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We report the latest results on the search for the QCD critical point
in the QCD phase diagram through high-energy heavy-ion collisions. The
measurements discussed are based on the higher moments of the net-proton
multiplicity distributions in heavy-ion collisions. A non-monotonic variation in the product of kurtosis times the variance of the net-proton distribution is observed as a function of the collision energy with 3σ significance.
We also discuss the results of the thermal model in explaining the measured particle yield ratios in heavy-ion collisions and comparison of the
different variants of hardon resonance gas model calculation to the data on
higher moments of net-proton distributions. We end with a note that the
upcoming programs in high baryon density regime at various experimental facilities will complete the search for the QCD critical point through
heavy-ion collisions.
DOI:10.5506/APhysPolBSupp.14.231

1. Introduction
√
Relativistic heavy-ion collisions at varying center-of-mass energy ( sN N )
allows for the study of the phase diagram of nuclear matter [1]. The underlying theory is the one that governs the strong interactions — Quantum
Chromodynamics (QCD). The conjectured phase diagram of QCD is shown
in Fig. 1. The current status of the phase diagram is as follows. There are
two distinct phases in the phase structure: de-confined state of quarks and
gluons called the quark–gluon plasma (QGP) and the confined state of gas
∗
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Fig. 1. (Colour on-line) Conjectured QCD phase diagram of temperature (T ) versus
baryonic chemical potential (µB ). See the text for details.

of hadrons and resonances (HRG). The phase boundary (shown as a solid
line in Fig. 1) between the hadronic gas phase and the high-temperature
quark–gluon phase is a first-order phase transition line, which begins at
large baryon chemical potential (µB ) and small temperature (T ) and curves
towards smaller µB and larger T . This line ends at the QCD critical point
whose conjectured position, indicated by a square, is uncertain both theoretically and experimentally. At smaller µB , there is a cross over indicated
by a dashed line. The region of µB /T ≤ 2 is shown as the dot-dashed
line. A comparison between RHIC data and lattice QCD (LQCD) calculations disfavours the possible QCD critical point being located at µB /T ≤ 2
[2, 3]. The dotted red–yellow line corresponds to the chemical freeze-out
obtained from the fits of particle yields in heavy-ion collisions using a thermal model. The liquid–gas transition region features a second order critical
point (red/red circle) and a first-order transition line (grey/yellow line) that
connects the critical point to the ground state of nuclear matter (T ∼ 0 and
µB ∼ 925 MeV) [4]. The regions of the phase diagram accessed by past
(AGS and SPS), ongoing (LHC, RHIC, SPS and RHIC operating in fixed
target mode), and future (FAIR and NICA) experimental facilities are also
indicated.
In these proceedings, we discuss the success and tests of the hadron
resonance gas model using the particle ratios and fluctuations in net-proton
number produced in heavy-ion collisions. We also discuss the status of the
search for the QCD critical point and future experimental directions in this
connection at the upcoming facilities.
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2. Particle ratio and thermal model
Thermal models, assuming approximate local thermal equilibrium, have
been successfully applied to matter produced in heavy-ion collisions. The
most popular variant of such a model employs Grand Canonical Ensemble (GCE), hence uses chemical potentials to account for conservation of
quantum numbers on an average [5]. For systems created via elementary
collisions (small system) or via low-energy heavy-ion collisions, the Canonical Ensemble (CE) approach is used. In the large volume limit, the GCE
and the CE formalisms should be equivalent. In heavy-ion collisions at energies spanning from few GeV to few TeV, it may be worthwhile to ask at
what collision energy a transition from GCE to CE occurs [6]?
2.1. Success of thermal model
Figure 2 (1) in the upper panel shows the energy dependence of K/π
particle yield ratio produced in heavy-ion collisions at AGS [7–9], SPS
[10, 11] and RHIC [12]. The thermal model calculation explains the K/π
ratios that reflect the strangeness content relative to entropy of the system
formed in heavy-ion collisions. This can be treated as a success of the application of thermal model to heavy-ion collisions. A peak in the energy
dependence of K + /π + could be due to associated production dominance at
lower energies as the baryon stopping is large. The peak is consistent with
the calculated net-baryon density reaching a maximum [13] that has been
suggested to be a signature of a change in degrees of freedom (baryon to
meson [14] or hadrons to QGP [15]) while going from lower to higher energies. The K − /π − ratio seems unaffected by the changes in the net-baryon
density with collision energy and shows a smooth increasing trend.
2.2. Transition from grand canonical to canonical ensemble
Figure 2 (2) in the lower panel shows the energy dependence of φ/K −
yield ratio measured in heavy-ion collisions [16–18]. As one moves from
higher to lower collision energy, the φ/K − ratio changes rapidly from a
constant value to larger values. The transition happens below the collision
energy where the freeze-out net-baryon density peaks (see the upper panel).
Thermal model calculations with GCE explain the measurements up to collision energy of 5 GeV. At lower energies, the GCE model expectation is that
the φ/K − ratio should decrease in contrast to that observed in experiments.
On the other hand, the increase in φ/K − at lower energies is explained by
thermal model with CE framework for strangeness production. The results
are also sensitive to the choice of the additional control parameter, rsc , in CE
framework, which decides the typical spatial size of ss̄ correlations. Hence,
we find that a high statistics and systematic measurement of φ/K − yield
ratio can be used to test the transition of GCE to CE in thermal models.
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As the size of the ss̄ correlations depends on the medium properties, such
studies will provide valuable data for estimation of the volume in which open
strangeness is produced.
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Fig. 2. (Colour on-line) (1) Ratio of yields of kaon to pion K + /π + (circles) and
K − /π − (triangles) produced in central heavy-ion collisions at mid-rapidity as a
√
function of sN N . Thermal fits are also shown as bands (light grey/yellow band
for K + /π + and grey/green band for K − /π − ) in the plot. Dot-dashed line represents the net-baryon density at the chemical freeze-out as a function of collision
energy, calculated from the thermal model [13]. (2) Ratio of yields of φ-meson to
kaon (φ/K − ) produced in central heavy-ion collisions at mid-rapidity as a func√
tion of sN N . The various bands show the thermal model expectation from grand
canonical ensemble (GCE) and canonical ensemble (CE) formulations in the HRG
model.

3. Net-proton number fluctuations and QCD critical point
The QCD critical point is a landmark on the QCD phase diagram. Experimental signatures for critical point are enhanced fluctuations coupled to
the critical modes. In this respect, the baryon number fluctuations are sensitive to the criticality [19]. At the critical point, generally, the correlation
length takes large values, and that leads to non-Gaussian fluctuations [20].
Higher-order fluctuations are more sensitive to the criticality, the third order (Sσ) and the fourth order (κσ 2 ) are common measures for the QCD
critical point search, where σ, S and κ are called the standard deviation,
skewness and the kurtosis of the distribution, respectively. Experimentally,
net-proton distribution is considered as a proxy for net-baryon distributions.
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3.1. Net-proton number fluctuations
Figure 3 shows the most relevant measurements over the widest range in
µB (20–450 MeV) to date for the critical point search [21]. As we go from
observables involving lower order moments (Sσ) to higher order moments
(κσ 2 ), deviations between central and peripheral collisions for the measured
values increases. Central collisions κσ 2 data show a non-monotonic variation
with collision energy with respect to the statistical baseline of κσ 2 = 1 at
a significance of ∼ 3σ [21]. The deviations of κσ 2 below the baseline are
qualitatively consistent with theoretical considerations including a critical
point [22]. In addition, experimental data show a deviation from heavy-ion
collision models without a critical point. This can be seen from Table I which
shows values of a χ2 test between the experimental data and various models.
√
In all cases, within 7.7 < sN N (GeV) < 27, the χ2 tests return p values
that are less than 0.05. This implies that the monotonic energy dependence
from all of the models is statistically inconsistent with the data. Although
a non-monotonic variation of the experimental data with collision energy
looks promising for the QCD critical point search, a more robust conclusion
can be derived when the uncertainties get reduced and significance above
5σ is reached. This is the plan for the RHIC Beam Energy Scan Phase-II
program.
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Fig. 3. (Colour on-line) (1) Sσ and (2) κσ 2 of net-proton distributions for 70–80%
peripheral (open squares) and 0–5% central (filled-circles) Au+Au collisions as a
√
function of sN N [21]. Projected statistical uncertainty for the second phase of
the RHIC BES program is shown by the grey/green band and the blue arrow shows
√
the region of sN N to be covered by the STAR experiments fixed-target program.
Results of calculations are shown for different variants (Ideal GCE [23], excluded
volume [24] and CE [25]) of HRG model and transport model (UrQMD). The solid
red and the dashed blue line in (2) is a schematic representation of expectation
from a QCD based model calculation in presence of a critical point.
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TABLE I
√

The p values of a χ2 test between data and various models for the sN N dependence
of S σ and κσ 2 values of net-proton
distributions in 0–5% central Au+Au collisions.
√
The results are for the sN N range of 7.7 to 27 GeV [21] which is the relevant
region for the physics analysis presented here.
Moments

HRG GCE

HRG EV
(r = 0.5 fm)

HRG CE

UrQMD

Sσ
κσ 2

< 0.001
0.00553

< 0.001
0.0450

0.0754
0.0145

< 0.001
0.0221

3.2. Comparison to Lattice QCD inspired fits
In the previous sub-section, we have seen that the data deviate from the
expectations based on UrQMD and HRG models. Figures 4 and 5 show that
several features of the data are qualitatively consistent with LQCD calculations of net-baryon-number fluctuations up to NLO in µB /T [2]. Specifically,
(a) M/σ 2 > Sσ, where M is the mean of the net-proton distribution; C3 /C1

Fig. 4. (Colour on-line) Net-proton cumulant ratios as a function of M/σ 2 . Also
shown are the expectations from different variants of HRG model (lines), UrQMD
(light grey/yellow band) and LQCD inspired fits (grey/green bands) [2].
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is smaller than unity and tending to decrease with increasing M/σ 2 ; and
with increasing M/σ 2 , the cumulant ratio C4 /C2 departs further away from
√
unity than the ratio C3 /C1 for sN N ≥ 19.6 GeV. The LQCD inspired fits
are of the form: C3 /C1 = p0 + p1 (C1 /C2 )2 ; C4 /C2 = p2 + p3 (C1 /C2 )2 and
C3 /C2 = p0 C1 /C2 + p1 (C1 /C2 )3 , where p0 , p1 , p2 , and p3 are fit parameters, and we have used the equivalence between product of the moments and
ratios of cumulants as C1 /C2 = M/σ 2 ; C3 /C1 = Sσ 3 /M and C4 /C2 = κσ 2 .
√
The good agreement between data and LQCD inspired fits for sN N range
between 200 to 19.6 GeV suggests that the heavy-ion collisions have produced a strongly interacting QCD matter.
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Fig. 5. Sσ versus the M/σ 2 of net-proton distribution in high-energy heavy-ion
collisions. Also shown are the expectation from HRG, UrQMD and LQCD inspired
fits [2].

4. Experimental programs for high baryon density
As seen from the measurements discussed in previous section, to complete
the critical point search program, a high statistics Phase-II of the Beam Energy Scan Program at RHIC is needed. In addition, future new experiments,
which are all designed with high rates, large acceptance, and the state-of-theart particle identification, at the energy region where baryon density is high,
i.e., 500 MeV < µB < 800 MeV, see Fig. 6, will be needed. The new facilities
for studying high baryon density matter includes (a) Nuclotron-based Ion
Collider fAcility (NICA) at the Joint Institute for Nuclear Research (JINR),
Dubna, Russia [27], (b) Compressed Baryonic Matter (CBM) at Facility
for Antiproton and Ion Research (FAIR), Darmstadt, Germany [28], and
(c) CSR External-target Experiment (CEE) at High Intensity heavy-ion Accelerator Facility (HIAF), Huizhou, China [29].
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Fig. 6. (Colour on-line) Interaction rates (in Hz) for high-energy nuclear collision
√
facilities as a function of sN N [26]. Accelerators in collider mode are shown by
blue symbols (ALICE, sPHENIX, RHIC BES-II and NICA) and those operating in
fixed target mode by red symbols (STAR fixed traget (FXT), FAIR (CBM, SIS),
HADES, and HIAF).

5. Summary and outlook
The workshop dealt with two topics: Criticality and hadron resonance
gas models.
— Criticality: A robust and vibrant research program is now established
both experimentally (several facilities) and theoretically to study the
QCD phase structure [30] and seeking the QCD critical point in the
phase diagram. The observables are well-established and the results
from a first systematic measurements are promising.
— Thermal models: Another success story has been the use of hadron
resonance gas models to extract freeze-out dynamics, provide evidences
for local thermalisation in heavy-ion collisions and act as baseline for
several measurements in heavy-ion collisions. This can be extended
further to test the details of the model, like GCE versus CE, and
applications to higher order fluctuations to probe true thermal nature
of the system formed in heavy-ion collisions [31].
— High baryon density: Gradual shift of attention of the heavy-ion community is expected towards a return to the low-energy collisions, where
the state-of-the-art accelerator facility with large luminosity and much
advances detector systems with excellent particle identification will allow us to unravel the physics of a rotating high baryon density QCD
matter subjected to magnetic field, similar to the neutron stars.
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