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@ I . Background——history

Year Contents Key Contributors Theory & Methods

1930s-40s Neutron discovery, Fermi Gas Model Chadwick, Fermi Nonrelativistic
Liquid drop model, nuclear many-body theory Bethe, Weizsacker theory

A0S Brueckner theory, G-matrix Brueckner I;:;gsggi;:;ry

1950s-1960s  Named “nuclear equation of state”

1960s—70s Skyrme interactions, RMF theory... Skyrme, Walecka... Relativistic

1980s—90s Applications to neutron stars, quark matter Glendenning, Akmal-Pandharipande mean field

2000s-2010s  Chiral EFT, variational methods Hebeler, Gandolfi, Carlson

2010s—-20s Multi-messenger astrophysics constraints LIGO/Virgo, NICER, Ozel, Lattimer Bayesian analysis
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c) PNAEESH 2

Chiral effective field theory
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@ II. Self-consistent RBUU transport theory

RBUU transport theory:

Annals of Physics
Volume 83, Issue 2, April 1974, Pages 491-529

I u %

A theory of highly condensed matter

].D Walecka
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i

; g
] i

Publisher: Nova
Science Pub Inc;
UK ed. edition (April
8, 2005)
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5 Equation ISBN-13:
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Physics Reports
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Equilibrium and nonequilibrium formalisms
made unified
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The collision term can be expressed as:

1 d3p d3p d3p 4 o(4)
C(x,p)=§J(2ﬂ)23j(2ﬂ)33j(2ﬂ)43(27f) 5 (p+py=ps= P )W (P P 3o 2,) (B~ F),

W (D, PssP3sP) =G (s Dss D3 4 )+ Gy (D, Dy D3, P4 )+ D3 € P

F, = f(X,p,T)f(X, p2=7-)[1 - fﬁ(x:p&T)Hl —f (xa P4,T)L
Fy = {1 - f(Xs p:T)Hl —f (Xa PQ,T)U'A (X:p357)f (Xa p4aT) )

The relationship between the scattering cross section and the collision term 1s:

d3P3 d3P4 4 5(4)
/(271’)3 / (27r)3(27T) 07 (p+p2—p3 — 1) W (D, P2, p3,04) = /vcr(s,t)dﬂ.

Therefore the collision term can be expressed as:

C(x, p) = % j 25)23 vo(s,t)(F, — F,)dQ.

- G. Mao, Z. X. Li, Y. Z. Zhuo, Y. L. Han and Z. Q. Yu, Phys. Rev. C 49, 3137-3146 (1994). 10



W [II. NN — NN elastic cross section

L, 1s the interaction Lagrangian density of nucleons coupled o00
to o, , p, and m mesons and reads as 500

400

L;=g0"*17‘lfcr—gw‘l7}f#‘lfw” +g7r117}r# vs7- Vot

300 \

Spp(nn) (MD)

1
- 2gp"‘1’}f‘ur- WV p#,

200 +

100 -

0

» The medium correction of NN elastic cross
sections 1s 1sospin dependent.
» 0pp, depends on the baryon density weakly, 1400\

while 0,y depends on the baryon density 1200\

1000

significently. Which 1s due to the different
effects of the medium correction of nucleon
mass and p meson mass on g, and

800 -

oL (Mb)

600 -

*
o.
pp(nn) 4001

respectively. 200

19 2.0 2.1 2.2
- Q. F. Li, Z. X. Li, G. J. Mao, Phys. Rev. C 62, 014606(2000). s'2 (GeV) 11



W [II. NN — NN elastic cross section

Sy [MB] 5 60,x contributionto o,y [MD]
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22 Y

o, ,n contribution to

The p meson field plays a dominant
role in the 1sospin dependence of

F b

the NN elastic cross sections.
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> Q.F. Li, Z. X. Li, G. J. Mao, Phys. Rev. C 62, 014606(2000). 12



W [II. NN — NN elastic cross section

The scalar-1sovector 6 meson is further introduced into the effective Lagrangian to

calculate the in-medium NN elastic cross section N VIR
A Uil
__ . 1 1 L 1 .b \ Uﬂp " DE.'S-
L=Y[iy, - M\|V¥+30,00"c—3F,, F*"+50,60"d § \ \ >
1 v 1 2 1 2 1 2 1 2 S | o
=Ly, L*— Emgo'z +om,w, 0" - 5’”532 +ampp” é A \.\ 5 10 18
+g W Vo—g, ¥y, Vot +gVr Vs 8 iy Uiy i
] . b 200 ‘-—H._______:::‘______*
o Egp\p YuT- ‘-I’p‘u’? E | (a) T —
n_ Y =03 Iy
. %k k N L e -g-
The density dependence of oy, and gy, 18 wuu-\ :gp Es
very different, at low densities, the oy, is 5 01\ TINANS| -.,?f
L np
. * (= i
about three to four times larger than gy, ), U \\ v05: Q——
it means that at dense nuclear matter the Iy ~
1sospin effect on in-medium NN cross section .
almost washes out.

- Q. F. Li, Z. X. Li, E. G. Zhao, Phys. Rev. C 69, 017601 (2004). 13
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W [II. NN — NN elastic cross section
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* The 1sospin effect on the density dependence of the in-
medium NN elastic cross section 1s dominantly
contributed by the isovector 6 and p mesons.

* The temperature effect of nuclear medium on oy, and

y 1s weaker compared with the density eftect.

contributions to o

*
- Q. F. Li, Z. X. Li, E. G. Zhao, Phys. Rev. C 69, 017601 (2004). 14
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W [II. NN — NN elastic cross section
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® IV. Arelated cross sections
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production cross sections
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« Similar to the NN elastic ones, the reductions of NA inelastic cross sections is
also isospin dependent and the effect is largest and of opposite sign for the A*™

and A~ states.

« The mass-splitting effect on o,,5_,4, Which is mainly from the mass splittings of

1 —a— pp_>A++n

06 Iiﬁiiﬁ nucleon and A baryons,
0.4+ 0 . e . . . .
ol e P R@) — o (@) o (@ = 0 « the largest mass-splitting influence is reflected in the production of A® and A*
27 _ @) =0*()/o* (o =
oo4 /MR isobars.
0.0 0.1 0.2 0.3 0.4 0.5
o

- Q. F. Liand Z. X. Li, Phys. Lett. B 773, 557-562 (2017); Sci. China Phys. Mech. Astron. 62, 972011 (2019). 17



Cross section

Also, recent theoretical studies (see e.g., Refs. [52,53]) indicate that the exchange of the 6 meson in the NN — NA scattering
can also cause a splitting of the suppression factors for the A production cross sections in different channels.

.t 3/2
ONNoNA(P) =ONN—NA €77 (0/P0)" (10)
where ot corresponds to the constant factor to be used for A™
and At* production and o~ is to be used for the A? and A~
channels. For the in-medium A absorption cross sections oy, _, yn»

— RVUU

ONN—Na (@ =a~ =0) and oy vy, With at =a~ =0.6 and with ot =0.39
and ¢~ =0.7 (see Eq. (10)). Experimental results are from Ref. [35].

di\‘r/ d;,&;;;:

M(m ™) M(r ™)
HADES 11.1£0.6+0.6 6.0+£0.3+03
at=a==0 172 8.7
LY = | |
o' =a” =06 11.8 5.4 0 -1.0  —=0.5 0.0 0.5 1.0 0 —-1.0 —0.5 0.0 0.5 1.0
at =039, @~ =07 11.3 6.2 v .

[52] Q. Li, Z. Li, Phys. Lett. B (ISSN 0370-2693) 773 (2017) 557, https://www.
sciencedirect.com/science/article/pii/S0370269317307116.

—2K. Godbey, Z. Zhang, J. W. Holt and C. M. Ko, Phys. Lett. B 829, 137134 (2022). 8
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» NN—NA cross section in UrQMD

S I T R N— T — 30 . - - =y 1 - — 200
40 @ CERNS401 : 10 UrQMD : I": — -m, =1.100 GeV
CERNS8301 1 8.56 ® DATA | " v =-em, =1.180 GeV
= 30l {1 Lo C s e em =1232Gev a
E % : "/ UMD "E 20 I i : . —= m, =1.387 GeV g
N’ OBEM, _UrQMD —' ' ¥
S 20}0.4A GeV > =pe Sg : | &
vrown [ | e E LB °
. aona || S T 10} puiy
b% 107 L | . c 5
{a) osem  {| lf\ 4 -
0 oy [, N M o .5...—... 0 0 .
2.0 2.1/ 22 23 20 21 22 23 24 2 3 42.0
17
* The 01[\;1521\1/\[12 underestimated the data by approximately 3 mb * A mass dependence of the NA — NN cross
at 0.4A GeV. section.
OBEM
* Hubbert function form: O aonn (VS mA)
_ 1 1 P,
o) =4 4A, X e~ (Vs=A)/A, T T oww, 6412 | Jimn/onalphyma)
OnN_s §) = + ,
e | (1 + e~(Vs=A9)/Asy2 Vs <221GeV X Mo P2,

2 Y. Y. Liu, Y. J. Wang, Y. Cui, C. J. Xia, Z. X. Li, Y. J. Chen, Q. F. Li and Y. X. Zhang, Phys. Rev. C 103, 014616 (2021).
> Y. Y. Liu, J. P. Yang, Y. J. Wang, Q. F. Li, Z. X. Li, C. J. Xia and Y. X. Zhang, Nucl. Sci. Tech. 36, 45 (2025) 19
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» Symmetry energy at gl rarnonsasasessamenes | RaT e 00
L @ Mass (Skyrme) @ IAS Huth et al.
the momentum change in the reaction plane [ A Mass(DFT) M o, Legred et al. |
1 ; S 60F ¥ PREX-I [ Lyn¢h > : :?
1o _ [ Zi|Ap 0/ At p (H)dt S [ lo 2
har, | Ap, t : ~— | 7%
char, | Ap, | ftol Z,-|Ap;(t)/At|dt = | (a) ‘{7 | | —: é
. . . > 30+ 4t extrapolation | =
the momentum change in the transverse direction o | . . .
t i ] - ny ch . {F .3
. /tol ZilApi(t)/Atlpc(t)dt ! 1’,‘{5{ v,/V, , This work] . 3
(p) = ~/*. This work 1 [ This work
char,|Ap, | t j . .1 /m, This work : :
R e i =05 10 15 20 1 2 3
This work| —e flow —_— pion This work p/po p/po
n/ H.p.ch, C ! — —a— | Estee . .
v :i_vu ‘;::gab o Jvong flow: 1.2 + 0.6 p, pion: 1.5+ 0.5 p,
3V —_— { Liu
vy/vs' , Russotto [ il —=—  {Cozma
vi-vb , Cozma | - = 1Zhang18 L =5~70 MeV
vi-v?, Wang © o - ) %hangﬂ
vy/vh , Wang | —— - H(:)l:lgg S(lSpo) — 36 i 8 MeV SO — 30~4‘0 MCV
vy/v) ,Cozma | - i 1 Xie
ny/, H L ] 1 F . . .
vn,v‘f.{v’l{::/;':i  (a) _:__ a (b) 1 xi:(g, * Overlaps with the constraints from the theoretical
20°%2 2 r - . . . .
20 40 60 20 40 60 calculation using the chiral efective fleld theory (YEFT).
S(1.2p,) MeV S(1.5p,) MeV 20

2 Y. Y. Liu, J. P. Yang, Y. J. Wang, Q. F. Li, Z. X. Li, C. J. Xia and Y. X. Zhang, Nucl. Sci. Tech. 36, 45 (2025)
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elastic cross section

p) (mb)

i

N2

O

®

Ly = gyVYVo — g%N\IJyM\IJa)“ — gﬁ,N@yﬂr - pHt
+ gaaVYaAYa0 — gaaVayuWaowt

— 8£A‘i’a%ﬂ - Waph.

4 Also, in the coupling ‘constants’: N
gnn (P) = gilpsat) fi(§), 1 =o0,w, fil§) = Y (e +d)? <= Psat
a ") P
gy (p) = gp(psat)e_af'(‘f_l). Q?—A = 1.0, gﬁ—‘ﬁ = 0.8, g‘pﬁ—ﬂ‘ =0.7;
9NN INN 9NN

1. A. R. Raduta, Phys. Lett. B 814, 136070 (2021).
2. 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 is faster.

» Compared to o and o, the contribution of p meson exchange is 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). 21
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200 - 100 71— 7 1T
I 90 -
150 1 -
=S ] 80 |- -
= ] . I
~ 100 o 70r 7
< . - i
W& ] = 60 |-9 -
50: A T -1 doe o \ § B N -
. - B e o { 6 50 0.5 1.0 1.5 2.0 2.5 3.0-
; T T : [ \2 PPt |
100 +—++—+++++++++++—+ 40_ \ - ]
i 1 i i 30 [ [s"%=2.5 GeV| ]
20 PR TN NN NN ST SN TN (NN NN SN SN AN TN TN TN (NN NN SO SN S TN S AN |
0.5 1.0 1.5 2.0 2.5 3.0
P/Pg
» The inclusion of p meson exchange leads to obvious
1sospin effect especially at low densities.
» With increasing density, the isospin effect is fading

0 T vy I A AN SN EE ST I BT AT AN T BTN B A AT AN AT ST AN B AT A
22 24 26 28 3.0 24 26 28 3.0 24 26 28 3.0 away...
s (GeV) s (GeV) s'? (GeV) > When the density reaches 3p0, the isospin effect almost

- M. Z.Nan, P. C. Li, Y. J. Wang, Q. F. Li, W. Zuo, Eur. Phys. J. A 60, 131 (2024). disappears. 29
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» Density dependence (o, w, p, meson field) > M. Z. Nan, P. C. Li, Q. F. Li, W. Zuo, [arXiv:2412.13497 [nucl-th]]
200-_‘3 s'"2=25GeV |
il a=0.0 ]
100

o
N T

0=
22 24 26 28 3.0
s"%(GeV)

1004 .7

contributions to o, (Mb)

0 | : ' ST ELE S, SEE S I -200- = -
22 24 26 28 22 24 26 28 30 0.5 1.0 15 2.0 2.5 3.0
Vs (GeV) Vs (GeV) u
* oy decreases with increasing density, indicating a visible density dependent suppression of nuclear medium.
* The p and 6 meson related-terms have a larger contribution than that of p meson field.
* 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 o related exchange terms to the a; 4++ 18 larger than 0.
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» Density dependence (o, w,p, meson field)

> M. Z. Nan, P. C. Li, Q. F. Li, W. Zuo, [arXiv:2412.13497 [nucl-th]]

T T T T 200 5V ' I 1" rr1r 1 T
2o V8=250CeV, u=1 ! | \@vs=25Gev,az03 ‘T ] ]
Ca = (pn = o)/ (pn + pp) [ | e emew 1 o -
' LN e ' 150 - el o- g 3] 1 s e ]

(mb)

ONA-NA

#

v U‘p\.-j.' AT
0.0 . . . . . |
0.0 0.1 0.2 0.3 3.0

R (@) for pA channels is decreased, while that for nA channels is increased as a increases from 0.0 to 0.3, since the
contribution of 6 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. 24



® IV, A-related cross sections

> Isospin dependence (o, w, p, 6 meson field)

2.0 1.2
1 u=1 R(a@) =o*(@)/o*(a = 0) 1 u=2 R(a) = }"Vn_)A(a)/o-jVn_)A(a =0)

—_— pp->A++n

061 —*—pp->ap | @ -1 nont - -
{ —A—pn->aA'n 09 --A- t’p—oA*
047 —v—pn->a'p 1 —w-1°n—A°
024 —e—nn->A’n | ~4-mpon°
oo ——mp og—F mnoA
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2
ngqn o (04
The largest splitting:
pp > nA** mp - A° nAttS pAtt
- thy > A+ — —
nn - pA mn pA~— pA

The smallest splitting:
pn — nA* Tn- A" pAtt— pATt

nn — nA° ntp - AT nA~— nA~

25



@ IV, T dependent cross section

- 1 . 1 2
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1 5 1 constants | 0 50 100 150 0 50 100 150 Phys. Rev. C 84, 054309 (2011)
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- VR » at the density <1.5p,, results from two channels close to each other.
0 50 100 150 » As the density increases, the T dependence increases.
T (MeV) 26

> As the isospin asymmetry increases, the T dependence increases.



® V. Summary and outlook

» The non-equilibrium dynamic theory and model are critical to understanding the dense nuclear matter;

» The self-consistent RBUU transport theory is further developed;
» The energy-, density-, isospin-, and temperature-dependent NN—NN, NN—NA, Nz — A, NA — NA cross
sections are analyzed within sc-RBUU framework, and partly introduced into the UrQMD model;

» The influence of the in-medium effects of cross-section on EoS sensitive observables should be carefully
considered.

® Analyzing the differences between the HIC and neutron star environments: composition, isospin asymmetry,
temperature, gravity, ...;

® Effects of different compositions on the EoS;

® Parameterize the cross-section and introduce it into the microscopic transport model;

® Multi-observables Bayesian inference.
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