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J New Frontiers in QCD
— Emergence of Hadrons and Properties

Three-Dimensional Structure
of Nucleons:

(J Hadron structure — see it by breaking it
— TMDs: Correlation of parton motion
and hadron properties

Overview of
TMDs and GPDs

(d Tomography — see it without breaking it
— GPDs: Correlation of hadron property
and parton spatial distribution
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New Frontiers in QCD - Focusing on the Energy Frontier

Global Time:
Inflation
T
-
O ANN
QCD plays a key role in every stage Emergence Hadron structure, properties,
of time evolution of our universe, ... of hadrons nuclear forces, & ...

J Emergence of hadrons from quarks and gluons - where we came from:

" High-energy scattering processes to produce quarks and gluons in the form of “jets”
" How produced quarks and gluons evolved into confined hadrons — real time evolution
— quantum computers and quantum computations, ...

(d Hadron structure and emerging hadron properties — Who we are and where we are going:

" High-energy scattering processes to break the hadrons to “see” partons inside, PDFs, TMDs, QCFs, ...
" High-energy scattering without breaking the hadrons — 3D QCD tomography, GPDs, GTMDs, ...

Focus of this talk
)
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Unprecedented Success of the Standard Model (including QCD)!

Standard Model Production Cross Section Measurements  siatus: March 2017 J£dt
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FACT: Electroweak processes + QCD perturbation theory works!

data/theory
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Exploring Hadron’s 3D Partonic Structure at the Femtoscale

(] 3D hadron structure encoded in TMDs & GPDs:

Single hard scattering is too localized in space!

] Need new observables with two distinctive scales:
Q1> Q2 ~1/R~ Aqcp | —

= Hardscale: &1 to localize the probe to see the e = ot
particle nature of quarks/gluons

= “Soft” scale: )2 to be more sensitive to the emergent

regime of hadron structure ~ 1/fm &M




Exploring Hadron’s 3D Partonic Structure at the Femtoscale

(] 3D hadron structure encoded in TMDs & GPDs:

Single hard scattering is too localized in space!

3D Momentum Space 1D momentum + 2D Coordinate Space

Transverse Momentum Dependent Generalized Parton

xp "
2 2
Parton Distributions (TMDs) I d AbT/ w kT Distributions (GPDs)

Parton’s transverse motion Parton’s transverse spatial
arton’s transverse motio f(X,kT) f(X,bT)

distribution

o nl
4 Jefferson Lab
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TMDs and Multidimensional Hadron Structure

(1 Break the hadron to see partons inside:

Lab frame: !E/T| ~ |ﬁhT’
> {7 + Ph|

= Amplitude:

SIDIS (@) ==

Breit frame:

Q* > Py,
= Cross Section: o) -
dk* | J(k L Hk ! - TMD
/ [ (k,p) 1 H( ,Q)m ’ EE
— 0o Perturbatively! i
" Pinch: - Hard
p+ k
* Separation of scales k X
* Suppression quantum | TMD
. h(p) h(p) PDF
interference )

TMD Handbook
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A modern introduction to the physics of

Q™D
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TMD Factorization for SIDIS

( TMD factorization for SIDIS is sold ( P, < Q?): /TMD fragmentation
Py

Py,

|

|
C
o g
|
|
|

TMD Factorization

|
|
|
= t —
e il e
|

.. . . TMD parton distribution
(1 Factorization formalism in momentum space: P
[P hl ] Soft factor can be

A

os1s(@, Pri,zB,2n) = H(Q) @ ®f(x, k1) ® Dy n(2,p1) @ S(ks1) + O absorbed into TMDs

Q

F.T. of TMDs: / d*ki7d%kor fip (2, kars 1y, Q%) Dy i (2, 2kor; 1, Q28 (Pry + ki — ko)

d2b —q . rs B
N / e PP £ (2 by, Q) Dy (2, by, Q7)

= | Gy
. . ~ d o —ixr — — _ -
Unpolarized: fi/p(ijT;u,QQ):/f—ﬂe o™ (P, (0, 4=, br)yt (0 y ™, by, 0)1;(0)|h(P))
.g_e,f,f./egon Lab



Physics of TMDs

J The quark TMD correlator:
d¢— d? ; = ik 7
o (@ kri P,5) = [ It e (P 81(0) Uy €)1 P.5) g

Up,s] denotes a process-dependent gauge connection, color flow of the probe, ...

= A properly defined TMD is a renormalized, gauge-invariant QCD correlation function — involving Wilson lines and a
subtraction of overlapping soft radiation, before it can enter a factorization formalism.

Its precise operator definition matters — determining the role of initial- and final-state color interactions, the
dependence on rapidity scales, and the conditions under which the distribution can be used in different reactions

(d Physics of TMDs is much broader than improved descriptions of PDFs with a KT spectra:

® Polarized TMDs could reveal quantum correlations that disappear when transverse momentum is integrated out

= TMDs are probes of QCD dynamics that connect the active parton to the rest of the hadron — form of the gauge
link, overlap of soft radiations, ...

O Relation between TMDs and PDFs: Naive integral of the renormalized TMD over all kT
equals a collinear PDF is NOT valid without additional
Commonly quoted: /dsz fi(z, kr) = f1(x) ultraviolet treatment — formal statement of a fact:
“Single active parton links to cross section”
Better, more controlled relation — small bT expansion

el
Jefferson Lab



Power of the Spin — Many more TMDs:

 Correlations between hadron spin and parton spin:

Quark Polarization

Longitudinally Polarized
(L)

Transversely Polarized
(M)

-® - ®

Boer-Mulders

9u=©" _ @" h

Helicity

-O-- @-

S

-

Transversity

hi'l’ = —

@ Quark Spin

Analogous tables for:

© Gluons

Nucleon
Polarization

© Fragmentation functions

© Nuclear targets

.g_e,t/fg-gon Lab



TMDs Introduce Sensitivity to Transverse Motion and Spin Correlations

d Quantum correlation between hadron spin and parton motion:

2 i Observed particl
= - Served particie Sivers effect — Sivers function
‘_ ? _ Hadron spin influences
\ parton’s transverse motion

Polarized hadron

J Quantum correlation between hadron spin and parton spin:

Proton Spin

Observed particle Pretzelosity — model OAM

S kT.Q

D Hadron spin and parton spi

-6 < _— T fuence
Polarized hadron parton’s transverse motion f

O Quantum correlation between parton’s spin and its hadronization: Fig. 2.7 NAS Report

Boer—Mulders function hi-

= Observed particle Collins effect — Collins function
P Parton’s t larizati can generate characteristic
é _ 6 —_— a}r on’s ran-sverse po .arlz.a ion azimuthal modulations in
= \x‘ktn influences its hadronization .
Transversity unpolarized Drell-Yan, ...
g  Polarized hadron Cannot be accessed by PDFs! Jefferson Lab




TMDs Introduce Sensitivity of Color Flow of the Active Parton

[ Definition pf quark TMD:

. — ]l _(]2( PR , — — ",+ =
ot (@, kL, S) = / : '/(‘)_):'Bli eiTPTY —tkLyLi(y S|(0~,0, ) Gauge link ‘T(,'(,z/_.yL)]p. S)

dd

[ Choice of the Gauge link — to be consistent with TMD factorization: immediate result of

7 T > | PT symmetry of QCD
j_gu_%“""_l\ E_J_I Collins, PLB 2002
L

Kang, Qiu, PRL 2009

YL TMD-factorization is
{ - f - } violated for hadronic
= —_ > > production of high
e O 4 02 - PT particles!

U Modified universality of TMDs: Collins Qiu, PRD 2007

—

fami® (@1, 8) # fypa(z, kL, S)

Note: Collinear PDFs are process independent — key for the predictive power of QCD factorization

10 .g_e,i’,Qon Lab




Modified Universality for TMDs

1 Parity — Time reversal invariance:

-SIDIS / ) DY
fql,.f/ﬂ \Z, kKi.5S ) =1

J Modified universality — Sivers function:

.A f\IDI\. ]J_)——.A

g/hi

] RHIC measurements:

& 1
STAR p-p 500 GeV (L =25 pb™)
05 <P} <10 GeVic
0.6

0.4}

f ,ID\;, (z, k1)

<
f STAR p-p 500 GeV (L =25 pb™)

0.8 £0.5 <P} <10GeVic

0.2}
of
0.2 : )
04 FW Ty 04k W > Tv
0.6 KQ (assuming ‘‘sign change™) 0.6 KQ (no “sign change™’)
““I' T Globaly2/d.of.=7.4 /6 ~ " Global x2/d.o.f. =19.6 /6
-0.8 3.4% beam pol. uncertainty not shown 0.8 3.4% beam pol. uncertainty not shown
_1 | 1 1 1 1 | 1 1 1 1 | _1 | 1 1 1 1 | 1 1 1 1 |
-0.5 0 0.5 -0.5 0 0.5
y" yY
11 STAR Collab. PRL116, 132301 (2016)




Modified Universality for TMDs

1 Parity — Time reversal invariance:

-SIDIS
fq.,f'h (e, ko

J Modified universality — Sivers function:

A f\IDI\ z, A,J- )

g/hi

] RHIC measurements:

& 1
STAR p-p 500 GeV (L =25 pb™)
05 <P} <10 GeVic
0.6

0.4f
0.2:
of
-0.2
04 W STy

0.6 KQ (assuming ‘‘sign change™)
““I' T Globaly2/d.of.=7.4 /6

=0.8[-3 4% beam pol. uncertainty not shown

_1 | 1 1 1 1 | 1 1 1 1 |
-0.5 0 0.5

yw

12

DY
fq 'h1 - I'J-)

<
f STAR p-p 500 GeV (L =25 pb™)
0.8 £0.5 <P} <10GeVic

0.6 KQ (no “sign change™)
~ T Global y2/d.o.f. =19.6 /6

0.8 3.4% beam pol. uncertainty not shown

_1 | 1 1 1 1 | 1 1 1 1 |
-0.5 0 0.5

yW
STAR Collab. PRL116, 132301 (2016)

Gluon shower
— QCD evolution

Confined motion

J Experimental test is still inconclusive

Emergence of a hadron
hadronization

e+ P —ve+h+X

Measured k; of TMDs
=\= the confined motion inside the hadron!

Collision induced shower dilutes
the correlations between the
hadron spin and parton motion

el
Jefferson Lab




SIDIS Might be the Best for Probing TMDs

(1 SIDIS with the “one-photon approximation”:

® 18 Structure functions
" A, = at least one of 6 F,; structure functions needs to be finite!

= 1 L F F 2¢(1 FCOS on
dedy dip dzdgndP?|  zyQ? 2(1 —e¢) ( t 2:1:) vur +eFyur +/2€(1 +¢€) cos dp Fryyy \
Te COS(2¢h) F [(j:'OUS' e + Ae v/ 2¢ (1 - 6) sin ¢p, F' zllr} n //’/j/i‘%;//f’l'l SL\;;\\

+5 !\/2 e(1 +¢) sin gy, Fyn® + esin(2¢y) Fop 2% NN
Y \\\\\
L
+SjAe | V1 —e2 Frp +4/2¢(1 —€) cos ¢y, Fzzs% Trento e
Convention N, // |
sin(¢p — ¢s) (F(S};%h_‘ﬁs ) ye Fg;ffh_%)) 7
e Sin(¢h s ¢S) F[j'ljrzl“(¢h+¢5) +e Sin(3¢h . ¢S) F[SJi;-.(3¢h_¢S) 1— Y — %723/2
_ o &€= 1 1
+ v/2¢(1 +¢) singg Fﬁ;d’s + v/2¢(1 +¢) sin(2¢p, — ¢s) F[SJI;@% ¢S)] 1-y+39y°+ 37%?
+ 181X |V 1— €2 cos(¢p, — ¢S)F£(;§(¢h_¢5) ++/2¢(1 —€) cos pg Fz(;f¢s
+1/2¢(1 —€) cos(2¢y, — ¢5)F£°TS(2¢h_¢S)] }
Jef?egon Lab
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SIDIS Might be the Best for Probing TMDs

1 Single transverse-spin asymmetry: o~

0 l P A

A / : / — < T, N ~__

UT (gph @S) p NT 4 N¢ \\ - o

ollins _: ivers _: o N
= Ag; " sin(g, + @) + A" sin(g, — ) Ty
Pretzelosi . " g
+AUT o Sln(3¢h B ¢S ) Trento ’ 2 ///
Convention g . // *
d Angular modulations — Separation of TMDs: \"Q/

Ag™ o <sin(¢h + ¢S)>UT ochy @ H;' === | Collins fragmentation functions,

Sors . N extracted from e*e- collisions
Ay o« <Sln(¢h _¢S)>UT < fir @D,

Pretzelosity . 1 1 J
Ay x <Sln(3¢h - ¢S)>UT oc by ® H,

But, collision-induced QED radiation can change both the direction and magnitude of the

exchanged virtual photon — the “probe”, and the angular modulation!

14 Jefggon Lab
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Hard Collision Induces both QCD and QED Radiations

Historically, 1-photon approximation
+ radiative corrections (radiation from leptons)

Q b e (k)
P; /

— .

€ N\ s A p '
= "\P’\r L a— 1-photon

U ......... v"\q,, J\N\J .............. . .

approximation

€

: rapidi
» y: rapidity > X (p,)
L] [ ] L] P(pu)
“We know how to calculate QED radiation perturbatively!”
" W /5 = 140 GeV .
<
o e 10° ol xz;=0.01
107 10 10?
ol x,=0.001
10 107 . 10 :
Qz = TBY S .
. " Xiaoxuan Chu 1¢ 10 8’; 5 VZWS 1 “10 .
e @2 EIC YR workshop trueQr [GeV'] e 0.01 <y <095
. N 1- ~ 1 et e =
‘ zp — Zp € [rp,1] 2 =qr oY) max = @ 107 10! 107 10°
(1-25y) (1-y+azsy) Qz (GeVz)

15



Must Introduce Unknown Parameter(s) in Traditional RC Approach

1 Radiative correction — Born kinematics: f . //k
9 i ; Virtual
OMeasured = RC ® onNo QED Radiation P a7, . + P 4 Y + diagrams

Necessary requirement: RC — Radiative correction factor
does not depend on the hadronic physics that we want to extract!

16 Jefferson Lab



Must Introduce Unknown Parameter(s) in Traditional RC Approach

 Radiative correction — Born kinematics: f . //k
4 i ; Virtual
OMeasured = RC ® onNo QED Radiation P a7, . + P 4 Y + diagrams

Necessary requirement: RC — Radiative correction factor
does not depend on the hadronic physics that we want to extract!

J Leading Order Radiative Correction:

Contribution to the cross section — cut diagram notation:

The virtuality of the exchange photon q° depends on the phase-space
of unobserved photon of momentum k

1
LW g ¢
i o (£ ,q)q

1

— 7€

/ do’gzc—)eX 4 uv
E—d3£/ X dq %4 (P7Q)

— o0

q 2

The ¢° is perturbatively pinched to g2 = 0 if the phase space allows!

2
=) |mpose “cutoff/limit” on the radiated and un-observed photon(s) to keep the ¢~ “virtual”

Need parameter(s) — tuning parameter(s) in MC for RC — Predictive power? |
17 Jeff./e-gon Lab
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Impact on SIDIS — TMD extraction

d Case study — single transverse spin asymmetry:
do B
dz dy dip dz dgy, dP?,

2 2
)<1—|—2 ){FUUT+€FUUL+\/2€ + €) cos ¢p, Fc‘ﬁd’h

o Y
ry@Q? 2(1—¢

COS%’"-I-)\ ms1n¢ FSif}d)h

+ ecos(2¢p) F

+ S|| \/26(1 + 8) Sin¢h F[S]izd)h + €Sin(2¢h) Flsjizwh

V1—e2Frp++/2¢e(1—¢) cos¢th(}Js¢h

+ S||)\e

S| UTT

sin(n — ¢s) (F,

Pn—¢ in(¢p—¢
s1n( h— S)_I_ F31;th S))

+ & sin(¢n + ¢s) Fy Sm (@ntés) | ¢ sin(3¢p, — ¢g) F[s}i;(3¢h_¢5)

+ v2¢(1 +¢) singg F(S]i;d’s +v/2¢e(1 +¢€) sin(2¢p, — ¢s) F, Sm (20n= ¢S)]

+1851[Ae [\/1 — €2 cos(¢n — ¢s) F, COS(¢h ¢s) 4 2e(1—¢) cos dg cm%ws

}

+1/2¢(1 —¢) cos(2¢p, — dg) cm;g(%h—cbs)

18

=
'y

o
w

J Isin(gn — b5)do

e
o

f f Sin(d’h + ¢s)da
o o o o o 9
2 8 &8 B & &

o
=3
S

0.006

0.004

0.002

J Sln(3¢h — ¢s)da

j=1
(=1
j=3
(=3

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

0.0150

00125  °

0.0100f ;
0.0075

0.0050f

0.0025

0.0000

------ LO Sivers

------ LO Collins

—== RES Sivers

=== RES Collins

—— RES Sivers + Collins

Q? = 100 GeV?

0.2 0.3 0.4 0.5

................................ L -~

0.0015 [}

V/s =140 GeV
rp = 0401, Zp = 0.5
[Sr|=1

0.1 0.2 0.3 0.4 0.5

0.2 0.3 0.4 0.5

——— T NTTLT

0.00030

0.00025

0.00020

0.00015

0.00010

0.00005

10.00000

-

P rietrt 11

CE ki aE L Y ——

0.1 0.2 0.3 0.4 0.5

0.2 0.3 0.4 0.5

qr/Q
4
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Joint QCD and QED Factorization for Lepton-Haron DIS

Cammarota, Qiu, Watanabe, Zhang

(d NLO QED contribution to the leading subprocess: e(k) + q(p) —e(k)+ X PRD 112 (2025) 056007

Olemn 1
r (1—9)23

X {e? 201 +0%) (3 In [M] — 5) 5(1 — w)

99 42

HEO), (3,8,0) = €2 (4a2,,)

1
+ eq (&15(1 — ’lf)) + G2W -|— a4)
_ +

2 (b16(1 — @) + by + by lln(l - “’)]
_+_

[1— @]y 1 —
ai, az,as, aq
+ b4) (53) by, by, bs, by are analytic functions
Y Y Y A ~
X 1 ln(l—u'}) €1,C2,C3,C4 of U and w.
+c16(1 =)+ co——5— +C3 - T Cq h—1_rBY
[1 -]+ l—w + IR-safe v= z
|

€q - Dependence helps to isolate contributions from different No free parameter! . 1—y

diagrams and cancelation of perturbative divergences w= £(¢—(z5/x)y)

4 3 2
€, - Same as NLO QCD €, - Two-photon exchange e, - RC from electron
19 1 1 g © 1 .g_e,tf./e-gon Lab



Hybrid Factorization for Lepton-Hadron SIDIS
Liu, Melnitchouk, Qiu, Sato

2008.02895, 2108.13371

1 Inclusive production of a lepton and a hadron:
e(f) + N(P) —» e(f)+ h(Pp) + X
Momentum imbalance between the lepton and the hadron could be sensitive to

both parton TMDs and lepton TMDs
Typlcal parton transverse momentum: k%-v ~ A(QQCD + <k%‘>generated by QCD shower

Q =10 GeV

(J Estimate of lepton transverse momentum generated by QED
1
¢5, (5 =095

1

Wrr Wrr
(arbitrary units) | (arbitrary units)

shower:

Resummation
to lepton TMD

010 10! 10° 055 {0 10-°
br (GeV_l) qr (GeV)
QED broadening for lepton is so much smaller than typical parton kT!
4
Jefferson Lab
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Hybrid Factorization for Lepton-Hadron SIDIS

Liu, Melnitchouk, Qiu, Sato

(] QED factorization of collision induced radiation — collinear: 2008.02895, 210%.13371

d%og(x,) P(S)—0/ P X ! d% / me

BB ¢ h / / dEf BB k() P(S)—sk! Py X A

¢ Lpy, 43¢’ d3Ph zz)\: - C2 3/.7 - § fz()\k)/e()\e) (5) k' Ey d3k’ d3 Py, o ( Qn )

J k=LK'=t /¢

= Leading power IR sensitive contribution is universal, as m./Q — 0, factorized into LDFs and LFFs

" IR safe contributions are calculated order-by-order in powers of a

" Neglect m./(Q) power suppressed contributions

|

Collinear QED factorization for both inclusive DIS and SIDIS, or e*e;, ... [global fits of LDFs, LFFs]

d “One photon”-approximation:

dﬁae(ke)P(S)—w'PhX 1 g
dzpdy di dz, dgnd Py g\: / Gt Emin & /e (&) ey (€)
A2
LUB y h
X A w F x Y )z 7P
z5€( [:%B 7 Q2 2(1—¢) ( ) Z n B Q h hT)
‘ J
|
Apply a (£, ¢)-dependent Lorentz transformation: Evaluated in a “virtual photon-hadron” frame
{4, P, P} {q, P, P} .

21 (£,0) In a frame to compare with exp. measurements Jefferson Lab



Extract TMDs from Experimental Data (an inverse problem)

1 Need multiple and complementary observables depending on the same TMDs: See Nobuo’s talk
Semi-Inclusive DIS Drell-Yan Dihadron in e+e- Plus new two-scale
o ~ fq/p(@ kT )Dpjg(z kT) 0~ forp(2,kT)f/P(2 kT) 0 ~ Dhyso(2, k1) Dy so(, k) observables:
o
D
y ==
& @ a
% | Relevant for EIC c
eievant jor
Y| "
Fragmentation — b :I'MDs within Jets
h D /q(@, kr) —  TMDs with Groomed Jets
22 .g_e,f,ggon Lab



Extract TMDs from Experimental Data (an inverse problem)

(J Need multiple and complementary observables depending on the same TMDs: See Nobuo’s talk
Semi-Inclusive DIS Drell-Yan Dihadron in e+e- Plus new two-scale
o~ fq/P($~kT)Dh/q($~kT) o ~ fop(x:kr)fq/p(®,kr) 0 ~ Dhyyq(@, k1) Dy q(2, k) observables:

m :

pIOE

a

I -
iﬁv:?‘_@ °—> ig@ O_’ i/ﬁg'_" Relevant for EIC c

l Fragmentation b TMDs within Jets
> p = — .
“h Dl Rt qr < Q TMDs with Groomed Jets
[ First Simultaneous Analysis of TMDs and Collinear PDFs: W IAM25porivn |l
I baseline TMD + LHC
0.6 .
fiym (@, b 1, C Z/ u—g( , brs i, C) fisu (& 1) + O(bTAGep), — OPE relation | boscline TMD //
C o04r
Making PDFs essential inputs 5 § 02’_ :ZZ?(EV?;% GeV)
to many TMD analyses, ... g Lo Il
Q o
Q o/t . L
Improves knowledge of both E ! Q-10Gy T pricevy
collinear and TMD & PDFs % 0.5 B I AM25ppp s taim é .
. - baseline PDF Q? = 10 GeV? & &
for the poor.ly c.onsfcralned 01 02 03 04 05 102 10T e
sea-quark distributions T T

23 JAM, PRL 2026



Explore Multidimensional Structure without Breaking the Hadron

Inclusive scattering Exclusive diffraction

Electroproduction of
a Real Photon

Q2 — _(g . 61)2

Lab frame: \Z/T\ ~ ’ﬁth !

Scattering N2
Amplitude i >—(p—p) =1
Breit frame: ! @ Min: 2 — 3
2 2
Q"> Py, ! Diffraction
h(p) | i
TMD |
Cross , [ FF
Section k )
e | D b i
Range of x fixed | . H - Hard !
by hard scale & /k = xp+ kp - !
kinematics! 7
k k  TMD |
h(p) h(p) PDF !
=2 - | fx is always th |
>4 Range of x is always the same! JefferZon Lab




Generalized Parton Distributions (GPDs)

D. Miiller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Horejsi,

1 Definition: - Fortsch. Phys. 42 (1994) 101
Fi(a,60) = [ e wlate /2 (-2 /2l
1 n _ L ioTYA,
— o [H1@6080) v ) - B 608 ) g ()
- dz= -
Fi(a,6,t) = [ e Wllale 27 el /)l
1 , ~ ., AT
= o [H w030 v asute) - Bo(o. .00 61) )|
Similar definition
for gluon GPDs
25 J)gf,f./e-gon Lab



Generalized Parton Distributions (GPDs)

D. Muller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Horejsi,

 Definition: N Fortsch. Phys. 42 (1994) 101
Fi(a,60) = [ e wlate /2 (-2 /2l
.
— o [H1@6080) v ) - B 608 ) g ()
Fi(e,,0) = [ e ™ (flale™ /27 ma(—2 /D)l
- +
— o | 6080 v asuls) - B8 ) e —utr)|.

(d Combine PDFs (p’=p) and Form Factors (z=0) :

Forward imit{ =t =0:  H9(z,0,0) = q(z), HI(x,0,0) = Aq(z)

\ —&—x x+E /4 //E-x x+E /

Similar definition
for gluon GPDs

Y
=

26 DGLAP DGLAP .ggf,/f;gon Lab



Generalized Parton Distributions (GPDs)

D. Miiller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Horejsi,

1 Definition: o Fortsch. Phys. 42 (1994) 101
Fi(a,60) = [ e wlate /2 (-2 /2l
1 TRRVANS
= op+ [Hq(w &) (p) v ulp) — Bz, &,t)a(p) w2m U(p)],
Fi(e,6,0) = [ T (flale™ /207 asa(—2 /D)o
- AT
= o[B80 867 0 - Br(e, 6.0 56) ()|

(J GPDs depend on the Choice of “+” for given p and p’ :

_ . /
* Need to choose a light-cone vector: nt = (n+, n -, HL) — (07 1, Ol) A=p-p

2 + _L)

t = A?

with n“ =0, n-v = vT for any 4-vector v¥ = (’U ,U ,V

* For a single vector, p, there is a unique light-cone vector "'n” to pick up the largest component of p, as p*.

III

 When p# p’, we have infinite choices for the light-cone vector "'n

|A%] = \/|(P -p)? < P’ ~ p,o, GPDs with different choice of “'n” differ by powers of |A2|/§

ith the hard scale § , e.g., § ~ Q2 for DVCS. |
27 Wit e nare seale -, €8 @ Jefferdéon Lab
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Generalized Parton Distributions (GPDs)

D. Miiller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Horejsi,

1 Definition: - Fortsch. Phys. 42 (1994) 101
Fi(a,60) = [ e wlate /2 (-2 /2l
1 oA,
= op+ [Hq(w &) (p) vy ulp) — Bz, &, t)a(p’) w2m U(p)],
- dz= . ot~
Fi(a,6,t) = [ e Wllale 27 el /)l
~ A+
— o | 6080 v asuls) - B8 ) e —utr)|.

] Variables of GPDs—x, &, t:

—m— m! . 2
.« t=A%= (p—p ) is uniquely fixed by the momentum of scattered hadron p’. A=p-—p t=A

« £=(p— p’) -n/(p+ p’) "1 is uniquely fixed once we make a choice of the light-cone vector "'n”
e z=(k+ k,) ' n/(p T p’) * T carries partonic information and need to be probed by the hard probe!

Questions:

I”

* For extracting universal GPDs via QCD global analysis, is there an “ideal” choice of the light-cone vector “n” ?
*  What kind of hard probes have better access to the x-dependence of GPDs ? —
28 Jefferson Lab
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How to Find Physical Processes to be Sensitive to GPDs?

(1 Need an exclusive process — Not to break the hadron:

Single diffractive:

A “soft” scale:

29

h(p) — h'(p") + A*(p

t=(p—p)" =A%

=p—p)

Momentum, spin, composition of particles (or partons)

p—7)
AQPX/V

-

Z@_’- h'(p")

h(p) @

Single diffractive
at ~ (p—p)* =t

Jefferson Lab




How to Find Physical Processes to be Sensitive to GPDs?

(1 Need an exclusive process — Not to break the hadron:

Single diffractive: h(p) — h'(p’) + A" (p1 =p— p') +<—— Momentum, spin, composition of particles (or partons)

A “soft” scale: t=(p—p)=A?

2-to-2 elastic scattering Cla)
1 Need a hard collision — to see the parton(s): at ~ (p2 — q1)° ~ q7 n
Hard exclusive: A*(p1) + B(p2) = C(ps3) + D(pa) ) Colliding beam:
(2 — 2 minimum) A=l - —
. 5 a2 - A B =y,
A “hard” scale: S = (pl + p2) > AQCD Z @ [ - h/(p/)
. . Ax h(p)
t=(p1— Q1)2 ~ (p1 — Q2)2 = Uu ‘ @ D(q2)
Single diffractive
at ~ (p—p')* =t
30 .g_e,f,ngn Lab



How to Find Physical Processes to be Sensitive to GPDs?

(1 Need an exclusive process — Not to break the hadron:

Single diffractive: h(p) — h'(p’) + A" (p1 =p— p') +<—— Momentum, spin, composition of particles (or partons)

A “soft” scale: t=(p—p)=A?
2-to-2 elastic scattering

(] Need a hard collision — to see the parton(s): at ~ (p2 — q1)* ~ ¢% Clar)
Hard exclusive: A*(p1) + B(p2) = C(ps3) + D(pa) ) Colliding beam:
(2 — 2 minimum) A (Pl/' | —
N - 1Y B(p2):ea’7a7r
A “hard” scale: §=(p1+p2)?> AQCD Z 6 — D B (p')
. h(p)
t=(p1—q)?~ (1 —q)? =1 @ D)
Probe!
1 Single diffractive hard exclusive process (SDHEP): . . .
Single d|ffra</:t|2ve Hadron Properties
SDHEP Process:  h(p) + B(p2) = K (p") + C(q1) + D(q2) at ~(p—p)° =t
A* defines GPDs
(Need a minimum 2 — 3 SDHEPs) & what we are
Factorization: Q*~E~—t~—lU~gh > —t probing!
A necessary condition! e 2

31 Jefferson Lab



How to Choose the Light-cone Vector “n” to Define GPDs?

] Choose the z-axis of the hard collisions — a choice of frame:
Recall - Inclusive DIS:  h(p) +1(£) = U'(¢') + X
Let P and ¢ define the z-axis of the collision & P along the +z direction and £ long the —z direction,
P =(E,01,p.) = (p,p",07) with
pt = (E+p.)/vV2 and p~ = (E —p.)/V2=m?/2p*
mm) Light-conevector: n* = (n*,nt,n") = (0,01,1)

along the direction of [(£)

32 Jefferson Lab



How to Choose the Light-cone Vector “n” to Define GPDs?

[ Choose the z-axis of the hard collisions — a choice of frame:
Recall - Inclusive DIS:  h(p) +1(£) = U'(¢') + X

Let P and ¢ define the z-axis of the collision & P along the +z direction and £ long the —z direction,

p* = (E,0.,p,) — (pT,p",p7) with

C(q1)
pt=(E+p.)/v2 and p~ = (E —p,)/V2=m?/2p"
) _ , Colliding beam:
mm) Light-conevector: n* = (n*,nt,n") = (0,01,1) A*(Plﬂ - C—
along the direction of [(£) to pick up large component of P - | B(p2) = e,7, T
(1 Choose the z-axis of the hard exclusive collision — SDHEP frame: D(g2)
2

Let momentum of A*, P1 =P — P and the momentum of colliding beam, D2

define the z-axis of the hard exclusive collision with P1 along with +z direction

=) [Light-conevector: n* = (nT,nt,n")=(0,0"1,1)
A* defines GPDs
& what we are

along the direction of B(pQ) to pick up large component of P1 =P — p'

33 fers
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All Known Processes for Extracting GPDs — Fit the Kinematics of SDHEPs

) Qiu & Yu, JHEP 08 (2022) 103

J Electro-production (JLab, EIC, ... PRD 107 (2023) 014007

oves  <@)/% DVMp <@ ‘JT DDVCS 607| 2 PRL 131 (2023) 161902
P(p) -/ e(ps) P(p) -/ e(p») add P@) > '« (p2) DHQP...
- y ‘\p(')‘ virtuality \P@,)>
P(p) p
() /((]2) (@)
] All of them are
d Photo-production (JLab, EIC, ...) 2 _y 3 exclusive
TCS Sy Ya) 5y o m(a)/4 Wy‘% Processes !
(py)
hp) | Je) P «,\A‘,c—,z,(ff) Mo 'BV\LW—
e P f
"(q2) 7(g2) 7(g2) ~
. * Unified definition
d Meso-production (AMBER, J-PARC, ...) for all GPDs
@)/ Na) 5 o - Unified frame forall [ | < Ready for Global
‘ ‘ these observables analysis of GPDs
Me) 7 ") Mo :\W(mi Same “n” along p * Easy to implement
/ \h’(p’)’ ;q\fd R (p) 2 _ experimentally
"(42) (92) — D
34 Jefferson Lab



SDHEP Frame vs. Breit Frame — Use DVCS as an Example

0 Breit Frome =) - Beam Frame:  (p) + e(p2) = h(p') + e(q1) + 7(g2)
q=pP2 —q1
e(p2) — e(q1) + 7" (q) Q?=—q = —(py— @)

DVCS l ) o Q2
. Physics at bot
h(p) +77(q) = h(P') +7(g2) ~— _ 1 _ (0 — 1)’

h(p) = h(p") +7*(A)

A=p—7p
BH p—Dp
e(p2) + 7 (A) — e(q1) +v(q2)
35 J)_e,f,fe-r:son Lab



SDHEP Frame vs. Breit Frame — Use DVCS as an Example

0 Breit Frome =) - Beam Frame:  h(p) + e(p2) — h(p') + e(q1) + (g2)

e(p2) — e(q1) +7"(q)
DVCS l
h(p) +~*(q) = h(p) +v(q2) ~—
h(p) = h(p") +~v"(A)

q=DpP2 —q1

Q2 = —q2 = —(p2 — 611)2
Physics at both Q2
and t = (p — p')?

A=p—17p
BH p—D
e(p2) +7"(A) — e(q1) +v(g2)
h(p) — h(p’) + A*(A) Physics at t
SDHEP l Include both DVCS & BH subprocesses
Hadron plays e(p2) + A™(A) — e(q1) +v(g2) Physics at Q2

the role of

®* Easy to implement
the lepton in Y P

* A* defines the GPDs

Breit frame * Angular modulation to separate GPDs
¢»—dependence v*(q) = A*(A) * Same for all GPD finding processes!
& quantum # of A* ——
36 Jefferson Lab



SDHEP Frame vs. Breit Frame — Use DVCS as an Example

] Breit Frome = ’Y*- Beam Frame:

Angular distribution between lepton plane ( ¢ — ¢’) and hadron plane ( p — p’)
DOES not have a simple relation to GPDs to help their extraction, due to mixing of BH!

"2
DVCS: in Y Bethe-Heitler
termsof | + subprocess in
factorized terms of EM
Breit frame is a natural GPDs form factors
extension from the
treatment of DIS, SIDIS — m 2 EM form factors -
BH is not a
“t”-channel
""""" process:

Hadronic plane covers Propagators of k; & k, have ¢-dependence!

Both hard and soft physics |
37 Jef@on Lab
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Simple Numerical Examples for Angular Distribution/Modulation

do 1 dourpol

dtd dpsdcosOdp  (2m)2 dt dE dcosf

. [1 T AANALE 4 s AL cos b
—|— A )\NANLP) cos ¢ + ( A ANEE 1 )\NANLP) sin ¢

+ s (A?I(}Pl cos ¢g sin ¢ + A?I(}g sin ¢g cos qb)

Generate 10° events and reconstruct

unpolarized + Aest (AT cos pg cos d + ATy sin ¢g sin ¢)

1.3—(a) Reconstructed aZ|muth —:

=

©

© [ Ee=12GeV. (st, An, Re) = (0,0, 0
T2 or o) = ):—>SDHEPf|tto 1.00 +0.190cos ¢ WP (Afp) = 0.190
l;, [ O S ," < :

Al

B —> Breit fitto 1.00 4 0.15cos¢ — 0.12cos2¢ — 0.01 cos 3¢ + 0.01 cos 4¢

* No straightforward interpretation of the coefficients.

0-8;—¢ = bower 5. 7 G 21 GeV — * Need to introduce more gears in GPD extraction.
b=y 111202 GeV?]

0'7;_‘ T [A.V. Belitsky et al., 2002]
0 0.5 1 5 in? [B. Kriesten et al., 2020, 2022]
(normalized) [Y. Guo et al., 2021, 2022] 7

38 Jefferson Lab
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Nature of the Exchange State A* = An Expansion in Powers ofv/ —t/qr

v —t
Leading Power in ——

Q

<
B(p2)

D(g2)

v —t
+ Next Leading Power in 7
+ ... If A* cannot be factorized in terms of partons, one might
> 3 parton connection: interpretate them as quasi-states, like pomeron, odderon, ...,
further Power suppressed from the diffractive scattering
ol
39 Jefferson Lab



Nature of the Exchange State A* - An Expansion in Powers of \/—t/qr

C(q) C(q1)
Bethe-Heitler
Z (=0 < 2 = A{*@Q = Leading Power in E
2 K0 B = X3 Br) ° Q
h(p) h'(p') D(qz) h(p) T D(q2)
EM form factor
C(q)
—1
N + Next Leading Power in %
Quark GPD Gluon GPD
Ensured by GPDs are defined by the
> 3 parton connection: V—t/gr <1| Energy > virtuality ‘ quantum states of A*

further Power suppressed

‘ F rization in PD —
10 actorizatio to GPDs &Qon Lab



Why the GPD’s x-Dependence is so Difficult to Measure?

J Amplitude nature: exclusive processes

Lo

~ loop momentum

1 ; cross section: cut diagram
iM~ [ dePlagt) - Ca&Q/w a 1 A
~1 : oDIS = / dz f(z) 6(z/zB)
Full range of x, including * = 0; x = &£ S L l
41 41 J)e,ﬂ'./e-gon Lab



Why the GPD’s x-Dependence is so Difficult to Measure?

J Amplitude nature: exclusive processes

Lo

~ loop momentum

1
iM~ [ doPla0): O.&Qn)

Full range of x, including * = 0; x = &£

1 Sensitivity to x: comes from C(x,&; Q/u)

Cla & Q) = T(Q/) - Gla,§) x e+

1
. F(z,¢,t)
d — “F t ” “y ”
»zMocf_l s 0(&,1) X-moment

42 42

cross section: cut diagram

obrs / dz £(z) 5(z/zp)

B

15
_ = GK model lﬂ‘
é 109 - 4 NLO shadow I\
LL'r : I\
X y—fg—\/ﬂ\ )
S Y
] £ D ’
T =1 Equally fit! \ ;

|
=
(]

0.0 0.2 0.4 0.6 0.8 1.0

[Bertone et al. PRD “21] Jeff_/e-rgon Lab
)/‘



Where Does the x-sensitivity Come From?

O x-sensitivity & 2 — 2 hard scattering:

Kinematics:
1. 3=2¢&s/(1+& =
2 Oorqr = (V§/2)sind <mp x

3 ¢ &= (A”B) spin states
1
M(Qu¢) = 39 [z Fa(e) Ca(w: Q) Q=6 o gr)
1 —1
1
" Moment-type sensitivity: C(z;Q) =G(z) - T(Q) wmmp Fg = / dz G(z) F(z,£,t) g;:ﬁz;';:f;tow
_1 G

1
‘ Inversion problem: shadow GPD Sag = / dr G(x) S(x,£) =0 [Bertone et al. PRD "21]
—1

" Enhanced sensitivity: C(2;Q) # G(z) T(Q) wmmp do/dQ ~ |C(z;Q) @, F(x,&,1)|°
43 J ff./e-gon Lab
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What Kind of Process Could be Sensitive to the x-Dependence?

J Create an entanglement between the internal x and an externally measured variable?

1

F

M x / dx (z,8,1) : Change external g to sample different part of x.
1 x—1u,(&q) +ie

= Double DVCS (two scales):
1-4¢%/Q°
‘71711(57 Q) — 5 ( 2/ D)
1+¢%/Q
"  Production of two back-to-back high pT particles (say, two photons):

7 (pr) + P(p) = v(q1) +v(q2) + N(p') Qiu & Yu
JHEP 08 (2022) 103 p

) — & same as DVCS ifg— 0

Hard scale: qr > Agcp  Soft scale: t ~ A%zcn

= Factorization:

[suppressing pion DA factor]

| |

. . . dO' 2
M (t,¢,qr) =/ dz F(z,&,t1) - O (2, 59r/p) + O (Aqen/qr)  wemmy o ~ ML, 6, g7
I ~1 ‘ ¢ dgr
qr distribution is “conjugate” to x distribution

44 X < dqr .g_e,f,f./egon Lab



New Physical Processes to have Enhanced x-Sensitivity

O Diphoton process N©m — N'yy: (1) pr~ = nyy; (2)

v(q1)

g ‘\9 m(p2)
T

N'(p)

A

qr

N(p)

v(g2)

1 y-m Pair Photoproduction:

45

n7r+ — PpYY

1 dx F(z,&,t)
. . I . _ Y Y
iM also contains I(t,&;2,0) /_1 7 — p(z; 0) + tesgn [cos?(6/2) — 2]

1 —z+tan?(6/2) 2
1 —2z—tan?(0/2) 2

p(2:0) =€ - [ ] € (—o0, =€] U [§, o0)

e Covers the DGLAP region

—& 0 £ 1

1
tM also contains: I'(t,&; 2, 6) =/ - dwj((zx-’e??ie
—1 - 9
N cos?(0/2) (1 — z) — 2 B
650 =6 o) < e
_:1 o I >, Covers the ERBL region

—§ 0o £ 1

J ff./egon Lab
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Test the Sensitivity on the GPDs’ x-Dependence

Goloskokov, Kroll, 05, ‘07, 09
dz 5(z,¢) =0 Bertone et al. ‘21
1T — & e Moffat et al. “23

GPD models = GK model + shadow GPDs - /

1401 (2) dor / dt d¢ dcosd [pb/GeV?] py—->nn'y (b) Ayt ';0-2

E, =9 GeV 10
t=-0.2GeV?*, £=0.2 1-0.2

100}

[ — (Ho, Ho) — (H3, Ho) | 0.4

60} ; 7y 1
: _(HlaIfO) (HOaI{I) -—0_6
__ — (Hp, Hyp) (Ho, Hy) 1

[ ' » 200 @ @00——SsSsSsSsSS—— 7 -0.8
L H (x,£=0.2,1=-0.2 GeV?, u =2 GeV) | (¢) AL (d) Ayt 0

10 . ] -0.2 ]
L . Q- ] - ]
i N ;_‘ B . ] [
« 5% RE S e- 8 - _O 1
3 ' ..“ [y NI N " . “ E | ] .
5 B . R J kY roe b 7 |
i K Ty K .o Y 1 _0 4 L
L ' ' - R S K - [ 1 . ]
o ' . ! e S, H % F
' SRR c—— ! 1-0.2
L ' . - ] L
0 h . \‘,‘ y/\ 4
L - N . ' . KA I r ]
PR ' - ' . . . 0 6 4
L 5 . . : [ NI —_ -
| . . ¥ - ~ ~ . . . 1] ] . - _0 3
[ - ' - ; 3
- 0 =Hgk o] 1
(Y- ' . [ ' i L
. - ~ . . ) ]
' !
. - ' 1
[ i
' -‘ .
.

_5_ """ ﬁ ;FIGK+S1 . P A -
10:_ ------ Hy=Hgk + 8, R -0.81 JLab @ 12GeV ':—0.4
_-1'0' 05 00 __ o5 '1'6 -0.5 -0.25 0 0.25 0.5 -05 -0.25 0 0.25 0.5
x cosf cosfd :
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What Do We Learn from GPDs — Partonic ?

J Impact parameter dependent parton density distribution: { 6/'/ m \\ ;
x L —
Q(xabJ_a Q) — /d2AJ-6_iAJ_‘bJ_Hq(x7€ — Oat — _Aﬁ_aQ) _— - - -
p 7
‘ op e 2
Quark density in dz d”“br Measurement of P’ fixes (%,§)
How fast does Tomographic image of hadron How far does glue T = momentum flow_
glue density fall? in slice of x density spread? between the pair

\ \ | Slice in (x,Q)
A \“"t} '\
- \ - . gy z/dmbf a(z,b1,Q)
0.15 0_-1.5 -1I.0 -0:5 0.0 0:5 1:0 1.5 i
by (fm)
1 0.1
&£ j 0.05 Modeled by
L M. Burkdart, = Should 4(%) > 74(Z), or vice versa?
; 0.5 " PRD 2000 .
b1 (fm) = How do they compare with known
=) Proton radii, 7,(x) & r,(x), from g & g spatial density radius (EM charge radius, mass radius,
Need to know the x-dependence of GPDs to construct the proper radii ! - ), & why? >

47 Jefferson Lab



GPDs - Partonic Origin of Hadronic Properties

1 QCD energy-momentum tensor:

_ 1
TH =Y 1p YWDy — FHPFY + — gt F*P Fop

7 4 (%) [
O “Gravitational” form factors (GFFs) of the nucleon: P R
/ v (! (1 pv) iP(MO.V)pAP w LAYV UV A2
WIT™ ) = als) |2 PIAG) + T S B) + ) (ARAY g a7 u(p)

(] Connection to GPD moments:

1
/ dxsz(x7€7t) X <p/|Tz++|p> X ﬂ(p/) [(AZ 6 €2D‘1') 7—’_ + (Bl o €2Di)
—1 H_/ H_/

-

jotA

1 1
/ dex H;(x,&,1) / drx E;(x,&,t)
—1 —1

d Angular momentum sum rule:

1
J; = lim drx [H;(x,&,t) + Ei(x,&,1)]

t—0 1

Z:Cbg

Need to extract GPD and its x-dependence from DATA to construct the proper moments!

48

3D tomography

— Relation to GFFs
Angular Momentum

TOO (x) TOl (x)
TlO(x) Tll (x)

- ] u(p)

)

TOZ ( x) T03 ( x) ]
T 12 ( x) T13 ( x)
T22 (x) T23 (x)
T3?: B 722 (x)

=

Stress tensor

Pressures

Related to pressure
& stress force inside h

Polyakov, schweitzer,

Inntt. J. Mod. Phys.

A33, 1830025 (2018)
Burkert, Elouadrhiri, Girod
Nature 557, 396 (2018)

GFFs!

X-moments
of GPDs!
Input for

,)__’—
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Summary and Outlook

d The emergence of hadrons and their properties 3D image

= |s deeply rooted in color confinement in QCD
= Understanding it fully is a challenge and a frontier in QCD

(d TMDs are much broader than improved descriptions of PDFs:

Proton Spin

=  Reveal quantum correlations that disappear when kT is integrated out
"  Connect the active parton and its color & spin to the rest of the hadron

(J GPDs connect parton tomography to hadron properties: fj

= Reveal proton radius in many distributions, charge, quark/gluon density, mass, ...
=  Connect hadron properties to its partonic origins, ...

(d GTMDs provide a framework for phase-space-like parton correlations

= By retaining both transverse partonic momentum and hadron transverse
momentum transfer — leading to a plan to search for answers to
Who we are, where we came from and where are we going?

A long but challenging & exciting way to go! Than ksl

49 .ggffe’-gon Lab



