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Ideal Gas in GCE + conservation laws
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Unity in GCE

If baryon number is conserved in full phase space
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P. Braun-Munzinger, A.R., J. Stachel, NPA 960 (2017) 114-130

P. Braun-Munzinger, B. Friman, K. Redlich, AR., J. Stachel , NPA 1008 (2021) 122141

A. Bzdak, V. Koch, V. Skokov, Phys.Rev.C 87 (2013) 1, 014901 
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Implementation of Canonical Ensemble
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P. Braun-Munzinger, B. Friman, K. Redlich, AR., J. Stachel , NPA 1008 (2021) 122141
A. Bzdak, V. Koch, V. Skokov, Phys.Rev.C 87 (2013) 1, 014901 
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Symbolic derivation for all orders
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Canonical Baseline Calculator 
A. Rustamov, B. Friman


https://github.com/e-by-e/Cumulants-CE.git

P. Braun-Munzinger, B. Friman, K. Redlich, A.R.,  

J. Stachel,  NPA 1008 (2021) 122141

https://github.com/e-by-e/Cumulants-CE.git
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Canonical baselines for cumulants vs. STAR data
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The NEW STAR data are not consistent with the the CE baseline

CE baseline: P. Braun-Munzinger, B. Friman, K. Redlich, AR., J. Stachel , NPA 1008 (2021) 122141
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Factorial cumulants
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CE baseline: P. Braun-Munzinger, B. Friman, K. Redlich, AR., J. Stachel , NPA 1008 (2021) 122141

The NEW STAR data are not consistent with the the CE baseline
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Ideal gas EoS plus local conservation laws
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correlations in rapidity space  (local conservations)

exploiting Canonical Ensemble in the full phase space


no fluctuations in 4   (like in experiments)π

P. Braun-Munzinger, K. Redlich, A. Rustamov,  J. Stachel, JHEP 08 (2024) 113
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Correlated Random Number Generation
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Minimizing the cost function

P. Braun-Munzinger, K. Redlich, A. Rustamov,  J. Stachel, JHEP 08 (2024) 113

Δ = |ρn − ρ | − |ρn−1 − ρ |

ρ =
Cov(yB, yB̄)

σBσB̄
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Results on ,  and  correlations, ALICE energy B − B̄ B − B B̄ − B̄
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correlations between like-sign particles leads to cluster formation. Fluctuations increase.
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ALICE results
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ALI-PREL-603721ALI-PREL-603681

consistent with attractive local correlations between protons and antiprotons

Ilya Fokin, Mesut Arslandok  QM 25
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Attractive correlations and STAR data
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shows an opposite trend compared to the STAR data! 

This indicates the need to include repulsive interactions
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Introducing repulsive interactions

B. Friman, A. Rustamov, K. Redlich, Repulsive interactions (in preparation)



A. Rustamov, PHD Workshop, 13-15 April, 2025, GSI, Darmstadt

Repulsive correlations and  factorial cumulants
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P. Braun-Munzinger, B. Friman, K. Redlich, A. Rustamov,  J. Stachel,  NPA 1008 (2021) 122141
P. Braun-Munzinger, K. Redlich, A. Rustamov,  J. Stachel, JHEP 08 (2024) 113
B. Friman, A. Rustamov, K. Redlich, Repulsive interactions (in preparation)

STAR Data: A. Pandav, CPOD 2024

,      GeV/c−0.5 < y < 0.5 0.4 < pt < 2
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Inclusion of repulsive correlations explains the STAR data! 

Consistent with Volodymyr Vovchenko, QM 25
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Adding results from HADES
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HADES:

,      GeV/c−0.4 < y < 0.4 0.4 < pt < 1.6

STAR Data: A. Pandav, CPOD 2024

,      GeV/c−0.5 < y < 0.5 0.4 < pt < 2
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The interplay of repulsive and attractive forces 
between protons explains the systematic trends 

observed in the STAR BESII and HADES data

HADES data prefer attractive interactions!
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Acceptance dependence of factorial cumulants
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introduction of attractive correlations between protons provides an explanation for the 
HADES data

Marvin Nabroth, QM 2025

B. Friman, A. Rustamov, K. Redlich, Repulsive interactions (in preparation)
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HADES vs. STAR FXT data
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Mesut Arslandok, QM 2025
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HADES vs. STAR FXT data, C2/C1
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For a quantitative comparison  
Differences in acceptance should be accounted for 
Corresponding baselines need to be calculated

Both HADES and STAR FXT show sharp increase in  and sign changeC2/C1
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HADES vs. STAR FXT data, C3/C1
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HADES: ,      GeV/c−0.4 < y < 0.4 0.4 < pt < 1.6 STAR FXT Data: ,      GeV/c−0.5 < y < 0 0.4 < pt < 2

For a quantitative comparison  
Differences in acceptance should be accounted for 
Corresponding baselines need to be calculated

Both HADES and STAR FXT show sharp decrease in  and sign changeC3/C1

1 10 210
 [GeV]NNs

0.15−

0.1−

0.05−

0

0.05

(p
)

1
(p

)/C
3C

(/20)

(/20)

-1.88  0.6±



A. Rustamov, PHD Workshop, 13-15 April, 2025, GSI, Darmstadt

HADES vs. STAR FXT data, C4/C1
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HADES: ,      GeV/c−0.4 < y < 0.4 0.4 < pt < 1.6 STAR FXT Data: ,      GeV/c−0.5 < y < 0 0.4 < pt < 2

For a quantitative comparison  
Differences in acceptance should be accounted for 
Corresponding baselines need to be calculated

Are differences in  significant?C4/C1
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5.3  3.4±

Zachary Sweger, Shinichi Esumi, QM 25 
Marvin Nabroth, QM 25 
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What do we see
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The interplay of repulsive and attractive forces between protons explains the 
systematic trends observed in the STAR BESII and HADES data

artifacts of baryon stopping 
      or  

messengers of first-order phase transition ?
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Volume Fluctuations
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Volume fluctuations, wounded nucleon model
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b⃗

Wounded nucleons, : Nucleons which collided at least once inelasticallyNW

fluctuating sources 

       =         


    =                +       

⟨N⟩ ⟨n⟩⟨NW⟩

κ2(N) κ2(n)⟨NW⟩ ⟨N⟩2 κ2(NW)
⟨NW⟩2

fixed volume/wounded nucleons 

,   


,  

⟨N⟩ ∼ V ⟨N⟩ ∼ NW

κ2(N) ∼ V κ2(N) ∼ NW

P. Braun-Munzinger, A. Rustamov,  J. Stachel, NPA 960 (2017) 114-130
V. Skokov, B. Friman, K. Redlich, Phys. Rev. C 88 (2013)  
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Higher moments are more involved

24

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

https://github.com/anarrustamov/VolumeFluctuations
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Higher moments are more involved
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R. Holzmann, V. Koch, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924

https://github.com/anarrustamov/VolumeFluctuations
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Centrality determination
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2.8 < η < 5.1 −3.7 < η < − 1.7

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

V. Koch, R. Holzmann, A. Rustamov, J. Stroth, Nucl.Phys.A 1050 (2024) 122924

https://alice-notes.web.cern.ch/node/453
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MC Glauber results
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Centrality RMS RMS RMS

0-10% 358.89 31.50 1637.40 245.72 613.22 72.55

10-20% 263.82 27.38 1003.21 153.92 410.86 50.34

20-30% 188.99 21.73 603.72 103.37 271.43 35.75

30-40% 131.217 17.04 345.92 68.66 173.84 25.42

40-50% 86.94 13.09 184.45 43.49 106.24 17.83

50-60% 53.96 9.68 90.15 25.33 60.99 12.01

60-70% 30.59 6.80 40.01 13.33 32.33 7.71

70-80% 15.45 4.42 16.16 6.39 15.50 4.71

80-90% 6.80 2.62 5.97 3.09 6.42 2.78

⟨NW⟩ ⟨Ncoll⟩ ⟨Ns⟩

R = 6.62 fm, skin thickness  a = 0.546,  = 70 mb 

Exclusion distance  = 0.4 fm

σInel
NN

dmin

f = 0.801, , μ = 45 k = 1.75

this analysis

Centrality RMS RMS

0-10% 359 31.2 1636 246

10-20% 263 27.1 1001 154

20-30% 188 22.5 601 106

30-40% 131 19.1 344 74.7

40-50% 86.3 16.3 183 50.8

50-60% 53.6 13.6 89.8 32.4

60-70% 30.4 10.8 39.8 19.1

70-80% 15.6 7.83 16.2 10.5

80-90% 7.59 4.89 6.46 5.27

ALICE note https://alice-notes.web.cern.ch/node/453
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MC Glauber results
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Volume fluctuations
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P. Braun-Munzinger, A. Rustamov, J. Stachel, NPA 960 (2017) 114-130

 =   + κ2(N − N̄) κ2(n − n̄)⟨NW⟩ ⟨N − N̄⟩2 κ2(NW)
⟨NW⟩2

vanishes for ALICE
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Event mixing strategy
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A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641

For example, using 4th order cumulants from ALICE

κ2(Ns)
⟨Ns⟩2

=
k4(ΔN)/κ2(ΔN)

3⟨Np + Np̄⟩
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Is event mixing working properly?
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protons

ALI-PERF-603751 ALI-PREL-603741

net- protons

 =   + κ2(N − N̄) κ2(n − n̄)⟨NW⟩ ⟨N − N̄⟩2 κ2(NW)
⟨NW⟩2

Recovering Poisson distribution

 =   + κ2(N) κ2(n)⟨NW⟩ ⟨N⟩2 κ2(NW)
⟨NW⟩2

Recovering Skellam distribution
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Fuzzy Logic
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A. Rustamov, Phys.Rev.C 110 (2024) 6, 064910
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