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Part 1:
Introduction
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€ QCD Phase Diagram
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g— High baryon density:
2 Inner structure of compact stars
0 3 e ions, electrons
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~-— electrblis,heutrons, nuclei

Baryonic-chemical Potential M (MeV)

outer core ~ 9 knr
neutron-proton Fermi liquid
few % electron Fermi gas

» Smooth crossover at pg = 0 MeV by Lattice QCD

inner core 0-3 kn
quark gluon plasma?

» 1st-order phase transition at large g by various models

» QCD critical point (CP)?
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» No consensus on the location of critical point!
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€ Cumulants of Conserved Quantities

m— S <) S =( S>>0

1.Sensitive to correlation length &

Net-baryon (B) (net-proton as proxy)

Net-electric charge (Q)
Net-strangeness (S) (net-kaon as proxy)

4 Cumulant
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€ Measurements from STAR

Net-proton
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» First measurement on
net-proton cumulant

from STAR.

» Results lack detector
efficiency correction.
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Net-charge, kaon results of BES-I show
weak energy dependence and are
consistent with Poisson baseline within
uncertainties.




€ Net-proton Cumulants from STAR BES-I

STAR BES-I Program: Au+Au collisions

HADES, PRC 102(2020) 024914
STAR, PRL 126 (2021) 092301
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Cumulant Ratios

Net-proton cumulant ratios
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Part 2:
A Multi-Phase Transport Model
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Spectator
Fireball

Initial state Collision Expansion

20

15

A dynamic simulation of -
relativistic heavy ion )

collisions using the
AMPT model:
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Au+Au sy = 4.9 GeV
b=3 fm

e Baryons(394)
e Antibaryons(0)
o Mesons(0)

Antimesons(0)

«  Quarks(0)
+  Antiquarks(0)

t=0.0fm/c

Hadronic freeze-out

1.Lin Z W, Ko C M, Li B A, et al. PRC ,2005,
72(6): 064901.

2.Ma G L, Lin Z W. PRC, 2016, 93(5): 054911.

3.Ma G L, Zhang B. PLB, 2011, 700(1): 39-43.

4.Ma G L. PRC, 2013, 87(6): 064901.

5.Bozek P, Bzdak A, Ma G L. PLB, 2015, 748.

6.Bzdak A, Ma G L. PRL, 2014, 113(25):
252301.
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Spectator
—>

‘ ‘ Partidpants

<
Spectator

Initial state Collision

Mew quark coalescence:

ﬁ
/N

Fireball
Expansion

-

' quark to form either a meson
'or a baryon depending on the
' distance to its coalescence

partner(s)( "BM)

o e et

s, 014910 (2017).
\
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dg < dwm * TeM :form a baryon
otherwise: form a meson
Y. He and Z.-W. Lin, Phys. Rev. C 96,

Y

N

Partons freeze out -
—

svew By | HITING (PDFs, nuclear shadowing):

AN %tg . . minijet partons,  excited strings,  spectators
ve . *0e I
- ‘s- . —
% ]
< agt 5
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Hadronic freeze-out

elt to g & qbar via
intermediate hadrons

S

ZPC (Zhang's Parton Cascade)

Hadronization (Quark Coalescence)

!

IART (A Relativistic Transport model for hadrons) I

CPETTETYPEREEEEEEEPELE

Hadrons freeze out (at a global cut-off tume)
strong-decay all remaining resonances

Extended AMPT model ensures the conservation of various conserved
charges (including electric charge, baryon number, and strangeness) for
_all hadronic reaction channels during the evolution of hadronic phase

-

\
1
1
1
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€ A Multi-Phase Transport Model (AMPT)

» In the old version, only K* and K~ were introduced in hadron rescatterings as
explicit particles, but K and K® were omitted.

ART _

KTK & * KK~ & KK~ &
— K+&K~ 50%K* & 50%K™ =

KO & KO " & Other hadrons ‘ KO & KO

» In the old version, some isospin-averaged cross sections were used, and the charge of
the final state particles is chosen randomly from all possible charges, independent of
the total charge of the initial state.

Forexample: D@ +77 = p"+p" ¥
DT+t 5 pT+p X
Nt +at =+ «
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Cumulants: Correlation Functions:

¢ = xy, kK, = Cp=(N),

C, = K +x, Only for one particle! ! !K2 - _¢+c,
R

C; = k3+ 3Kk +kq, k3 = 2C,—-3C,+C;,

Cy = K4+ 6Kk3+ 7Ky + K. kg = —6C; +11C, - 6C5 + Cy.

Factorial moments:
F3 = / dyrdy2dysps (y1, Y2, y3) = F + 3F1Cy + Cs

p3(y1, Y2, y3) =p1(y1)p1(y2)p1(ys) + p1(y1)Caly2, ys)
+ p1(y2)Ca(y1, y3) + p1(y3)Ca(y1, y2)
+ C3(y1, Y2, Y3)

- ————

- —

S —

_____________________________________________________________________
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& Fluctuations of Net-Proton

40f = AMPT(p)
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® The cumulants C,, for protons,
antiprotons, and net-protons all
show a similar increasing
dependence on (N pqrt)

® In the 0-5% and 5-10% centrality
ranges, the fourth-order cumulant
(C4 ) in AMPT notably
underestimates STAR's results

_____________________________________

Qian Chen, Guo-Liang Ma, Phys.Rev.C 106 (2022) 014907
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& Fluctuations of Net-Proton

Qian Chen, Guo-Liang Ma, Phys.Rev.C 106 (2022) 014907
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& Fluctuations of Net-Proton

Expectation of baryon number conservation: 7T ~
I - 1 .
P(N) B! N(1— p)EN | n barly(:l i » Multi-baryon
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Qian Chen, Guo-Liang Ma, Phys.Rev.C 106 (2022) 014907 N e Y
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& Fluctuations of Net-Proton
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400

an effective acceptance factor q:
representing the proton fraction of baryons within

limited acceptance and efficiency

g =4/«7 K}

_________________________________________________________

~
N
7’

the acceptance factor is almost independent
of centrality and is about 0.475 by a constant
fitting, which is slightly different from 1/2

[1]M. Kitazawa and M. Asakawa, Phys. Rev. C 86, 024904 (2012);
[2]M. Kitazawa and M. Asakawa, Phys. Rev. C 85, 021901(R)(2012).

o e e o
N -

________________________________________________________
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Cumulants:

-
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\~--

C,=(N

+
—
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[l
==
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3K§2,0) _ 3K§0,2) n K3(3,o) _ K3(o,3) _ 3K§2,1) + 3K3(1,2)

C,=(N)+ <N> + 7.2 4 702 2k WD) 64130 4 6403 — g2
)
_I_

_ 6 K§1=2) K4(14’0 + K£0’4) — 4 K4(13 ’1) — 4 KL(;I,?, ) + 6 Ké(tz’z ) Bzdak, Adam et al. Phys.Rev. C86 (2012) 044904

———————————————————————————————————————————————————————————

(N—=i)! (N —k)!
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-----------------------------------------------------------
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¢ Fluctuations of Net-Kaon

1 L) ! L ! 1
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PR A - ! ° ° .
ot ] 2 ' Poisson baseline based on its mean
0 100 200 300 400 0 100 200 300 400 : . . . . .
<Ny <Noo> . multiplicity, suggesting a correlation
1
Qian Chen, Han-Sheng Wang, Guo-Liang Ma, Phys.Rev.C 107 (2023) 034910 l\ between K +and K
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€ Functional Renormalization Group

' FRG enables the study of equations
' of state at both high and low baryon
\ chemlcal potentials.

[|\eZZZ22
777772

FRG: \If 241
FRG: inhom
Lattice: WB
Lattice: HotQCD

= DSE: Fischer et al.

DSE: Gao et al.
freezeout: STAR
freezeout: Alba et al.
freezeout: Andronic et al.
freezeout: Becattini et al.

freezeout: Vovchenko et al.

freezeout: Sagun et al.

200 400
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Fu, Pawlowski, Rennecke ,PRD 101 (2020) 5, 054032
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I
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,“the net-baryon number *

distributions are

reconstructed from the

cumulants of different

orders by means of the

maximum entropy
+ method

T mm mm omm o e

— s

#4=65.31, STAR, GP
Ky =65.31, STAR, MEM
fRG, GP

fRG, MEM

30 40 50 60

22

FRG with critical fluctuations
mechanism without interactions
between hadrons and decay processes



€ Incorporating FRG Into AMPT Model

7
,’ FRG parameter input:
: baryon chemical :
| Ms=399 MeV;

: volume of the fire ball :
| V=980 fm"3;

I

I

pseudo-critical temperature

N

\
1
1
1
1
1
1
|
|
|

|

!

A-I‘-B
HIJING energy in nucleon
excited strings and miniet partons spectators

l

ZPC(Zhang's Parton Cascade)
till parton freezeout

IQuark Coalescence

Sampling based on
the FRG net-baryon distribution

|

ART (A Relativistic Transport model for hadrons)

Qian Chen, Rui Wen, Shi Yin, Wei-jie Fu, Zi-Wei Lin, and Guo-Liang Ma. arXiv:2402.12823.
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€ Incorporating FRG Into AMPT Model
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» The process of hadronic rescatterings exerts a Poissonization effect on

>

________________________________________________________________________________________________________________

fluctuations.

The effect of hadronic rescatterings 1s more significant for critical
fluctuations than dynamical fluctuations.
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Part 4:
Summary and Outlook



4 Summary and Outlook

® The AMPT results are consistent with the expectation from baryon number conservation.

® By analyzing the cumulants and correlation functions of net-strangeness and net-kaon, we
found that they originate from pair production.

® The incorporation of the FRG into the AMPT model reveals that the hadronic rescatterings

process affects different orders of net-baryon cumulant ratios.

Outlook

@ Incorporation of critical fluctuation physics into AMPT : FRG. density fluctuations.

€ nuclear thickness effects, coalescence mechanisms, different collision systems, ...

€ Using the extened AMPT model to the analysis of other energy provides a baseline for

experimental studx.
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Events used for net-proton cumulants measurements
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» The strengths of the correlation functions K, and K 3 in the AMPT model
without the FRG sampling are smaller than those in the AMPT model with the
FRG sampling.

» The correlation functions K4 from negative to positive, which would be more
consistent with the current experimental measurement.
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