
Lower energies  GeV𝑠𝑁𝑁 ≤ 7.7
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• Intriguing hint from HADES @  GeV: 

huge two-particle correlations!


• Extend the calculations down to  GeV 

by means of the blast-wave model 


• No change of trend in the non-critical baseline


• Other important effects to consider

• Light nuclei formation


• Nuclear liquid-gas transition

𝑠𝑁𝑁 = 2.4

𝑠𝑁𝑁 = 3

Data from STAR-FXT eagerly awaited!

[HADES Collaboration, PRC 102, 024914 (2020)]
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• Single freeze-out scenario: Emission from 
Siemens-Rasmussen hypersurface with Hubble-
like flow


→ Pion and proton spectra o.k.


• Uniform  MeV,  MeV across the 
fireball


• Fluctuations:

• Same as before but incorporate additional binomial 

filtering to account for protons bound in light nuclei


• Uniform fireball    Final proton cumulants are linear 
combinations of baryon susceptibilities 

𝑇 ≈ 70 𝜇𝐵 ≈ 875

→
𝜒𝐵

𝑛

[S. Harabasz et al., PRC 102, 054903 (2020)]

[A. Motornenko et al., PLB 822, 136703 (2021)]

Extract  directly from 
experimental data

𝜒𝐵
𝑛

VV, Koch, in preparation



Calculation
Use fireball from Tetyana et al


Accepted protons is simply a binomial prob.
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dently. The cumulants dB
n (x) of distribution of baryons

emitted from d�(x) is determined by the susceptibilities
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B
n , namely
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The cumulants of baryon in the full phase-space in
the grand-canonical limit are obtained by integrating
Eq. (3) over the freeze-out hypersurface, i.e. 
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n =R
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particles in a restricted part of the full phase-space, how-
ever. Let us denote the momentum acceptance by �pacc.
Every nucleon emitted from d�(x) ends up in �pacc

with a certain probability pacc(x) which can be evaluated
through the Cooper-Frye formula:
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The momentum acceptance can thus be modeled by con-
voluting d
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n (x) with the binomial distribution, yield-

ing (see Ref. [3] for details):
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Here � ⌘ �[t, pacc] = ln(1 � pacc + e
t
pacc) with

pacc ⌘ pacc(x), and Bn,l are partial Bell polynomials.
As a result, the total cumulants of accepted baryons

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The experimentally measured protons constitute a
fraction of all baryons. Based on the isospin content
of the colliding nuclei, one can estimate that roughly
q
iso ⇡ 0.4 of all baryons are protons. Furthermore, at
low collision energies a significant fraction q

nucl of pro-
tons becomes bound into light nuclei, with q

nucl ⇡ 0.375
based on HADES measurements of proton and light nu-
clei production [4]. Assuming that this process happens
via coalescence sometime after the chemical freeze-out,
this implies that a fraction q = q

iso(1 � q
nucl) ⇡ 0.25

of all accepted baryons is ultimately measured by the

experiment. This e↵ect can be modeled by convolut-
ing 

B
n (x;�pacc) with a binomial distribution with ac-

ceptance q. As a result, the cumulants 
p
n(x;�pacc) of

measured protons can be expressed as linear combina-
tions of the grand-canonical baryon susceptibilities �B

n
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Here �(t, q) = ln(1� q + e
t
q).

Analysis of the HADES data. We analyze the
leading four proton cumulants in 0-5% Au-Au collisions
at

p
sNN = 2.4 GeV measured by the HADES Collabo-

ration in Ref. [1]. To fix the parameters of the freeze-out
hypersurface we utilize the results of Refs. [4–6], where
the chemical and kinetic freeze-out conditions were stud-
ied. As shown in [5], a consistent description of hadron
yields is obtained for chemical freeze-out temperature of
T ⇡ 70 MeV. In [4, 6] it was shown that the momen-
tum spectra can consistently be described within a sin-
gle freeze-out scenario. We take the following param-
eters based on Ref. [6]: T = 70 MeV, R = 6.1 fm,
H = 0.097 fm�1.

The proton cumulants are evaluated in a transverse
momentum acceptance 0.4 < pT < 1.6 GeV/c around
midrapidity, |y| < ycut, for ycut = 0.1 � 0.5, consistent
with the experimental acceptance [1]. To fix the val-
ues of �

B
l we adopt the following strategy: instead of

using model assumptions regarding the QCD equation
of state at the point of freeze-out, we instead use the
experimental data for a given value of ycut and extract
the values of �B

l matching the data via Eq. (8). Then
we use these values to evaluate the proton cumulants as
function of ycut. Figure 1 depicts the results of such
procedure for the following proton cumulant ratios: the
scaled variance, p

2/
p
1, the skewness 

p
3/

p
2, and the kur-

tosis 
p
4/

p
2. The values of baryon susceptibilities are

extracted for ycut = 0.4. One can see that the model re-
produces the rapidity acceptance dependence of all three
cumulants ratios for ycut = 0.1� 0.5, indicating that the
data are consistent with picture of thermal emission of
protons from a grand-canonical heat bath. In particu-
lar, the model reproduces the sign change of p

3/
p
2 with

increasing ycut, as well as the non-monotonic ycut depen-
dence of the 

p
4/

p
2. Performing the same procedure for

values of ycut in a range 0.1� 0.5 one obtains the follow-
ing intervals for the values of the grand-canonical baryon

Ĉn(accept) = pnĈn( full) =
Nn

accept

Nn
total

Ĉn( full)

⇒ Ĉn ∼ Nn
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• In the grand-canonical limit (no baryon conservation) the data are described well with


• Could be indicative of a critical point near the HADES freeze-out at  MeV,  MeV 


• However, the results are challenging to describe with baryon conservation included

𝑇 ≈ 70 𝜇𝐵 ≈ 875



Fit WITH baryon number conservation



Factorial cumulants (correlations)

~ “Data”

~ “Data”



Factorial cumulants (correlations)

~ “Data” Correlations with increase in 

magnitude are need to get to the data


“bi-modal” would do this, but ….


