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Partonic structures inside nucleon and nuclei:

-Fundamental to the study of QCD
-A key objective of upcoming experiments at EicC/EIC.
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South China Normal University




Part I: Background

Partonic structures inside nucleon and nuclei:
-Fundamental to the study of QCD
-A key objective of upcoming experiments at EicC/EIC.

In high-energy collisions, partonic structure finds its concrete
expression in the parton distribution functions (PDFs).

-Probability distribution of partons probed at certain energy scale.
-Indispensable non-perturbative inputs in the study of various hard

scattering processes.
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Relative to the PDFs of free nucleon, environment of
cold nuclear medium can affect the PDFs in nuclei.
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Relative to the PDFs of free nucleon, environment of

cold nuclear medium can affect the PDFs in nuclei.
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Nuclear modification ratios of collinear PDFs.
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An essential baseline for disentangling final-state
nuclear matter effects probed by hard particles.
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Part I: Background

Eur. Phys. J. C (2017) 77:163

; e : AP+ 02
Table 1 The data sets used in the EPPS16 analysis, listed in the order ~ kinematic cuts explained in the Both PD Fs a n d the I r n u clea r mod lflcatlon ratlos rely on r.A (X Qz ) _ fi (X}Q )
1 ’ _

of growing nuclear mass number. The number of data points and their EPS09 analysis are marked with
f' (} , Q )
1

contribution to x* counts only those data points that fall within the

Experiment Observable Collisions Data points the gIObaI QCD a na Iyses Of d ive rse expe rimental data L]

SLAC E139 DIS e He(4), e D 21
CERN NMC 95, re DIS p—He(d), p~D 16
CERN NMC 95 DIS 1Li(6), u~D 15
CERN NMC 95, 02 dep DIS pLi(6), D 153
SLAC E139 DIS e Be(9), e D 20
CERN NMC 96 DIS 1 Be(9), u=C 15
SLAC E139 DIS eC(12),e"D 7
CERN NMC 95 DIS pn—C(12), 1D 15
CERN NMC 95, 02 dep DIS pC(12), p~D 165
CERN NMC 95, re DIS pC(12), 1D 16
CERN NMC 95, re DIS #=C(12), p7Li) o 20
FNAL E772 DY pC(12), pD S\S 9
SLACE139 DIS A2 20
CERN NMC 96 DIS @ ~&(12) 15
SLAC E139 DIS a a(40), e~ D 7
FNAL E772 Co pCa(40), pD 9
CERN NMC 95, re \ @. p~Ca(40), p~D 15
CERN NMC 95, re ba DIS = Ca(40), wLi(6) 20
CERN \o DIS p~Ca(40), p=C(12) 15
SLAC :@ DIS e~Fe(56). e D 26
FNAL E772 DY e~Fe(56), e D 9
CERN NMC 96 DIS p~Fe(56), p=C(12) 15
FNAL E866 DY pFe(56), pBe(9) 28
CERN EMC DIS pCu(64), D 19
SLAC E139 DIS e~Ag(108), e D 7
CERN NMC 96 DIS 1=Sn(117), p~C(12) 15
CERN NMC 96, 02 dep DIS p=Sn(117), p—C(12) 144
FNAL E772 DY pW(184), pD 9
FNAL E866 DY pW(184), pBe(9) 28
CERN NA10# DY 7~W(184), 7~ D 10
FNAL E615° DY wtW(184), 7~ W(184) 11
CERN NA3® DY n~P(195), 7 H 7
SLAC E139 DIS e~ Au(197), e D 21
RHIC PHENIX 70 dAu(197), pp 20
CERN NMC 96 DIS 1~ Pb(207), p~C(12) 15
CERN CMS? W pPb(208) 10
CERN CMS? z pPb(208) 6
CERN ATLAS® Z pPb(208) 7
CERN CMS® dijet pPb(208) 7
CERN CHORUS? DIS vPb(208), TPb(208) 824
Total 1811
Peng Ru, 2025.10.27 4
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Part I: Background

Eur. Phys. J. C (2017) 77:163

Table 1 The data sets used in the EPPS16 analysis, listed in the order
of growing nuclear mass number. The number of data points and their

contribution to x* counts only those data points that fall within the

kinematic cuts explained in the
EPS09 analysis are marked with

Experiment Observable Collisions Data points
SLACE139 DIS e He(4),e D 21
CERN NMC 95, re DIS 1 He(4), p=D 16
CERN NMC 95 DIS w~Li(6), u~D 15
CERN NMC 95, 0” dep DIS uLi(6), u~D 153
SLAC E139 DIS e~ Be(9),e D 20
CERN NMC 96 DIS r Be(9). u~C 15
SLAC E139 DIS e~ C(12),e™D 7
CERN NMC 95 DIS p=C(12), p=D 15
CERN NMC 95, Q2 dep DIS 1= C(12), p=D 165
CERN NMC 95, re DIS r C(12), D 16
CERN NMC 95, re DIS 1~C(12), pLi(6) o 20
FNAL E772 DY pC(12), pD S\S 9
SLAC E139 DIS e~ Al2D),) 20
CERN NMC 96 DIS @ ~&(12) 15
SLAC E139 DIS a a(40), e~D 7
FNAL E772 CO pCa(40), pD 9
CERN NMC 95, re \ Q 1~ Ca(40), u~D 15
CERN NMC 95, re ba DIS e~ Ca(40), o~ Li(6) 20
CERN \o DIS 1~ Ca(40), p=C(12) 15
SLAC :@ DIS e Fe(56), e D 26
FNAL E772 DY e~Fe(56),e"D 9
CERN NMC 96 DIS e~ Fe(56), n~C(12) 15
FNAL E866 DY pFe(56), pBe(9) 28
CERN EMC DIS rCu(64), u™D 19
SLAC E139 DIS e~ Ag(108),e”D 7
CERN NMC 96 DIS r=Sn(117), = C(12) 15
CERN NMC 96, Q2 dep DIS 1=Sn(117), p=C(12) 144
FNAL E772 DY pW(184), pD 9
FNAL E866 DY pW(184), pBe(9) 28
CERN NA10® DY a7~ W(184), x~D 10
FNAL E615* DY atW(184), 7~ W(184) 11
CERN NA3* DY a~Pi(195), ="H 7
SLAC E139 DIS e~ Au(197),e D 21
RHIC PHENIX =0 dAu(197), pp 20
CERN NMC 96 DIS w~Pb(207), = C(12) 15
CERN CMS2 W= pPb(208) 10
CERN CMS? z pPb(208) 6
CERN ATLAS" z pPb(208) 7
CERN CMS? dijet pPb(208) 7
CERN CHORUS* DIS vPb(208), vPb(208) 824

Total

1811

Ap 2
Both PDFs and their nuclear modification ratios rely on rA (X Qz) _ £, (xQ%)
the global QCD analyses of diverse experimentaldata. ' V'’ fip (x,Q%)

Challenge in global analyses:

In the theoretical prediction for a realistic observable, the dependencies on x,
Q2, and i are intricately convoluted in calculations with collinear factorization
in perturbative QCD.

do =¥ [dx, [ds, [dz. [, oo s][fs G st s il oo P B 2o )

a.b.c

i One part: the
i calculation of the:
i “hard scatter”

Another part:
connecting the
calculation (which
involves gluons)
to protons (which
contain gluons)

Last part: the fragmentation
of final-state gluons into jets
of particles

NON-PERTURBATIVE NON-PERTURBATIVE

Peng Ru, 2025.10.27
South China Normal University
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[ Part I: Background

Challenge in global analyses:
An analogy to solving a system of equations

fallxl + aA12X2 + -+ A1nXn = 01

a»1X1 + aAr2X~ + -+ ArnXn = 02

An1X1 + ApaXy + -+ App Xy = 0,

X1, X2, , xp,}

Peng Ru, 2025.10.27 5
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[ Part l:

Background

Challenge in global analyses:
An analogy to solving a system of equations

fallxl + aA12X> + -+ A1nXn = 01

a»1X1 + aAz2 X9 + -+ ArnXn = 02

An1X1 + ApaXy + -+ App Xy = 0,

X1, X2, , xp,}

Lower degree

(

of variable mixing results in faster solving.

a;1x1 = 04

Az1X1 + Az2x; = 0,

ApnnXn = On

X1, X2, , Xy}

Peng Ru, 2025.10.27
South China Normal University




Part I: Background
i f; P (xQ%)
Challenge in global analyses: I._A (X QZ) — i )
An analogy to solving a system of equations ! ’ fip (x,Q2)
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i f; P (xQ%)
Challenge in global analyses: I._A (X QZ) — i )
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Part I: Background

Challenge in global analyses:

An analogy to solving a system of equations

a21X1 + lezxz 4+ o0 4

r4111961 + A92Xy + -+ ¢1nxn

Ao2nXn

Theoretical uncertainties

(o 220 M)

r
4

Ap 2
A 2 _ fi (X;Q )

I
R

[
=

=0, Experimental
uncertainties

Challenge from mixing contributions of variables |
1. Overfitting.

2. Parameters degeneracy.

3. Complicated uncertainty propagation.
. 4. Slow and unstable convergence.

é{ﬁl, 20 )

|
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[ Part I: Background

. fA,p 2
Challenge in global analyses: I‘-A(X QZ) _ &Y
An analogy to solving a system of equations LI P (x.02)
1.6 T
’ TR 5 ( —
4111?51 T Q2% + 0 F #mxn =01 z 2f A11x1 = 01
=10 e ‘ !
. | o ——— Y\ - .
A21X1 T 1122 X2 + et AopXpn = @2 sz‘) W= % A 2 aA21X1 + aZE:xZ‘ — ¥2
9 : = 04 F EPPS21 WM 4 :
= ol nCTEQISWZ Y
[} (} Ll ||||||| | - ||||“”-\J:[T;I.l)I|j|}|T||:|2|](.-J Ll |L-
: 10* 10° 107 10"
T
L#n].xl 4+ @,1X- 4+ ...+ QX = 0, Experlm.en.tal \ A i Xy = ﬁn
uncertainties
Theoretieal Brcertaintias -~~~ T

' Challenge from mixing contributions of variables
' 1. Overfitting.

| \
2. Parameters degeneracy. { . .H, }
{ 1 %2, -Hn} ' 3. Complicated uncertainty propagation. 12, o fin

. 4. Slow and unstable convergence.

Peng Ru, 2025.10.27 5
South China Normal University o~




Part I: Background

Insights from nuclear binding dynamics are useful.

_______________________________________________________________________________________
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Part I: Background

Insights from nuclear binding dynamics are useful.

_______________________________________________________________________________________
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Meson exchange current
Off-shell corrections
Coherent nuclear shadowing
Fermi motion

T o s e mm s mm s mm s s mm s mm s s Em s mm s e s mm s mm s s Em h mm  mm s mm s s s =

[

Peng Ru, 2025.10.27
South China Normal University




Part I: Background

Data of nuclear modifications to structure function in DIS
serve as an effective image of riA (x, QZ)

1.2
ANTISHADOWING
8,
w | SHADOWING
= |
N %? 5 Jf
L 1 r.\' F:*\ w + T
o B AR # |
DIS q 0.9 ) o m| o | éﬁ
# ® NMC CaD L= & o
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07" 61 o2 03 04 05 06 07 08 08
Bjorken x
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Part I: Background

Data of nuclear modifications to structure function in DIS

serve as an effective image of riA (x, QZ)

DIS

-
N
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08 || * EMC Cu/D EMC EFFECT
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i (x,Q%) =

Anti-Shadowing

x =~ 0.01 /\
X<

Ap 2
fi (X’Q ) Fermi
fip (X;QZ) Motion

x~04 /

Shadowing

x~0.1 EMC
effect

Measurement of such observable with low degree of variable mixing:

1. inspire parametrizations of modifications
2. improve the efficiency of global analysis.

Peng Ru, 2025.10.27
South China Normal University




[ Part I: Background }

Status for pA collisions at the LHC The vast amount of data from the Large Hadron Collider (LHC)
has revolutionized global analyses over the past decade.

a _ [l L. 1 ol P L. [ 1.3 L L
; z ALICE inclusive Jy—suw L i F S , - . T
L5 &:&1'43 o RS (203<y,, <3.53) X RS (4.46<y, <-2.96), {Sppr= 5ozre\.r 1.4F 95{[2}3?&{115 GeV - 1.2 | + CMS W™, pPb, /5 = 8.16 Tel —
5;1_2_.nm(25<y <4), {Sypy = 2.76 TeV, 0-00% [ T I
%c%l [ (Phys. Lett. B734 (2014) 314) {2 r i 1.1 b e isospin only ;
1.0 - i 1 “r ' ‘ -]
= & o [ - [ - 10 F e
rf“ 08F o |& i e | = I -
0.6 E . : i.'- =TT 09
0.5F L i i
T4 2 /e =816TeV, 40 <nem < 30| o 4f —E——E— 0.8¢ = S
4+ hE /sxn =5TeV, =35 < e < —3.0 . $ i [ T EPPS16 1
h* , V/SNN = 5TeV, —4.0 < fjem. < —3.5 0.2 0.6 - 0.7 F EPPS21 nuelear err. —
5 3 1 = 6 7 8 910 L ‘ | | | | | | P T T TP TP P | L EPPS21 full err.
s } ) ) i . 00|\||1|||\2||||3||||4||||5\|||6||\|7||||8 _2 _1 D _I 2 UG T T T
pr [GeV] p, (Gev/c) N 2 -1 0 1 2
dijet . ) .
. . lept apidity (c.m. frame
LHCb Collaboration ALICE Collaboration epton rapidity (c.m. frame)
PRL (2023) JHEP 06(2015) 055 CMS, PRL 121, 062002 (2018) CMS, PLB (2020)
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Part I: Background

Status for pA collisions at the LHC

—
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h*, \/sax = 5TeV, —4.0 < e, < —3.5
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LHCb Collaboration
PRL (2023)
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The vast amount of data from the Large Hadron Collider (LHC)
has revolutionized global analyses over the past decade.

0 e B R
r i ] 1 Lt '] ;—_\: s v
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EPPS21 full err.

-2 -1 0 1

lepton rapidity (c.m. frame)

CMS, PRL 121, 062002 (2018) CMS, PLB (2020)

However, traditional measurements exhibit a less direct mapping to PDFs.
The imaging of riA(x, Qz) achieved in DIS has not been replicated for most LHC processes.

Can we image 1;*(x, Q2) at the LHC?

[ Peng Ru, 2025.10.27
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Part 2: Construction of the image of r;*(x, Q2) in pA

|

Analyses based on traditional observables Bjorken x
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Understanding of R, 4 at partonic level

Ru, Wang, Zhang, Zhang, EPJC 75,426 (2015)

Ru, Kulagin, Petti, Zhang, PRD 94, 113013 (2016)

Understanding of R, 4 with binding dynamics

Peng Ru, 2025.10.27
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Part 2: Construction of the image of r;*(x, Q2) in pA }

Triply differential dijet cross section

do/dx, d¥; dn,

2 2
Xp Xp 8

L B L R B B B B B L L B

L B~

0.2 0.4

Ellis, Soper, PRL 74, 5182 (1995).

V(B) = {XBJXAJ y*}

nedijets

LO: X, =x, control the probe

Xp = Xpp  scan the target

A kinematic scanning of initial
state with dijet configuration

|

Peng Ru, 2025.10.27
South China Normal University

10.




[ Part 2: Construction of the image of r;*(x, Q2) in pA

_____________________________________________________________________________________________________________________________________________________________

Dijet in pA . Ry, A) = fM(x, 4) 1)

Fermi
Motion

x =~ 0.01 x~04

b
0 X< R =1
proton ——» X () | EMC .
effect
Shadowing
jet

© b mm s mm s mm s mm s mm s mm s mm s mm s mm s s Em s mm s s mm s mm s s Em § mm s mm s mm M s M= & mm s Em s M= 4 s mm s M= & M s Em § M s mm s M s M= Em s M= § s mm s M= & s Em S M= § s mm s M § M s M= § mm  mm s M s mm s Mm s M= & s mm s M s s Em f M= s mm s mm s Em s mm s mm s Em s e s s mm s mm s Em s mm s m s mm "

B e N e

. o« o Shen, Ru, Zh , PRD 105, 096025 (2022
More advantages in pPb collisions en, Ry, Zhang (2022)

Ry (v1,02,03) ~ 2eap [ (a1 ﬁfb (s, 117) WH »(V1,02:03) 1 Uncertainties from proton PDFs reduced.
Db fa (Ta, 1 Lfb Lo, b j{ b(V1,02,03) 2. Uncertainties from high-order corrections reduced.

3. Incoming from one side.
’, 4. Experimental uncertainties also reduced.

r*(x, Q%)

Peng Ru, 2025.10.27 11
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Part 2: Construction of the image of r;*(x, Q2) in pA

Extended to cases with fixed probing scales.
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Part 2: Construction of the image of r;*(x, Q2) in pA
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Can parton flavors can be further separated?

Multi-process imaging based on the scanning with (x, Qz)
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The results show the probability to separately image of I‘iA(X, Qz) for certain parton flavors at the LHC.
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Part 3: Future applications
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[ Part 4: Summary & Discussion

An imaging methodology is developed to optimize the future measurements at the LHC.

-With better disentangled contributions of (x, Q2,i) for nuclear modification r;*(x, Q%)
-Facilitate more efficient global analysis
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-With better disentangled contributions of (x, Q2,i) for nuclear modification r;*(x, Q%)
-Facilitate more efficient global analysis

Neither PDFs nor riA(x, QZ) is directly measurable!

- Compared to traditional observables, the proposed imaging observables provide
somewhat preprocessed data with theoretical guidance.
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