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• QCD-like effective model, Polyakov linear-sigma model: 
• A novel estimation of the finite Isospin asymmetry  
• The inclusion of finite magnetic field
• In-medium modifications of various meson states

• Statistical thermal model, Hadron resonance gas model:
• In-medium modifications of multiplicity and particle ratios

• Higher-order moments compared with experimental results

• Conclusions
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Polyakov Linear-Sigma Model

04/20/2023 11th MPD CM, 18-20 April 2023



PLSM in Vanishing Magnetic Field
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PLSM in Finite Magnetic Field
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PLSM: Quark Condensates at vanishing eB

04/20/2023 11th MPD CM, 18-20 April 2023



PLSM: Quark Condensates at finite eB
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PLSM: Thermodynamics at finite eB
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PLSM: Magnetization
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PLSM: QCD Phase Diagram at finite eB
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PLSM: QCD Phase Diagram at finite eB
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PLSM: Chiral Phase Structure

The masses are defined by the second derivative of the grand potential

evaluated at its minimum with respect to the corresponding fields. 
• In the present calculations, the minima are estimated by vanishing 

expectation values of all scalar, pseudoscalar, vector and axial-vector fields. 
• The pure strange and non-strangecondensates are finite.

where i stands for scalar, pseudoscalar, vector and axial-vector mesons 
and a and b range from 0, . . . , 8. 

• In vacuum, mesonic sectors are formulated in non-strange and strange basis.04/20/2023 11th MPD CM, 18-20 April 2023
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PLSM: Chiral Phase Structure
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p (pseudoscalar) refers to i in

PLSM: Chiral Phase Structure

04/20/2023 11th MPD CM, 18-20 April 2023



PLSM: Chiral Phase Structure

04/20/2023 11th MPD CM, 18-20 April 2023



PLSM: Chiral Phase Structure

04/20/2023 11th MPD CM, 18-20 April 2023



A
 c

o
m

p
ar

is
o

n
 b

et
w

ee
n

 (
p

se
u

d
o

)-
sc

al
ar

 a
n

d
 (

ax
ia

l)
-v

ec
to

r 
m

es
o

n
 s

ec
to

rs
 in

 P
LS

M
(p

re
se

n
t 

w
o

rk
) 

an
d

 c
o

rr
es

p
o

n
d

in
g 

re
su

lt
s 

fr
o

m
 P

N
JL

. B
o

th
 a

re
 c

o
m

p
ar

ed
 w

it
h

 t
h

e 
ex

p
e

ri
m

en
ta

l m
ea

su
re

m
e

n
ts

, P
D

G
an

d
 t

h
e 

la
tt

ic
e 

Q
C

D
 

si
m

u
la

ti
o

n
s

PLSM: meson masses at T=0
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Left-hand panel (LSM) and right-hand panel (PLSM):
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PLSM: In-medium meson masses
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Left-hand panel (LSM) and right-hand panel (PLSM):

scalars f0 (horizontal dashed curve) and  (vertical dashed 
curve) and pseudoscalars  (dotted curve) and K (solid curve)
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PLSM: In-medium meson masses



Left-hand panel (LSM) and right-hand panel (PLSM):

scalars f0 (horizontal dashed curve) and  (vertical dashed 
curve) and pseudoscalars  (dotted curve) and K (solid curve)
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PLSM: In-medium meson masses



vector mesons  and  (solid curve), * (long-dotted curve) and 
(dotted curve) and axial-vector mesons a1 = f1 (dashed-dotted 
curve) , K (dotted curve) and f*1 (short dashed-dotted curve)

Left-hand panel (LSM) and right-hand panel (PLSM):
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PLSM: In-medium meson masses



vector mesons  and  (solid curve), * (long-dotted curve) and 
(dotted curve) and axial-vector mesons a1 = f1 (dashed-dotted 
curve) , K (dotted curve) and f*1 (short dashed-dotted curve)
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PLSM: In-medium meson masses
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PLSM: Phase Structure Conclusions
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• We have studies the thermal, dense and magnetic in-
medium modifications of 

meson states
• This study shall be extended to charged meson states, e.g., 

K+, K-, +, -, etc. 
• The thermal and dense dependence of K+/+, K-/-, could be 

predicted, as well.
• Extending PLSM to include baryons is planned in near future. 



Hadron Resonance Gas Model
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For an ideal gas of hadron resonances

At finite temperature T and baryon chemical potential µi, the pressure of 
the i-th hadron resonance reads



Hadron Resonance Gas Model
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Switching between hadron and quark chemistry is possible from the analytic
relations between the hadronic chemical potentials and the quark constituents;

• The chemical potential assigned to the light quarks is µq = (µu + µd)/2 and 
the one assigned to strange quark reads µS = µq −µs.

• The strangeness chemical potential µS is calculated as a function of T and 
µn under the assumption that the overall strange quantum number must 
remain conserved in heavy-ion collisions.

• The number density or particle multiplicity can be estimated as



Hadron Resonance Gas Model
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• The ”second” order moment is known as the variance reads

• The ”third” order moment measures of the lopsidedness of the distribution

• The ”fourth” order moment compares the tallness and skinny or shortness 
and squatness, i.e., it defined the shape of the distribution



Hadron Resonance Gas Model
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• Now a general expression for the r-th order moment can be deduced



Hadron Resonance Gas Model
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• By considering the particle multiplicities,



Hadron Resonance Gas Model
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• Chemical Freezeout



Hadron Resonance Gas Model
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• Chemical Freezeout



Higher-Order Moments in PLSM
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The higher-order moment of the particle multiplicity is defined is
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• T-dependence of the second-order moment, at finite eB and 

Higher-Order Moments in PLSM
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• T-dependence of the third-order moment, at finite eB and 

Higher-Order Moments in PLSM
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Higher-Order Moments in PLSM & Experiment 

Freezeout Temperatures in PLSM
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Freezeout Temperatures in PLSM
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Higher-Order Moments in PLSM & Experiment 
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Higher-Order Moments in PLSM & Experiment 

With Non-Extensive Statistics (not necessarily of Tsallis-type)
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Higher-Order Moments in PLSM & Experiment 

With Non-Extensive Statistics (not necessarily of Tsallis-type)



04/20/2023 11th MPD CM, 18-20 April 2023

Conclusion: Higher-Order Moments 

• We observe that HRGM excellently reproduces experimental multiplicity 
and particle ratios, i.e., first-order, why not the higher-order cumulants!

• The statistical nature seems to play an essential role
• Microcanonical (fixed energy), canonical (fixed temperature) or grand 

canonical ensemble (fixed T and )
• Extensive or nonextensive or generic (super) statistics
• Ideal static equilibrium or interacting dynamic nonequilibrium

• Indeed, if statistical nature is essential for higher-order cumulants, it is as 
well essential for multiplicity, as well! 



Thank you!

Спасибо!
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