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The Phases of QCD
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Predictions:

» Smooth crossover at g =0

MeV by Lattice QCD

» 1st-order phase transition at

large ug by various models

» QCD critical point (CP)?
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€ Cumulants of Conserved Charges

4 Cumulant 1.Sensitive to correlation length &

SN = N — (N) NearCP —» &1
Ch = (N) =M N': event-wise net-particle multiplicity Cs = ((ON) 3> ¢ 45

Cs = ((6N)?) = 0 Cy = ((GN)*) = 3((IN)?) ~ €7

Cs = ((6N)?)
Cy = ((6N)*) = 3((6N)?)? 2 .Related to susceptibility
Cy o2 C g c? C4
52 = 53 = So Net-proton: a proxy for the net-baryon (B) % =Ko’ = =1, % = S0 = =5
2 2 2 2

C’i 2 Net-kaon: a proxy for the net-strangeness (S) 1 0" (p/ T4

2 . q —_— - . q e e
o, =0 Net-electric charge (Q) Xn = s O = g0 B,Q,5
@ Factorial cumulant (correlation functions) 3. Non-monotonic energy
Ky = C, o dependence of ko? (C,/C,)
ko = —C + C w1 | /\ paseline — existence of a critical point
k3 = 2C1 — 3C5 4+ Cs o | | N ﬁ: :'saslzzgvlinso.véjli)rli{ I::nldols/i.oliiztz(z);vgg,g;’;RL 103, 262301 (09)

S.Ejiri et al, PLB 633, 275(06);

ke = —6C7 +11C5 —6C3 + Cy x5? =1 (Polsson Fluchnstions) M. A. Stephanov, PRL 107, 052301 (11);

F. Karsch and K. Redlich, PLB 695, 136 (11)
]
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Cumulant Ratios

Net-proton cumulant ratios
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Fireball
Initial state Collision Expansion

___________________________
- N\

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

partner(s)( " gpr)

dg < dm * TBM:form a baryon
otherwise: form a meson

Y. He and Z.-W. Lin, Phys. Rev. C 96,
v, 014910 (2017).
~,

~
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/ . charges (including electric charge, baryon number, and strangeness) for
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t s :ve= g | HIJING (PDFs, nuclear shadowing):

- . e minijet partons,  excited strings.
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F % |
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Hadronic freeze-out

spectators
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elt to g & qbar via
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ZPC (Zhang's Parton Cascade)

\
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Hadronization (Quark Coalescence)

!

IART (A Relativistic Transport model for hadrons) I

lHadmns freeze out (at a global cut-off tume)
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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 KO 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@+ = p"+p" ¥
Dt +rt = pt+p X
N4+t p +p

20254 H26H 7
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& Fluctuations of Net-Proton
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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 ~
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Cumulants:
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¢ Fluctuations of Net-Kaon
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€ Second-order off-diagonal and diagonal cumulants of conserved charges

» Conserved charges susceptibilities in experiment:

s 1 RO S
Xa = VT3 R Xa,ﬂ o VT3 Ra,ﬂ

» the second-order cumulants(K) are the variance or covariance(0) of the net-multiplicity N:

k2 = 0% = ((ONo — (NL))*)
Ko = Ta = ((0No — (8Na)) (§N5 — (8N)).

» The ratios of off-diagonal and diagonal > Avoid autocorrelation problems:
cumulants are defined as follows: oL 1.1 1,1
Tgrop _ Oxp | Tkp
CQPID,p — 5 — 9 2 _|_ ]-7
1,1 1,1 1,1 o o o

o’ oA oA p p p

.. — D,k Ch o — Q,k Cr — Q,p bl 1,1 1,1

pk — 9 Q.k — 9 Qp — o2 . QPID E O-w,k Uk,p
2 4 D CQPID,k = 5 T + 5 + 1.

Ok Ok Ok
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€ Second-order off-diagonal and diagonal cumulants of conserved charges
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€ Second-order off-diagonal and diagonal cumulants of conserved charges
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» The AMPT model, incorporating the conservation of conserved charges, exerts a
. non-negligible impact on the ratio of off-diagonal and diagonal cumulants.

\
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€ Functional Renormalization Group
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mechanism without interactions :
between hadrons and decay processes |

' FRG enables the study of equations
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\ chemlcal potentials.
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€ Incorporating FRG Into AMPT Model

A+B

‘ 107 A T T T T ' A
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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

>

________________________________________________________________________________________________________________
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cumulant ratios.

The effect of hadronic rescatterings 1s more significant for critical
fluctuations than dynamical fluctuations.
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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.
02524 F 26 B
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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)Ca(yz, y3)
+ p1(y2)Ca(y1, y3) + p1(y3)Ca(y1, y2)
+ C3(y1, Y2, Y3)

- ————

- —

S —

_____________________________________________________________________

B 5(GXNU) 202544 H26H

22



Back Up

‘___________‘

poTTTTTETEEEEEEEEEEE TS ~ . . . . o . . . - . . . sl . . S . . ——
/, ‘\ 30k initial state . 1  after parton cascade 1 after hadronization after hadronic rescatterings 1 final state i
» The fluctuations A
of strangeness are A
notably influenced - "*‘:MPT """"""

Au+Au 7.7GeV
0.2<pT<1 .6(GeV/c)

i 0.5
lyl< *//t/'

.-*’A,/-
J siliaa—aAh - -}

during the weak
decay evolution
stage

A\

the two-particle
correlation
function between

the s quark and s

" N L PEPEPSN UPEPUTES ST PRI TR 1 L
— 1 L L L L L kL L kL L ¥ L 5’ &30 )

o o o
i o ———————————————— - -

( 1 ’ ]- ) .
quark [ K 2 ] IS L L 1 L L L 1 L L 1 L 1 1 L L i A L '
) 000 200 800 4000 100 200 500 4000 100 200 500 4040100200 500 4000 100 200 300 400f
' dominants / Noan> <Noar> Nogr> . <Noan> Noar> g
----------------------- Qian Chen, Han-Sheng Wang, Guo-Liang Ma, Phys.Rev.C 107 (2023) 0349 (™ == == == == == = m= ==

| |
B f5(GXNU) 202554)5]26 H 23



Back Up

~,

o e e e e

L | " 1 I I 4 I L L L L 150 N | I I I I I ]
or s 0. e 20F ! -=- AHR(W/O FRG) 3 I { ]
- B - —+— AHR(With FRG) 1 wob E
. AMPT 15E []STAR -
10 + + Au+Au 7.7GeV _ E E
g i 0.4<p, <2.0(GeV/c) P 4L : . ] 50 .
- - lyl<0.5 g . ] [ +
20 _ =t 5 :_ [ wt ] 0 N -+_'* 3 1
of : a [
* C -50 |- '[' a
1 PR IS T SR TR S R SRS | 1 1 1 1 1 S | IR B TSR | 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Centrality(%) Centrality(%) Centrality(%)

_______________________________________________________________________________________________________________

» 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 K 4 from negative to positive, which would be more
consistent with the current experimental measurement.
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