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 Introduction & Motivation

The Parton-Hadron-String-Dynamics (PHSD) model

The PHSD results for the fluctuations of:
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The PHSD results for the fluctuations of:

 Summary

 net electric charge
 net strangeness
 net baryon number



Introduction & MotivationIntroduction & Motivation

Why event-by-event fluctuations?

 a powerful tool to characterize the
thermodynamic properties of the system

 fluctuations are sensitive to the
microscopic structure of the dense matter
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spectator 
system

produced particles

(ππππ mesons)

 fluctuations of locally conserved quantities that show a different behavior in a
hadron gas and a quark-gluon plasma

 characteristic features of the plasma phase may survive in the finally observed
fluctuations

Event-by-event fluctuations of locally conserved quantities:
net electric charge, net baryon number and net strangeness



PPartonarton--HHadronadron--SStringtring--DDynamics (ynamics (PHSDPHSD))

PHSD is a non-equilibrium microscopic transport approach for the description of 
strongly-interacting hadronic and partonic matter created in heavy-ion collisions 

Initial A+A 

collision

 Initial A+A collisions :

N+N  string formation  decay to pre-hadrons + leading hadrons 

Partonic phase

 Formation of QGP stage if local εεεε > εεεεcritical :

dissolution of pre-hadrons  partons

 Partonic phase - QGP:

QGP is described by the Dynamical QuasiParticle Model (DQPM) 

Dynamics: based on the solution of generalized off-shell transport equations derived 
from Kadanoff-Baym many-body theory

W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919; NPA831 (2009) 215; EPJ  ST 168 (2009) 3, P. Moreau et al., PRC100 (2019) 014911

Hadronic phase

Hadronization

QGP is described by the Dynamical QuasiParticle Model (DQPM) 

matched to reproduce lattice QCD EoS for finite T and µµµµB (crossover)

- Degrees-of-freedom: strongly interacting quasiparticles: 
massive quarks and gluons (g,q,qbar) with sizeable collisional 
widths in a self-generated mean-field potential 

- Interactions: (quasi-)elastic and inelastic collisions of partons

 Hadronic phase: hadron-hadron interactions – off-shell HSD
including n  m selected reactions (for strangeness, anti-baryons, deuteron production)

 Hadronization to colorless off-shell mesons and baryons::

Strict 4-momentum and quantum number conservation
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QGP: Dynamical QuasiParticle Model (DQPM) 

DQPM – effective model for the description of non-perturbative (strongly interacting) QCD
based on lQCD EoS

Degrees-of-freedom: strongly interacting dynamical quasiparticles - quarks and gluons

Σq=Mq
2-i2γγγγqω

 introduce an ansatz (HTL; with few parameters) for the (T, μB) dependence of masses/widths  

 evaluate the QGP thermodynamics in equilibrium using the Kadanoff-Baym theory 
 fix DQPM parameters by comparison of the DQPM entropy density to lQCD at μB =0

Properties of the quasiparticles are specified by scalar complex self-energies:

 ‚resummed‘ single-particle Green‘s functions  quark (gluon) propagator (2PI) :  Gq
-1 = P2 - Σq

Theoretical basis :

 Quasi-particle properties at (T, μ ) :

Elena Bratkovskaya & Carsten Greiner

B05
Online | 10 Mar 2021 9Exploring the partonic phase at finite chemical potential within HICPierre MoreauA. Peshier, W. Cassing, PRL 94 (2005) 172301;  W. Cassing,  NPA 791 (2007) 365: NPA 793 (2007), H. Berrehrah et al, Int.J.Mod.Phys. E25 (2016) 1642003; 

P. Moreau et al., PRC100 (2019) 014911; O. Soloveva et al., PRC101 (2020) 045203, I. Grishmanovskii et al., PRC 109 (2024) 024911 

•DQPM provides mean-fields (1PI) for q,g and effective 2-body partonic interactions (2PI); 
gives transition rates for the hadronization                            sQGP in PHSD

 very good agreement with lQCD data for QGP thermodynamics at finite (T, μB) 

 Quasi-particle properties at (T, μB) :

pole masses

widths

q

g
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NetNet--chargecharge fluctuations fluctuations –– D measureD measure

QGP phase – quarks with fractional charges
hadron gas – particles with unit charge

squares of the charge states

Net-charge fluctuations: QGP < HG

Net-charge fluctuations are strongly dependent on which phase they originate 
from 
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from 

Consider the fluctuations of the ratio:

D measure:

S. Jeon and V. Koch,  Phys. Rev. Lett. 85, 2076 (2000)

a measure of the charge fluctuations per 
unit entropy

D = 4 – for an uncorrelated pion gas
D ≈ 3 – for an uncorrelated pion gas with resonances
D ≈ 1.0-1.5 – for a QGP

M. Bleicher, S. Jeon and V. Koch,  Phys. Rev. C 62, 061902 (2000)



NetNet--chargecharge fluctuation measurefluctuation measure

In the experiment, a dynamical net-charge fluctuation measure:

is a robust observable – independent of detection efficiency

related to D measure:

C. Pruneau, S. Gavin, and S. Voloshin,  Phys. Rev. C 66, 044904 (2002)

a measure of the relative correlation 
strength of particle pairs
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related to D measure:

The global charge conservation and finite acceptance lead to:



NetNet--chargecharge fluctuation measurefluctuation measure

 is negative, the dominance of
the correlation term

 decreases monotonically going from
peripheral to central events

 PHSD model reproduces well the
centrality dependence as well as the
absolute values for the central collisions
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absolute values for the central collisions

 for the peripheral collisions –
discrepancies between the model and
experimental data

 PHSD results show the smooth
evolution with the multiplicity across
various collision systems (Pb+Pb,
Xe+Xe, O+O)



D measureD measure

 experimental data are below HRG
predictions and above QGP

 ALICE data show a decreasing trend
of D from peripheral to central collisions –
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of D from peripheral to central collisions –
presence of radial flow

 PHSD results are observed to be close
to the HRG and almost independent of
centrality

 PHSD model shows a similar trend
of D for different collision systems

S. Voloshin, Phys. Lett.  B 85, 490 (2006)



SecondSecond--order order cumulantcumulant: net : net pionspions and net and net kaonskaons
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 PHSD model reproduces well the ∆η dependence of the data, but slightly
underestimates the absolute values of the κ2, especially for net pions



SecondSecond--order order cumulantcumulant: net : net pionspions and net and net kaonskaons
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 PHSD model reproduces well the ∆η dependence of the data, but slightly
underestimates the absolute values of the κ2, especially for net pions

 PHSD results show the increase of the fluctuations going from large to small
colliding systems (Pb+Pb  Xe+Xe  O+O)



SecondSecond--order order cumulantcumulant: net : net pionspions and net and net kaonskaons

12

 PHSD model reproduces well the ∆η dependence of the data, but slightly
underestimates the absolute values of the κ2, especially for net pions

 PHSD results show the increase of the fluctuations going from large to small
colliding systems (Pb+Pb  Xe+Xe  O+O)

 smooth increase of fluctuations going from peripheral to central events for all
colliding systems (Pb+Pb, Xe+Xe, O+O)



SecondSecond--order order cumulantcumulant: net protons: net protons

 for net-proton fluctuations
are good proxies for net-baryon
fluctuations

 total electric charge conservation
has a negligible impact on net-proton
fluctuations

PHSD results are almost centrality

M.Kitazawa, M.Akasawa, Phys. ReV C 86, 069902 (2012)
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 PHSD results are almost centrality
and energy independent as also shown
in the data, but slightly overestimates
the fluctuations for all centrality classes

 larger acceptance leads to a larger
suppression of fluctuations for the wider
momentum range in agreement with the
data



ThirdThird--order order cumulantcumulant: net protons: net protons

 in the HRG model all odd cumulants
vanish at LHC energy, where the number
of baryons and antibaryons agree

 also in lQCD the odd cumulants
vanish

 PHSD results for almost all centrality
and ∆η intervals are shifted towards
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and ∆η intervals are shifted towards
positive values  positive net-proton
number

 affected by the volume fluctuations
visible in the 10-20%

 calculation of third- and higher-order
cumulants is extremely statistics hungry



SummarySummary

 The study of event-by-event fluctuations provides a powerful tool to
characterize the thermodynamic properties of the system

 We present the PHSD results for the fluctuations of locally conserved
quantities: net electric charge, net strangeness and net baryon number and
compare them to the available experimental data from ALICE Collaboration

 PHSD model predicts the values for the D measure to be close to the HRG
and shows almost no centrality dependence
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and shows almost no centrality dependence

 PHSD results show the smooth increase of fluctuations of net pions and net
kaons going from peripheral to central events for all colliding systems considered
(Pb+Pb, Xe+Xe, O+O)

 PHSD model slightly overestimates the fluctuations of net protons for all
centrality classes in comparison to the experimental data

 The calculation of third- and higher-order cumulants within the PHSD model
remains challenging due to the need of very high statistics



Thank you!Thank you!
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