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() Current status & Challenges

@ Cross sections CS & EoS
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Current status of EoS constraints (ZX)
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. I N Status Of S]‘[RIT Phys Lett B 813 (2021) 136016
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Main conclusions:

The results reveal that both v1 and v2 values are
enhanced when the mean field incorporates stronger
momentum dependence. In addition, v2 exhibits

larger sensitivity to symmetry energy than v1 but

the overall sensitivity to symmetry energy is low.

In an attempt to describe the data, dift erent parameter
sets have been tried. Most describe either the hydrogen
flow or helium flow reasonably well but none describes
the flow of all particles simultaneously.
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@ 1 . status of ASY-EOS | & |

S122 (ASY-EOS II) : advancing Symmetry Energy studies towards high densities

Y2005:1st talk for GSI, since then, successful collaboration over 20
years!
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@ 1 . status of our previous and current contributions

n/p flows: symmetry energy at high-densities
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Investigation of the symmetry energy in the high-density regime:
the ASY-EOS Il experiment at GSI
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Bayesian inferences on covariant density functionals from multimessenger astrophysical

data: The influences of parametrizations ot density dependent couplings

Submitted to PLB=>the isovector channel requires further
Guo-Jun Werefinement.i¢, Armen Sedrakian®®, Yong-Jia Wang®, Qing-Feng Li>f, Fu-Hu Liu®
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Constraining the Phase-Transition EoS using the Energy Dependence of Directed Flow

Zhi-Min Wu'2, Gao-Chan Yong!?3,* and Qingfeng Li%?
|

relativistic Vector Density Functional (VDF)  Submitted to PRD=>the “safe” density domain before P.T..

N
Ulp) = Zi‘(ﬁ‘fﬂn]b'_]- We propose a hybrid equation of state (VDF4+MIT EoS) to describe the hadron-quark phase
i=1 transition in dense nuclear matter. By coupling this EoS with the AMPT-HC transport model
and comparing to recent experimental data on proton and A directed How vi, we constrain the
transition to likely occur near S5po—6po. ruling out transitions below 3
the energy derivative of the mid-rapadity v slope, d{dw /dy) /d

N ( { -
i P T L R Ky

EoS . AL
MeV]  [oo]  [MeV]  [po] ] [MeV]
VDF1 18 3.0 100} 250 3315 261

. Furthermore, we introduce
, as a weakly model-dependent

VDEF2 1% 4.0 50 385 4124 279 observable. Its zero r_jmasing me'itlm a dirT}ct sigm?.ture of the i‘:h:&se transition critical point, offering
VDF3 99 £.0 50 580 6.177 156 a new tool for mapping the QCD phase diagram in future experiments.
0.1 L (a) VDF1 +MIT L () VDF2 + MIT L (c) VDF3 + MIT i
- ® 9 i
: RO =i P---=ren 4’ ------ e el b g L oty sl AR Sy =
£ 100F < |
E i o 1] .
= . - 2 oat 1 . 1 i
= 1‘.'.'{ Connection point 3 - ®
@ - +4 4
= GSI = T :
s Astro (NICER 2 2 ¢ T i, T 3
2 (NICER) F | 0.4 < pr <2.0 GeVlic
: Astro (NICER+G = I T T
@ 10+ A JENI . s s | 1 ¢ Au+Au Collisions 1 )
= Ay a0 i Centrality 10-40%
AGS + Asy stiff -
WFI +I|,'.ﬂ'I‘ _ﬂ..q' 1 L 1 M 1 L L 1 L 1 1 1 1 M 1 M 1 L 1 L
_____ s e 4 6 2 10 4 6 8 10 4 6 g 10
VDF3 +MIT v Snn(GeV)
1 1 1 1
2 4 ] 8



Challenges and Opportunities (1=

and/or T?EE*Z)

@ Hit5XWZESR (apple to apple?)
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# I . Challenges and Opportunities
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Joint analyses can shed light on the properties of neutron-rich supranuclear matter over the
density range probed in neutron stars.

S. Huth, P. T. H. Pang, 1. Tews, T. Dietrich, et al. Nature 606, 276-280 (2022).
G.J. Wei, M. Z. Nan, P. C. L1, Y. J. Wang, Q. F. Li*, G. C. Yong and F. H. Liu, arXiv:2509.03406.
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Y. J. Wang, et al., Phys. Rev C 110, 044606 (2024)

Continue to work on
data, model, method, and
observables !
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EP, Phys. Rev. C 93, 044609 (2016); PPNP 125, 103962(2022).



# I . Challenges and Opportunities

@ MBI BRI TR

4 Early Universe
Other heavy Quark gluon
LHC, RHIC ion collisions plasma
— Critical
S End Point
5] EHlET s s
i ) i T R e e e e
: LQCD! Quarkionic phases?
= ... e e
- ~ . 4
s : ‘ X
g . Hadronic Nuclei % TN Gl
= / matigy /l/\?/ Superconductor
; 2 p
‘1) ) \ O/]/
= 014 /) . . e .
¥ .
; )
' Neutron '
G0L stars
I 4
0.001 | L
07 ; T . .
. o p-1 Baryonic density (fm
AN
<
T hee
§/ Y i
Q‘_o b Neutron stars s
‘.. D.P.Menezes, Universe 7, 267 B
1/ _- -‘(LUZI_) ____________ -

density, temperature, asymmetry, ...

N.A. pine K.AL S, =, ..

_3)

Yield

Yield

100

10 4

0.14
0.01 4

0.001

proton T3

neutron|;

100

0.01 3

0.001

Au+Au b=0 fm
Epeam=1.5A GeV

stoppng time (fm/c)

1.5 T | 1 Ll | K |Dﬂ
< | (a)1.1GeV/ e
X10 'E}?—C u A w ke
/LB o K=2008
10 - - wioU, —

Phys. Rev. C
| 111,054617 (2025),
T | I I T

| (0)1.9GeV/u

AMPT-HC

-0.8 -04 0.0 0.4 0.8
o
15 T T T T T T T T T T
(a) 4 GeV » 1 (0)6GeV
10|—=—K=230Mev L =
= ):"_J- = -E’,ﬁ
1 e
R s iﬁ/’i// ]
] ey
= 10} ()8 GeV AL @ 10Gev r
. .
o’ "
i el 1 b2l |
5 s I .
- /"/ 2
0 I ;{_’% 1 1 1 l__ %ﬂjy‘. 1 1 I_
00 05 10 15 2000 05 10 15 20
p, (GeV/c)

Y. Gao, et al., Phys. Rev. C 112.024909 (bd25).



@ I . Two-body cross sections (EAEF#E#1HZa94S)

Example: the N-A-m cycle in the IQMD model
AutAu@l4 GeV b <5 fm

l—elastic NN—%N( <
70%

after 3.2 coll/event 10%
2()%| NN \l)l/ NA NA - NN

—>A

16%
84%
N - A A —|> Nm
\Z

T

1%

19%

mean 7 freeze out after 4 cycles

> freeze out

S. A. Bass, et al., Prog. Part. Nucl.
Phys. 41, 255-369 (1998)

Au+Au Collisions @ 1 GeV/nucleon:
* relevant hadronic degrees of freedom:
nucleon, A(1232) & pion

Particle Production/Absorption:

* pion production via A(1232)—N+1T

e pion absorption requires two steps:
m+N—-A(1232) & A(1232)+N—N+N

» A(1232) plays a crucial role in the
particle production dynamics

* the average pion goes through approx.

4 A-cycles before freeze-out !

Process ID# | Description

1 NN =5 NA

2 NN — NN*

3 NN — NA*

4 NN — AA

5 NN — AN

6 NN = AAY

7 NN — N*N* N*A* A*A?

8 NA = AA

10 MB — B

11 MM — M

13 BB (but not pp or pn) elastic scattering
14 inelastic scattering (no string excitation)
15 BB — 2 strings

17 pn elastic

19 pp elastic

20 decay

22 BB elastic

23 BB annihilation — 1 string

24 BB diffractive — 2 strings

26 M B elastic scattering

27 MB, MM — 1 string

28 MB, MM — 2 strings

30 NA —+ NN

31 AA = AN

32 AA 3 NN

35 NA inelastic

36 Danielewicz forward delay (M B — B")
37 Danielewicz forward delay (MM — M)
38 MM elastic scattering

39 BB inelastic scattering (no annihilation)
80 Periodic wall: Particle crosses the box wall
81 Solid wall: Particle reflects off the box wall
91 Fluidization

96 Particlization
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a I . Two-body cross sections & EoS
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# I . Two-body cross sections (eg1: NN elastic)

In-medium correction factors applied to vacuum cross sections
G. D.~Westfall, et al., PRL 71, 1986-1989 (1993); J. Y. Liu, et al., PRL 86, 975 (2001).
GT\IN = F o.free — (-l + ap)o.free
Employing effective nucleon masses in nuclear medium
B. A. Li, etal., PRC 72, 064611 (2005), W. M. Guo, et al., PRC 111, 024612 (2025).

f — * 2
N = (Myn/myy)
Phenomenological formula ; — (13.73—15.048-1+8.76872+68.678%)
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lab P
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@ Two-body cross sections (eg1: NN elastic)
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# I . Two-body cross sections (eg2: NN inelastic)
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# I . Two-body cross section for EoS (eg2: NN inelastic)
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@ I . Two-body cross section for EoS (eg2: NN inelastic)
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(b) Centrality 20-30%
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. Self-consistent RBUU transport theory
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. Self-consistent RBUU transport theory

The collision term can be expressed as:

1 d3p d3p d3p 4 <(4)
C(x,p):E‘[(zﬂ)23j’(2ﬂ)33‘[(2ﬂ)43 (277) 0 (p+p2_p3_p4>W(pap29p39p4><Fé_E>a

w <p9p29p39p4) =G, (p,pz,p3,p4)+G2 (papzap3ap4>+p3 < Py

F = f(X,p,T)f(X, p2:7-)[1 - fA(Xa Pg,T)][l - f (Xa P4,T)],
Fy = [1 - f(xa p&T)Hl — f (X: pQ?T)]fA (Xa pSaT) : (x, P4,T) ;

The relationship between the scattering cross section and the collision term is:

3 3
l at f (de)Bg / éf{; (2m)*6™ (p + p2 — p3 — pa) W (P, P2, P3,P1) = / vo (s, t)dQ.

Therefore the collision term can be expressed as:

_Lidp, ST L A
Con) =5 LGP nF-R)0 Eagie Sesin. feis

G.J. Mao, Z. X. L1, Y. Z. Zhuo, Y. L. Han and Z. Q. Yu, Phys. Rev. C 49, 3137-3146 (1994).
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# IV. NN elastic cross section (density-dep.)

600

L; 1s the interaction Lagrangian density of nucleons coupled
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# [V. NN elastic cross section (isospin-dep.)

The scalar-isovector & meson is further introduced into the effective Lagrangian to calculate the in-
medium NN elastic cross section
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# [V . NN elastic cross section (density-, isospin-, temp-dep.)

contributions to O ) [mb]
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@ V. A-related cross sections (#Az#iEs
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@ V . hard- and soft-A production cross sections
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@ V. hard-A production cross section
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» Both coupling parameter sets yield similar temperature-dependent baryon effective mass and the mass splitting.

» The OMEG set exhibits a stronger density dependence, especially at high densities (p = 1.5p¢).
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@ V. hard-A production cross section
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@ V . NA elastic cross section (density-dep.)

» Density dependence (o, w, )
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A. R. Raduta, Phys. Lett. B 814, 136070 (2021).
G. A. Lalazissis, T. Niksic, D. Vretenar, and P. Ring, Phys. Rev. C 71, 024312 (2005).

- /

» An overall suppression of NA — NA cross section, especially
at low energies.

» Due to the density-dependent coupling constants adopted in
this work, the decrease in cross section with density 1s faster.

» Compared to o and w, the contribution of p meson exchange
1s weak especially at high energies.

M. Z. Nan, P. C. Li, Y. J. Wang, Q. F. Li, W. Zuo, Eur. Phys. J. A 60, 131 (2024). 28



@ V. NA elastic cross section (density-dep.)

» Density dependence (o, w, )

200 -

150 1

100 ]

Ona(mb)

50 -

100 -

Oy (M)

50 -

25 1

N N N (N N N N N N A N A S N |
L L L O L L O I L I O LB

(d) p/pp=2

NN TN T [N TN Y N Y T T T Y T I |

N TN N N NN T N N Y TN T N T |

N NN N N T T T Y |

[ I [ T T |

s'2 (GeV)

s (GeV)

0
22 24 26 28 30 24 26 28 30 24 26

28 3.0

s (GeV)

M. Z. Nan, P. C. Li, Y. J. Wang, Q. F. Li, W. Zuo, Eur. Phys. J. A 60, 131 (2024).

100 T T [ T T 1 L T T [ T T T [ T T T [ T T T ]
—— GpA” T —.I— 6* L/'G.* '”'_
N I S T i |
80 +G§A+ o 4 _k\ —O—GZLA*//‘GEA. _'_
. n ——che B ™ SARCA
e r —o—ou %1, i
= 60 |-8
E L AN
& 50 |
40 | \2
30 [ |s"2=25 GeV] .
20 PR SR S TN TN T N N TN T AN S WSO AN SN SN N Y Y S
0.5 1.0 1.5 2.0 2.5 3.0
P/Pg

» The inclusion of p meson exchange leads
to obvious isospin effect especially at low
densities.

» With increasing density, the isospin effect
1s fading away...

» When the density reaches 3p0, the isospin
effect almost disappears. 29



# V. NA elastic cross section (isospin-dep.)

» Density dependence (o, w, p, )
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* The p and d meson related-terms have a larger contribution than that of p meson field.
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» oy, decreases with increasing density, indicating a visible density dependent suppression of nuclear medium.

M. Z. Nan, P. C. Li, Q. F. Li, W. Zuo, Chin. Phys. C 49, 094112 (2025)
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* The contribution of each meson exchange term decreases with increasing reduced density, the baryon-baryon-
meson coupling constants and the effective masses of nucleons and A particles.
* Obvious cancellation effect, but the net-contribution of p and 0 related exchange terms to the o; a++ 18 larger thién 0.



# V. NA elastic cross section (isospin-dep.)

» Density dependence (o, w, p, ) M. Z. Nan, P. C. Li, Q. F. Li, W. Zuo, Chin. Phys. C 49, 094112 (2025)
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R (a) for pA channels is decreased, while that for nA channels is increased as a increases from 0.0 to 0.5, since the
contribution of & meson exchange to the effective masses of protons, neutrons and A-isobars have opposite signs.
The isospin effect, which introduced by isovector p and 6 meson fields, in NA — NA channel should not be
negligible even at such a high energy and density. 31
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@ V . NN inelastic cross section

» Isospin dependence (o, w, p, 0)
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a VI. Summary and Outlook

v" The non-equilibrium dynamic theory and model are more critical to understanding the higher
dense nuclear matter;

v' The self-consistent RBUU transport theory is further developed as requested;

v' The energy-, density-, isospin-, and temperature-dependent NN—-NN., NN—NA. N — A,
NA — NA cross sections are analyzed within sc-RBUU framework, and partly introduced into the
UrQMD model;

v' The influence of the in-medium effects of cross-sections on EoS sensitive observables plays
important roles and should be carefully considered. Further investigations related to its transport

theory, model simulation, and sensitive observables are urgently required.

» What shall we do for the running HIAF?->0ne stronger transport model, fully

taking the above concerns into account!

33



. VI N What are we SUppOSGd to do for EOS? Organized & Targeted pre-research is very important !!!
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X. H. Zhou, J. C. Yang, [HIAF project Team], AAPPS Bull. 32, 35 (2022).

« More than StRIT+ASY-EOS=>
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