Partonic structure of nuclear medium
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What is nuclear partonic structure?

Nuclear partonic structure Multiple scattering in medium

Nuclear PDFs, Cronin effect, Multiparton quantum correlation,
SRC, Neutron skin... parton energy loss, ...

* NPDFs can be accessed in pA and eA collisions, key input for event
generators (PYTHIA, HIJING...)

* Nuclear structure is a critical intersection point between low-energy
and high energy nuclear physics 2



Long standing problems of nuclear partonic structure

4+ One-dimensional nuclear partonic structure
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Abstract
Using the data on deep inelastic muon scattering on iron and deuterium the ratio of the RA — / i/A (CE’ ( )
. . . ? 2
nucleon structure functions F>N(Fe)/F,N(D) is presented. The observed x-dependence of this fi /D (5’77 @ )

ratio 1s in disagreement with existing theoretical predictions.

For recent review: Ann. Rev. Nucl. Part. Sci. 2024. 74:1—41



Long standing problems of nuclear partonic structure

4+ Three-dimensional nuclear partonic structure

Cronin effect « Naive Gaussian model
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Efforts from lattice QCD

4+ Limited to light nuclei A < 3 and unphysical pion masses
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Promising future from quantum computing?

4+ Progress on hadron PDFs (QuNu)
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 PDF in NJL: PRD (letter, 2022)
 LCDAin NJL: SCPMA (2023)

o Scattering amplitude: PRD (2023)
 GPD in Schwinger: 2606.22602

* DIS in SU(2): 2606.17003

* Review in SCPMA (2025)



How to reliably probe the nuclear partonic structure?

4+ Indispensable joint efforts from experiments and QCD theory

'QCD factorization theorem|

e —

Experimental Hard part Nucleon partonic structure
measurements controlled by pQCD theory b



How to reliably probe the nuclear partonic structure?

4+ Generalized QCD factorization - twist expansion

perturbative expansion

| | N
ohe= 2208 +alcV + a2 + ] @ Ty(x) —> 5
| : _oz(S)C:gO) + oziC':gl) + @?C?EQ) -+ ) ® T3(x)
Multiple scattering QL : \ f
. 1 _ _ :
expansion I o OCSQEO) +04§C£1) Jragcf) o @T(E) — fg

1 Al J. Qiu, G. Sterman, NPB 1990
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How to reliably probe the nuclear partonic structure?

4+ Generalized QCD factorization - twist expansion
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+ “standard” treatment in HEP: consider only leading twist nuclear partonic
structure, assume the same hard scattering



Methodology for global extraction of PDFs

Fitting Framework

: 2 2
Construction of v, , from y;

=P | Minimization of )élobal
)(3 Construction

PDFs Evolution

PDF Parametrization |=» Hessian Matrix Uncertainties
nstru mplin 2 unction
CoeﬁiCient funCtiOns ponstructed sampling fhe )(globalf e PDF eigen vectors set

using Hessian Method

MC Sampling of parameter space: new parameters introduced



Recent efforts from NPC collaboration

4+ Nonperturbative Physics Collaboration, start from 2023

SJTU (51%&) +IMP ((1ixE. XF#H. B—F’) + SCNU (HiE=E)

- -

Parton distribution functiaﬁ it
describes the probability of
finding a quark or gluon

+ Parton fragmentation in vacuum at NLO and N”LO (PRL 24, 25, PRD 24, 25)
+ Parton fragmentation in e Te~ at N°LO (1718582, PRL 25)

4+ Proton spin structure (on going)

4+ Parton distribution and fragmentation in nuclear medium (2607.08669)



Recent efforts from NPC collaboration
4+ Nuclear modified parton fragmentation

h
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NPC, 2607.08699



Recent efforts from NPC collaboration

4 Nuclear modified parton fragmentation
P 9 NPC, 2607.08699
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Global analysis of nuclear TMD

4+ Transverse momentum dependent PDFs (TMDs)

Sp

f(CIZ) f(x7kJ_)

Collinear PDFs — Transverse momentum distributions (TMDs)

® Probing nucleon 3D structure requires two momentum scales

e Hard scale O, > 1/fm localizes the probes (particle nature
of quarks/gluons)

e Soft scale O, ~ 1/fm accesses the transverse motion of
quarks/gluons SIDIS: Q>>P;

14



4+ From collinear (1D) to TMD (3D)

SIDIS Measurements

Global analysis of nuclear TMD

-ET772
-Prelim. RHIC

k

Multiplicity ratio Ry = M /M,? :

-HERMES 2007

-Prelim. JLab
-Planned JLab
-Possible EIC.

T
xP/‘

N (target)

p (beam)
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Reasonable good overalldescriptionon world data from HERMES, FNAL, RHIC, LHC

Global analysis of nuclear TMD

Alrashed, Anderle, Kang, Terry, HX, PRL 2022
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Three-dimension imaging in nuclel

_ ff/ﬁ;l (x7 kJ-aQO) RX_F_ (Z Pl Q()) _ Dir(-le-/u (Za PL, QO)
Jusp (%, k1, Qo) sl o i Dy ), (z,p1, Qo)

* First time quantitative determination of nuclear TMDs
* |dentification of transverse momentum broadening in nuclei

Alrashed, Anderle, Kang, Terry, HX, PRL 2022
Alrashed, Kang, Terry, HX, Zhang, 2312.09226
Zhou, Kang, HX, 2609.xxXxxx
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How to reliably probe the nuclear partonic structure?

4+ Generalized QCD factorization - twist expansion

perturbative expansion

s = 220 +alc? 4020 + .| @ Ta(z) —>

1
Multiple scattering ,
expansion 1

Q0 1 alotV 1 20?1 | @ Ta(a)
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4+ The power suppressed high twist correction is enhanced by nuclear size

1 A L3 NLO QCD factorization at twist-4:
— — — Kang, Wang, Wang, HX, PRL 2014
Q O Kang, Qiu, Wang, HX, PRD 2016
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High twist In nuclear medium

4 Transverse momentum broadening in nucleus

Alhr) = (brr)ea — (Chr)ep = (47(2&8 2) o allos (2, 0, ODn/o(2)
- ) =

YA
N, "

Jet transport parameter: T,,(x5,0,0, u*) ~ yPC, fora(zp, 1) / dy~q(p°, y~)

SIDIS off nucleus DY in pA Heavy quarkonium in pA

19



Global analysis of jet transport parameter in CNM
Ru, Kang, Wang, HX and Zhang, PRD 2021; CPC 2026
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Global analysis of jet transport parameter in CNM
Ru, Kang, Wang, HX and Zhang, PRD 2021; CPC 2026

Optimal §(x, Q%) 7

MART — McGI1ll-AM
¢ H== HT-BW === GLV-CUIJET

4(x, Q%) = §oas(QH)x*(1 — x)P[In(Q?/Q3))"

Large-x region

........

Go = 0.0191+ 0.0061 GeV?/fm. a = —0.182 + 0.050
B=-2.85+1.87, ~=0.264+0.169.

Au+Au at RHIC
Pb-ejb at LHC
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Jet transport at CEP? Holography QCD by M. Huang and D. Hou .




High twist In nuclear medium

4 What’s the meaning of high-twist matrix element?

dy™ . - [ady1dy; . N G f e _
T,o(X1,%2,%3) = o 1Py / lln 2 oixapT (Y7 —3) @ixap™y; Alw,0)y"Fi(y7)F"(y7)w,(y7)|A)

Quark-gluon quantum correlation in nucleus

EDITORS' SUGGESTION

Determination of Quark-Gluon-Quark
Interference within the Proton

Alexey Vladimirov, Guillermo Portela, and Simone Rodini

kg A

Phys. Rev. Lett. 137, 061902 (2026) - Published 3 August,
2026

A proof-of-concept global QCD fit finds the quark-gluon-
quark interference comparable in size to polarized quark
density contributions, which suggests a more quantum
nature of the proton than assumed.

22



QCD “phase diagram” for nuclei

» Dense region: x << O(1)
Probing length A ~ 1/xp > L ~ A7

Relatively dense region: x S O(1)
Probing length A ~ 1/xp S L~ A3

-

Dilute region: x ~ O(1)
Probing length A ~ 1/xp < L ~ Al/3

-

In Q?




QCD factorization from dilute to dense region

Color Glass Condensate (CGC)
Wilson lines, nonlinear BK/JIMWLK evolution

See review: Gelis, lancu, Venugopalan, 2003

High-twist formalism

Multi-parton correlation, DGLAP-type evolution
Qiu, Stermann, 1991

Kang, Wang, Wang, Xing, 2014

-

Leading twist collinear factorization
PDF, DGLAP evolution
Collins, Soper, 1981

-

In Q?

24



CGC evidence from STAR?

4+ Dihadron correlation in pA collisions

C(Ad)

C(A9)

0.4

0.3

0.2

10 9 TAR, PRL 2022
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Physical Review Letters

Highlights Recent Accepted Collections Authors Referees Editorial Policies Press Abou

Evidence for Nonlinear Gluon Effects in QCD and Their
Mass Number Dependence at STAR

M.S. Abdallah?, B. E. Aboona>>, ). Adam®, L. Adamczyk?, J.R. Adams??, J. K. Adkins3Y, G. Agakishiev?3, L.
Aggarwal*!, M. M. Aggarwal*' et al. (STAR Collaboration)

Show more v

Phys. Rev. Lett. 129, 092501 - Published 22 August, 2022

DOLI: https://doi.org/10.1103/PhysRevLett.129.092501
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CGC evidence from STAR?

4+ Dihadron correlation in pA collisions

a0¢ OTAR, PRL 2022 Kang, Vitev, Xing, PRD 2012
"~ Sy =200 GeV, NN —» n0°x ~ STAR
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 Both CGC and high-twist expansion can describe the backward
suppression and broadening, which one is correct? e



A unified factorization from dilute to dense region

V=In— 4 Photon production in pA collisions

NS N N

Parton density increa‘

dT4
B
dkpy

leading twist  twist-4

Fu, Kang, Salazar, Wang, HX, PRL 2025
Fu, Kang, Salazar, Wang, HX, PRD 2025




From partonic structure to nucleon structure

e La Le
c\§1.4 L T S ) B AL W A A L
4 " EPPS21 : :
8 i ; : ; E :
s - antishadowing maximum :
= L R A e
1.0 - . 38
- shadowing /';‘ ---------- > Ye
0.8
QT e S > Y0
0.4 ! | | |
10 10~ 107 5 10" 1

How to link the nuclear structure in two different scales?
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Neutron skin

4 Woods-Saxon nuclear distribution

]_.O | | | | | | | | | | | | | | | | | | | | | | |
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Neutron skin from

4+ Current knowledge on neutron skin — R —
¢ AR, =R,—R,
TABLE I. Values of the neutron skins in ?°®*Pb from a variety of experimental methods.
Type of measurement Extracted neutron skin in “°°*Pb
Proton-nucleus scattering 6] 0.083 - 0.111
Proton-nucleus scattering (7] 0.20 £+ 0.04
Polarized proton-nucleus scattering (8| 0:16 = 0.05
Polarized proton-nucleus scattering 9] 0:211 *50as
Pionic probes [10] 0.11 £ 0.06
Coherent m photoproduction [11] 015 =£:0.037 502
Coherent 7 photoproduction [12] 020 *3 %
Antiprotonic atoms [13] 0.20 (£ 0.04) (£ 0.05)
Antiprotonic atoms [14] 0.16 (4 0.02) (& 0.04)
Antiprotonic atoms [15)] 0.15 +:0.02
Electric dipole polarizability [16] 0.13 - 0.19
Electric dipole polarizability [17] 0.165 (40.09)(£ 0.013) (£0.021)
Electric dipole polarizability
via polarized scattering at forward angle [18] 0.156 Faos-
Pygmy dipole resonances |22 0.18 + 0.035
(.00 GDR 120 Mo\ 23 e 010 0 00—
,l/ parity-violating electron scattering[19] 033 255 \l
dl\ parity-violating electron scattering|20] 0.283 + 0.071 1

~ — —— — — _— —_— — -

e e ——— — e — —_— e = - S -

crucial for constraining the fundamental properties of cold nuclear
matter and the equation of state of neutron star

30



Neutron skin from

4+ A new proposal in deep inelastic scattering at EIC

=

Zhang (535Z R), Wang, Wang, HX, 2506.10694

Linking physics phenomena at both low and high collision energies
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Neutron skin from

4+ Jet charge in deep inelastic scattering

0.7r l ] — ,
| | i —o— ¢A -4 ep(A) -+ en(A) |
* TMD factorization 0.6f ; :
- eA,y/s =105 GeV P i
do_ 5 05:_ anti-kp, R = 1.0 4 ,-)x;\\ h et _:
— Zz 63?7’ fz/A (IE, bT)SJ(bTa R) S - P} > 10 GeV 3 /% Q\f“- |
dQJ =~ 0.4 A 5
ab B e
= a
XHei—)ei(Q)gi(QJa pi]“R) }a § |

P\ |
T i

=3 () @ .

hejet Pr

Intrinsic correlation between final-state jet charge distribution and
Initial-state partonic distributions in nucleons
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Neutron skin from

4+ Using PDFs to tag flavor information of nucleon

2.0

CTI18 at 2 GeV
—

10° 10% 102 107 10! 02 05 09

* Correlation between struck nucleon and PDFs using isospin symmetry
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Neutron skin from

4+ Centrality-dependent nuclear modification A%l = doC/dzdQ;
T doMB /drdQ
]..2 R R O B I I E 5 2 E ki L sk & ) | I I D I B T N B I l LEEE G R
(a) All QJ e () — 60% (b) QJ 54).20 sene () — 60% (C) g = —0.25

AR, =0.15fm == 60— 80% | - = 60— 80%
— 80-100% T hit on center — 80— 100%

I I O

-
p—
] T 1T 1T 1T 11T

o
4
q
u
E
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K
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K
K
"
]
1
-l
.l
-I
.
1 %
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| |

- = 60 — 80%
m— 80 — 100%

- hit on surface

I N (NN NN (N N A A N (N N | - N (Y (S N

101 100 10~ L 100 1071 100

L L L

* Positive (negative) jet charge suppression (enhancement) in e+Pb collision

* A proxy for the spatial position of the struck nucleon within the nucleus
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R =

RC(x, QJ > Qc)

Neutron skin from

4+ Centrality-dependent nuclear modification: double ratio

R0, <-0Q) doC 1dxdQ,| o< 0. deMBdxaQ,) s Zhang, Wang, Wang, HX, 2506.10694

doC1dxdQ |y 50, doMBIdxdQ)lo,c o

T T | | | | | !
S = (0.0 fm .
- AR, = 0.15/+ 0.03 fm |
— AR =098+ 0.071 fm '—1
3 =105 GeV e 1
| | | | | | ! l ' |
04 0.6 0.8 1.0
Centrality

 Jet charge distribution in eA DIS: a novel probe for high precision
determination of neutron skin thickness

e Stay tuned for hard probes in HICs

|||||||||||||||||||

e+Pb 0-60%

. e-+Pb 60-80%
- == e+Pb 80-100%

p= 005




electron
<10"°cm

proton
(neutron)

" ~10"%cm
atom~10 "¢cm

Gold Foil 1 9 1 1
a -Particle

emitter
E, ~ SMeV

Detecting Screen

Rutherford scattering Aot

q=1GeV
Ar=0.2 fm

Probing nuclear structure at different scales in high energy scatterings
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Thanks-for your attention!



Backup

4 Nuclear PDFs

b A n/A
fisa(m, usb) = 728 214 (z, ) + TAQ £/ (, )

Thickness function: T'4(b) = [ dzpa(r)

4+ Woods-Saxon parameters

TABLE I. WS parameters and neutron skin thickness for
25°Pb, 33Ru and 79Zr used in our numerical calculations.

nucleus ¢, [fm]| ap [fm]| ¢, [fm]  a, [fm] ARy
22°Pb [7]  6.68 0.448 6.69 0.448 0 Pos
2%Pb [7] 6.68 0.448 6.69 0.5661 005 0.15+ 0.03 Prp(T) = r—cn.p

2°8Pb [10] 6.68 0.448

6.69 0.654700%c 0.284+ 0.071

1—|—exp( -

2aRu [21] 5.06 0.493 5.075 0.505 0.03
ZSZr 21] 4.915 0.521 5.015 0.574 0.16




Nuclear partonic structure - 3D imaging

4 TMD factorization for cross section

do” ° bdb . [ bP
dXdQ2 dZ d2PhJ_ = g H(Q Z / _]O ( = > fq/n( b7 Q) Dﬁ/q(z, b, Q)
4+ TMDs

f;/n(x, b; Q) — :C4<—i ® .ﬁjn] (x7 ub*) €XPp {_Spert (ﬂb* ; Q) — Sjl:TP (b, Q,A)}

1 ra-
D‘];l/q (Z, b; Q) — Ci(—q X Dll;l/z] (Za Hp., ) eXPp {_Spert (ub* ; Q) _ SgP (b7 <y QaA)}

¢ L

Our assumptions

® Perturbative information is left unchanged by the nuclear medium.
Cyi, Ci—g, and Spert are unchanged.

o Non—perturbative information is modified.
i s DA SRp, and S4 are altered.
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Nuclear partonic structure - 3D

* TM DS f;/n(xa b; Q) — :Cq<—i & f;f}n] (x7 Nb*) EXp {_Spert (Nb* ; Q) — S{:TP (b7 QaA)}

Djyg(2,5;0) = =5 |Cicq ® D] (2, Ms.) exp {—Sper (1o, @) — SRp(6,2,0,4)}

Collinear Distributions
We use the EPPS16 parameterization for f;‘}n (NLQO). EPPS,EPJC 2017

We use the LIKEn parameterization for D}, (NLO). zurita, 2021

Perturbative order in our analysis
Work at NLO+NNLL for the TMDs.

Non-perturbative parametrization
Slip (b, Q,A) = SLp (b, Q) +ay (A2 — 1) b°

2

SR (2.5, 0,4) = SR (2,5, 0) + by (472 —1) %

22
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