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The QCD Phase Diagram
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Experimental signatures potentially 

based on critical multiplicity fluctuations

● Critical point in QCD phase diagram at finite mB. 

Experimental conditions reproduced at RHIC and GSI.

● Chiral transition at mB = 0 (which temperature, which 

order). Experimental conditions reproduced at the LHC.

● Evidence for strong magnetic field at the onset of the 

deconfined quark gluon phase. LHC measurements.
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The Basics: Relation between susceptibilities, 

event by event fluctuations and statistical mechanics

4/23



The experimental improvement: factorial 

moments
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Theory vs. experiment: the caveats
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• Grand-canonical heat bath vs expansion in vacuum
• Vovchenko et al., PLB 811, 135868 (2020), PRC 105, 014903 (2022)

• Bzdak et al., PRC 87, 014901 (2013)

• Coordinate vs. momentum space
• Ling et al., PRC93, 034915 (2016)

• Conserved charges (net-baryon) vs. proxies (net-proton)
• Kitazawa et al., PRC 85, 021901 (2012)

• Koch et al., PRC 103, 044903 (2021)

• Volume, initial state, baryon stopping: fixed vs. fluctuating
• Gorenstein et al., PRC 84, 014904 (2011)

• Skokov et al., PRC 88, 034911 (2013)

• Hadronic phase
• Steinheimer et al., PLB 776, 32 (2018)

• Savchuk et al. PLB 827, 136983 (2022)

• Non-equilibrium (memory) effects
• Mukherjee et al., PRC92, 034912 (2015)

• Asakawa et al., PRC 101, 034913 (2020)



Topic 1: Critical Point
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Until recently: no viable critical point calculation based on lattice QCD alone



Sign problem overcome by 

Standard Taylor Expansion
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Promising new expansion scheme
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Updated predictions 

(anchored to lattice QCD at mB=0)
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Interesting new lattice results 

using Lee-Yang edge singularities
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D.A.Clarke et al., 2405.10196 Similar results: G. Basar, 2312.06952



A more dynamical phenomenological approach

slide from V. Vovchenko (QM 2023)

Review by A. Bzdak

(1906.00936)
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Experiment: Heavy Ion Collisions
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Measuring cumulants in event by event 

multiplicity distributions
(particles are proxies for conserved quantum numbers)
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Experimental results: cumulant ratios
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HADES, STAR BES-I  (2020, 2021)                                                    HADES, STAR BES-II FXT (2020,2022)

STAR 3 GeV and HADES data 

indicate a purely hadronic system



New STAR results (CPOD 2024, SQM2024)
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Comparison to theory: no smoking gun but still 

intriguing structures in all measured cumulants
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Topic 2: Chiral transition at mB = 0
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At LHC energies mB=0, the lower cumulants are well understood

by baryon number conservation 

Deviation from Skellam allows 

you to calculate correlation volume.

Large volume = early correlations

Strong early baryon correlations (L,p)

(ALICE, SQM 2024)



Lattice QCD predictions on chiral criticality in 

higher order cumulants
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A. Bazavov et al. (HotQCD), Phys.Rev.D 101 (2020) 7, 074502: c6/c2 goes negative



Detailed experimental results (STAR, 2207.09837)
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Topic 3: Conserved charge fluctuations to 

probe early magnetic field
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H.-T. Ding et al., PRL 132, 201903 (2024)



New preliminary ALICE data (SQM 2024)
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Conclusions and Summary
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• New expansion schemes for lattice QCD extend the region

of validity to values of mB/T = 3.5

• Indication of critical point in Lee-Yang singularities.

• Location of point in agreement with DSE, FRG, and 

holography approaches that use lattice QCD as anchor.

• Location in the range of collision energies around 3-5 A GeV

(potentially measurable at RHIC, FAIR, NICA, HPARC). Data 

still inconclusive, but more to come.

• Indication of chiral criticality at mB=0 and strong early magnetic 

fields from higher order fluctuations



Backup: Factorial results


