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Abstract. Lattice QCD (LQCD) calculations predict that chiral symmetry is
restored in a smooth crossover transition between a quark–gluon plasma and
a hadron resonance gas (HRG) at vanishing net-baryon density, a condition
realized in heavy-ion collisions at the LHC. In this regime, the net-baryon
number cumulants computed using the HRG and LQCD partition functions are
in good agreement up to third order. However, starting with the fourth-order
cumulants, the LQCD results are significantly lower than the corresponding HRG
results. This offers a unique opportunity to experimentally verify the full QCD
partition function by measuring the fourth-order cumulants of the net-proton
number distributions. We present net-proton number cumulants up to sixth order
in proton–proton collisions at top LHC energy recorded by ALICE to search for
effects of a possible chiral phase transition in this small system. An extension of
the net-proton measurements in Pb–Pb collisions to fourth order is also presented.
In addition to providing experimental access to the full QCD partition function,
these measurements will, for the first time, allow to distinguish between different
mechanisms of baryon production.

1 Introduction

Fluctuations of conserved charges are an important tool to study the nature of the chiral phase
transition in QCD. For two massless quarks and vanishing baryon chemical potential µB, the
phase transition is expected to be of second order belonging to the O(4) universality class [1].
Finite physical quark masses lead to a smooth crossover with a pseudocritical temperature Tpc
around 157 MeV in LQCD calculations [2, 3]. Experimental support for the phase transition
comes from the analysis of measured hadron multiplicities from Pb–Pb collisions at LHC
energies [4]. Susceptibilities χX

n for a conserved charge X (e.g. the baryon number B), which
can be calculated in LQCD can be related to cumulants of the conserved charge κn(X) via

χX
n =

1
VT 3

∂n ln Z
∂(µX/T )n =

1
VT 3 κn(X), (1)

where V is the volume, T is the temperature and Z is the grand canonical partition function.
Cumulants provide an alternative description of probability distributions to moments. Up to
fourth order, they are given by κ1(X) = ⟨X⟩, κ2(X) = ⟨(X − ⟨X⟩)2⟩, κ3(X) = ⟨(X − ⟨X⟩)3⟩ and
κ4(X) = ⟨(X − ⟨X⟩)4⟩ − 3 (κ2(X))2, where ⟨·⟩ denotes mean value per event. Using ratios of
cumulants to cancel the factor VT 3 to first order, it is possible to experimentally test these
∗e-mail: fokin@physi.uni-heidelberg.de

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

EPJ Web of Conferences 364, 15003 (2026)	 https://doi.org/10.1051/epjconf/202636415003
Quark Matter 2025



0 5 10 15 20 25 30

0.85

0.86

0.87

0.88

0.89

0.9

0.91

0.92

0.93

0.94〉
p

p
 +

 
〈

)/
p

(p
 -

 
2

κ

Data
Pythia 8.313, rope hadronization + QCD CR

CE SHM ev. gen.

y/dV = 2.78 dcVThermal-FIST+ Blast Wave, 
 from PRC 100 (2019) 054906

s
γ, and y/dV, dchemT

ALICE Preliminary

 = 13 TeV, INEL > 0spp, 

c < 1.5 GeV/
T

p ≤| < 0.8, 0.5 η|

0 5 10 15 20 25 30

|<0.5η|
〉η/d

ch
Nd〈

0.005−

0

0.005

D
a

ta
 -

 F
IS

T

ALI-PREL-603372

0 5 10 15 20 25 30

0.6

0.7

0.8

0.9

1

1.1

)
p

(p
 -

 
2

κ
)/

p
(p

 -
 

4
κ

Data

 = 155 MeV, PRD 101 (2020) 074502TLattice QCD, 

Pythia 8.313, rope hadronization + QCD CR

CE SHM ev. gen.

CE SHM ev. gen. + vol. fluct. (PRC 88 (2013) 034911)

y/dV = 2.78 dcVThermal-FIST+ Blast Wave, 
 from PRC 100 (2019) 054906

s
γ, and y/dV, dchemT

ALICE Preliminary

 = 13 TeV, INEL > 0spp, 

c < 1.5 GeV/
T

p ≤| < 0.8, 0.5 η|

0 5 10 15 20 25 30

|<0.5η|
〉η/d

ch
Nd〈

0.01−

0

0.01

D
a

ta
 -

 (
F

IS
T

 +
 v

.f
.)

ALI-PREL-603453

0 5 10 15 20 25 30

0.5−

0

0.5

1

1.5

)
p

(p
 -

 
2

κ
)/

p
(p

 -
 

6
κ

Data

 = 155 MeV, PRD 101 (2020) 074502TLattice QCD, 

Pythia 8.313, rope hadronization + QCD CR

CE SHM ev. gen.

CE SHM ev. gen. + vol. fluct. (PRC 88 (2013) 034911)

y/dV = 2.78 dcVThermal-FIST+ Blast Wave, 
 from PRC 100 (2019) 054906

s
γ, and y/dV, dchemT

ALICE Preliminary

 = 13 TeV, INEL > 0spp, 

c < 1.5 GeV/
T

p ≤| < 0.8, 0.5 η|

0 5 10 15 20 25 30

|<0.5η|
〉η/d

ch
Nd〈

0.1−

0

0.1

D
a

ta
 -

 (
F

IS
T

 +
 v

.f
.)

ALI-PREL-603444

Figure 1: Net-proton number cumulant ratios κ2(p − p)/⟨p + p⟩ (left), κ4(p − p)/κ2(p − p)
(center) and κ6(p − p)/κ2(p − p) (right) in pp collisions at 13 TeV as a function of the charged
particle multiplicity density at midrapidity ⟨dNch/dη⟩|η|<0.5.

LQCD predictions in heavy-ion collisions of sufficiently high energy, where µB is small. In
particular, at Tpc, the full LQCD calculation predicts [2] χB

4 /χ
B
2 ≈ 0.75 and even a negative

χB
6 /χ

B
2 whereas a HRG model with Poissonian yield fluctuations would give unity for both

ratios. The STAR Collaboration has measured net-proton κ6/κ2 consistent with zero in pp
collisions at the highest multiplicities, hinting at a possible sign change [5]. Due to the
proximity to the chiral limit [2], it remains an open question whether remnants of the second
order phase transition can also be observed at LHC energies.

A direct comparison of cumulant ratios and LQCD is not trivial. While LQCD describes an
infinite system in thermal equilibrium, cumulants are measured in highly dynamic heavy-ion
collisions in finite momentum and rapidity acceptances. The net-proton number is usually
used as a proxy for the baryon number [6]. Local baryon number conservation can modify the
measured fluctuations due to additional correlations [7], which have to be considered in the
calculation of the baseline. Volume fluctuations modify the cumulants because the number of
particle sources is not necessarily identical for two collisions with similar multiplicities in the
final state [8].

2 Analysis strategy

This contribution presents ratios of net-proton cumulants obtained from data recorded by
ALICE in the 2018 pp and Pb–Pb data taking periods at

√
s = 13 TeV and

√
sNN = 5.02 TeV

respectively. ALICE and its subdetectors are described in [9]. The V0A and V0C scintillator
arrays are used for multiplicity (pp collisions) and centrality (Pb–Pb collisions) estimation.
Protons are identified using the specific energy loss in the Inner Tracking System (ITS) and the
Time Projection Chamber (TPC). In pp collisions, Time-Of-Flight (TOF) information is used
in addition for transverse momenta pT ≥ 1 GeV. The moments of the reconstructed net-proton
number are then corrected for efficiency using a binomial model [10, 11].

3 Net-proton fluctuations in proton-proton collisions

Figure 1 shows net-proton cumulant ratios up to sixth order in pp collisions as a function
of the charged-particle multiplicity density at midrapidity ⟨dNch/dη⟩|η|<0.5 in the pseudora-
pidity |η| < 0.8. Here, κ2(p − p)/⟨p + p⟩ shows a suppression with respect to the Skellam
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baseline by roughly 9% for all multiplicity classes, which is well described by a canonical
ensemble as implemented in Thermal-FIST [12]. The optimal correlation volume is found
to be Vc = 2.78 dV/dy. The PYTHIA event generator [13] fails to describe the data since
the Lund string fragmentation that it implements happens on length scales of one unit of
rapidity. From the fourth order, volume fluctuations have to be taken into account to describe
the data [8]. To this end, cumulants of the volume fluctuation contributions [14] are estimated
using single-particle cumulants of the proton multiplicity from both the data and the model as
ṽ2 =

1
κ̃1

[(
κ2
κ1

)
data
− κ̃2
κ̃1

]
and ṽ3 = 1

κ̃21

[(
κ3
κ1

)
data
− κ̃3
κ̃1
− 3κ̃2ṽ2

]
. Here, κ̃n signify the model prediction

without volume fluctuations included. They are then added to the model predictions for the
cumulant ratios with the volume fluctuation contribution estimation included using

κ4
κ2
=
κ̃4
κ̃2
+ 3κ̃2ṽ2 (2) and

κ6
κ2
=
κ̃6
κ̃2
+ 15κ̃4ṽ2 + 3κ̃24 ṽ3. (3)

The canonical ensemble with the correlation volume obtained from κ2(p − p)/⟨p + p⟩ and
with volume fluctuation contributions then describes both fourth- and sixth-order cumulant
ratios over the whole multiplicity range. Therefore, no sign of criticality is observed in pp
collisions at

√
s = 13 TeV up to ⟨dNch/dη⟩ ≈ 31.

4 Net-proton fluctuations in Pb–Pb collisions

The results from Pb–Pb collisions are shown in fig. 2. Protons are measured in the smaller
momentum range 0.4 GeV/c < p < 1.0 GeV/c to avoid using the TOF to keep the aver-
age efficiency high and the statistical uncertainties low. The second-order cumulant ratio
κ2/⟨ p + p ⟩ shows a suppression with respect to the Skellam baseline between 6% and 1.5%
depending on the centrality, which can be explained by a combination of the effect of baryon
number conservation and the change in the spectral shape from central to peripheral collisions.
The dependence on the pseudorapidity acceptance can be explained by long range baryon
conservation using a canonical ensemble with a correlation coefficient in rapidity ρ = 0.8,
which corresponds to a correlation length ∆y = 5.6. The κ3/κ2 is consistent with zero due to
the vanishing µB at LHC energies [15].
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Figure 2: Net-proton number cumulant ratios κ2/⟨ p + p ⟩ (left), κ3/κ2 (center) and κ4/κ2
(right) in Pb–Pb collisions at 5.02 TeV as a function of the pseudorapidity acceptance ∆η (top)
and centrality (bottom).
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For κ4/κ2, a volume fluctuation correction is applied based on the event mixing technique
[16]. Collisions in each centrality class are categorized based on the charged particle multi-
plicity, the event vertex z position and the event plane angle Ψ2. For each selected collision,
a new one is constructed using tracks from other events in the same category, eliminating
correlations between particles but keeping the contribution from volume fluctuations. Cumu-
lants from these are used to calculate the corrected cumulant ratios are shown in fig. 2. The
∆η dependence in the most central collisions can be also described using ∆y = 5.6, showing
that long range baryon number conservation is sufficient to describe the data. Due to the
smaller momentum acceptance and thus reduced proton multiplicity, the deviation from the
Skellam baseline is only up 5% with similarly sized uncertainties. To better test the LQCD
prediction, the acceptance must be enlarged while keeping the efficiency high [7]. To this end,
a probabilistic method of measuring the moments of multiplicity distributions [17] can be used
in the future.

Similarly to PYTHIA, the HIJING event generator [18] gives smaller values of κ2/⟨ p + p ⟩
than the data, which can be explained by the Lund string fragmentation, which results in
shorter range correlations. The data from HIJING simulations are corrected using mixed
events as in data for the comparison of fourth-order cumulants. The apparent agreement in the
ratio should not be taken seriously because κ2(p − p) in the denominator is badly described.

5 Conclusions

Ratios of net-proton cumulants in pp and Pb–Pb collisions at the LHC have been presented.
They can be described using correlations stemming from local baryon number conservation
without any critical behaviour. Probabilistic analysis techniques can be used to enlarge the
momentum acceptance to test LQCD predictions. With the particle identification capabilities
in large acceptance of the next generation detector ALICE 3, it will be possible to extend the
measurement in heavy-ion collisions to sixth and higher orders.
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