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q Introduction to factorization
q Parton distribution functions and global analysis
q From inclusive to exclusive processes
q Generalized parton distributions and global analysis
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q From inclusive to exclusive processes

q Generalized parton distribution (GPD)

q Phenomenology of GPD

q Inverse problem and global analysis of GPD
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q From inclusive to exclusive processes



Inclusiveness and DIS factorization

q Why can we say the upper quark lines are “hard”?
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Inclusiveness and DIS factorization

q Why can we say the upper quark lines are “hard”?
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Picture from D. Soper

• Struck parton moves on-shell or closely on-shell, for a long distance.

• But this happens way after the hard interaction.

• Since we do not observe it, cross section is unchanged. 



Inclusiveness and DIS factorization

q Inclusiveness and unitarity
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Inclusive hadron production at 𝒆!𝒆" annihilation
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Inclusive hadron production at 𝒆!𝒆" annihilation
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• All soft and collinear pinch singularities are canceled!
• Long-distance effects after hard interaction does not change the rate.

<latexit sha1_base64="ppddUJ5ZMWkuAEhjCQGlQ5IgpWk="></latexit>
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One hadron inclusive production at 𝒆!𝒆" annihilation
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One hadron inclusive production at 𝒆!𝒆" annihilation
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• Soft and unobserved collinear pinches are canceled due to inclusiveness!
• Long-distance effect associated with the observed hadron remains,
• but is factorized from the hard interaction

Fragmentation function (FF)



One hadron inclusive production at 𝒆𝒑 collision
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Inclusive processes  vs.  Exclusive processes
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• Bare color
• Inclusiveness
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Inclusive processes  vs.  Exclusive processes
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At least two active parton lines Lower rate
Not to break the hadron!



Exclusive processes:  large-angle 𝟐 → 𝟐 hadron scattering
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Exclusive processes:  large-angle 𝟐 → 𝟐 hadron scattering
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Defined at amplitude level: “Lightcone wavefunction”

Color-neutral pair

[Lepage & Brodsky, PRD 1980;
 Adv. Ser. Direct. High Energy Phys. 5, 93 (1989)]



Exclusive processes:  single-diffractive hard scattering

16

h′(p′)

B(p2)

!qT
C(q1)

D(q2)

h(p) θ

2 → 3

h(p) h′(p′)

B(p2)

C(q1)

D(q2)
F

S

H

ERBL region
h′(p′)

B(p2)

C(q1) D(q2)

h(p)

H

F

S

DGLAP region

+

<latexit sha1_base64="NLflclVygpoSg0Kaqo7rUAarzrI="></latexit>

|x| < ⇠
<latexit sha1_base64="5dGxazPW+D6qDY25JJQSvghfjzc="></latexit>

⇠ < |x| < 1



Exclusive processes:  single-diffractive hard scattering

17[Qiu & Yu, PRD 107 (2023), 014007]
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GPD ⌦
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Generalized parton distribution (GPD)
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q Generalized parton distribution (GPD)



Generalized parton distribution (GPD)
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Generalized parton distribution (GPD)
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q Unpolarized and polarized GPDs
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Generalized parton distribution (GPD)
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q GPDs combine PDF and Distribution Amplitude (DA)

q Unpolarized and polarized GPDs

Forward limit:
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u(p)↑ E

q(x, ω, t) ū (p↑)
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q(x, ω, t) ū (p↑)
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Generalized parton distribution (GPD)
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q GPDs combine PDF and Distribution Amplitude (DA)

q Unpolarized and polarized GPDs

Forward limit:
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q(x, ω, t) ū (p↑)
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GPD and 3D tomography
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GPD and 3D tomography
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q Two-scale diffraction probes 3D tomography
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GPD and mechanical form factor
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q PDF and momentum fraction
<latexit sha1_base64="fakrxssS6szSbrru4FAznaXE98k="></latexit>Z 1
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q PDF and momentum fraction
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q GPD and mechanical/gravitational form factor
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q Phenomenology of GPD



Single-Diffractive Hard Exclusive Process (SDHEP)
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What is the 𝑨∗? --- channel expansion
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Channel expansion and power counting
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SDHEP frame and 𝝓 distribution
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𝒏 = 𝟏: 𝜸∗ channel --- BH subprocess
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q Advantage: the quasi-real state 𝑨∗ has well-defined helicity for all 𝑛 = 𝟏, 𝟐, 𝟑, …
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𝒏 = 𝟐: [𝒒-𝒒] channel --- DVCS (twist-2)
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𝒏 = 𝟐: [𝒒-𝒒] channel --- DVCS (twist-2)
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Combine 𝒏 = 𝟏 and 𝒏 = 𝟐 channels
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Combine 𝒏 = 𝟏 and 𝒏 = 𝟐 channels
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q Amplitude level
<latexit sha1_base64="BYKfSYEz11zXn2F99f0j5OyR3vI="></latexit>

MI : A⇤ = �⇤
T (��

A = ±1)

MII : (1) A⇤ = �⇤
L (��

A = 0); (2) A⇤ = [qq̄] (�q
A = 0)

LP
NLP +	[𝑔𝑔] (high order)
NNLP: …

q Cross section level
<latexit sha1_base64="b55UDba6Ms+hBZTIeTwfJ7wzM58="></latexit>

|MI +MII + · · · |2 = |MI|2| {z }
LP

+2Re (MIM⇤
II)| {z }

NLP

+ · · ·

LP
<latexit sha1_base64="Rp34SeUGlIKoLRkXecoodJMZ2og="></latexit>

|M|2LP = |MI|2 No 𝜙 modulation.  𝜆)
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* = −1 do NOT interfere until NNLP.  
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q Amplitude level
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|M|2NLP = 2Re (MIM⇤
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q Amplitude level
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NLP
<latexit sha1_base64="cJ9NFi2xxde1AWAKeV4LTAWXOmE="></latexit>

|M|2NLP = 2Re (MIM⇤
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Interference of different numbers of particles.

Unique signal of GPDs.
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Interference of 𝜸𝑻∗  and GPD moments

SDHEP frame
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In the experimental setting (fixed lab frame), 

• Nucleon spin vector

• Electron spin vector

<latexit sha1_base64="zrwVbmdb1Eg3uvWNKB26J/JYmVU="></latexit>

~sN = (sT , 0,�N )
<latexit sha1_base64="osOAPIVyZDoLrHuOvPc2eKALwrc="></latexit>

~se = (0, 0,�e)

Subscripts: (nucleon, electron)
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NLP:  from 𝜸𝑻∗ -𝜸𝑳∗  and 𝜸𝑻∗ -[𝒒G𝒒] interference 
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• Linear in GPD moments
<latexit sha1_base64="8yAyN4slA8EvXr4xS4ibz653kTI="></latexit>

VF = (H, E , eH, eE)T
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Unique solution for GPD moments!

NLP:  from 𝜸𝑻∗ -𝜸𝑳∗  and 𝜸𝑻∗ -[𝒒G𝒒] interference 
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q Inverse problem and global analysis of GPD
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What are constrained by DVCS:  “Scaling integral” 

independent of 𝑸, 𝒒𝑻, or 𝜽 at leading order

Ø Advantage:  Helps to experimentally confirm parton-dominated dynamics (i.e., parton model)

Predictable 𝜃 shape.  E.g.,

Unknown but does not affect 𝜃 shape
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Commonly called “Compton form factors” (CFFs) 
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Confirmation of scaling phenomenon for the “CFFs” extracted from DVCS data!

JLab Hall A, PRL 97 (2006) 262002
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What are constrained by DVCS:  “Scaling integral” 

independent of 𝑸, 𝒒𝑻, or 𝜽 at leading order
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Commonly called “Compton form factors” (CFFs) 

Ø Disadvantage:  Difficult to extract x-dependence of GPDs

[Bertone et al. PRD `21]

Equally fit!

Shadow 
GPDShadow GPD problem
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What are constrained by DVCS:  “Scaling integral” 

independent of 𝑸, 𝒒𝑻, or 𝜽 at leading order
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Commonly called “Compton form factors” (CFFs) 

Ø Disadvantage:  Difficult to extract x-dependence of GPDs

Shadow GPD problem
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Compare with DIS
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q 𝒙-sensitivity ⇔ 𝟐 → 𝟐 hard scattering

[suppressing 𝒕 and 𝝃 dependence]
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Kinematics: 

1. 8𝒔 = 𝟐	𝝃	𝒔	/	(𝟏 + 𝝃)

2. 𝜽 or 𝒒𝑻 = ( 8𝒔/𝟐)	sin𝜽

3. 𝝓 

𝝃

𝒙

(𝑨∗𝑩)	spin states
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Kinematics: 

1. 8𝒔 = 𝟐	𝝃	𝒔	/	(𝟏 + 𝝃)

2. 𝜽 or 𝒒𝑻 = ( 8𝒔/𝟐)	sin𝜽

3. 𝝓 

𝝃

𝒙

(𝑨∗𝑩)	spin states

Ø Moment-type sensitivity

Inversion problem: shadow GPD
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Scaling for 𝑭𝑮.
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Ø Enhanced sensitivity

Kinematics: 

1. 8𝒔 = 𝟐	𝝃	𝒔	/	(𝟏 + 𝝃)

2. 𝜽 or 𝒒𝑻 = ( 8𝒔/𝟐)	sin𝜽

3. 𝝓 

𝝃

𝒙

(𝑨∗𝑩)	spin states

Ø Moment-type sensitivity

Inversion problem: shadow GPD
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Independent of 𝑸. 
Scaling for 𝑭𝑮.

Scaling breaking at LO
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Origin of scaling: massless parton approximation + massless external states.
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DDVCS
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GPD inversion from neural network
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Challenge: Shadow GPDs make parametric method biased

Construct GPDs from most flexible pixelation method
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GPD inversion from neural network

71

Normalizing flows = A set of differentiable and invertible changes of variable. 
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Reconstruct with only scaling DVCS integral
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Shadow GPDs from pixelation approach
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Improve GPD extraction with non-scaling photoproduction
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With both non-scaling mesoproduction and photoproduction
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Recent progress: global fit from GUMP

76

Fit to DVCS and DVMP data Fit to PDF and lattice moments

Y. Guo, et al., PRL 135 (2025) 26, 261903



Recent progress: global fit from GUMP
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Y. Guo, et al., PRL 135 (2025) 26, 261903

Unpolarized proton

Proton transversely polarized along 𝑥⃗ direction

Partonic images



Summary and outlook
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q Factorization is extended from inclusive to exclusive processes

q New correlation functions: DAs and GPDs

q GPDs provide tomographic images

q Single-diffractive hard exclusive processes (SDHEPs) for GPDs

q Two-stage picture of SDHEPs entails a unique quantum interference pattern

q Inversion problem makes GPD extraction very difficult

q Two new processes to give enhanced x-sensitivity

q So far, looks consistent. But still not there yet.

Ø Need more processes, more observables

Ø Need input from lattice QCD
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