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Exploring the QCD phase diagram through relativistic heavy-ion col-
lisions is a primary goal of modern nuclear physics. This contribution
focuses on fluctuations and correlations of conserved charges — specifically
net-baryon and net-charge cumulants — as sensitive probes of the phase
structure and the QCD critical point. We discuss recent theoretical and
experimental advancements, highlighting constraints from lattice QCD and
new results from the RHIC Beam Energy Scan program. Key challenges
in theory-to-experiment comparisons at high baryon density are discussed,
alongside the systematic requirements for meaningful physical interpreta-
tion. Finally, we identify open issues and outline the discovery potential of
future low-energy experiments, such as CBM, in resolving the high-density
regime of the phase diagram.
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1. Introduction

One of the primary objectives in strong interaction physics is to inves-
tigate the properties of strongly interacting matter, particularly its phase
structure. This is typically illustrated in the QCD phase diagram, plotted
as a function of temperature T and baryon chemical potential up.

Theoretically, the phase diagram is explored using thermal field theory,
with lattice QCD providing a non-perturbative approach. Lattice calcu-
lations reveal a crossover transition from hadronic matter to quark—gluon
plasma (QGP) at high temperatures and vanishing up [1]. However, the
fermion sign problem hinders lattice QCD at high baryon densities, where
the QCD critical point (CP) and potential first-order transitions are ex-
pected [2].
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Recent advancements include extrapolations from lattice data at zero
or imaginary chemical potential [3—6], functional methods such as Dyson—
Schwinger equations [7-9|, functional renormalization group [10, 11], and
effective models [12|. These converge on a CP location around 100 MeV <
Toe <120 MeV and 550 MeV < ue < 650 MeV, corresponding roughly
to \/syny =5 GeV based on freeze-out systematics.

Experimentally, the QCD phase diagram is probed via high-energy heavy-
ion collisions at the LHC and RHIC. At high energies, the net-baryon density
at mid-rapidity is near zero, so lower beam energies are needed to achieve
a finite density. The RHIC Beam Energy Scan (BES) systematically varies
beam energy to map the phase diagram [13], complemented by fixed-target
experiments such as NA61/SHINE [14] and HADES [15].

Key observables include fluctuations of conserved charges, especially
baryon-number cumulants, which reflect derivatives of the pressure with
respect to pup and are sensitive to phase structures such as the crossover
or CP [16]. These can be computed in lattice QCD at pup = 0, enabling
theory—experiment comparisons.

Evidence for a first-order transition might come from spinodal decom-
position which, due to rapid phase separation, leads to the formation of
lumps of dense matter [17-19], though detecting these in experiment re-
mains challenging [20, 21]. Electromagnetic probes like dileptons could also
signal mixed-phase effects [22-24].

The upcoming CBM experiment at FAIR, targeting \/syy = 2.8-4.9 GeV,
is poised to measure high-order fluctuations in the predicted CP region with
high precision.

This contribution emphasizes fluctuation and correlation observables in
heavy-ion collisions, using lattice QCD and other methods to guide explo-
ration. It is structured as follows: Section 2 covers theoretical predictions
for the QCD CP. Section 3 discusses fluctuations and correlations. Section 4
compares experiments with theory. Section 5 examines non-critical baselines
and data. Section 6 addresses open questions and future steps. Section 7
summarizes findings.

2. Theoretical predictions

As discussed in the introduction, direct lattice QCD calculations at fi-
nite baryon density are hindered by the sign problem, making it challenging
to predict the location of the QCD critical point (CP) from first princi-
ples. Consequently, current predictions rely on extrapolations from lattice
QCD at zero or imaginary chemical potential, or on alternative theoretical
approaches.
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Lattice QCD can compute baryon-number susceptibilities — derivatives
of the pressure with respect to the chemical potential — at zero baryon
chemical potential [29-33]. Calculations at imaginary chemical potential,
which avoid the sign problem, can be analytically continued to real chemical
potential [34] providing an alternative way to determine the susceptibilities.
These susceptibilities enable Taylor expansions of the pressure and related
observables for small pp /T < 3, which may be extended somewhat through
generalized expansion schemes [35-37]. Alternatively, one can apply a fu-
gacity or cluster expansion [38, 39| with similar ranges of validity. However,
such expansions cannot capture the non-analytic behavior associated with
the CP, so their validity does not extend into the critical region.

Alternative strategies focus on observables sensitive to the CP, such as
the Yang—Lee edge singularities in the complex chemical potential plane [40].
Recent lattice QCD studies use Padé approximants to locate these singu-
larities from data at zero and imaginary chemical potential, then extrapo-
late their trajectories to lower temperatures [4, 5, 41]. If the singularities
approach the real axis, this may indicate a CP. Current results suggest a
possible CP at T' < 110 MeV, but these analyses are subject to systematic
uncertainties from finite-volume effects, lack of continuum extrapolation,
and the reliability of analytic continuation. For this reason, these predic-
tions are not yet included in Fig. 1, but the method remains promising as
systematics improve.

Another recent approach [6] uses constant entropy density contours, ex-
ploiting the expected crossing of such contours at the CP. By expanding
along these contours using susceptibilities and their temperature derivatives,
this method can describe mean-field-type critical behavior and first-order
transitions. It predicts a CP at T ~ 114 MeV and pup ~ 602 MeV under
ps = pg = 0 conditions. A related analysis 42| extrapolates constant en-
tropy density contours from imaginary to real chemical potential, ruling out
a CP at up < 450 MeV at the 20 level.

Holographic models provide complementary predictions. For example,
an Einstein—-Maxwell-Dilaton model calibrated to lattice QCD thermody-
namics at ugp = 0 yields a CP at Tg ~ 101-108 MeV and uc ~ 560-
625 MeV [12]. A VQCD analysis constrained by neutron star observations
finds a CP at T ~ 119 MeV and puc ~ 626 MeV [26]. Despite differing
inputs and conditions, both approaches locate the CP in a similar region.

Functional methods, such as the functional renormalization group (fRG)
and Dyson—Schwinger equations (DSE), have also matured. Recent studies
benchmarked to lattice QCD at up = 0 predict a CP at T ~ 110-120 MeV
and pc ~ 600-650 MeV |8, 10, 25|, with some differences in the conditions
for the chemical potentials, such as ug = up/3 versus pus = 0.
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Fig.1. Based on [6]. A compilation of predictions for the location of the QCD
critical point on the T—up phase diagram of QCD. The black point with a red
covariance ellipse shows the estimate from Ref. [6], based on the extrapolation
of constant entropy density contours from pup = 0. The stars depict estimates
from other approaches, functional methods (fRG [10], DSE-fRG [§], DSE [25])
and holography (BHE [12], VQCD [26]). The orange line represents the chemical
freeze-out estimate from Ref. [27], with points on the line corresponding to various
collision energies (in terms of \/syn in GeV). Both the chemical freeze-out line and
all CP estimates [except DSE (s = pp/3) and VQCD (f5-equilibrium)| correspond
to pus = 0 (ng # 0) conditions. The dashed green line depicts the chiral crossover
line from [28].

In summary, a range of theoretical approaches increasingly converge
on a region for the QCD critical point around Ty ~ 100-120 MeV and
ue ~ 550-650 MeV. However, these should be viewed as target regions
rather than precise predictions, as each method involves different assump-
tions and systematic uncertainties. Alternative models, such as chiral mean-
field constructions tuned to both heavy-ion and neutron star data [43], can
yield qualitatively different phase structures, including a CP at much higher
density. Thus, the region shown in Fig. 1 represents the most likely location
based on current knowledge, but not a definitive constraint.

3. Correlations and fluctuations

Fluctuations and correlations serve as sensitive probes of a system’s dy-
namics and underlying degrees of freedom. Classical examples include energy
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fluctuations characterized by the heat capacity [44]. Most relevant to this
review are long-range correlations near a critical point, which produce large
fluctuations, as exemplified by critical opalescence [44].

Beyond mapping the phase diagram, fluctuations and correlations reveal
the microscopic constituents of a system. For instance, fluctuations of net
charge and baryon number in QCD are sensitive to the fractional charges
carried by quarks [45—48]. Similarly, correlations between conserved charges
can be used to test whether the system has undergone deconfinement [49, 50].
For an overview, see Refs. [51, 52].

As already mentioned, fluctuations of conserved charges are sensitive to
the structure of the QCD phase diagram in general and the QCD critical
point in particular. The reason for this is that the cumulants of the conserved
charge distribution are related to the derivatives of the pressure with respect
to the chemical potential. In particular, for the baryon-number cumulants,

Kn[B], we have (1n2)
0"(InZ v J"P
kn|B| = = — . 1
B = s Ty = T 8/ T S
Cumulants can also be calculated in thermal field theories such as lattice
QCD. These calculations typically determine so-called susceptibilities, which

are defined as

o (P/T*
Xn[B] = 0(T2 ) (2)
(nB/T)
and are trivially related to the cumulants
kn[B] = VT3xn[B]. (3)

At vanishing chemical potential, susceptibilities up to 8" order have been
extracted in lattice QCD [31, 34]. Due to the fermion sign problem, lattice
QCD calculations at finite chemical potential are not possible. However,
susceptibilities can be calculated at imaginary chemical potential, which can
then be analytically continued to real values of the chemical potential [34].
Alternatively, they may be obtained via Taylor expansion in powers of the
chemical potential. Both methods, however, are restricted to small values
of the baryon-number chemical potential, £ < 3.

Cumulants are extensive quantities that scale with system size. Be-
cause the system size in heavy-ion collisions is neither well known nor con-
trolled, experimental measurements typically use cumulant ratios to elim-
inate leading-order volume dependence. This approach also enables direct
comparison with lattice QCD susceptibilities, since the susceptibility ratios

are identical to cumulant ratios. The most common cumulant ratios are
K2 K3 KR4
o Boge Moko?, (@
K1 K2 K2

where S, K, and o are the skewness, kurtosis, and standard deviation.
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While taking the ratio removes the leading dependence on the volume,
there is still the remaining effect of volume fluctuations. Even for the best
centrality cuts, the impact parameter of the collisions and thus the volume of
the produced systems changes from event to event [53]. As we shall discuss
below, these volume fluctuations give rise to significant corrections [54-56]
which need to be controlled.

At lower collision energies, where the production of anti-baryons can be
neglected, it may be advantageous to study factorial cumulants Cj instead
of cumulants xj; which are related to cumulants via

n

Cn = s(n,k)rx, (5)

k=1

where s(n, k) are the Stirling numbers of the first kind.

One important feature of factorial cumulants is that they represent inte-
grated genuine correlation functions, i.e. they measure the true correlations
in the system [57]. Another related property of factorial cumulants is that
they measure the deviation from Poisson statistics, whereas cumulants mea-
sure the deviation from Gaussian statistics. For a Gaussian distribution,
kg>2 = 0, while for a Poisson distribution, C,>1=0. Also, factorial
cumulants, Cy,{p}, of a distribution which is folded with a binomial distri-
bution with the Bernoulli probability p are simply related to that of the
original distribution, C,, via

Cof{p} =p"C . (6)

Thus, for small Bernoulli probabilities, the factorial cumulants vanish,
Crn{p — 0} — 0forn > 1, demonstrating that for small acceptance windows,
the resulting (factorial) cumulants are consistent with those of a Poisson dis-
tribution.

While cumulants are measurable experimentally and calculable in lattice
QCD, direct comparison requires care, as we shall elaborate in the next
section.

4. Comparing experiment with theory

Experiment and theory probe different systems: in experiments, charges
are conserved globally (canonical ensemble), while field theory calculations
assume grand-canonical conditions with average conservation only. These
differences can be mitigated by studying subsystems such as rapidity slices
[51], though residual corrections due to global charge conservation remain
sizable [58—61|. Fortunately, such corrections are calculable for QCD [62-64],
and local charge conservation effects have also been studied [65, 66].
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Theory calculates baryon-number cumulants, whereas experiments typ-
ically measure only protons. At high pion multiplicities, charge-exchange
reactions effectively randomize proton and neutron numbers [67, 68]. In this
regime, proton cumulants relate to baryon-number cumulants through bino-
mial folding with Bernoulli probability p = (N,) / (Ng) ~ 1/2, which shifts
cumulants toward the Poisson (Skellam) limit.

Additionally, thermal motion causes particles in a given spatial rapidity
bin to spread over a range of momentum-space rapidities. This “thermal
smearing”’ causes observed cumulants to approach the Poisson limit as the
rapidity acceptance window shrinks [69].

The left panel of Fig. 2 illustrates these corrections. It shows cumulant
ratios k4/k2 and kg/kKo as functions of rapidity acceptance for an LHC sys-
tem (see [70] for details). The figure displays four results: gray horizontal
lines (lattice QCD values), black dashed lines (effect of global charge conser-
vation), red lines (both conservation and thermal smearing), and blue points
(net-proton cumulants including both effects). The red lines show how ther-
mal smearing causes the ratios to approach the Poisson limit (k4/k2 = 1) as
the acceptance window shrinks. The blue diamonds mark results using the
method from [67, 68].

These predictions reveal a striking discrepancy between lattice QCD pre-
dictions and experimental observations. Assuming thermal equilibrium, the
blue points show what experiments like ALICE should observe if the un-
derlying fluctuations are those predicted by lattice QCD. Clearly, there is
a significant difference between the predicted and observed values. Most
notably, for the hyper-kurtosis xg/kz2, lattice QCD predicts a negative value
while net protons yield positive values. This is of importance since a neg-
ative hyper-kurtosis has been proposed as a signal of chiral criticality [71].
To extract the true underlying baryon-number signal, the aforementioned
corrections need to be carefully applied, and one needs to measure several
cumulant ratios across different acceptance windows to control systematic
uncertainties. To date, only second-order proton cumulants have been fully
measured [72, 73].

The right panel of Fig. 2 depicts the same cumulant ratios as functions
of collision energy for Au—Au collisions at RHIC, evaluated using hydrody-
namic model calculations [74]. Four scenarios are shown.

The dash-dotted black line represents net-baryon cumulants in the grand-
canonical ensemble without momentum cuts. These show suppression rel-
ative to the Skellam baseline (unity), reflecting correlations from baryon
excluded-volume interactions and agreeing with lattice QCD susceptibili-
ties, as expected from thermal field theory.
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Fig.2. Left panel: Cumulant ratios k4/k2 (upper panel) and kg/k2 (lower panel)
as functions of the acceptance window in rapidity, AY, for a system created in
heavy-ion collisions at the LHC. The horizontal gray lines represent the result
from lattice QCD calculations for the net baryons [31, 34]. The black dashed
lines show the effect of global charge conservation, while the red lines also include
thermal smearing. The blue points are the results for the net-proton cumulant
ratio, again with charge conservation and thermal smearing included. The blue
diamonds are the results for net-proton cumulants using the method of [67, 68].
For details, see [70], where this figure is adapted from. Right panel: Cumulant
ratios k4/ke (upper panel) and kg/ko (lower panel) as functions of collision energy
for RHIC-BES collider energies for a fixed rapidity window. Hydro-EV model
calculations from [74] depicting cumulant ratios of (i) net baryons in the grand-
canonical ensemble without momentum cuts (dash-dotted black line), (ii) the same
but for net protons (dashed blue line), (iii) net protons with momentum cuts
(dashed magenta line), and (i) net protons with momentum cuts and baryon-
number conservation effects included (solid red line).

Switching to net protons (dashed blue line) and applying no momentum
cuts shifts the cumulants significantly closer to the Skellam baseline, reflect-
ing missing neutrons that dilute baryon correlations. Adding momentum
cuts (dashed magenta line) further reduces the signal.

Remarkably, when baryon-number conservation is included (solid red
line), the net-proton cumulants swing back away from the Skellam base-
line, approaching values closer to the grand-canonical net-baryon case. This
interplay between several competing effects may explain why net-baryon sus-
ceptibilities from lattice QCD (grand-canonical, no cuts) happen to agree
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reasonably well with measured net-proton cumulant ratios (canonical, with
cuts) despite corresponding to different observables (baryons versus pro-
tons). These results underscore the need for caution when comparing lattice
QCD susceptibilities with experimental cumulant ratios.

There are additional effects which have not been taken into account in the
calculations shown in Fig. 2. One is the so-called volume fluctuations, which
arise from the event-by-event fluctuations of the impact parameter, which
persist even with the tightest centrality cuts. These affect the measured
value of the cumulants [56]. The STAR Collaboration applies so-called cen-
trality bin width corrections (CBWC) [75] to suppress volume fluctuations.
However, the magnitude of these corrections is not fully controlled [76]. An
alternative approach based on mixed events [77] does not remove all effects
either, but the method provides an estimate for the bias, which can be con-
strained by the systematics of the system under investigation. This bias
is parametrically suppressed for systems with large charged-particle multi-
plicities, which, unfortunately is not the situation for the energies where
the critical point is expected. Therefore, one needs to either rely on simula-
tions or develop and measure so-called strongly intensive observables |78, 79]
which are not affected by volume fluctuations. Also, a new method based on
the Edgeworth expansion [80] has recently been proposed, which is claimed
to be able to determine the cumulants without a specific centrality selection.

These equilibrium-based effects are all studied for static systems. How-
ever, systems created in heavy-ion collisions are inherently dynamic. If the
system’s evolution is governed by hydrodynamics and the hydrodynamic
scales are larger than the critical correlation length [81], local thermal equi-
librium may provide a reasonable description. To calculate critical fluctu-
ation effects, diffusion and non-hydrodynamic modes must also be propa-
gated. This can be accomplished either via stochastic hydrodynamics [82]
or by explicitly tracking two- and higher-order critical correlation functions
as proposed in [81]. At the end of hydrodynamic evolution, these correla-
tions and fluctuations need to be converted into particle numbers, recent
maximum entropy freeze-out provides a pathway to doing that [83].

At lower collision energies, non-equilibrium effects may become impor-
tant, making hydrodynamic approaches unreliable. A proper treatment
would require kinetic theory tailored for QCD matter, which remains unde-
veloped. Nonetheless, insights can be gained from classical systems. Recent
studies [84, 85| examined a Lennard-Jones fluid (which shares the same crit-
ical universality class as QCD) using molecular dynamics to illuminate key
differences between theory and experiment.

This study also addressed another important aspect: experiments mea-
sure in momentum space (integrating over spatial coordinates), while theory
typically calculates in spatial coordinates (integrating over all momenta).
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Consequently, a small subsystem in experiment is defined by momentum
cuts, whereas in theory, it results from spatial cuts. For a Lennard-Jones
fluid with interactions V' (x;, ;) = V(|z; — x;|), the partition function

H
/d$1dp1 -« -dzydpy exp <_T>
2

2
= / dpy - - - dpn exp <—%;’£3>

Z

AP
—> . V(xg,x;
x/dxl---deexp( Zm ( j))
T
AR
= ZpZp (7)

factorizes into momentum (Zp) and spatial (Zg) contributions. Selecting
particles by momentum cuts samples Zp (essentially a non-interacting gas),
missing correlations entirely. In contrast, spatial cuts sample Zg, captur-
ing interaction-induced correlations. Thus for a static, non-expanding sys-
tem measurements in momentum space will not exhibit critical signals as
demonstrated in [84, 85]. However, in heavy-ion collisions, collective flow
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Fig.3. Corrected scaled variance @, of particle number in rapidity acceptance as
a function of the fixed acceptance fraction oy, which is the ratio of accepted to
total number of particles. Calculations are performed for a system of N = 400
particles at T = 1.067, and n = 0.95n.. Different bands correspond to different
magnitudes of the collective flow corresponding to the collision energies in a Bjorken
picture. The limiting cases of coordinate, red band, labeled Weoord, and rapidity
acceptance, black line, labeled @, (yem = 0), in the absence of collective expansion
are also shown. For details, see [85] where this figure is adapted from.
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correlates momentum and coordinate space, allowing momentum cuts to
indirectly probe spatial correlations. Still, at lower energies with weaker
flow, critical signals may be significantly reduced [85]. This is illustrated in
Fig. 3, where the scaled variance of particle number is shown as a function of
the acceptance fraction for different flow strengths corresponding to various
collision energies. The signal without flow (black line) corresponds to a non-
interacting gas in the micro-canonical ensemble, while the signal obtained
in coordinate space (red line) represents typical theoretical predictions. As
flow increases with collision energy, the scaled variance approaches the co-
ordinate space result, but at lower energies (\/snyy ~ 3-7 GeV), where the
CP is predicted, the signal is significantly reduced.

5. Non-critical baselines

Ideally, one would have a theoretical model describing the entire dynam-
ical evolution of heavy-ion collisions with phase transition effects, but no
such model currently exists, though developments are underway [81, 86, 87].
But even with such a model at hand, it is essential to develop a non-critical
baseline: a model with all known physics except correlations from QCD
critical points or phase transitions. Deviations reveal where New Physics
emerges. Effective baselines incorporate the corrections discussed in Sec-
tion 4 (baryon conservation, thermal smearing, etc.) and ideally reproduce
other observables like particle spectra.

Three main approaches exist: (i) UrQMD [88-90] conserves charges,
includes thermal smearing, provides both proton and baryon cumulants,
and permits identical experimental cuts and centrality bin width correc-
tions [89]; (%) Hadron Resonance Gas (HRG-CE) [91] incorporates global
charge conservation and experimental constraints; (i) Viscous Hydrody-
namics (Hydro-EV) [74] uses hydrodynamics tuned to spectra with parti-
clization respecting baryon conservation [64]. Excluded-volume corrections
are tuned to match lattice QCD cumulants at up = 0 38, 92|. Both, HRG-
CE and Hydro-EV include thermal smearing and provide results for both
(net)-protons and (net)-baryons. However, neither accounts for volume fluc-
tuations but STAR’s centrality bin width corrections may mitigate this is-
sue [76].

Figure 4 compares recent STAR data from RHIC BES-II (factorial) cu-
mulants with three non-critical baselines: Hadron Resonance Gas (HRG-
CE) [91] (dotted black line), hydrodynamics with eigenvolume corrections
(Hydro-EV) [74] (blue dashed line), and UrQMD simulations carried out by
the STAR Collaboration (yellow band). The HRG-CE and Hydro-EV re-
sults were obtained prior to the data release, serving as genuine theoretical
predictions; they apply to the central data (red squares).
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Fig.4. Cumulants (top row) and factorial cumulants (bottom row) obtained by the
STAR Collaboration from the second phase of the RHIC beam energy scan [90].
Note that, contrary to common practice, STAR uses C,, to denote cumulants and
Kn, to denote factorial cumulants. Also shown are the baselines of [74] (blue dashed
line, denoted as Hydro-EV in the text), [91] (dotted black line, denoted as HRG-
CE in the text) as well as UrQMD calculations by STAR (brown band). Also shown
are lattice QCD results for net baryons uncorrected for global baryon-number con-
servation [33]. Figure adapted from [90].

All three baselines successfully reproduce the overall trend of the data
versus collision energy. Notably, the Hydro-EV baseline agrees quantita-
tively with the measurements (within errors) for collision energies above
V5NN 2 10 GeV. However, a striking discrepancy emerges at the lowest
two collision energies: while the Hydro-EV baseline continues to decrease (in-
crease) monotonically for the second (third) order factorial cumulants, the
data show a clear non-monotonic behavior. This anomalous trend extends
to even lower energies, where STAR reports further enhanced (diminished)
second (third) order factorial cumulants at \/syy =3 GeV [89)].

The essential difference between Hydro-EV and HRG-CE lies in the
eigenvolume correction, which physically represents a short-range repulsion
among baryons. At lower collision energies, the observed trends suggest two
possibilities: either the repulsion diminishes or it becomes outweighed by an
attractive force to reconcile with the lowest two energy points, where HRG-
CE matches the data better. A recent model calculation [93] shows that in
principle, interactions are able to reproduce the data (see Fig. 5). However,
in this model, the interaction acts in momentum space and the parameters
are tuned to fit the data. Also, no relation to any known interaction has yet
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been established. We note that the interplay of attractive and repulsive in-
teractions commonly leads to the existence of a phase transition and critical
dynamics [94].

s 0.4 N N
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Fig.5. Energy dependence of the second-order factorial cumulant obtained by in-
cluding repulsive (blue line) and attractive (red line) momentum space interactions
as calculated in [93]. The data points are from the STAR and HADES collabora-
tions. Figure adapted from [93].

Of course, the observed behavior may reflect well-established nuclear in-
teractions, which inherently combine short-range repulsion with long-range
attraction. These interactions are responsible for the nuclear liquid-gas
phase transition and its associated critical point. Indeed, model calculations
of equilibrium fluctuations along the freeze-out line show that the nuclear
liquid—gas phase transition itself contributes substantially to cumulants at
low and intermediate collision energies [95-97]. To what extent these inter-
actions can explain the observed behavior in the data, however, needs to be
further investigated.

A third possibility involves volume fluctuations, a more prosaic effect
unrelated to critical dynamics. A recent study [98] used UrQMD simu-
lations without mean-field interactions to examine how impact parameter
variations affect cumulants. Two scenarios were compared: (i) restricted
impact parameter range (b < 3 fm) and (i) STAR’s standard centrality
selection. Figure 6 (right panel) shows factorial cumulants for symmetric
rapidity acceptance (—0.5 < y < 0.5). At fixed impact parameter, the en-
ergy dependence is minimal (blue crosses). In contrast, applying STAR’s
centrality selection (red squares) produces the observed trend: second-order
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factorial cumulants rise at lower energies, while third-order values drop —
matching experimental data. Both cases included centrality bin width cor-
rections (CBWC).
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Fig. 6. Energy dependence of cumulants (left panel) and factorial cumulants (right
panel) obtained from UrQMD simulations [98] for different rapidity acceptance
windows and for fixed impact parameter (blue crosses) and centrality selection a la
STAR (red square and black filled circle). Figure adapted from [98].

Restricting the impact parameter range substantially suppresses partic-
ipant fluctuations, yielding energy-dependence patterns similar to HRG-CE
and Hydro-EV — models that ignore volume effects. The energy dependence
observed in the actual data may therefore arise primarily from volume fluc-
tuations, which may persist in STAR’s centrality selection despite CBWC
corrections. At higher energies (\/syn 2 7 GeV), where particle multiplic-
ities are large, centrality selection effects diminish, and CBWC successfully
removes volume-fluctuation artifacts as shown in [76]. Also, at the 2025
Quark Matter conference, STAR presented their data on the beam energy
dependence of (factorial) cumulants together with results from UrQMD sim-
ulations (without any mean-field interactions) using the same centrality se-
lection as in the data and applying the same CBWC procedure [99]. They
find that the UrQMD calculations qualitatively reproduce the observed non-
monotonic trend in the data. Clearly, this issue needs further investigation
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before any conclusions about additional, potentially critical dynamics can
be drawn, in particular in view of the upcoming CBM experiment which
will measure in the region where the QCD critical point is predicted to be
located.

6. Open issues and next steps

The various baselines discussed in the previous section give the cor-
rect trend and in one case even a quantitative agreement with the en-
ergy dependence of the measured (factorial) cumulants for energies above
V/SNN 2 10 GeV. These baselines take into account the essential “trivial”
effects discussed in Section 4, baryon-number conservation and the fact that
only protons, and not all baryons, are measured and, in the case of UrQMD,
also volume fluctuations. In order to see if there is potentially additional
physics, it would be good to provide an additional observable which tests
these baselines and their assumptions. Such an observable has been recently
put forward in [100]. Specifically, the authors propose to look at the accep-
tance dependence on the reduced correlation coefficients or couplings defined
as [101-103|
g 0
(N)

Cp —

where (N) = k1 = C1 is the mean number of protons. Since global baryon-
number conservation, protons versus baryons, as well as volume fluctuations
lead only to global and thus long-range correlations, Ref. [100] shows that in
that case, the reduced correlation coefficients will be constant as a function
of the size of the rapidity window. In addition to the above scaling of
the factorial cumulants, the ratio of the second-order reduced correlation
coefficients for protons and anti-protons are found to be virtually identical
for an ideal hadron gas in the grand-canonical ensemble, which underlies
both the HRG-CE and Hydro-EV baselines, é[p] = é[p]. The authors of
Ref. [100] find that the above scaling is consistent within the rather large
errors with the data for STAR data from the first phase of the beam energy
scan, BES I, and for energies up to /sy =~ 27 GeV, the prediction of [74]
agrees quantitatively for the proton correlation coefficient. However, there
is a significant difference between the reduced correlation coefficients for
protons and anti-protons, which is not expected from the baselines. As
shown in Fig. 7, the difference é2[p] — é2[p] increases with decreasing collision
energy.

Should the new, high-statistics data from BES II confirm these results,
there is clearly a need to either revise the baseline(s) or understand possible
New Physics which is beyond baryon-number conservation etc. One such
idea put forward in Ref. [100] is a simple two-source model, which differ-
entiates between produced protons and anti-protons and protons that are
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stopped. As can be seen from the black line in Fig. 7, this model leads
to the observed increase in the difference between the coupling for protons
and anti-protons, but quantitatively overpredicts the data. Certainly, such
a model is too simple, but it may suggest that stopping effects may be im-
portant at lower energies, implying that the picture of a single fireball may
be too simplistic for collisions at lower energies.
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Fig. 7. Energy dependence of the difference of reduced correlation coefficients for

protons and anti-protons [100] for the Hydro-EV baseline [74] (blue dashed line)
and from the two-source model (black line). Figure adapted from [100].

The above discussion illustrates the need for more differential data from
BES II. For example, the second-order (factorial) cumulants are related to
integrals of proton—proton rapidity correlations [57], such as the ones mea-
sured by the STAR Collaboration [88] during BES I. Just as for the reduced
correlation coefficients, one would expect that effects due to volume fluctua-
tions will not affect the shape of these correlation functions. Of course, one
needs to ensure that the experimental conditions such as acceptance cuts,
efficiency corrections etc. are identical for both measurements for such a
comparison to be meaningful. The same information can also be extracted
from balance functions [104-106] with similar caveats about experimental
conditions. Furthermore, it would be desirable to have data for all ener-
gies available from the fixed target mode, even though their interpretation
will be more difficult since they will not have symmetric rapidity acceptance
compared to those from collider measurements. This is not only important
to understand the present results and their systematics, but it will also be
crucial in preparation for the results from the upcoming CBM experiment.
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Beyond cumulant measurements, several complementary observables de-
serve investigation: transverse momentum fluctuations [107, 108|, light-
nuclei yields and their fluctuations [109, 110], electromagnetic signals [111],
and finite-size scaling analyses [112, 113]. A consistent signal across multiple
independent observables would substantially strengthen any claim of critical
behavior.

If the QCD critical point exists as predicted, collisions below /syy ~
5 GeV should exhibit the first-order phase transition and accompanying
spinodal decomposition. While initial searches [20, 21| failed to identify
clear signatures, more sophisticated methods — including machine learning
approaches — offer renewed potential for detection.

7. Summary

Significant progress has been made toward locating the QCD critical
point. On the theory side, multiple computational approaches seem to con-
verge on a region for the location of the critical point, which should be
accessible at collision energies around /syy ~ 5 GeV.

Experimentally, STAR has delivered high-quality proton cumulant data
from RHIC BES-II. Non-critical baselines have been established that suc-
cessfully describe the data above \/syny 2 10 GeV, making a critical point
below pp < 400 MeV unlikely.

Yet a clear puzzle emerges: at the lowest two energies (9 and 7.7 GeV),
the data exhibit non-monotonic behavior in the second- and third-order
factorial cumulants — a feature that baseline models do not reproduce. This
anomalous trend could signal attractive interactions and incipient critical
dynamics. However, mundane effects, such as volume and impact-parameter
fluctuations, grow more prominent at lower energies and may equally explain
the observed pattern. Distinguishing between these possibilities requires
careful investigation as the energy regime of the predicted critical point is
explored.

The immediate path forward is clear: upcoming fixed-target data will
provide crucial tests, while the CBM experiment will directly probe the pre-
dicted critical-point region. These complementary measurements will either
reveal signatures of QCD criticality or significantly constrain its location
and nature.

This material is based upon work supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics, under contract numbers
DE-AC02-05CH11231 and DE-SC0026065.
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