14th Joint Workshop on Physics of Strong Interacting Systems Nanjing 18-23 Oct. 2026

In-medium effect on the /NN inelastic cross sections in HICs

at intermediate energies

Pengcheng Li

Huzhou Normal University

Based on: P. C. Li, A. B. Larionoy, Y. J. Wang, G. C. Yong, Q. F. Li, arXiv:2609.25818 [nucl-th]

EEF oo




contents
@ Introduction

@ Methodology

@ Results and discussion

@ Summary and outlook

" HUZHOU NORMAL UNIVERSITY



temperature [MeV]

1.1 Background

Pressure (MeV fm™)
o,

10% |-

<«— HIC(isodiff)

PREX-II, IAS

Mass(Skyrme)
Mass(DFT)

HIC(FOPI),HIC(DLL)

2

AGW)
ROLAM )
R2 M)

v Nature Astron. 8 (2024) 3, 328-336
1 1 ]

symmetry energy S(ng) [MeV]

o0
[==]

60

N
o

(]
o
—T

ASY-EOS
FOPI-LAND
Tsang et al.
Lynch, Tsang
| @ HIC(isodiff)
| “’ OUp

® HIC(n/p)
¥ mass(Skyrme)
@ JAS
mass(DFT)
+
A

o1

saks

i

Prog. Part. Nucl. Phys. 134, 104080(2024)

0 1 2

15 2.0 25 30 0"

0 0.5 1 1.5 2
Number density n (n,)

3 4 5
Pr(')lg. Part. Nucl. Phys. 134, 104080(2024)
baryon density np/n

density ng/

» The equation of state (EoS) is a fundamental property of nuclear matter, controls the structure of nuclei, determines the
properties of nuclear matter at extreme conditions (produced in HICs, observed in neutron stars).
» However, tight constraints on both the symmetric and asymmetric EoS at higher densities have so far remained elusive.
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» Pion-related observables (z-/n*, HBT Cor., etc.) in HICs are sensitive probe of EoS at suprasaturation densities. 1



1.1 Background
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» HICs are complex nonequilibrium dynamic processes.
> In intermediate energy HICs, @ are dominantly produced from the decay of A resonances formed from NN inelastic
scattering in the high density regions during the collision.

/ Example: the N-A-1r cycle in the IQMD model \

AutAu@lA GeV b <5 fm
[elastic NN—>]N] Au+Au Collisions@ 1 GeV/nucleon:
70% , * relevant hadronic degrees of freedom: nucleon, A & pion
after 3.2 coll/event 10%
] l " L] -
20% NN\T/NA NA->NN | Particle Production/Absorption:
—A * pion production via A—N+n
16%0— * pion absorption requires two steps: 7+N—A & A+N—N+N
84%
v R | y A plays a crucial role in the particle production dynamics
L= — NTT
v » the average pion goes through approx. 4 A-cycles before
T
freeze-out!
81%
19%
mean © freeze }klt after 4 cycles
\ ‘ > freeze out S. A. Bass, et al., Phys. Rev. C 51, 3343 (1995).

» The nuclear medium effect for resonances on the mean-field level have been studied widely and often treated in models,
but in-medium effect on the cross sections are much less thoroughly investigated in the transport model calculations. 2
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calculated by various transport models and the HADES data.

» With reasonable improvements on the EoS and the in-medium
modification of cross sections, theoretical calculations can describe the
charged-pion yields data better.

g The pion production is influenced by the EoS and
A E— 80 1amidee0zy) ¢ in-medium corrections to cross sections. 3
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CLAS experiments revealed that roughly 20% of nucleons in the nucleus form SRC pairs,
which arise from the tensor force and the repulsive core at shorter range.

These nucleons have a momentum distribution far above the Fermi momentum (high-

HMT effect would enhance the available center of mass energy of NN collisions and

The combined influence of in-medium effect and the HMT effect requires further
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2.1 UrQMD model

* In this work, the density- and momentum-dependent potentials are adopted.

« The nucleonic potential energy U is calculated from the potential energy
density u. apt B P!

“2p0 n+l Po
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+5—(Vp)™ + [V(on — pp)]
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0
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0
+ Sy

2 po

Heig, @ = —211 MeV, 8 = 113 MeN, 51 = 1.335; {na = 3,058
MeV, a,,; = 500 ¢*/GeV?, C,/2 = 20 MeV, and y = 0.5
are adopted, which correspond to a soft momentum-dependent
EoS with an incompressibility of Ky = 230 MeV, the slope of
the symmetry energy L = 54 MeV. Both K and L lie in the
commonly accepted range constrained by nuclear experiments
and neutron-star observations [4, 51, 52].
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> In-medium NN elastic cross sections
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2.1 in-medium NN elastic cross section in UrQMD I LR Y
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> In-medium NN elastic cross sections

The beam energy dependent in-medium correction factor also can be deduced from the comparison of the
excitation functions of the directed, elliptic flow and nuclear stopping between the calculated results and the FOPI

experimental data. Au+Au 0.25<b,<0.45 u,>0.8 free protons
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P. C. Li, et al.,, Phys. Lett. B 828, 137019(2022). 7



» Within the framework of the relativistic BUU approach, by introducing the o, ®, p, 6
meson exchange into the effective Lagrangian and adopting the density-dependent0
or nonlinear-dependent coupling constants, energy-, density-, isospin-, and
temperature-dependent NN inelastic cross sections were calculated.

» The effective Lagrangian £ = Lr + L;.

« The free Lagrangian density
Lp =V [iv,0" —mn]¥ + Ua, [i7,0" — ma] V4

1 1, = .= 1 i
+ 50,000 + 20,6045 — L Fu - 4 = 2L, -
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2.1 in-medium NN inelastic cross section

The interaction part of baryons coupled to mesons

1.0
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2.1 in-medium NN inelastic cross section in UrQ
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» In-medium NN inelastic cross sections » In-medium shift of the production threshold

T : T T T T T g ] T. Song and C. M. Ko, Phys. Rev. C 91(2015), 014901
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OMEG Cal. T=0 o=0|Fit ] |pT|2 |p;|2 . . " "
' " P — o ' 2 2, — X — X
0'01? ° fI).5p0 —2).5p0 3 + 2mT + 2]77; + 1 + 2 3 4
A 2.0p, ——2.0p,
ol v 300 J—3%, | A reduced RMF-like prescription for the NN — NA threshold is employed here.
20 22 2-4V 26 28 3.0 For a baryon B, the scalar and vector self-energies are parametrized as
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P. C. L, et al., [arXiv:2609.25818 [nucl-th]].



2.1 HMT in UrQMD

set to A=2.2. The fraction of nucleons in the HMT is taken as Py =

0.2.
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» To include the SRC-induced HMT, a momentum distribution extending up to ik is used, with the cutoff parameter

» The introduction of the HMT will increase the average kinetic energy of the initialized nuclear system. To avoid

n(k) [fm?]

mixing the physical HMT effect with an artificial change of the nuclear EoS, the potential parameters are refitted.
» The stability of the initialized nuclei is further examined.

The momentum distribution
used in the initialization is

Cq, 0<k<kp,
n(k) =
Co/k*, kp <k < Xkp,
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1 (a) NN inelastic scattering | : f a AU+AU@1 23A GeV b S S S H
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» In-medium reduced NN — NA cross section leads to less
Syy: free NN inelastic cross sections

stopping and, thus, to a lower central density. A _ _ _ _ _
_ . _ S’wv:  in-medium NN inelastic cross sections
» The HMT increases the rate of NN — NA collisions, which results s H- in-medium NN inelastic cross sections

in more stopping and higher central density. combined with the HMT effect

» The in-medium effect suppresses pion production, whereas the HMT effect partly restores the pion yield by
increasing the available energy in NN inelastic collisions. 11



3.2 Results and discussion: rapidity distribution
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| » The calculation without the in-medium

correction of NN inelastic cross sections
clearly overestimates the pion rapidity
distributions for both charge states.

- > After the in-medium NN — NA cross

section is introduced, the pion rapidity
distributions are strongly suppressed.

: » When the HMT is further included, the

pion rapidity distributions are enhanced
again and move closer to the
experimental data.
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3.3 Results and discussion: total yields
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opposite directions.

» The in-medium modification of the

inelastic channel does not suppress
mm—and 1+ production in exactly the
same way.

» The HMT lowers the ratio relative to the

calculation without the HMT because the
recovery of 1T+ production is slightly
stronger than that of T1— production.
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4 Summary and outlook O HMWE L g
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v" The in-medium NN inelastic cross sections and the SRC-induced HMT of the nucleon momentum distribution are
introduced into the UrQMD model to investigate pion production in intermediate-energy HICs.

v" The in-medium correction of the NN—NA cross section suppresses pion production by reducing the probability
of resonance production in dense matter, whereas the the pion yield by increasing the high-
momentum components of nucleons and the available energy in early NN collisions.

v With the simultaneous inclusion of these two effects, the rapidity distributions, transverse-momentum spectra,
centrality dependence, beam-energy dependence, and charged-pion ratios can be better described.

v' These results indicate that both the in-medium correction of NN inelastic cross sections and the initial high-
momentum components are important for a consistent description of pion production.

® First, the HMT initialization would be further constrained by nuclear-structure information. (ongoing)

® Second, the density and isospin dependence of the in-medium NN inelastic cross section would be improved.
(finished)

® Third, a more self-consistent treatment of the single-particle potential, in-medium cross section, and the
threshold effect would be conducted within the same relativistic framework. (ongoing)

Thank you for your attention!
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Lr =0 [ma“ = mN] T+ Ty, [maﬂ — ma] U4 The equation of motion of the meson fields  onee
1- (M2 + g20 + g30° — 2M050%) 0 = go (05 + 1) . s - OMES
+ 808“0+ 8686 FWF”——LW-L 5 5
1 1 1 1 4 (Tn + 2Awp:0 )w — qw (JUI) + JO'R) < 40 -
2% - - 2
— §m§02 — §m55 + §miwuw“ e §m§pﬂp"“ (m§ — 2A4507) 6 = g5 (03 —p2) > ; o]
— Un1(o, wu,(g,p—u), (m +200,,w0%) p = o (Pp — Pn) -
_ I _ The baryon density and scalar densities
Lr :gj'vN\I’\Ila—l—g?VN\IlT-\D5—gﬁN\I’7u\Ifw“ y ) y )
. - -, 2 d’p 5 d’p m; = X0 05 1o 15 zo 25 =
—gz’QN‘_I’%T"I’ﬁ“+9AA‘11AWA0+9‘ZA\I/M-\PA5 pi =2 e [fi(p) = fi(P)], pi =2f on)? B [fip) + fi(p)], %0 o e oz 2w
— GRAYAYL Y AW — GAAYAYLT - A, 1/(1 + elBEi ) —pi1/T
Fermion and anti-Fermion distribution functions: filp) = 1/( [EF (p)+ ’."]/T),
7 b F oy 1 L . fZ() L/ {1 e s BTl
Uni(o,w",0,p )=§qu + 7930 1000 : - : - ' 1300 - - -
, _
—A -((j\r r\r )((j({r N SQ) 750 - 9754
A, (9% N W) (gRr ,O,u-ﬁ’”)-; 5001 < 650-
- N g § { Mass/a- =ma = 9240 F gAAS,
. . = 250 S 325 ™ar/a0 =Ma ~9Ra0 F 59Aa0.
« Density-dependent coupling 'E = /
constants DD-ME § 1000- § 1300-
X. Roca-Maza, X. Vinas, M. Centelles, P. Ring and P. Schuck,
\Phy:;ev.C84,05430<S)(20116): o : o ) 2 7501 2 9751
5 5
4 . . )
« Nonlinear-dependent coupling| & 500 % 650-
constants OMEG 250 305 ]
N. Zabari, S. Kubis, and W. W’ojcik, Phys. Rev. C 99, | B
035209 (2019) & Phys. Rev. C 100, 015808 (2019) 0 ' , ' . ' ; ' . ' , ' 0 OMEG
| Aes =50, Ay, =173.77 ) 0 1 2 3 100 200 300 0 1 2 3 100 200 300
p/pg T (MeV) p/pg T (MeV)

» 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 ( 1.5 o).
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» Temperature dependence ( , , , )
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» As the temperature T increases, the A stiff production cross sections increase significantly.

» Theratio ( , ) for both parameter sets shows similar T dependences in lower density ( < 1.5 ), while at
higher density, the model dependence becomes more obvious.

» The finite-temperature enhancement is more pronounced in isospin-symmetric matter.

» The temperature effect on the isospin dependence of the cross section is complex due to the model dependence.
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24

FIG. 4. (Color online) The energy, density, and temperature dependence of the oy y_,nya in the isospin-symmetric nuclear
matter calculated with the DD-MEJ parameter set.
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FIG. 5. (Color online) Same as Fig. 4, but for the results calculated with OMEG parameter set.
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® For nucleon j, the local Fermi momentum is calculated from the local density: ... — pe [377 pq;(’rz')] L/ :

The local upper boundary of the high-momentum tail (HMT) is  Amaxi = AKF, A =22

® For a nucleus containing A nucleons, the prescribed HMT fraction is

A
fivT = 0.20  Npair = NINT (f H“gT ) . NamT = 2Npair

® For a non-HMT nucleon, the momentum magnitude is sampled uniformly inside its local Fermi sphere ...

1
® The three-dimensional HMT occupation is assumed to satisfy v (p) Ea kr <P < Kinas
B
the radial probability density guvT(p) = T i > ki <P < Kains. d3p — 47Tp2 dp,
kF B kmax

The cumulative probability is 1 1

kp p

=7 > uel01)
kF kmax

which gives the inverse-transform sampler: p = “k—F“ —u kF L Di = . (7 Nk
max F,i F,i F,i



Wpp = gN;VNSV, S =9
N (o)

® SRC Pair-Type Selection Wpp = 9 ;
NE¥ (N2 - 1)
Wnn = y
2
. . 2
® Spatial Assignment of Pair Partners Jpartner = argglm i — ”“j\
JEAq

® SRC Pair center-of-mass momenta Poy =p1 +p2. |p, = PC;:M g |

P1 — P2
ki = .

Py
2 P2 = ;M

- krel -
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Each Cartesian component of the pair center-of-mass momentum is sampled independently:

Penu ~ N0, UE‘,M):

#‘ € {3:: y'- Z}:

oom = 0.15 GeV/e.
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Each Cartesian component of the pair center-of-mass momentum is sampled independently:

Py ~ N (0, 03111\-1): € {e,02), ocm = 0.15 GeV/e.
The sampled vector must satisfy the spherical cutoff

| Pem| = \/ Pz + Pony + Po, < Pov» P32 =10.30 GeV/e.

® Relative-momentum proposal and acceptance
air k % +k » i ai Yair air .
k= ¥, Koo = X" ke Bl < AR kri < |pil < Akpj, i=1,2|

If either condition fails, both k.., and Pgy are resampled. The current maximum number of trials is 200.

If no pair is accepted after 200 trials, the implementation sets P.,=0, and defines the overlap of the two local HMT

intervals:
kiow = max(kr 1, kr2),

; klow < |krci| < k‘higha
Khigh = min(Akr 1, Akp,2).

P1 = Krel, P2 = —kyel. P1+p2 = 0.
® Residual Center-of-Mass Correction

A
After assigning all momenta, the residual nuclear momentum is Pe=) p:

i=1

. . . . ; P .
The residual is redistributed over the non-HMT background Pj=pj—w———, j€non-HMT.

Arn on-HMT

I H P / K
If the corrected momentum exceeds its local Fermi momentum, it is rescaled: »; —»; |:,;|-
Because this rescaling can generate another small residual momentum, the correction is iterated 20 times. The
numerical target is therefore |2

ZP;‘
i=1

~ 0.




