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Ø Event-by-event fluctuations to study QCD phase diagram
• Theory vs Experiment

Ø What have we learned so far from low to high energies? 
• Take away messages (TA)
• Room for improvement (RI)

Ø What do we expect from the future? 
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Ø Increased fluctuations → Statistical vs critical
Ø Long/short range correlations → Early vs late production
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Ø Increased fluctuations → Statistical vs critical
Ø Long/short range correlations → Early vs late production
Ø Small vs large volume/system ↔ Low vs high energy

EuNPC, 22.09.2025
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How much of the full history survives until freezout? 
Is all experimental evidence consistent? 

Ø Increased fluctuations → Statistical vs critical
Ø Long/short range correlations → Early vs late production
Ø Small vs large volume/system ↔ Low vs high energy
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FIG. 1. Sketch of the QCD phase diagram in the space of
temperature (T ), baryon chemical potential (µB) and degen-
erate light quark masses (mu = md). See text for a more
detailed discussion.

quark masses and chemical potentials is of great im-
portance for our understanding of the QCD phase dia-
gram and its phenomenological implications. It has been
pointed out [21] that the chiral phase transition temper-
ature, Tc, as well as the tri-critical temperature Ttri, are
expected to give upper bounds for the temperature Tcep

at the possibly existing critical endpoint in QCD with
physical values of the quark masses and non-vanishing
baryon chemical potential. As such it is evident that it
is of interest to also get control over the dependence of
the chiral phase transition on chemical potentials [22]. It
will allow to strengthen the bound on Tcep.

In this work we will analyze the influence of non-
vanishing chemical potentials µX , that couple to the con-
served charge operators for net baryon number (X = B)
and strangeness (X = S). We do not include an explicit
dependence on an electric charge chemical potential as
this would explicitly violate the SU(2)R →SU(2)L chiral
flavor symmetry in the light quark sector of QCD.

For non-zero µB , the pseudo-critical as well as the chi-
ral phase transition temperatures shift to smaller val-
ues. When considering the case of either a single non-
vanishing chemical potential, µB , or the case where the
strangeness chemical potential is constrained, e.g. by
demanding an overall vanishing of the net strangeness
density, nS = 0, the shift of pseudo-critical and critical
temperatures is, to leading-order, quadratic in µB and
is controlled by the so-called curvature coe!cient ωB

2 ,
which has been determined in calculations with physical
(degenerate) light quark masses and a physical strange
quark mass [1, 3, 23–27]. In the case of non-zero µB with
µS , µQ constrained by demanding vanishing strangeness
density (nS = 0) and a ratio of net electric charge to
baryon-number density that is appropriate for the de-
scription of dense media created in heavy ion collisions
(nQ/nB = 0.4), the curvature coe!cient ωB

2 is found to
be ↑ 0.014 [1, 3, 28]. Moreover, the next order correc-
tion ωB

4 has been found to be consistent with zero [1, 3],
which also is in line with recent model calculations [29].

When mapping out the critical surface as func-
tion of several non-vanishing chemical potentials, e.g.
Tc(µB , µS), also o”-diagonal curvature coe!cients, e.g.
ωBS

11 , need to be taken into account. We will discuss
here the dependence of various curvature coe!cients on
the value of two degenerate light quark masses with the
strange quark mass tuned to its physical value, aiming
at an extrapolation to the chiral limit. In this study we
do not yet try to extrapolate to the continuum limit.
All calculations are performed at finite values of the lat-
tice cut-o”. We will determine diagonal and o”-diagonal
curvature coe!cients, ωB

2 , ω
S

2 and ωBS

11 , in the conserved
charge basis, (µB , µS), as well as the related curvature co-
e!cients ωω

2, ω
s

2 and ωωs

11, in the quark flavor basis (µω, µs).
Close to the chiral limit, universal scaling relations al-

low the determination of the chiral phase transition tem-
perature and its dependence on, e.g., the chemical po-
tentials, which are a particular set of energy-like scal-
ing fields coupled to energy-like observables [30]. We
will use a scaling ansatz for chiral observables to extract
the curvature coe!cients ωX

2 and ωXY

11 , ignoring regular
or sub-leading universal, correction-to-scaling contribu-
tions. This ansatz becomes exact when approaching the
chiral limit.
This paper is organized as follows. In Section II we

present some details on the calculational set up used for
this work. In Section III we introduce several chiral ob-
servables and discuss universal properties of (2+1)-flavor
QCD near the chiral limit. Section IV gives an update on
the determination of the chiral phase transition tempera-
ture at vanishing chemical potentials, using three sets of
susceptibilities that define three di”erent sets of pseudo-
critical temperatures. In this section we also present a
determination of the non-universal scale parameter z0,
which is needed to define the leading universal part of chi-
ral observables entering the magnetic equation of state.
In Section V we present our results on curvature coe!-
cients calculated in conserved charge and conserved fla-
vor basis. Section VI is devoted to a discussion of the
dependence of the chiral phase transition temperature
on the value of the strange quark mass. We finally give
our conclusions in Section VII. In three appendices we
give some details on finite volume e”ects in the vicin-
ity of the chiral phase transition temperature (App. A),
a discussion about the sub-leading correction-to-scaling
terms that contribute to all thermodynamic observables
close to the chiral limit (App. B) and present the de-
termination of the leading order coe!cient s1(T,H) that
relates the strangeness and baryon chemical potentials in
strangeness neutral systems (App. C).

II. CALCULATIONAL SETUP

We consider (2+1)-flavor QCD with a strange quark
mass ms tuned to its physical value and degenerate
up and down quark masses, (mω ↓ mu = md), that
shall be changed to smaller-than-physical values, start-
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QGP as a thermodynamic system
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FIG. 1. Sketch of the QCD phase diagram in the space of
temperature (T ), baryon chemical potential (µB) and degen-
erate light quark masses (mu = md). See text for a more
detailed discussion.

quark masses and chemical potentials is of great im-
portance for our understanding of the QCD phase dia-
gram and its phenomenological implications. It has been
pointed out [21] that the chiral phase transition temper-
ature, Tc, as well as the tri-critical temperature Ttri, are
expected to give upper bounds for the temperature Tcep

at the possibly existing critical endpoint in QCD with
physical values of the quark masses and non-vanishing
baryon chemical potential. As such it is evident that it
is of interest to also get control over the dependence of
the chiral phase transition on chemical potentials [22]. It
will allow to strengthen the bound on Tcep.

In this work we will analyze the influence of non-
vanishing chemical potentials µX , that couple to the con-
served charge operators for net baryon number (X = B)
and strangeness (X = S). We do not include an explicit
dependence on an electric charge chemical potential as
this would explicitly violate the SU(2)R →SU(2)L chiral
flavor symmetry in the light quark sector of QCD.

For non-zero µB , the pseudo-critical as well as the chi-
ral phase transition temperatures shift to smaller val-
ues. When considering the case of either a single non-
vanishing chemical potential, µB , or the case where the
strangeness chemical potential is constrained, e.g. by
demanding an overall vanishing of the net strangeness
density, nS = 0, the shift of pseudo-critical and critical
temperatures is, to leading-order, quadratic in µB and
is controlled by the so-called curvature coe!cient ωB

2 ,
which has been determined in calculations with physical
(degenerate) light quark masses and a physical strange
quark mass [1, 3, 23–27]. In the case of non-zero µB with
µS , µQ constrained by demanding vanishing strangeness
density (nS = 0) and a ratio of net electric charge to
baryon-number density that is appropriate for the de-
scription of dense media created in heavy ion collisions
(nQ/nB = 0.4), the curvature coe!cient ωB

2 is found to
be ↑ 0.014 [1, 3, 28]. Moreover, the next order correc-
tion ωB

4 has been found to be consistent with zero [1, 3],
which also is in line with recent model calculations [29].

When mapping out the critical surface as func-
tion of several non-vanishing chemical potentials, e.g.
Tc(µB , µS), also o”-diagonal curvature coe!cients, e.g.
ωBS

11 , need to be taken into account. We will discuss
here the dependence of various curvature coe!cients on
the value of two degenerate light quark masses with the
strange quark mass tuned to its physical value, aiming
at an extrapolation to the chiral limit. In this study we
do not yet try to extrapolate to the continuum limit.
All calculations are performed at finite values of the lat-
tice cut-o”. We will determine diagonal and o”-diagonal
curvature coe!cients, ωB

2 , ω
S

2 and ωBS

11 , in the conserved
charge basis, (µB , µS), as well as the related curvature co-
e!cients ωω

2, ω
s

2 and ωωs

11, in the quark flavor basis (µω, µs).
Close to the chiral limit, universal scaling relations al-

low the determination of the chiral phase transition tem-
perature and its dependence on, e.g., the chemical po-
tentials, which are a particular set of energy-like scal-
ing fields coupled to energy-like observables [30]. We
will use a scaling ansatz for chiral observables to extract
the curvature coe!cients ωX

2 and ωXY

11 , ignoring regular
or sub-leading universal, correction-to-scaling contribu-
tions. This ansatz becomes exact when approaching the
chiral limit.
This paper is organized as follows. In Section II we

present some details on the calculational set up used for
this work. In Section III we introduce several chiral ob-
servables and discuss universal properties of (2+1)-flavor
QCD near the chiral limit. Section IV gives an update on
the determination of the chiral phase transition tempera-
ture at vanishing chemical potentials, using three sets of
susceptibilities that define three di”erent sets of pseudo-
critical temperatures. In this section we also present a
determination of the non-universal scale parameter z0,
which is needed to define the leading universal part of chi-
ral observables entering the magnetic equation of state.
In Section V we present our results on curvature coe!-
cients calculated in conserved charge and conserved fla-
vor basis. Section VI is devoted to a discussion of the
dependence of the chiral phase transition temperature
on the value of the strange quark mass. We finally give
our conclusions in Section VII. In three appendices we
give some details on finite volume e”ects in the vicin-
ity of the chiral phase transition temperature (App. A),
a discussion about the sub-leading correction-to-scaling
terms that contribute to all thermodynamic observables
close to the chiral limit (App. B) and present the de-
termination of the leading order coe!cient s1(T,H) that
relates the strangeness and baryon chemical potentials in
strangeness neutral systems (App. C).

II. CALCULATIONAL SETUP

We consider (2+1)-flavor QCD with a strange quark
mass ms tuned to its physical value and degenerate
up and down quark masses, (mω ↓ mu = md), that
shall be changed to smaller-than-physical values, start-
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 ,   (in one unit of rapidity) 

TALICE

fo = 156.5 ± 1.5 ± 3 MeV(sys)
μB ≈ 0 V ≈ 5280 fm3

TLQCD
C = 156.5 ± 1.5 MeV

VPb ≈ 1200 fm3

for a thermal system of fixed volume  and temperature  V T

κn(NB − NB̄)
VT3 ≡ 1

VT3
∂nlnZ(V, T, μB)

∂ (μB/T)n = ∂nP/T4

∂ (μB/T)n ≡ ̂χB
n

experiment theory
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Thermodynamic	susceptibilities

the parametric equation of state such as given in Eq. (47). The parameters which need to be fitted are the location Tc
and µc of the critical point, the slope �hµ/hT of the coexistence line (h = 0), and the slope �rµ/rT of the r = 0 line at
the critical point. To set the scale, one needs to supply also rT and hµ. The overall scale of the singular part is not an
additional independent parameter because of the scaling property of the leading singularity of the equation of state:

G(�r, ���h) = ��(�+1)G(r, h) (48)

for an arbitrary �.
The background part of the pressure, pbg(T, µ), can be chosen to smoothly match the equation of state at µ = 0

known from the lattice [86]. In this form the equation of state can incorporate the information reliably known from
lattice QCD calculations as well as the correct leading singular behavior at the critical point, while being flexible
enough to accommodate a critical point in the range of T and µ accessible by heavy-ion collisions.

(a) �1 = n (b) �2 = @n/@µ (c) �3 = @�2/@µ (d) �4 = @�3/@µ

Figure 12: First three derivatives (susceptibilities) of the baryon density n with respect to µ as a function of µ along three constant T lines (horizontal
dotted lines in the first row of plots – the density plots of the susceptibilities vs T and µ). Two temperatures are above (second row) and another
temperature is below (third row) the critical point. Red denotes region of negative and blue – of positive value of the susceptibilities. Only the
critical contribution to n and its derivatives dictated by the universality near the critical point is shown. The vertical range for two graphs of the
same quantity �n (i.e., in the same column) are the same, but is di↵erent across the columns.

4.8. Baryon number cumulants near the critical point
In order to understand better the equation of state near the QCD critical point described by Eq. (47) it is helpful

to study the behavior of baryon number cumulants. Due to the relationship between the pressure and the partition
function of QCD
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the cumulants of the fluctuations of the baryon charge N are related to the derivatives of the pressure:16
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Fig. 12 shows a close-up of the QCD phase diagram in Fig. 6 near the critical point. Using the universal equation
of state given by the mapping in Eqs. (47) and (46) (where we choose rT = 0 for simplicity), we illustrate the behavior
of susceptibilities �k. It is instructive to follow �k along lines of fixed T . Three such lines are shown in Fig. 12 (top
row): two isothermal lines traverse the crossover region above the critical point and the behavior of �k along these lines
is shown in the second row and one isothermal line traverses the first-order coexistence line with the corresponding
�k shown in the third row.

As we traverse the crossover region (panel (a) in Fig. 12) the density increases continuously with a steeper slope
for the case where the isothermal line is closer to the critical point. When we cross the first order line, the baryon
density, n, jumps, as expected. The baryon number cumulants, or susceptibilities, �k, being derivatives of the density
(see Eq. (50)), will be sensitive to the proximity of the critical point in the crossover region as the change of the
density n becomes steeper. This is illustrated in the panels (b) through (d) in Fig. 12, where we show the second
to fourth order susceptibilities. We see that, not surprisingly, the steeper increase in the density when traversing the
pseudo-critical region closer to the critical point is reflected in larger values of the cumulants. This di↵erence gets
more pronounced the higher the order of the susceptibility or cumulant. Furthermore, the sign changes of the various
cumulants shown in the contour plots can be easily understood as simply changes in the slope (for �2), curvature (for
�3) and higher derivatives of the density n in the first column. Finally, when crossing the first-order line (third row)
we find that away from the critical line the cumulants are only modestly changed. On the critical line, of course, they
are undefined due to a discontinuity. 17

This simple example qualitatively explains what happens near the critical point as discussed in section 4.5: The
higher the order of the cumulant the stronger is its dependence on the correlation length. As we get closer to the critical
point, where correlation length diverges, the transition gets sharper and the cumulants also diverge at the critical point.

As we have seen, the high-order cumulants show nontrivial dependence on T and µ in the crossover region.
This observation suggests that the measurement of net-baryon cumulants may also provide an avenue to establish
the existence of a cross-over transition at µB = 0, as predicted by lattice QCD [28]. As discussed in [89–92] in the
context of model as well as lattice QCD calculations, a cross-over transition results in negative sixth and eighth order
cumulants at the freezeout temperature, 6/2 < 0 and 8/2 < 0. Therefore, the measurement of these cumulant ratios
could provide experimental evidence that the systems created in high energy heavy ion collisions freeze out close to
the cross-over transition.

4.9. Fluctuation cumulants in heavy-ion collisions
The baryon number cumulants, or susceptibilities, are not directly measurable in heavy-ion collision experiments

which detect charge particles, leaving neutrons out of the acceptance. However, the fluctuations near the critical
point a↵ect fluctuations of charged particles as well as the neutral ones because the coupling of the critical mode is
isospin blind. Thus cumulants of the fluctuations of proton number (or net proton number) show a similar pattern near
the critical point. In Section 4.12 we shall describe how to relate the critical mode fluctuations with the observable
fluctuations of the particle multiplicities.

The experiments also do not scan the phase diagram along fixed T lines as in Fig. 12. The scanning parameter,
such as

p
sNN , a↵ects both T and µ of the freezeout. A typical freezeout trajectory along which T and µ are varied is

shown in Fig. 13 superimposed on the density plot of the quartic cumulant of a critical order parameter, such as, e.g.,
baryon density. The position of the freezeout point on the curve depends on the collision energy

p
sNN and can be

16In the context of lattice calculations the susceptibilities are often defined as dimensionless quantities, i.e., �lattice
k = @k(p/T 4)/@(µ/T )k .

17The absence of visible discontinuity in even cumulants in Fig. 12 is a consequence of our simplification rT = 0.
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lattice QCD calculations as well as the correct leading singular behavior at the critical point, while being flexible
enough to accommodate a critical point in the range of T and µ accessible by heavy-ion collisions.
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Figure 12: First three derivatives (susceptibilities) of the baryon density n with respect to µ as a function of µ along three constant T lines (horizontal
dotted lines in the first row of plots – the density plots of the susceptibilities vs T and µ). Two temperatures are above (second row) and another
temperature is below (third row) the critical point. Red denotes region of negative and blue – of positive value of the susceptibilities. Only the
critical contribution to n and its derivatives dictated by the universality near the critical point is shown. The vertical range for two graphs of the
same quantity �n (i.e., in the same column) are the same, but is di↵erent across the columns.

4.8. Baryon number cumulants near the critical point
In order to understand better the equation of state near the QCD critical point described by Eq. (47) it is helpful
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Fig. 12 shows a close-up of the QCD phase diagram in Fig. 6 near the critical point. Using the universal equation
of state given by the mapping in Eqs. (47) and (46) (where we choose rT = 0 for simplicity), we illustrate the behavior
of susceptibilities �k. It is instructive to follow �k along lines of fixed T . Three such lines are shown in Fig. 12 (top
row): two isothermal lines traverse the crossover region above the critical point and the behavior of �k along these lines
is shown in the second row and one isothermal line traverses the first-order coexistence line with the corresponding
�k shown in the third row.

As we traverse the crossover region (panel (a) in Fig. 12) the density increases continuously with a steeper slope
for the case where the isothermal line is closer to the critical point. When we cross the first order line, the baryon
density, n, jumps, as expected. The baryon number cumulants, or susceptibilities, �k, being derivatives of the density
(see Eq. (50)), will be sensitive to the proximity of the critical point in the crossover region as the change of the
density n becomes steeper. This is illustrated in the panels (b) through (d) in Fig. 12, where we show the second
to fourth order susceptibilities. We see that, not surprisingly, the steeper increase in the density when traversing the
pseudo-critical region closer to the critical point is reflected in larger values of the cumulants. This di↵erence gets
more pronounced the higher the order of the susceptibility or cumulant. Furthermore, the sign changes of the various
cumulants shown in the contour plots can be easily understood as simply changes in the slope (for �2), curvature (for
�3) and higher derivatives of the density n in the first column. Finally, when crossing the first-order line (third row)
we find that away from the critical line the cumulants are only modestly changed. On the critical line, of course, they
are undefined due to a discontinuity. 17

This simple example qualitatively explains what happens near the critical point as discussed in section 4.5: The
higher the order of the cumulant the stronger is its dependence on the correlation length. As we get closer to the critical
point, where correlation length diverges, the transition gets sharper and the cumulants also diverge at the critical point.

As we have seen, the high-order cumulants show nontrivial dependence on T and µ in the crossover region.
This observation suggests that the measurement of net-baryon cumulants may also provide an avenue to establish
the existence of a cross-over transition at µB = 0, as predicted by lattice QCD [28]. As discussed in [89–92] in the
context of model as well as lattice QCD calculations, a cross-over transition results in negative sixth and eighth order
cumulants at the freezeout temperature, 6/2 < 0 and 8/2 < 0. Therefore, the measurement of these cumulant ratios
could provide experimental evidence that the systems created in high energy heavy ion collisions freeze out close to
the cross-over transition.

4.9. Fluctuation cumulants in heavy-ion collisions
The baryon number cumulants, or susceptibilities, are not directly measurable in heavy-ion collision experiments

which detect charge particles, leaving neutrons out of the acceptance. However, the fluctuations near the critical
point a↵ect fluctuations of charged particles as well as the neutral ones because the coupling of the critical mode is
isospin blind. Thus cumulants of the fluctuations of proton number (or net proton number) show a similar pattern near
the critical point. In Section 4.12 we shall describe how to relate the critical mode fluctuations with the observable
fluctuations of the particle multiplicities.

The experiments also do not scan the phase diagram along fixed T lines as in Fig. 12. The scanning parameter,
such as

p
sNN , a↵ects both T and µ of the freezeout. A typical freezeout trajectory along which T and µ are varied is

shown in Fig. 13 superimposed on the density plot of the quartic cumulant of a critical order parameter, such as, e.g.,
baryon density. The position of the freezeout point on the curve depends on the collision energy

p
sNN and can be

16In the context of lattice calculations the susceptibilities are often defined as dimensionless quantities, i.e., �lattice
k = @k(p/T 4)/@(µ/T )k .

17The absence of visible discontinuity in even cumulants in Fig. 12 is a consequence of our simplification rT = 0.
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chiral plane

FIG. 1. Sketch of the QCD phase diagram in the space of
temperature (T ), baryon chemical potential (µB) and degen-
erate light quark masses (mu = md). See text for a more
detailed discussion.

quark masses and chemical potentials is of great im-
portance for our understanding of the QCD phase dia-
gram and its phenomenological implications. It has been
pointed out [21] that the chiral phase transition temper-
ature, Tc, as well as the tri-critical temperature Ttri, are
expected to give upper bounds for the temperature Tcep

at the possibly existing critical endpoint in QCD with
physical values of the quark masses and non-vanishing
baryon chemical potential. As such it is evident that it
is of interest to also get control over the dependence of
the chiral phase transition on chemical potentials [22]. It
will allow to strengthen the bound on Tcep.

In this work we will analyze the influence of non-
vanishing chemical potentials µX , that couple to the con-
served charge operators for net baryon number (X = B)
and strangeness (X = S). We do not include an explicit
dependence on an electric charge chemical potential as
this would explicitly violate the SU(2)R →SU(2)L chiral
flavor symmetry in the light quark sector of QCD.

For non-zero µB , the pseudo-critical as well as the chi-
ral phase transition temperatures shift to smaller val-
ues. When considering the case of either a single non-
vanishing chemical potential, µB , or the case where the
strangeness chemical potential is constrained, e.g. by
demanding an overall vanishing of the net strangeness
density, nS = 0, the shift of pseudo-critical and critical
temperatures is, to leading-order, quadratic in µB and
is controlled by the so-called curvature coe!cient ωB

2 ,
which has been determined in calculations with physical
(degenerate) light quark masses and a physical strange
quark mass [1, 3, 23–27]. In the case of non-zero µB with
µS , µQ constrained by demanding vanishing strangeness
density (nS = 0) and a ratio of net electric charge to
baryon-number density that is appropriate for the de-
scription of dense media created in heavy ion collisions
(nQ/nB = 0.4), the curvature coe!cient ωB

2 is found to
be ↑ 0.014 [1, 3, 28]. Moreover, the next order correc-
tion ωB

4 has been found to be consistent with zero [1, 3],
which also is in line with recent model calculations [29].

When mapping out the critical surface as func-
tion of several non-vanishing chemical potentials, e.g.
Tc(µB , µS), also o”-diagonal curvature coe!cients, e.g.
ωBS

11 , need to be taken into account. We will discuss
here the dependence of various curvature coe!cients on
the value of two degenerate light quark masses with the
strange quark mass tuned to its physical value, aiming
at an extrapolation to the chiral limit. In this study we
do not yet try to extrapolate to the continuum limit.
All calculations are performed at finite values of the lat-
tice cut-o”. We will determine diagonal and o”-diagonal
curvature coe!cients, ωB

2 , ω
S

2 and ωBS

11 , in the conserved
charge basis, (µB , µS), as well as the related curvature co-
e!cients ωω

2, ω
s

2 and ωωs

11, in the quark flavor basis (µω, µs).
Close to the chiral limit, universal scaling relations al-

low the determination of the chiral phase transition tem-
perature and its dependence on, e.g., the chemical po-
tentials, which are a particular set of energy-like scal-
ing fields coupled to energy-like observables [30]. We
will use a scaling ansatz for chiral observables to extract
the curvature coe!cients ωX

2 and ωXY

11 , ignoring regular
or sub-leading universal, correction-to-scaling contribu-
tions. This ansatz becomes exact when approaching the
chiral limit.
This paper is organized as follows. In Section II we

present some details on the calculational set up used for
this work. In Section III we introduce several chiral ob-
servables and discuss universal properties of (2+1)-flavor
QCD near the chiral limit. Section IV gives an update on
the determination of the chiral phase transition tempera-
ture at vanishing chemical potentials, using three sets of
susceptibilities that define three di”erent sets of pseudo-
critical temperatures. In this section we also present a
determination of the non-universal scale parameter z0,
which is needed to define the leading universal part of chi-
ral observables entering the magnetic equation of state.
In Section V we present our results on curvature coe!-
cients calculated in conserved charge and conserved fla-
vor basis. Section VI is devoted to a discussion of the
dependence of the chiral phase transition temperature
on the value of the strange quark mass. We finally give
our conclusions in Section VII. In three appendices we
give some details on finite volume e”ects in the vicin-
ity of the chiral phase transition temperature (App. A),
a discussion about the sub-leading correction-to-scaling
terms that contribute to all thermodynamic observables
close to the chiral limit (App. B) and present the de-
termination of the leading order coe!cient s1(T,H) that
relates the strangeness and baryon chemical potentials in
strangeness neutral systems (App. C).

II. CALCULATIONAL SETUP

We consider (2+1)-flavor QCD with a strange quark
mass ms tuned to its physical value and degenerate
up and down quark masses, (mω ↓ mu = md), that
shall be changed to smaller-than-physical values, start-
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Thermodynamic	susceptibilities

the parametric equation of state such as given in Eq. (47). The parameters which need to be fitted are the location Tc
and µc of the critical point, the slope �hµ/hT of the coexistence line (h = 0), and the slope �rµ/rT of the r = 0 line at
the critical point. To set the scale, one needs to supply also rT and hµ. The overall scale of the singular part is not an
additional independent parameter because of the scaling property of the leading singularity of the equation of state:

G(�r, ���h) = ��(�+1)G(r, h) (48)

for an arbitrary �.
The background part of the pressure, pbg(T, µ), can be chosen to smoothly match the equation of state at µ = 0

known from the lattice [86]. In this form the equation of state can incorporate the information reliably known from
lattice QCD calculations as well as the correct leading singular behavior at the critical point, while being flexible
enough to accommodate a critical point in the range of T and µ accessible by heavy-ion collisions.

(a) �1 = n (b) �2 = @n/@µ (c) �3 = @�2/@µ (d) �4 = @�3/@µ

Figure 12: First three derivatives (susceptibilities) of the baryon density n with respect to µ as a function of µ along three constant T lines (horizontal
dotted lines in the first row of plots – the density plots of the susceptibilities vs T and µ). Two temperatures are above (second row) and another
temperature is below (third row) the critical point. Red denotes region of negative and blue – of positive value of the susceptibilities. Only the
critical contribution to n and its derivatives dictated by the universality near the critical point is shown. The vertical range for two graphs of the
same quantity �n (i.e., in the same column) are the same, but is di↵erent across the columns.

4.8. Baryon number cumulants near the critical point
In order to understand better the equation of state near the QCD critical point described by Eq. (47) it is helpful

to study the behavior of baryon number cumulants. Due to the relationship between the pressure and the partition
function of QCD

eV p(T,µ)/T = Z =
X

states i

⌧
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the cumulants of the fluctuations of the baryon charge N are related to the derivatives of the pressure:16

�k =

 
@k p
@µk

!

T
=

 
@k�1n
@µk�1

!

T
=

1
VT k�1 h(�N)k

ic, (50)

where
n ⌘
hNi
V
=

 
@p
@µ

!

T
. (51)

Fig. 12 shows a close-up of the QCD phase diagram in Fig. 6 near the critical point. Using the universal equation
of state given by the mapping in Eqs. (47) and (46) (where we choose rT = 0 for simplicity), we illustrate the behavior
of susceptibilities �k. It is instructive to follow �k along lines of fixed T . Three such lines are shown in Fig. 12 (top
row): two isothermal lines traverse the crossover region above the critical point and the behavior of �k along these lines
is shown in the second row and one isothermal line traverses the first-order coexistence line with the corresponding
�k shown in the third row.

As we traverse the crossover region (panel (a) in Fig. 12) the density increases continuously with a steeper slope
for the case where the isothermal line is closer to the critical point. When we cross the first order line, the baryon
density, n, jumps, as expected. The baryon number cumulants, or susceptibilities, �k, being derivatives of the density
(see Eq. (50)), will be sensitive to the proximity of the critical point in the crossover region as the change of the
density n becomes steeper. This is illustrated in the panels (b) through (d) in Fig. 12, where we show the second
to fourth order susceptibilities. We see that, not surprisingly, the steeper increase in the density when traversing the
pseudo-critical region closer to the critical point is reflected in larger values of the cumulants. This di↵erence gets
more pronounced the higher the order of the susceptibility or cumulant. Furthermore, the sign changes of the various
cumulants shown in the contour plots can be easily understood as simply changes in the slope (for �2), curvature (for
�3) and higher derivatives of the density n in the first column. Finally, when crossing the first-order line (third row)
we find that away from the critical line the cumulants are only modestly changed. On the critical line, of course, they
are undefined due to a discontinuity. 17

This simple example qualitatively explains what happens near the critical point as discussed in section 4.5: The
higher the order of the cumulant the stronger is its dependence on the correlation length. As we get closer to the critical
point, where correlation length diverges, the transition gets sharper and the cumulants also diverge at the critical point.

As we have seen, the high-order cumulants show nontrivial dependence on T and µ in the crossover region.
This observation suggests that the measurement of net-baryon cumulants may also provide an avenue to establish
the existence of a cross-over transition at µB = 0, as predicted by lattice QCD [28]. As discussed in [89–92] in the
context of model as well as lattice QCD calculations, a cross-over transition results in negative sixth and eighth order
cumulants at the freezeout temperature, 6/2 < 0 and 8/2 < 0. Therefore, the measurement of these cumulant ratios
could provide experimental evidence that the systems created in high energy heavy ion collisions freeze out close to
the cross-over transition.

4.9. Fluctuation cumulants in heavy-ion collisions
The baryon number cumulants, or susceptibilities, are not directly measurable in heavy-ion collision experiments

which detect charge particles, leaving neutrons out of the acceptance. However, the fluctuations near the critical
point a↵ect fluctuations of charged particles as well as the neutral ones because the coupling of the critical mode is
isospin blind. Thus cumulants of the fluctuations of proton number (or net proton number) show a similar pattern near
the critical point. In Section 4.12 we shall describe how to relate the critical mode fluctuations with the observable
fluctuations of the particle multiplicities.

The experiments also do not scan the phase diagram along fixed T lines as in Fig. 12. The scanning parameter,
such as

p
sNN , a↵ects both T and µ of the freezeout. A typical freezeout trajectory along which T and µ are varied is

shown in Fig. 13 superimposed on the density plot of the quartic cumulant of a critical order parameter, such as, e.g.,
baryon density. The position of the freezeout point on the curve depends on the collision energy

p
sNN and can be

16In the context of lattice calculations the susceptibilities are often defined as dimensionless quantities, i.e., �lattice
k = @k(p/T 4)/@(µ/T )k .

17The absence of visible discontinuity in even cumulants in Fig. 12 is a consequence of our simplification rT = 0.
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the parametric equation of state such as given in Eq. (47). The parameters which need to be fitted are the location Tc
and µc of the critical point, the slope �hµ/hT of the coexistence line (h = 0), and the slope �rµ/rT of the r = 0 line at
the critical point. To set the scale, one needs to supply also rT and hµ. The overall scale of the singular part is not an
additional independent parameter because of the scaling property of the leading singularity of the equation of state:

G(�r, ���h) = ��(�+1)G(r, h) (48)

for an arbitrary �.
The background part of the pressure, pbg(T, µ), can be chosen to smoothly match the equation of state at µ = 0

known from the lattice [86]. In this form the equation of state can incorporate the information reliably known from
lattice QCD calculations as well as the correct leading singular behavior at the critical point, while being flexible
enough to accommodate a critical point in the range of T and µ accessible by heavy-ion collisions.

(a) �1 = n (b) �2 = @n/@µ (c) �3 = @�2/@µ (d) �4 = @�3/@µ

Figure 12: First three derivatives (susceptibilities) of the baryon density n with respect to µ as a function of µ along three constant T lines (horizontal
dotted lines in the first row of plots – the density plots of the susceptibilities vs T and µ). Two temperatures are above (second row) and another
temperature is below (third row) the critical point. Red denotes region of negative and blue – of positive value of the susceptibilities. Only the
critical contribution to n and its derivatives dictated by the universality near the critical point is shown. The vertical range for two graphs of the
same quantity �n (i.e., in the same column) are the same, but is di↵erent across the columns.

4.8. Baryon number cumulants near the critical point
In order to understand better the equation of state near the QCD critical point described by Eq. (47) it is helpful

to study the behavior of baryon number cumulants. Due to the relationship between the pressure and the partition
function of QCD
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point, where correlation length diverges, the transition gets sharper and the cumulants also diverge at the critical point.

As we have seen, the high-order cumulants show nontrivial dependence on T and µ in the crossover region.
This observation suggests that the measurement of net-baryon cumulants may also provide an avenue to establish
the existence of a cross-over transition at µB = 0, as predicted by lattice QCD [28]. As discussed in [89–92] in the
context of model as well as lattice QCD calculations, a cross-over transition results in negative sixth and eighth order
cumulants at the freezeout temperature, 6/2 < 0 and 8/2 < 0. Therefore, the measurement of these cumulant ratios
could provide experimental evidence that the systems created in high energy heavy ion collisions freeze out close to
the cross-over transition.

4.9. Fluctuation cumulants in heavy-ion collisions
The baryon number cumulants, or susceptibilities, are not directly measurable in heavy-ion collision experiments

which detect charge particles, leaving neutrons out of the acceptance. However, the fluctuations near the critical
point a↵ect fluctuations of charged particles as well as the neutral ones because the coupling of the critical mode is
isospin blind. Thus cumulants of the fluctuations of proton number (or net proton number) show a similar pattern near
the critical point. In Section 4.12 we shall describe how to relate the critical mode fluctuations with the observable
fluctuations of the particle multiplicities.

The experiments also do not scan the phase diagram along fixed T lines as in Fig. 12. The scanning parameter,
such as

p
sNN , a↵ects both T and µ of the freezeout. A typical freezeout trajectory along which T and µ are varied is

shown in Fig. 13 superimposed on the density plot of the quartic cumulant of a critical order parameter, such as, e.g.,
baryon density. The position of the freezeout point on the curve depends on the collision energy

p
sNN and can be

16In the context of lattice calculations the susceptibilities are often defined as dimensionless quantities, i.e., �lattice
k = @k(p/T 4)/@(µ/T )k .

17The absence of visible discontinuity in even cumulants in Fig. 12 is a consequence of our simplification rT = 0.
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the cumulants of the fluctuations of the baryon charge N are related to the derivatives of the pressure:16
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Fluctuations, Ensemble averaging 

A. Rustamov, ISOQUANT  seminar, January 20, Heidelberg  

Ergodicity	hypothesis:	Averaging	over	time	is	equivalent	to	the	
averaging	over	ensembles.	
Ensemble	 is	 an	 idealisation	 consisting	 of	 a	 large	 number	 of	
mental	 copies	 0f	 a	 system,	 considered	 all	 at	 once,	 each	
represents	a	possible	state	that	the	real	system!	
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Figure 4: The sixth and eighth order cumulants of the net baryon number
fluctuations at µq/T = 0 in the PQM model. The temperature is given in
units of the pseudo-critical temperature Tpc(mπ) corresponding to a maxi-
mum of the the chiral susceptibility. The shaded area indicates the chiral
crossover region.

these derivatives have been implemented directly into the analysis of the
flow equations (see Appendix).

In Fig. 4 we show the sixth and eighth order cumulants of the net baryon
number fluctuations computed at µq/T = 0 within the PQM model for phys-
ical values of the pion mass. The basic features dictated by O(4) symmetry
restoration, as discussed in the previous sections, are readily identified in the
figure. Moreover, the positions of the two extrema of χB

6 correspond approx-
imately to the zeros of χB

8 . This confirms that in the transition region, two
derivatives with respect to µq/T are indeed equivalent to one derivative with
respect to T .

From these calculations, as well as from calculations of the lower order
cumulants χB

2 and χB
4 , we obtain the ratios RB

n,m of the n-th and m-th cu-
mulants. Results obtained for µq/T = 0 and µq/T > 0 are shown in Figs. 5
and 6, respectively. We note that these ratios approach unity at low tem-
peratures, as it is the case also in the hadron resonance gas model. In the
transition region, they reflect the expected O(4) scaling properties; they have
a shallow maximum close to the transition region before they drop sharply.
In particular, they show pronounced minima with RB

n,2 < 0 in the vicinity
of the chiral crossover temperature. The exact location of these minima and
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•  
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•  

Ø Detection efficiency correction
Ø Event pileup 
Ø Particle identification
Ø Volume fluctuations
Ø …

Experimental challenges:

v Critical fluctuations & Critical End Point (CEP)
Ø Global/local charge conservation
Ø Different hadronisation mechanisms
Ø Annihilation, resonances, hydrodynamic evolution …

How to interpret: “Establishing a non-critical baseline” 
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Figure 4: The sixth and eighth order cumulants of the net baryon number
fluctuations at µq/T = 0 in the PQM model. The temperature is given in
units of the pseudo-critical temperature Tpc(mπ) corresponding to a maxi-
mum of the the chiral susceptibility. The shaded area indicates the chiral
crossover region.

these derivatives have been implemented directly into the analysis of the
flow equations (see Appendix).

In Fig. 4 we show the sixth and eighth order cumulants of the net baryon
number fluctuations computed at µq/T = 0 within the PQM model for phys-
ical values of the pion mass. The basic features dictated by O(4) symmetry
restoration, as discussed in the previous sections, are readily identified in the
figure. Moreover, the positions of the two extrema of χB

6 correspond approx-
imately to the zeros of χB

8 . This confirms that in the transition region, two
derivatives with respect to µq/T are indeed equivalent to one derivative with
respect to T .

From these calculations, as well as from calculations of the lower order
cumulants χB

2 and χB
4 , we obtain the ratios RB

n,m of the n-th and m-th cu-
mulants. Results obtained for µq/T = 0 and µq/T > 0 are shown in Figs. 5
and 6, respectively. We note that these ratios approach unity at low tem-
peratures, as it is the case also in the hadron resonance gas model. In the
transition region, they reflect the expected O(4) scaling properties; they have
a shallow maximum close to the transition region before they drop sharply.
In particular, they show pronounced minima with RB

n,2 < 0 in the vicinity
of the chiral crossover temperature. The exact location of these minima and
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B.	Friman,	F.	Karsch,	K.	Redlich,	V.	Skokov Eur.	Phys.	J.	C	(2011)	71:	1694

Holy	grail:	see	critical	behavior	in	6th and	higher	order	cumulants	
à Stay	tuned	for	the	RUN3	period	of	the	LHC	

QSEC,	26.09.2019

B. Friman, F. Karsch, 
K. Redlich, V. Skokov
EPJC (2011) 71 1694

Xiaofeng Luo 25EMMI Workshop on Critical Fluctuations in HIC, Oct. 10-13, 2017

! First observation of the non-monotonic energy dependence of fourth 
order net-proton fluctuations. Hint of entering Critical Region ??

σ field ModelSTAR Data

4th order Net-Proton Fluctuations κσ2 =C4/C2
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Measuring cumulants in heavy-ion collisions

24

Count the number of events with given number of e.g. (net) protons

Cumulants are extensive, ;+~=, use ratios to cancel out the volume

STAR Collaboration, Phys. Rev. Lett. 126, 092301 (2021)

Look for subtle critical point signals

Statistics-hungry observables

STAR Coll., Phys. Rev. Lett. 126, 092301 (2021)
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• Baryon number conservation
• Volume fluctuations 
• Resonance decays
• Initial-state fluctuations
• Effect of initial magnetic field
• …

What is the source of deviation from baseline?
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Event generator (HIJING)
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• Baryon number conservation
• Volume fluctuations 
• Resonance decays
• Initial-state fluctuations
• Effect of initial magnetic field
• …

What is the source of deviation from baseline?

Acceptance & baseline
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• Baryon number conservation
• Volume fluctuations 
• Resonance decays
• Initial-state fluctuations
• Effect of initial magnetic field
• …

What is the source of deviation from baseline?
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How to overcome volume fluctuations?

9

Ø Idea: Mix events in a given category wrt event shape and centrality

EuNPC, 22.09.2025

A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641,  V.Koch, R. Holzmann, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924
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2nd order
4th order

It kills all correlations Volume fluctuations remain Very narrow CBW do not help

A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641,  V.Koch, R. Holzmann, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924

Ø Idea: Mix events in a given category wrt event shape and centrality
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Ø  TA: CBWC does not completely eliminate VF, but mixed event technique does
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2nd order
4th order

It kills all correlations Volume fluctuations remain Very narrow CBW do not help

Ø Idea: Mix events in a given category wrt event shape and centrality



News from crossover

A. Rustamov, Never at Rest: A Lifetime Inquiry of QGP, 9-12 February, 2025, Physikzentrum Bad Honnef
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Can we test different hadronization scenarios?
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after the big bang. It is now believed that these large scale fluctuations origi-
nate in small quantum fluctuations present during the inflationary epoch. Dur-
ing the rapid expansion of the universe in this epoch, these quantum fluctua-
tions were stretched to size scales much larger than those that were causally
connected in the post-inflationary era when the universe was expanding in a
state close to thermal equilibrium. Therefore such super horizon scale fluctu-
ations cannot be much affected by the sub-horizon scale processes allowable
in the post-inflationary thermal universe. This explains why CMB measure-
ments provide extremely valuable information about the inflationary epoch of
the universe, despite the fact that the CMB radiation was produced long after
(tCMB ∼ 4 · 105 years) the primordial fluctuations that are responsible for its
features (tinflation ∼ 10−33 seconds).

There is a concrete analog of such super-horizon fluctuations in the matter
produced in high energy hadronic collisions such as heavy ion collisions at RHIC,
as illustrated in fig. 1. In this figure, we represent the “event horizons” as seen

detection

freeze out

latest correlation

A B

z 

t

Figure 1: The red and green cones are the location of the events in causal
relationship with the particles A and B respectively. Their intersection is the
location in space-time of the events that may correlate the particles A and B.

from the last rescattering of two particles A and B on the freeze-out surface.
These are the red and green cones pointing to the past. Any event that has a
causal influence on the particles A or B must take place inside the corresponding
event horizon. Any event that induces a correlation between the particles A and
B must lie in the overlap of their event horizons. Therefore, if the particles A
and B have rapidities y

A
and y

B
, the processes that caused their correlations

must have occurred before the time1

τ ≤ τfreeze out e−
1
2
|y

A
−y

B
| . (1)

1We assume here that a particle detected with momentum rapidity y originates from a point
of space-time rapidity η ≈ y on the freeze-out surface. This is a consequence of the boost
invariance of the collision (at high energy), and of the fact that the local thermal motion
spreads the rapidities by at most one unit in rapidity.

2

Early correlations → longer correlation length

3

What	can	we	study	in	ALICE	3?

Mesut	Arslandok,	Yale	University

1)	Correlation	length	of	B,	S	and	C

ALICE	3	Review,	22.10.2021
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Late	correlations	short	range,	only	
early	correlations	

can	be	long	range	in	rapidity	

A. Dumitru, F. Gelis, L. McLerran, and R. Venugopalan, 
Nucl. Phys. A 810 (2008) 91
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Net-baryon fluctuations with cumulants up to third order in Pb–Pb collisions ALICE Collaboration
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Figure 4: (Color online) Centrality (left) and pseudorapidity interval (right) dependence of the normalized second-
order cumulants of net protons. The ALICE data are shown by black and red markers for

→
sNN = 2.76 and

5.02 TeV, respectively, while the colored shaded areas indicate the results from HIJING [50] and EPOS [57] model
calculations at

→
sNN = 5.02 TeV. The Skellam baseline is shown by the horizontal dashed black line. In the right

panel the expectation from global baryon number conservation is shown as a pink band and the dashed colored
lines represent the predictions of the model with local baryon number conservation [22].

are increasingly reduced. Due to the increasing relevance of baryon number conservation with larger239

acceptance, this is expected. For the narrowest interval, statistically independent Poissonian fluctuations240
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after the big bang. It is now believed that these large scale fluctuations origi-
nate in small quantum fluctuations present during the inflationary epoch. Dur-
ing the rapid expansion of the universe in this epoch, these quantum fluctua-
tions were stretched to size scales much larger than those that were causally
connected in the post-inflationary era when the universe was expanding in a
state close to thermal equilibrium. Therefore such super horizon scale fluctu-
ations cannot be much affected by the sub-horizon scale processes allowable
in the post-inflationary thermal universe. This explains why CMB measure-
ments provide extremely valuable information about the inflationary epoch of
the universe, despite the fact that the CMB radiation was produced long after
(tCMB ∼ 4 · 105 years) the primordial fluctuations that are responsible for its
features (tinflation ∼ 10−33 seconds).

There is a concrete analog of such super-horizon fluctuations in the matter
produced in high energy hadronic collisions such as heavy ion collisions at RHIC,
as illustrated in fig. 1. In this figure, we represent the “event horizons” as seen

detection

freeze out

latest correlation

A B
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t

Figure 1: The red and green cones are the location of the events in causal
relationship with the particles A and B respectively. Their intersection is the
location in space-time of the events that may correlate the particles A and B.

from the last rescattering of two particles A and B on the freeze-out surface.
These are the red and green cones pointing to the past. Any event that has a
causal influence on the particles A or B must take place inside the corresponding
event horizon. Any event that induces a correlation between the particles A and
B must lie in the overlap of their event horizons. Therefore, if the particles A
and B have rapidities y

A
and y

B
, the processes that caused their correlations

must have occurred before the time1

τ ≤ τfreeze out e−
1
2
|y

A
−y

B
| . (1)

1We assume here that a particle detected with momentum rapidity y originates from a point
of space-time rapidity η ≈ y on the freeze-out surface. This is a consequence of the boost
invariance of the collision (at high energy), and of the fact that the local thermal motion
spreads the rapidities by at most one unit in rapidity.
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Net-baryon fluctuations with cumulants up to third order in Pb–Pb collisions ALICE Collaboration
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after the big bang. It is now believed that these large scale fluctuations origi-
nate in small quantum fluctuations present during the inflationary epoch. Dur-
ing the rapid expansion of the universe in this epoch, these quantum fluctua-
tions were stretched to size scales much larger than those that were causally
connected in the post-inflationary era when the universe was expanding in a
state close to thermal equilibrium. Therefore such super horizon scale fluctu-
ations cannot be much affected by the sub-horizon scale processes allowable
in the post-inflationary thermal universe. This explains why CMB measure-
ments provide extremely valuable information about the inflationary epoch of
the universe, despite the fact that the CMB radiation was produced long after
(tCMB ∼ 4 · 105 years) the primordial fluctuations that are responsible for its
features (tinflation ∼ 10−33 seconds).

There is a concrete analog of such super-horizon fluctuations in the matter
produced in high energy hadronic collisions such as heavy ion collisions at RHIC,
as illustrated in fig. 1. In this figure, we represent the “event horizons” as seen

detection
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t

Figure 1: The red and green cones are the location of the events in causal
relationship with the particles A and B respectively. Their intersection is the
location in space-time of the events that may correlate the particles A and B.

from the last rescattering of two particles A and B on the freeze-out surface.
These are the red and green cones pointing to the past. Any event that has a
causal influence on the particles A or B must take place inside the corresponding
event horizon. Any event that induces a correlation between the particles A and
B must lie in the overlap of their event horizons. Therefore, if the particles A
and B have rapidities y

A
and y

B
, the processes that caused their correlations

must have occurred before the time1

τ ≤ τfreeze out e−
1
2
|y

A
−y

B
| . (1)

1We assume here that a particle detected with momentum rapidity y originates from a point
of space-time rapidity η ≈ y on the freeze-out surface. This is a consequence of the boost
invariance of the collision (at high energy), and of the fact that the local thermal motion
spreads the rapidities by at most one unit in rapidity.
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K (right) in Pb–Pb collisions
at
↑

sNN = 5.02 TeV. Thermal-FIST (TheFIST) [72] model calculation for canonical ensemble (CE) with a corre-
lation volume of Vc = 2.6dV/dy is represented by the colored band. The statistical (systematic) uncertainties are
represented by vertical bars (boxes).
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1 (left) and Set 2 (right) pT acceptances. The colored bands represent the Thermal-FIST (TheFIST) [72] model
calculations for canonical ensemble (CE) with different Vc values. The statistical (systematic) uncertainties are
represented by vertical bars (boxes).

field effect contributes to these trends or if other factors dominate.

Figure 8 shows Cp,K, CQ,p, and CQ,K as a function of collision energy for central and peripheral events,
combining ALICE data at

↑
sNN = 5.02 TeV for Pb–Pb collisions and STAR data for Au+Au collisions

from
↑

sNN = 7.7→ 200 GeV [31]. While the STAR results correspond to |∀ | < 0.5, the ALICE mea-
surements are presented for both |∀ | < 0.5 and |∀ | < 0.8, offering insights into the effect of increasing
acceptance window. All three correlations exhibit a monotonic decrease from RHIC to LHC energies.
Notably, the deviation from the Poisson baseline increases with energy for both central and peripheral
events, which is due to several differences in the underlying physics processes. A key factor is the de-
creasing beam rapidity with decreasing energy, which leads to a higher number of stopped protons in the
kinematic acceptance and an increase in the #acc — both crucial for the description of global and local
charge conservation. In addition, volume fluctuations, which cannot be completely suppressed even in
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at
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sNN = 5.02 TeV. Thermal-FIST (TheFIST) [72] model calculation for canonical ensemble (CE) with a corre-
lation volume of Vc = 2.6dV/dy is represented by the colored band. The statistical (systematic) uncertainties are
represented by vertical bars (boxes).
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1 (left) and Set 2 (right) pT acceptances. The colored bands represent the Thermal-FIST (TheFIST) [72] model
calculations for canonical ensemble (CE) with different Vc values. The statistical (systematic) uncertainties are
represented by vertical bars (boxes).

field effect contributes to these trends or if other factors dominate.

Figure 8 shows Cp,K, CQ,p, and CQ,K as a function of collision energy for central and peripheral events,
combining ALICE data at

↑
sNN = 5.02 TeV for Pb–Pb collisions and STAR data for Au+Au collisions

from
↑

sNN = 7.7→ 200 GeV [31]. While the STAR results correspond to |∀ | < 0.5, the ALICE mea-
surements are presented for both |∀ | < 0.5 and |∀ | < 0.8, offering insights into the effect of increasing
acceptance window. All three correlations exhibit a monotonic decrease from RHIC to LHC energies.
Notably, the deviation from the Poisson baseline increases with energy for both central and peripheral
events, which is due to several differences in the underlying physics processes. A key factor is the de-
creasing beam rapidity with decreasing energy, which leads to a higher number of stopped protons in the
kinematic acceptance and an increase in the #acc — both crucial for the description of global and local
charge conservation. In addition, volume fluctuations, which cannot be completely suppressed even in

11

Ø TA: Very promising signal
Ø RI: Does momentum range make a difference? Higher orders?

 : Lattice QCD  Centrality in HICR(πBQ
11 /−1) &

−1 Λ {πB
2 , πQ

2 , πQS
11 }
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Any light at the 4th order in A-A collisions?
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Any light at the 4th order in A-A collisions?

Ø TA: Hint of deviation from Poissonian baseline
Ø RI: CE baseline for the peripheral collisions + larger acceptance and statistics + mixed event correction 

for the VF at low energies
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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STAR Coll., Phys. Lett. B 857 (2024) 138966

Ø TAM: We need to compare with the non-critical baseline
Ø RFI: VFC using mixed event & analysis wrt event shape & non-critical baseline 

Ø Question: Can we see critical fluctuations in high multiplicity pp collisions? 

Mesut Arslandok, Yale University

Higher order cumulants of net-p in small systems

QM25, 11.04.2025 16
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Ø TAM: We need to compare with the non-critical baseline
Ø RFI: VFC using mixed event & analysis wrt event shape & non-critical baseline 

Ø Question: Can we see critical fluctuations in high multiplicity pp collisions? 

Mesut Arslandok, Yale University

Higher order cumulants of net-p in small systems

QM25, 11.04.2025 16
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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Ø TAM: We need to compare with the non-critical baseline
Ø RFI: VFC using mixed event & analysis wrt event shape & non-critical baseline 

Ø Question: Can we see critical fluctuations in high multiplicity pp collisions? 

13 TeV

200 GeV



Mesut Arslandok, Yale University

How about critical fluctuations in pp collisions on the 6th order?

13

Ø TA: Looks like no sign of criticality 
Ø RI: VFC using mixed event & analysis wrt event shape & higher multiplicities & non-critical baseline  

EuNPC, 22.09.2025
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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Ø TAM: We need to compare with the non-critical baseline
Ø RFI: VFC using mixed event & analysis wrt event shape & non-critical baseline 

Ø Question: Can we see critical fluctuations in high multiplicity pp collisions? 

Mesut Arslandok, Yale University
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
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Ø TAM: We need to compare with the non-critical baseline
Ø RFI: VFC using mixed event & analysis wrt event shape & non-critical baseline 
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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Ø TAM: We need to compare with the non-critical baseline
Ø RFI: VFC using mixed event & analysis wrt event shape & non-critical baseline 

Ø Question: Can we see critical fluctuations in high multiplicity pp collisions? 

Mesut Arslandok, Yale University

Higher order cumulants of net-p in small systems
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Ø TAM: We need to compare with the non-critical baseline
Ø RFI: VFC using mixed event & analysis wrt event shape & non-critical baseline 

Ø Question: Can we see critical fluctuations in high multiplicity pp collisions? 

13 TeV

200 GeV
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lQCD: A. Bazavov et al., (HotQCD),  PLB 795 (2019) 15-21

τ ∼ 10−23s



 ,   (in one unit of rapidity) 

TALICE

fo = 156.5 ± 1.5 ± 3 MeV(sys)
μB ≈ 0 V ≈ 5280 fm3

TLQCD
C = 156.5 ± 1.5 MeV

VPb ≈ 1200 fm3

for a thermal system of fixed volume  and temperature  V T

κn(NB − NB̄)
VT3 ≡ 1

VT3
∂nlnZ(V, T, μB)

∂ (μB/T)n = ∂nP/T4

∂ (μB/T)n ≡ ̂χB
n

experiment theory
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RHIC-BES-II data: Ordinary cumulants

5

Hydro EV: VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)  

Net-proton cumulant ratios

STAR, arXiv:2504.00817 

Agreement with the baseline above !!!~10 − 20 GeV 
But otherwise mostly boring. What else is there?

STAR , arXiv:2504.00817
Nonmonotonic behavior as a function of energy?

EuNPC, 22.09.2025
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Ø TA: Promising signal at 20 GeV (2-3	𝜎 deviation from “hydro EV” baseline) and 
below 10 GeV for both C and 𝜅

Ø RI: Modelling of stopped protons and volume fluct. correction with mixed event

ALI-SIMUL-319054

RHIC-BES-II data: Ordinary cumulants

5

Hydro EV: VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)  

Net-proton cumulant ratios

STAR, arXiv:2504.00817 

Agreement with the baseline above !!!~10 − 20 GeV 
But otherwise mostly boring. What else is there?

STAR , arXiv:2504.00817
Nonmonotonic behavior as a function of energy?

EuNPC, 22.09.2025
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Motivation

Baryon-Strangeness Correlations (CBS) is proposed to diagnose the change of phases in the matter
created in the heavy-ion collisions, which is expressed as:

CBS = →3
↑BS↓c
↑S2↓c

= →3
↑BS↓ → ↑B↓ ↑S↓
↑S2↓ → ↑S↓2

u

d

s

Hadron Gas Ideal QGP

Deconfinement

!→ ∀→

#
∃→

K+

p

!→

CBS ↑ 3
↓#↔+ ↓!→↔+ . . .

↓K+↔+ ↓#↔+ . . .
CBS = 1

V. Koch, A. Majumder and J. Randrup, Phys. Rev. Lett. 95, 182301 (2005)

M. Asakawa, U. W. Heinz and B. Muller, Phys. Rev. Lett. 85 (2000)

Hanwen Feng for the STAR Collaboration Baryon-Strangeness Correlations in Au+Au Collisions at RHIC-STAR 4 / 15

Observable

Experimentally, the baryon number (B) and strangeness (S) are defined as:

net-B : ωp + ω!(+ω”→) net-S : ωK+ → ω!(→2ω”→)

where ωA = A→ Ā is the net number of particles of species A.
UrQMD and HRG calculations show the set ω(p,K+,!,#0) serves as a good proxy charge for CBS .

Hanwen Feng for the STAR Collaboration Baryon-Strangeness Correlations in Au+Au Collisions at RHIC-STAR 5 / 15

Observable

Experimentally, the baryon number (B) and strangeness (S) are defined as:

net-B : ωp + ω!(+ω”→) net-S : ωK+ → ω!(→2ω”→)

where ωA = A→ Ā is the net number of particles of species A.
UrQMD and HRG calculations show the set ω(p,K+,!,#0) serves as a good proxy charge for CBS .

Hanwen Feng for the STAR Collaboration Baryon-Strangeness Correlations in Au+Au Collisions at RHIC-STAR 5 / 15

Ø TA: Calculations can describe the data below 30 GeV data 
Ø RI: Stopped protons + VFC + non-critical baseline

Summary and Outlook
Summary

1 We present the centrality and beam energy dependence of baryon-strangeness Correlations (CBS ) from Beam Energy Scan at

STAR in Au+Au collisions from 7.7 to 62.4 GeV.

2 In central collisions, CBS values are consistent with partonic calculations at 39 and 62.4 GeV, while agrees well with hadronic

simulations at 7.7 and 11.5 GeV. 14.6, 19.6 and 27 GeV cannot be reproduced by any calculations.

3 Large value observed of CBS at 3 GeV is consistent with baryon rich environment.

4 In peripheral collisions, the energy dependence from 7.7 to 62.4 GeV can be described by hadronic simulations.
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Outlook: Analysis on more BES-II data (both collider and fixed target energy) are ongoing.
Hanwen Feng for the STAR Collaboration Baryon-Strangeness Correlations in Au+Au Collisions at RHIC-STAR 15 / 15

How about cross cumulants as a function of energy?

EuNPC, 22.09.2025
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Critical point or first order phase transition?

16

Ø TA: There is a striking jump from repulsive to attractive interaction! Sign of a first order phase transition? 
Ø RI: Different acceptances and VFC & Modelling of stopped protons & confirmation by another observable; intermittency? 

EuNPC, 22.09.2025
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FIG. 5. The transition from attractive to repulsive correlations with increasing collision energy for the ratio F (2,0)/F (1,0). The
solid purple line, connecting the calculation at HADES energy that includes three-particle attractive interactions (open red
box) with calculations that account for two-particle repulsive interactions (open blue boxes) is drawn to guide the eye. The
filled symbols represent experimental measurements, also shown in panel (a) of Fig. 3.

formulations provide consistent results, as shown also in Fig. 3.
The energy dependence of the factorial cumulant ratios reveals a compelling indication for an interplay between

repulsive and attractive interactions. Our calculations show that at high collision energies, repulsive correlations domi-
nate, whereas at lower energies, attractive correlations become increasingly important. This behavior is schematically
illustrated in Fig. 5. Such a trend is reminiscent of the dynamics in classical systems described by the Van der
Waals equation of state, where the competition between short-range repulsion and long-range attraction governs the
liquid–gas phase transition.

VII. SUMMARY AND CONCLUSIONS

The main objective of these studies was to calculate fluctuations of the multiplicity distributions of baryons,
antibaryons, as well as their sum and di!erence in a canonical ensemble. We have focused on cumulants and factorial
cumulants, assuming that baryons are correlated by exact conservation of the net-baryon number in the full system.
To this end we have adopted a statistical model of baryons and antibaryons in the spirit of the S-matrix approach,
where to leading order in the fugacity expansion, the partition function takes the form of an ideal gas.

We have derived analytic expressions for the cumulants and factorial cumulants of the baryon and antibaryon
numbers in the canonical ensemble. Moreover, based on the generalized Faà di Bruno formula for computing the
derivatives of composite functions, we obtained closed-form results for cumulants and factorial cumulants of arbitrary
order in a subsystem constrained by exact conservation of the net-baryon number in the full system. We also presented
general relations, independent of assumptions on the partition function, between cumulants and factorial cumulants
as well as between net-baryon-number fluctuations in a subsystem and those of the baryon and antibaryon numbers
of the full system.

One of the essential novelties of this contribution is the inclusion of correlations, modelled by introducing attractive
and repulsive interactions among multiparticle systems, while preserving baryon number conservation in the full phase
space.

By comparing these developments to recent measurements from the STAR BES-II and HADES experiments, we
arrive at an important conclusion: to describe the energy dependence of proton factorial cumulants over a broad range
of collision energies, from

→
sNN = 17.3GeV down to

→
sNN = 2.5GeV, it is essential to account for correlations among

protons. The consideration of global baryon number conservation alone is insu”cient to reproduce the experimental
observations.

The inclusion of correlations, also successfully describes more di!erential measurements, such as the rapidity cov-

𝐶 2
/𝐶

3

A. Rustamov, B. Friman, K. Redlich
arXiv:2508.18879
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A. Rustamov, Never at Rest: A Lifetime Inquiry of QGP, 9-12 February, 2025, Physikzentrum Bad Honnef

Phase diagram of QCD matter
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τ ∼ 10−23s



 ,   (in one unit of rapidity) 

TALICE

fo = 156.5 ± 1.5 ± 3 MeV(sys)
μB ≈ 0 V ≈ 5280 fm3

TLQCD
C = 156.5 ± 1.5 MeV

VPb ≈ 1200 fm3

for a thermal system of fixed volume  and temperature  V T

κn(NB − NB̄)
VT3 ≡ 1

VT3
∂nlnZ(V, T, μB)

∂ (μB/T)n = ∂nP/T4

∂ (μB/T)n ≡ ̂χB
n

experiment theory

EuNPC, 22.09.2025
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FUTURE?
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Compressed Baryonic Matter experiment
Tetyana Galatyuk |  CPOD2024  |  CBM and future high muB facilities  |  LBNLMay 21, 2024

Q4 2027 – installation and commissioning w/o beam
Q4 2028 – commissioning with SIS100 beam

• Fixed target experiment
àobtain highest luminosities

• Versatile detector systems
àoptimal setup for given observable

• Tracking based entirely on silicon
àfast and precise track reconstruction

• Free-streaming FEE
ànearly dead-time free data taking

• On-line event selection
àhighly selective data reduction

315 full members from 10 countries
47 full member institutions

10 associated member institutions

5/29

A. Rustamov, Never at Rest: A Lifetime Inquiry of QGP, 9-12 February, 2025, Physikzentrum Bad Honnef
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Quark Matter 2025 16

Outlook: ALICE 3

Ilya Fokin · Higher-Order Fluctuations: Unveiling the Final Frontier of QCD at the LHC with ALICE
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ALICE 3, Barrel+Forward, ~52% of full acc.
ALICE 3, Barrel, ~25% of full acc.
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In ALICE 3: factor >10 larger acceptance!
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Outlook: ALICE 3

Ilya Fokin · Higher-Order Fluctuations: Unveiling the Final Frontier of QCD at the LHC with ALICE
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In ALICE 3: factor >10 larger acceptance!

ALICE 3 CBM

Factor >10 larger acceptance!

Critical point search
Tetyana Galatyuk |  CPOD2024  |  CBM and future high muB facilities  |  LBNLMay 21, 2024

STAR, PRL 128 (2022) 20, 202303
HADES, PRC 102 (2020) 2, 024914

• Current data consistent with non-critical physics?
à reduced errors to come from STAR BES-II

• Sensitivity to features of the QCD phase diagram grows
with the order of the moment

• Higher order moments probe the tails – statistics/artefacts!
• Detailed systematic studies of experimental effects is curtail

Non-monotonic trend of the higher moments 
7$/7% of net-proton number distributions,
visible in a beam energy scan?

Holzmann, Koch, Rustamov, Stroth, arXiv:2403.03598 [nucl-th]
Kitazawa’2012, Skokov’2013, Bzdak ‘2016, Kitazawa’2016, Braun-Munzinger’2017

Braun-Munzinger, Friman, Redlich, Rustamov, Stachel, NPA 1008 (2021) 122141 
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CBM
CEE+

High precision at < 5GeV

ALICE, CERN-LHCC-2022-009

STAR, PRL 128 (2022) 20, 202303
H

ADES, PRC
 102 (2020) 2, 024914

EuNPC, 22.09.2025

Very bright!
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Summary

18

1) Experiment vs Theory: “Almost all” experimental challenges are resolved
2) A-A: Exciting signals at high (crossover) and low (first order line) energies
3) pp: No sign of critical behavior (?)

EuNPC, 22.09.2025
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Summary

18

High precision in 
larger acceptance

Experiment
Isolate critical fluct. 
from the ”Baseline”

Theory

1) Experiment vs Theory: “Almost all” experimental challenges are resolved
2) A-A: Exciting signals at high (crossover) and low (first order line) energies
3) pp: No sign of critical behavior (?)

EuNPC, 22.09.2025
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Solution for the misidentification 

19

12Mesut	Arslandok,	Heidelberg	(PI)

A. Rustamov, EMMI Workshop, 25-29 March, 2019, GSI.
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traditional approach

use additional detector information
or reject a given phase space bin

( challenge: efficiency correction )

gives folded multiplicity distribution

easier to correct for inefficiencies

single event example : 3 protons, 2 kaons

Identity method approach

16

Analysis technique

Ø Cut	based	approach	
• Use	additional	detector	information	or	reject	a	given	phase	space	bin
• Challenge:	efficiency	correction	and	contamination

Ø Identity	Method	
• Gives	folded	multiplicity	distribution	
• Easier	to	correct	inefficiencies
• Ideal	approach	for	low	momentum	(p<2	GeV/c)

>?@ =	ABC D?@

SQM,	11.06.2019

Cut	based vs	Identity	method

𝑁45  = A63 𝑊45  

p

t

d,He4

He3

𝜋(

Cut based

A. Rustamov, Phys.Rev.C 110 (2024) 6, 064910
A. Rustamov, M. Gazdzicki, M. I. Gorenstein, PRC 86, 044906 (2012), PRC 84, 024902 (2011)

A. Rustamov, M. Arslandok, Nucl. Instrum. A946 (2019) 162622}

EuNPC, 22.09.2025
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Mesut Arslandok, Yale University

Event mixing: Data driven volume fluctuation correction

QM25, 11.04.2025 6

Ø  TAM: It eliminates residual volume fluctuations after centrality bin width correction (CBWC)

Ø Question: Can we eliminate volume fluctuations completely without any model dependence?
Ø Idea: Mix events in a given category wrt event shape and centrality

Quark Matter 2025 

ALI-SIMUL-603771ALI-SIMUL-603766

26

Volume fluctuation correction using event mixing

Ilya Fokin · Higher-Order Fluctuations: Unveiling the Final Frontier of QCD at the LHC with ALICE

New New

Quark Matter 2025 

• In mixed events: destroy correlations, keeping the volume fluctuations  
→ data-driven correction

• Test in simulations with 10% and 5% centrality bins

•  = 1 in mixed events: no correlations from LBCμ2/∂p + p̄Δ

12

Volume fluctuation correction using event mixing (I)

Ilya Fokin · Higher-Order Fluctuations: Unveiling the Final Frontier of QCD at the LHC with ALICE

A. Rustamov, J. Stroth, R. Holzmann, Nucl.Phys.A 1034 (2023) 122641

ALI-SIMUL-603761

New

2nd order 4th order 4th order

It kills all correlations Volume Fluctuations remain Very narrow CBW doe not help

New

Mesut Arslandok, Yale University

2nd order net-Q: Subvolume vs Correlation length

20

Ø Question: What is the right modeling of charge conservation?

Subvolume approach Gaussian correlation

Particles may contain 
the memory of where the 
Q-fluctuations freeze out

D-Measure

11

We obtain the equation for D-measure inside momentum acceptance:

- Resonance decays
- Charge fluctuations at hadronization
0*+ = 1.1 0,+- = 0.36

- Local charge conservation

J. Parra | Quark Matter 2025

Skellam baseline 2-particle correlations long-range 2-particle correlations

Ø TA: Gaussian correlation is the right answer, possibility to probe the QGP
Ø RI: Different conserved charges and higher orders to be studied

Gaussian correlation

EuNPC, 22.09.2025
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Acceptance & Baseline

 
 

Studying magnetic fields with 
net-proton fluctuations with ALICE
Ilya Fokin for the ALICE Collaboration 

Universität Heidelberg, Germany, fokin@physi.uni-heidelberg.de

• Fluctuations are a powerful tool to study QCD phase diagram 

• Cumulants  are related to thermodynamic susceptibilities which can be 

calculated from first principles in lattice QCD (LQCD) [1] 

• Proton number is used as a proxy for baryon number [2] 

• LQCD: larger susceptibilities in the presence of large magnetic fields [3] 

 

κn

Fluctuations and lattice QCD

• Considering only statistical fluctuations, the second order cumulant of the 

distribution of the net-proton number is given by 

• Deviations from this baseline may arise from 

• local baryon number conservation: unlike-sign correlations 

• (anti-)proton clusters: like-sign correlations [4,5] 

• Measured values depend on the fraction of (anti-)protons in the acceptance
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Baseline

• Probabilistic way of calculating moments of multiplicity distributions [6] 

→  Avoids problem of misidentification 

• Probability distribution functions obtained from fits of the dE/dx distributions 

• PID contamination at large momenta estimated using templates from MC

Identity method

• First measurement of net-proton cumulants above p = 2 GeV/c 

• Similar proton number in both acceptances in central collisions: same baseline 

• Low momenta: weak centrality dependence (due to radial flow?) 

• High momenta: significant increase towards peripheral collisions!

Second order cumulants

• Time Projection Chamber (TPC): tracking and particle identification via 

specific energy loss dE/dx 

• Time-Of-Flight (TOF): 
proton selection for 

p ≥ 1.5 GeV/c 
• V0 scintillators: 

centrality determination 

from 0% (most central) to 

90% (peripheral) 

• 110M Pb–Pb collisions 
at 5.02 TeV recorded in 2018

Detector and dataset
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• Trend at peripheral collisions for high momentum protons is consistent with 

LQCD expectation with strong magnetic field  

• Can also be qualitatively explained by p–p and p–p correlations 

Conclusions

Net-proton fluctuations as a magnetometer for heavy-ion collisions?

Can we measure the magnetic field produced in peripheral collisions?
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Fourth order cumulant baseline as function of α
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• In most central collisions: LBC consistent with data after volume fluctuation 
correction 

• Slight deviation from Poissonian baseline, but more precision needed 

• Poissonian fluctuations dominate due to small acceptance
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• Deviations from the hadron resonance gas model (HRG) starting from the fourth 
order susceptibilites:   ≈ 0.75,  < 0μB

4 /μB
2 μB

6

3

Fluctuations as a probe for the phase transition (II)

Ilya Fokin · Higher-Order Fluctuations: Unveiling the Final Frontier of QCD at the LHC with ALICE

• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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• Comparing cumulants to LQCD: net-proton number ≠ baryon number, local baryon 
number conservation, volume fluctuations
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• From fourth order: volume fluctuations affect 
measurement at LHC energies 

• Strategy: add volume fluctuation 
contribution to the model using analytical 
approach 

 
 
 

• LBC + volume fluctuations describe the data

8

Fourth-order net-proton cumulants
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Quark Matter 2025 

• Add volume fluctuation terms to model using 

 

• LBC + volume fluctuations describe the data 

•  > 0: no sign of criticality in high-
multiplicity pp collisions up to  ≈ 31
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4 ṽ3
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4th 6th

Quark Matter 2025 

• In the case of purely Poissonian fluctuations 

(HRG model): 

Skellam distribution with  

• Suppression with respect to Skellam baseline 
due to local baryon number conservation 
(LBC) 

• Depends on acceptance factor  

• Data described by Thermal-FIST with 

 = 2.78 dV/dy (LBC from box approximation)

μ2n = ∂p + p̄Δ

χ = ∂p + p̄Δacc
∂B + B̄Δ4κ

Vc

7

Second-order net-proton cumulants
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Opportunities at LHC: Baryon annihilation

16

At .$ ≈ 0 (LHC) due to symmetry one has

cov[/ − /̅, ? + @?] 	= 0	
#!$030̅
/ + /̅ $ = &̂$030̅ is unaffected by baryon conservation

But affected by local correlations (such as baryon annihilation). 
Using density correlator one can derive:
[VV, PRC 110, L061902 (2024)]

&̂$030̅	∞	 − 1 − C4 /$ 	 + 	 3$ D
Dcorrelation

pair acceptance

%% = 1: no correlation

%% < 1: correlations (e.g. baryon annihilation)
UrQMD gives C4 = 0.84

[Savchuk et al., PLB 827, 136983 (2022)] 

Prelim
inary

no annihilation

with ann
ihilatio

n (C4 =
0.84)

vol.fluct.: shift by a constant factor

Clear signal and independent of baryon conservation

Ø Question: Can we test annihilation with cumulants? 

Opportunities at LHC: Baryon annihilation

16

At .$ ≈ 0 (LHC) due to symmetry one has

cov[/ − /̅, ? + @?] 	= 0	
#!$030̅
/ + /̅ $ = &̂$030̅ is unaffected by baryon conservation

But affected by local correlations (such as baryon annihilation). 
Using density correlator one can derive:
[VV, PRC 110, L061902 (2024)]

&̂$030̅	∞	 − 1 − C4 /$ 	 + 	 3$ D
Dcorrelation

pair acceptance

%% = 1: no correlation

%% < 1: correlations (e.g. baryon annihilation)
UrQMD gives C4 = 0.84

[Savchuk et al., PLB 827, 136983 (2022)] 

Prelim
inary

no annihilation

with ann
ihilatio

n (C4 =
0.84)

vol.fluct.: shift by a constant factor

Clear signal and independent of baryon conservation

Ø TA: Clear signal and independent of baryon conservation → Worth to try 
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Higher-order moments of net-electric charge distributions
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The ratios of cumulants ω1[N] = →N↑,
ω2[N] = →εN2↑, ω3[N] = →εN3↑,
ω4[N] = →εN4↑ ↓ 3→εN2↑2;
→εNn↑ = →(N ↓ →N↑)n↑ are used to search
for CP; intensive measures, 0 – for no
fluctuations, 1 – for Skellam distribution
Hint of non-monotonic behavior for ω3/ω1
and ω4/ω2 in 0-1% Ar+Sc but large
uncertainties; critical point? onset of
deconfinement?
Further studies in Ar+Sc require either
increasing data statistics or finding more
suitable quantities that can be utilized in
larger centrality bins; see Sangaline, arXiv:1505.00261

0-1% Ar+Sc: NA61/SHINE, arXiv:2503.22484
p+p: NA61/SHINE, EPJC 84 (2024) 921, EPJC 85 (2025) 341 (erratum)
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Ø TAM: Hint of non-monotonic behavior for κ3/κ1 and κ4/κ2
Ø RFI: VFC + higher precision needed

Ø Question: Do we see nonmonotonic behavior? 

Scanning phase diagram with fluctuations

2

Figure from Bzdak et al., Phys. Rept. ’20 & 2015 US Nuclear Long Range Plan

Critical point:

Scan the phase diagram with heavy-ion collisions and look 
for non-monotonic dependence of proton fluctuations as a 
signature QCD CP

M. Stephanov, PRL ’09, ‘11

Net-Q: Nonmonotonic behavior
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Understanding the stopped protons

27

Xin Zhang (zhangxin2020@impcas.ac.cn)
for the STAR Collaboration

Institute of Modern Physics, Chinese Academy of Sciences
Abstract

Fluctuations of conserved quantities are proposed as useful observables to study the QCD phase structure including the search
for the first-order phase boundary and critical point [2]. Lattice QCD calculations disfavor presence of a critical point for baryon
chemical potential !! less than 450 MeV and few phenomenology model calculations have shown that the critical point could be
at temperature of T ~ 90 - 120 MeV and baryonic chemical potential of !! ~ 500 – 650 MeV [3-7].

Rapidity dependence of the higher order cumulant ratios have been argued to be sensitive to the QCD critical point [2,8]. In this
poster, we will report rapidity dependence of both higher order cumulants and factorial cumulants of proton multiplicity distribution, up
to 6TH order from Au+Au collisions, at """ = 3.2 GeV (!! ~ 700MeV) from the STAR experiment at RHIC. Collision centrality
and rapidity dependence of the measurements will be discussed. In addition, the results will be compared with the calculations from
the hadronic transport model UrQMD.

1. Motivation

Supported in part by the 
The STAR 

Collaboration

2. STAR Detectors & Fixed-Target Setup

Quark Matter 2025

Rapidity Dependence of Proton Higher-Order 
Cumulants in !!! = 3.2 GeV Au+Au Collisions

1. Find the possible QCD critical point and 1st order phase
boundary;

2. Should the critical behavior exist, a larger enhancement in
fluctuations at wider rapidity and transverse momentum bins is
expected;

3. STAR Fixed-Target (FXT) experiment allows us to scan from
mid-rapidity to target rapidity, thus allows us to understand the
dynamical evolution from hot medium to cold nuclear matter.

3. Experimental Observables
Cumulants:
&' = ' − ' ,' is proton multiplicity in an event
+# = ⟨'⟩
+$ = ⟨&'$⟩
+% = ⟨&'%⟩
+& = ⟨&'&⟩ − 3⟨&'$⟩$
+' = ⟨&''⟩ − 10⟨&'%⟩⟨&'$⟩
+( = ⟨&'(⟩ − 15⟨&'&⟩⟨&'$⟩ − 10⟨&'%⟩$ + 30⟨&'$⟩%

Factorial Cumulants:
2# = +#
2$ = −+# + +$
2% = 2+# − 3+$ + +%
2& = −6+# + 11+$ − 6+% + +&
2' = 24+# − 50+$ + 35+% − 10+& + +'
2( = −120+# + 274+$ − 225+% + 85+& − 15+' + +(

Skewness= "%/("$)
!
"

kurtosis= "&/("$)$

4. Analysis Details
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5. Results
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1. New results from the #!! = 3.2 GeV Au+Au collisions are shown as filled and open circles for central
(0-5%) and peripheral (50-60%) collisions, respectively. Both statistical and systematic uncertainties are
shown. For comparison, the published results of #!! = 3.0 GeV Au+Au collisions are shown as
diamonds and the yellow bands are systematic uncertainties;

2. In #!! = 3.2 GeV Au+Au collisions, from mid- to projectile-rapidity, clear rapidity dependences are
observed both proton cumulants and factorial cumulant ratios. Similar rapidity dependence has also
been observed in the 3.0 GeV collisions;

3. Results from the hadronic transport model UrQMD qualitatively reproduce these dependence. Larger
difference between experimental data and model calculations are seen at the projectile rapidity.

6. Summary
1. Strong centrality and rapidity dependence 

observed in proton (factorial) cumulant ratios 
in Au+Au collisions at !$$ = 3.2 GeV;

2. UrQMD qualitatively reproduces the 
centrality and rapidity dependence of proton 
(factorial) cumulant ratios. Deviations are 
seen in peripheral and high rapidity regions 
in central collisions.
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1. Pileup correction with unfolding method;
2. Select protons within a pT and y dependence nσproton range;
3. Scan proton rapidity from mid- to projectile rapidity.

Ø Rapidity Acceptance Dependence
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Ø Centrality Dependence

Z. Sweger’s talk at QM2025, April 9, 2025

B. Ling and M.A. Stephanov, Phys. Rev. C 93, 034915 (2016)

T. Nonaka et al., NIM A 984, 164632 (2020)

M. Abdallah, Phys. Rev. C 107, 024908 (2023)

Ø Question: How important is the acceptance dependence for the modelling the non-critical baseline? 
Eff. + Volume corrected –
proton factorial cumulant ratios

𝐶2 = 𝜅2 − 𝜅1
𝐶3 = 𝜅3 − 3𝜅2 + 2𝜅1

𝐶4 = 𝜅4 − 6𝜅3 + 11𝜅2 − 6𝜅1

20

→”Measure for multi-particle-correlations”400 < 𝑝𝑡 < 1600 𝑀𝑒𝑉/𝑐

WORK IN PROGRESS WORK IN PROGRESS

𝐴𝑔 + 𝐴𝑔 𝑠𝑁𝑁 = 2.55 𝐺𝑒𝑉

WORK IN PROGRESS

❑ Also trend of factorial cumulant ratios as a function of rapidity can be described by 
Canonical baseline considering correlations with an attractive potential 
[P. Braun-Munzinger, K. Redlich, A. Rustamov,  J. Stachel, JHEP 08 (2024) 113]
❑Measurement matched by CE model within uncertainties

MARVIN NABROTH FOR THE HADES COLLABORATION, QUARK MATTER 2025, DI 08/04

Summary

17

• Proton cumulants at RHIC-BES-II 
• Non-critical physics describe the proton data at )-- ≥ 20 GeV
• #!$ − #!$%&'()*+( > 0 and #!# − #!#%&'()*+( < 0 at )-- < 10 GeV

• Acceptance dependence of scaled factorial cumulants
• Distinguishes short- vs long-range correlation, no need for CBWC
• Antiproton puzzle: |&̂$0̅| > |&̂$0| not explained by standard hydro

• Two-source model (stopped + produced) overshoots the difference
• Possible evidence for incomplete equilibration of the fireball

• May serve as a clear probe of baryon annihilation

Thanks for your attention!

Outlook:
• Improved description of non-critical baselines (lower energies), quantitative predictions of critical fluctuations
• Acceptance dependence of factorial cumulants, understanding antiprotons and baryon annihilation

&̂, =
#!,
( ,

Ø TA: Differential measurement of the (factorial) cumulants is very essential

Scaled factorial cumulants

11

[Bzdak, Koch, Strodthoff, PRC 95, 054906 (2017)]Bzdak et al. introduced reduced correlation functions – “couplings”

&̂, =
#!,
( ,

integrated correlation function in rapidity

Long-range correlations lead to acceptance-independent couplings, for example 

• Global (not local) baryon conservation

• + volume fluctuations

• + (uniform) efficiency

[Bzdak, Koch, Skokov, EPJC 77, 288 (2017); Bzdak, Koch, PRC 96, 054905 (2017)]

[Holzmann, Koch, Rustamov, Stroth, arXiv:2403.03598]

[Pruneau, Gavin, Voloshin, PRC 66, 044904 (2002)]

all lead to

at a given )-- and at a given )--
#!,
( , = &*+),. ./!

"

-"
! ≈

./!
#"

-#"
! = &*+),.

Can be tested without CBWC/volume fluctuations correction A. Bzdak, V. Koch, VV, arXiv:2503.16405

HADES STAR (BESII)
STAR (Fixed target)
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Search for the Critical Point via Intermittency
analysis in NA61/SHINE

Valeria Reyna for the NA61/SHINE collaboration
val.reyna@cern.ch

Jan Kochanowski University of Kielce

Search for the Critical Point

Critical Point (CP): Hypothetical endpoint of the first-order QGP-HM transition, with
second-order phase properties.
2nd Order Transition: Scale-invariant power-law correlations; CP existence, location,
and fluctuations are model-dependent [1].

Intermittency analysis in high energy physics

Critical Point Search: QCD phase
space is explored via collision energy
and nuclear mass adjustments, af-
fecting freeze-out parameters T and
µ— .
Intermittency Analysis: Examines
multiplicity fluctuations using scaled
factorial moments of multiplicity
distribution to probe second-order
phase transitions [2].

Scaled factorial moments

In the NA61/SHINE experiment at CERN SPS, intermittency analysis is performed
in 2D transverse momentum plane.
At the second order phase transition (critical point), the system becomes scale in-
variant.
This phenomenon leads to enhancedmultiplicity fluctuationswith special properties
that can be revealed by scaled factorial moments:

Fr(M) =

*
1

M2

M2X

i=1
ni...(ni ≠ r + 1)

+

*
1

M2

M2X

i=1
ni

+r

Where:
M – sub-division intervals
ni – number of particles in i-th bin

When the system is a simple
fractal, �Fr(M) follows a power
law dependence:

Fr(M) = Fr(�)(M2)„r

where the critical exponent or
intermittency indices „r obey the
relation:

„r = (r ≠ 1)dr

where the anomalous fractal
dimension dr is independent of r
[3, 4].

�Fr(M) depends on the shape of inclusive single particle pT distribution. To eliminate
this dependence, we have two approaches.

Current methodologies

pT binning: Instead of studying Fr(M), we study �Fr(M). The quantity is defined as
[5]:

�Fr(M) = F data
r (M) ≠ F mixed

r (M)

cumulative pT binning: Instead of using px, py we use cumulative quantities Qx, Qy:

Qx =
xZ

xmin

fl(x)dx

� xmaxZ

xmin

fl(x)dx, Qy =
ymaxZ

ymin

P (x, y)dy

P (x)

Transforms any distribution into uniform and removes the dependence of Fr on
the shape of the single-particle distribution. Intermittency index of an ideal power
law correlation function remains aproximately invariant [6].
Results are displayed in:

�Fr(M)c = Fr(M) ≠ Fr(1)

where Fr(M) and Fr(1) by employing the cumulative pT binning. Fr(1) = Fr(M)
for particles uncorrelated in pT.

Results of proton intermittency analysis

pT binning:
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cumulative pT binning addapted from [7, 8]:

Results of negatively charged hadrons intermittency analysis

pT binning:
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Presence of short-range correlations
Comparison with models: We
studied the increase found in
�Fr(M) on negatively charged
hadrons analysis. (A similar
increase was reported in [9]).
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EPOS model does reproduce the
increase in �Fr(M). In protons
analysis, the increase was never re-
ported. But there is the presence
of short-range correlations to ex-
plain the mentioned increase.
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Cumulative pT transformation preserves aproximately the scale-invariant power-law cor-
relations and destroys other non scale invariant correlations [10].
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FIG. 4. Energy dependence of the scaling exponent (ω) for
identified charged hadrons (h±) in Au+Au collisions at

→
sNN

= 7.7-200 GeV. Red circles and blue squares represent ω in the
most central collisions (0-5%) and the mid-central collisions
(10-40%), respectively. The statistical and systematic errors
are shown in bars and brackets, respectively.

ing higher pT regions, as indicated by the AMPT result
which shows a rapid increase in intermittency or fluc-
tuations with the increasing of pT [35]. Moreover, the-
oretical calculations that consider a reduced transverse
momentum phase space and equivalent experimental ac-
ceptance, are required to understand the measured scal-
ing exponent. The value of ω = 1.94 ± 0.10 at

→
sNN

= 200 GeV/c obtained from the AMPT calculation [35],
which does not take background subtraction into account
and does not incorporate the physics of QCD phase tran-
sition, is significantly larger than the measured values.
The transport-based UrQMD model is unable to calcu-
late ω due to the absence of the power-law scaling of
!Fq(M) ↑ !F2(M)ωq [49]. Consequently, a new model
that exhibits such power-law scaling is required to pro-
duce a model baseline for comparison with experimental
data.

IV. SUMMARY

In summary, we have presented the first measurement
of intermittency in heavy-ion collisions at RHIC. The

transverse momentum phase space (px, py) scaled fac-
torial moments of identified charged hadrons combin-
ing p, p̄, K±, and ε± within |ϑ| < 0.5 have been cal-
culated up to the sixth order in Au+Au collisions at→
sNN = 7.7-200 GeV. A distinct power-law scaling of

!Fq(M) ↑ !F2(M)ωq , is observed in Au+Au collisions
at all energies after background subtraction. Based on
the scaling behavior, the scaling exponent (ω) is extracted
and found to decrease monotonically from the periph-
eral to the central Au+Au collisions. The ω is consis-
tent with a constant for di”erent collisions energies in
the mid-central (10-40%) collisions. A non-monotonic
energy dependence is observed in the 0-5% most central
collisions with ω reaching a minimum around

→
sNN = 27

GeV. Whether the observed non-monotonic behavior is
related to the CEP or not, further calculations from dy-
namical modelling of heavy-ion collisions with a realistic
equation of state are required.
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ITS:    tracking and vertex reconstruction.
TPC:    tracking and momentum measurement.

(η,φ) phase space is binned into 
MlM bins (a matrix).
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Factorial moments and higher-order cumulants are key tools to detect criticality.

As the fireball produced in heavy-ion collisions expands, it generates enhanced 
local density fluctuations. These fluctuations are carried into the final-state 
collective behaviour, emerging as spatial configurations that exhibit abnormal 
scaling properties in the Normalized Factorial Moments (NFM).

I. Motivation

III. Methodology & Observables

V. Summary and Conclusions

IV. Observations and Results

Resolution scaling/M-scaling : 
Dependence of  qth order NFM  (Fq)  on number of bins as

Fq (M ) ∝M
ϕq ,…M→∞

Order scaling/F-scaling  
Dependence of  qth order (q >= 3) NFM on F2(M)  

 Dimensionless scaling exponent .
 Quantitatively defines the dynamics of the 

system.Predictions
Ginzburg-Landau (GL) formalism: for second-order phase transition <-> ~ 1.304.
2D Ising model:  - is temperature dependent with an average value of 1.31.
Successive Contraction and Randomization model (SCR):  <ν>≅  1.41. 

 First results from scaling properties, in the contours of intermittency, of the 
charged particles produced in the Xe–Xe collisions at  KsNN = 5.44 TeV.

 Power-law growth in the normalized factorial moments with decreasing 
resolution having multiple scaling regions.

 Multiplicity fluctuations in the (η,φ) phase space.
 Intermittency indicative of scale-invariant fluctuations in the spatial 

patterns at midrapidity.
 Self-similar nature of the system.

 The scaling exponent (ν) value quantifies the spatial fluctuations of the system.
 Within experimental uncertainties, the value of the scaling exponent is 

close to the predictions.
 The scaling exponent has weak pT dependence for pT  up to 2.0 GeV/c.

 HIJING: The physics of particle production/hadronization is yet far from 
understood at high resolution.

      Analysis: Charged particles produced in Xe–Xe collisions at  ysNN = 5.44 TeV      
        with |η|A0.8, 0AφA2fi, pTA2.0 GeV/c 

Scaling properties of NFM of  multiplicity fluctuations over a wide range of 
bin sizes is termed as  intermittency.

Study of intermittency in heavy-ion collision data helps;
 to detect self-similar fluctuations in particle production, which could 

signal criticality at the QCD Critical End Point (CEP).
 In a second-order phase transition, fluctuations show power-law 

behaviour due to a diverging correlation length.
 In a crossover transition, fluctuations are smoother and do not 

follow strict power laws.
 to characterize the quark-hadron phase transition.
 to characterize the particle production mechanism.

II. Data
ALICE is designed to study the physics of strongly interacting 
matter at extreme energy densities, where a phase of matter called 
quark-gluon plasma (QGP) forms in relativistic heavy-ion collisions.

STAR (RHIC BES) found 
hints of non-monotonic 
behavior in net-proton 
intermittency, suggesting 
possible critical behaviour.

Termed as  intermittency 

 M--> Number of bins.
 N--> Number of events.
 Poissonian fluctuations:  Fq(M) = 1.
 Robust against the uniform e,ciency 

losses.

 Factorial moments are determined for  nie >= q.

A two dimensional intermittency analysis is 
performed in angular phase space of 
pseudorapidity (η) and azimuthal angle (φ).
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 Scaling behaviour

 Scaling exponent

 The non-trivial dependence of Fq on M  however, is 
not strictly linear in the log-log plot.

 Weak M-scaling with power-law growth of the 
NFM at high M and  no signs of saturation.

 Intermittency and hence scale-invariance in data.  
 Physics of self-similar particle production and 

fractal behaviour.
 HIJING underpredicts data for Fq at high resolution.

 ν fl1.41
 Within uncertainties ν has weak dependendence on pT.

Scaling Exponent (ν)

 ϕq  are called intermittency indices.
 Characterize fractal behaviour.

 nie : Bin multiplicity.
 q  is the order of the moments,≥2 ( +ve integers). 

Mesut Arslandok, Yale University

Intermittency as control observable
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Intermittency of protons and search for CP

Scaled factorial moment of the order r :

Fr (M) =

〈
1
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〈
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M2
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At critical point Fr (M) → (M2)ωr ; for protons and
r = 2, ω2 = 5/6 expected [Antoniou et al., PRL 97 (2006) 032002]
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Ø Question: Do we confirm what we see in cumulants using intermittency? 
Intermittency of protons and search for CP
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NA61
No sign of criticality

STAR
A minima at 27 GeV!

STAR, PLB 845 (2023) 138165

Ø TAM: No agreement among experiments
Ø RFI: What about trying different ideas; mesons in coordinate space, in narrow pT window?
      (R. C. Hwa, C. B. Yang, Phys. Rev. C 85, 044914) 

ALICE
Sign of power-law scaling
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correlation in the SHM increases with decreasing correla-
tion volume Vc for baryon number conservation which is
used in the following for a determination of Vc. In order to
determine the correlation volume for the baryon quantum
number, a χ2 minimization is performed by varying the Vc
parameter in the SHM model and comparing the result to
the measured correlation as a function of centrality. The Vc
interval probed in this case spans from 1 to 5 units of
rapidity, and the value that describes best the measurement
is Vc ¼ 1.6" 0.3 dV=dy with a fit probability of 85%. The
SHM configuration with Vc ¼ 4.8 dV=dy that correctly

describes the net-proton number fluctuations in central
Pb-Pb collisions [26,28] is compatible within uncer-
tainties with the measured ρp̄ d̄ only in central collisions.
Conversely, this configuration is excluded with a 4σ confi-
dence level when compared with the measurements in all
centrality classes.
Several consistency checks such as the correlation

between p̄ and d̄ from different events, the correlation
between antibaryon (d̄) and baryon (p) were performed for
a better understanding of the observed correlation. The
correlation between p̄ and d̄ from mixed events is served as
a null hypothesis test of the measurements and the obtained
results are consistent with zero as expected. However, a
positive correlation is observed between antibaryon and
baryon. This positive correlation is expected due to baryon
number conservation [10], whereas in simple coalescence
model no correlation between baryon and antibaryon is
expected as d̄ is not produced from the coalescence of p.
Figure 3 shows the same Pearson correlation coefficient

in three centrality intervals as a function of the η acceptance
of p̄ and d̄ selection. The observed anticorrelation is
increasing with acceptance, and the effect is more pro-
nounced for peripheral collisions. Simple coalescence
calculations do not capture this trend. On the other hand,
this measurement should motivate further calculations with
more refined coalescence models. The decreasing trend
seen in the SHM with Vc ¼ 1.6 dV=dy describes the
experimental data. In the CE version of SHM model,
anticorrelation between antibaryons depends on the frac-
tion of antibaryon number in the acceptance out of the total
conserved antibaryon numbers [10,11,25,28]. Therefore,
the increased negative correlation magnitude with increas-
ing acceptance can be understood as a consequence of
baryon number conservation.
In summary, the measurement of d̄ production fluc-

tuation is a valuable tool to challenge the nucleosynthesis

FIG. 2. Pearson correlation between the measured p̄ and d̄
as a function of collision centrality in Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Bars and boxes represent statistical and
systematic uncertainties, respectively. Measured correlations
are compared with estimations from the CE version of the
SHM for two different baryon number conservation volumes,
from coalescence model and from MUSICþ UrQMDþ COAL.

FIG. 3. Dependence of p̄–d̄ correlation on pseudorapidity acceptance of p̄ and d̄ selection in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
for three different centrality classes. Measurements are compared with calculations from the CE version of the SHM, coalescence
model and MUSICþ UrQMD þ COAL.

PHYSICAL REVIEW LETTERS 131, 041901 (2023)

041901-4

(ALICE Coll., Phys. Rev. Lett. 131, 041901)
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FIG. 3. Net-proton cumulant ratios: (a) C2/→p + p̄↑, (b) C3/C1, and (c) C4/C2 and proton factorial cumulant ratios: (d)
ω2/ω1, (e) ω3/ω1 and (f) ω4/ω1 in Au+Au collisions. Results from BES-II (

↓
sNN = 7.7 – 27 GeV with RefMult3X) and

BES-I [12, 15] (
↓
sNN = 39 – 200 GeV with RefMult3) program at RHIC are shown. (Anti-)protons are measured at mid-

rapidity (|y| < 0.5) within 0.4 < pT < 2.0 GeV/c. The bars and bands on the data points reflect statistical and systematic
uncertainties, respectively. Theoretical calculations from a hydrodynamical model [26] (Hydro, blue dashed line), thermal
model with canonical treatment for baryon charge [38] (HRG CE, black dashed line), transport model [39, 40] (UrQMD, brown
band), and lattice QCD [41, 42] (LQCD, light blue band) are also presented.

critical baselines/references is shown in Fig. 4 for net-
proton C4/C2 (a), proton ω2/ω1 (b), proton ω3/ω1 (c),
and proton ω4/ω1 (d). These deviations are obtained by
taking the di!erence between the 0-5% data and base-
lines and dividing with the total uncertainties (εtotal,
obtained adding uncertainties in data and baselines in
quadrature). Three typical calculations including the
UrQMD, the HRG CE, and the hydro EV are used in
the analysis. In addition, the 70-80% peripheral collision
data are used for comparison.

For the net-proton cumulant ratio C4/C2, maximum
deviations of 2 – 5ε are seen at

→
sNN = 19.6 GeV from

all references. A minimum at same collision energy is
also seen for data after subtracting the references (see
Fig. 5 of the supplemental material [31]). On the other
hand, in the case of collisions at 3 GeV [18] or above 27
GeV [15], the central data is consistent with all of the
references within ↑ 2ε. For the factorial cumulants ra-
tios, the amplitude of the deviation seems to decrease as
a function of the order of the correlation: the maximum
deviation is seen in ω2/ω1 while the minimum is in ω4/ω1,
shown in Fig. 4 (b) and (d), respectively. Clearly, precise
experimental data between

→
sNN = 3.0 and 7.7 GeV is

needed to extend the search for the signal of the QCD
critical point and the 1st-order phase boundary at the
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FIG. 4. Significance of deviation (data↔reference)/εtotal for
(a) net-proton cumulant ratios C4/C2; proton factorial cu-
mulant ratios (b) ω4/ω1; (c) ω3/ω1 and (d) ω2/ω1 in 0-5%
Au+Au collisions [12, 15, 18, 19]. References include the
non-critical model calculations, such as the UrQMD transport
model [39, 40] (blue square), HRG with canonical ensemble
for baryon charge [38] (HRG CE, black cross), hydrodynamic
model with excluded volume [26] (Hydro EV, black triangle),
and data from 70-80% peripheral collisions (red dots).
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Critical point or first order phase transition?

31

Energy Scan of (Factorial) Cumulants

• Fixed-target C2/C1 and !2/!1 monotonically decrease, as 
predicted by UrQMD

• Compare against red UrQMD band with half-midrapidity 
window

• Continuation of full midrapidity UrQMD (-0.5<y<0.5) 
shown in blue

• Significant enhancement of cumulants above baseline 

Zachary Sweger                        9/4/2025 Quark Matter 41

STAR

0-5% Au+Au Collisions at RHIC
0.4 < pT < 2 GeV/c

Proton Factorial Cumulants 
- Comparison with STAR

21

HADES data point for −0.4 < 𝑦𝑐𝑚 < 0.4,400 < 𝑝𝑡 < 1600 𝑀𝑒𝑉/𝑐

❑ In general, larger absolute factorial cumulant ratios at 
HADES energies compared to STAR points at higher energies
❑ For 𝐶3/𝐶1 and 𝐶4/𝐶1, HADES points roughly continue 
trend observed at START towards lower energies

WORK IN PROGRESS WORK IN PROGRESS WORK IN PROGRESS

❑ Trend of HADES point described by correlated CE model with attractive potential 
[P. Braun-Munzinger, K. Redlich, A. Rustamov,  J. Stachel, JHEP 08 (2024) 113]

❑ STAR points described by repulsive potential [B. Friman, A. Rustamov, K. Redlich (in progress)]

→ Interplay between repulsive and attractive forces

MARVIN NABROTH FOR THE HADES COLLABORATION, QUARK MATTER 2025, DI 08/04

STAR (Au-Au, 3−7.7 GeV) HADES (Ag-Ag 2.55 GeV)
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