represents the
results from the HIJING event generator. Right panel: a schematic illustration of baryon production
mechanisms via the Lund string model.

The acceptance dependence of the normalized second order cumulants of net-proton
distributions as measured by the ALICE experiment are presented in the left panel of
Fig. 2 [32, 33]. The ALICE data are compared to both GCE and CE baselines [13, 17]. Fur-
thermore, the CE baseline is performed for different correlations between baryons and anti-
baryons quantified with the Pearson correlation coefficient p and/or the correlation length
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Aycorr [18, 34]. In doing so either Cholesky factorisation [35] or the Metropolis algo-
rithm [36] is used. The p = 0 case corresponds to the global baryon number conservation
or long range correlations. As seen from Fig. 2 the experimental measurements are best
described with p = 0.1, i.e., the data suggest long range correlations between baryons and
antibaryons in the rapidity space. Thus, after accounting for baryon number conservation
the ALICE data on second order cumulants of net-protons is consistent with the correspond-
ing cumulants of the Skellam distribution. This is in line with the 1QCD predictions of a
Skellam behaviour for the second order cumulants of net-baryon distributions at a pseudo-
critical temperature of about 156 MeV. The results from the HIJING event generator, shown
with the black solid line in Fig. 2, grossly underestimate experimental measurements. The
large discrepancy between the ALICE data and HIJING simulations calls into question the
baryon production mechanism used in the Lund string model, namely by producing them
via diquark-antidiquark pairs [37], schematically illustrated in the right panel of Fig. 2. The
latter leads to a small correlation lengths in the rapidity space, which in turn, as presented
in Fig. 2, suppresses fluctuations of net-baryons; but much stronger compared to experimen-
tal observations. Indeed, to catch the trend of the HIJING results one needs to introduce
rather strong correlation coefficient of about p=0.9 (cf. Fig. 2). Such short-range rapid-
ity correlations from models can be softened by exploiting popcorn mechanism for baryon
production, in which additional meson (even several mesons) is produced in between the
diquark-antidiquark pairs [38]. The presented ALICE measurements on net-proton fluctua-
tions as a function of the rapidity coverage demonstrate that baryon production at high ener-
gies is not fully understood and are useful to discriminate between several baryon production
mechanisms available in the Lund string model.
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Figure 3. Left panel: normalised second order fluctuations of baryon number along the transition line
as a function of the magnetic field strength. Right panel: similar to the left panel for the normalized
second order correlations between baryon number and electric charge.

2.3 Fluctuations in the presence of a magnetic field

Fluctuations of conserved charges can serve as ideal probes of a magnetic field in nuclear
collisions [39, 40]. First (2+1)-flavor IQCD calculations, with physical quark masses, on the
second order susceptibilities for baryon number and correlations between baryon number and
electric charge as a function of a magnetic field strength eB are presented in Fig. 3, where
fluctuations without magnetic field are used as a reference [41, 42]. As seen from Fig. 3,
from central towards peripheral collisions the ratio of susceptibilities progressively deviate
from unity, induced by the presence of a magnetic field. The correlations between different
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conserved charges (right panel of Fig. 3) exhibit even more pronounced sensitivity to the
presence of the magnetic field. In experiments the signal can be looked at by measuring net-
baryon cumulants or mixed cumulants between different conserved charges as a function of
centrality normalized to the results obtained for most central collisions.
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