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q Introduce SDHEP
q Rethink DVCS as an SDHEP
q Sensitivity to GPD x-dependence
q Briefly on factorization
q Go beyond 𝟐 → 𝟑 SDHEPs



Recap
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q Why GPDs?

q How to obtain GPDs?

• Tomography

• Spin and mass decomposition

• Internal pressure, shear force, …

• Lattice QCD

• Model

• Factorization theorem 

     + experimental exclusive processes

See Cédric’s lecture

Robert and Joe’s lectures

Marija

Christian and Jianwei

Charles and Francois-Xavier 



Physical features for GPD processes
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Ø Amplitude nature Hadron is unbroken Exclusive process

Ø Collinear factorization property
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• The scale 𝒕 is unconstrained in the GPD definition itself

• But the GPD factorizability requires a hard scale 𝑸 ≫ −𝒕  

A hard scattering with diffractive hadron 



Single-Diffractive Hard Exclusive Process (SDHEP)
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Two scales:
• Hard 𝒒𝑻
• Soft 𝒕
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A(p1) θ
Large-angle 2-to-2 

exclusive scattering

Single diffraction



Single-Diffractive Hard Exclusive Process (SDHEP)
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Two scales:
• Hard 𝒒𝑻
• Soft 𝒕

Ø Two-stage paradigm

factorize
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“Golden” example: Rethinking DVCS as an SDHEP
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From DVCS to SDHEP (single-diffractive real photon electroproduction)
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From DVCS to SDHEP (single-diffractive real photon electroproduction)
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What is the 𝑨∗? --- channel expansion
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Channel expansion and power counting
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One more physically polarized parton in 𝑨∗
           one more suppression of −𝒕/𝒒𝑻
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Channel expansion and power counting
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• Consistent power counting
• Channel expansion = power expansion

<latexit sha1_base64="3EPrKwVcXluWfn5F+vkxwa5B3cg="></latexit>

� = p1 = p� p0

Leading power (LP) Next-to-leading power (NLP)

NNLP

NNNLP…

+



SDHEP frame
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Two-stage kinematic description
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q Diffractive subprocess

q Hard scattering

(𝑵𝒆) c.m. frame
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:  varying coordinate system
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Two-stage kinematic description
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Trade azimuthal angle of the diffraction for 𝝓𝑺  (Jacobian	= 𝟏) 

Describe in diffractive frame: (varying event by event)
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Two-stage kinematic description
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q Diffractive subprocess
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Trade azimuthal angle of the diffraction for 𝝓𝑺  (Jacobian	= 𝟏) 

Describe in diffractive frame: (varying event by event)
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𝜆$ = ±1/2 can interfere to give
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𝜆$ = ±1/2 can interfere to give
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transverse spin 𝒔𝑻 ≠ 𝟎 
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Interference of (𝝀𝑨, 𝝀𝑨$ ) channels
<latexit sha1_base64="7XmU2Z0kJ7vmR0JDKFgu/GjBUbc="></latexit>
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𝜆$ = ±1/2 can interfere to give
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q 𝝓𝑺 in diffraction
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𝒏 = 𝟏: 𝜸∗ channel --- BH subprocess
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∆
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µ � F2(t)
i�µ⌫�⌫

2m

�
u(p, s)

q Advantage: the quasi-real state 𝑨∗ has well-defined helicity for all 𝑛 = 𝟏, 𝟐, 𝟑, …
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𝒏 = 𝟏: 𝜸∗ channel --- BH subprocess
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
F1(t) �

µ � F2(t)
i�µ⌫�⌫
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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 = 𝟏: 𝜸∗ channel --- BH subprocess
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
F1(t) �

µ � F2(t)
i�µ⌫�⌫

2m

�
u(p, s)

q Advantage: the quasi-real state 𝑨∗ has well-defined helicity for all 𝑛 = 𝟏, 𝟐, 𝟑, …

• Only the transverse polarization 𝜸𝑻∗  is at LP

• The longitudinal polarization 𝜸𝑳∗  is at NLP

<latexit sha1_base64="zA8PO5tmHDgZD+lKX8+rN4J6CeA="></latexit>
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O(1/qT ) Combine with 𝒏 = 𝟐 (DVCS)
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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, …

• Only the transverse polarization 𝜸𝑻∗  is at LP

• The longitudinal polarization 𝜸𝑳∗  is at NLP
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O(1/qT ) Combine with 𝒏 = 𝟐 (DVCS)

Difference from Breit frame:  (1) Regular 𝝓 dependence;  (2) 𝜸∗ goes from 𝑵 to 𝒆  (causality flip: space-like) 
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𝒏 = 𝟐: [𝒒+𝒒] channel --- DVCS (twist-2)

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)

q Advantage: the quasi-real state 𝑨∗ has well-defined helicity for all 𝑛 = 𝟏, 𝟐, 𝟑, …
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" t/q 2
T
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GPDs (𝑯, 𝑬): Defined with 𝜸&. GPDs (?𝑯, ?𝑬): Defined with 𝜸&𝜸𝟓. 

Both (𝑭, ?𝑭) correspond to 𝒒A𝒒  or 𝒈𝒈  with total helicity 𝝀𝑨
𝒒  or 𝝀𝑨

𝒈 = 𝟎.
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𝒏 = 𝟐: [𝒒+𝒒] channel --- DVCS (twist-2)

q Advantage: the quasi-real state 𝑨∗ has well-defined helicity for all 𝑛 = 𝟏, 𝟐, 𝟑, …
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GPDs (𝑯, 𝑬): Defined with 𝜸&. GPDs (?𝑯, ?𝑬): Defined with 𝜸&𝜸𝟓. 

Both (𝑭, ?𝑭) correspond to 𝒒A𝒒  or 𝒈𝒈  with total helicity 𝝀𝑨
𝒒  or 𝝀𝑨

𝒈 = 𝟎.
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𝒏 = 𝟐: [𝒒+𝒒] channel --- DVCS (twist-2)

q Advantage: the quasi-real state 𝑨∗ has well-defined helicity for all 𝑛 = 𝟏, 𝟐, 𝟑, …
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GPDs (𝑯, 𝑬): Defined with 𝜸&. GPDs (?𝑯, ?𝑬): Defined with 𝜸&𝜸𝟓. 

q Difference from Breit frame treatment
• Not separate at virtual photon 𝜸∗(𝒒). Assign it to the hard part.
• In a coherent framework with BH --- “one higher twist” w.r.t. 𝑨∗ = 𝜸∗ channel
• Choose 𝒏 ∝ 𝒑𝟐

Both (𝑭, ?𝑭) correspond to 𝒒A𝒒  or 𝒈𝒈  with total helicity 𝝀𝑨
𝒒  or 𝝀𝑨

𝒈 = 𝟎.
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q Amplitude level
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q Amplitude level
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LP = |M I |2 No 𝝓 modulation.  𝝀𝑨

𝜸 = +𝟏 and 𝝀𝑨
𝜸 = −𝟏 do NOT interfere until NNLP.  
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II ) cos𝝓 or sin𝝓 modulation. 
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|M| 2
NLP = 2 Re (M I M !

II ) cos𝝓 or sin𝝓 modulation. 
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" " x2 + !

p!

p

“twist-3”

Interference of different numbers of particles.

Unique feature to QFT, beyond non-rel. QM!
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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)
    U  =  Unpolarized
    L   =  Longitudinally polarized
    T   =  Transversely polarized
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LP:  from 𝜸𝑻∗  squared

• Control the rate (unpolarized cross section).  No 𝝓 modulation.

• Only a cos𝝓𝑺 modulation

• No single spin asymmetry, only double spin asymmetries
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LP:  from 𝜸𝑻∗  squared
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Quadratic in (𝑭𝟏, 𝑭𝟐)
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NLP:  from 𝜸𝑻∗ -𝜸𝑳∗  and 𝜸𝑻∗ -[𝒒A𝒒] interference 

• No contribution to the rate,
      ⟹ only to azimuthal modulations (cos𝝓, sin𝝓)

• Unpolarized part 𝑨𝑼𝑼, SSA, and DSA
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NLP:  from 𝜸𝑻∗ -𝜸𝑳∗  and 𝜸𝑻∗ -[𝒒A𝒒] interference 
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• Linear in GPD moments
<latexit sha1_base64="8yAyN4slA8EvXr4xS4ibz653kTI="></latexit>

VF = ( H , E, !H , !E)T

<latexit sha1_base64="I5w4GYB1BnC1YSof3d0tgiVfFp4="></latexit>

M i = ( M i 1, M i 2, M i 3, M i 4) (see next slide)

• Controlled by the real matrix 𝑴, same for real and 
imaginary parts of GPD moments

• 8 asymmetries  ⇔  8 (real) GPD moments
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Reconstructed from experiments 
(complex valued)

<latexit sha1_base64="3hr0qvp75QpgBA9NYb2SAKtE/zc="></latexit>

det M != 0
Unique solution for GPD moments!

NLP:  from 𝜸𝑻∗ -𝜸𝑳∗  and 𝜸𝑻∗ -[𝒒A𝒒] interference 
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q Breit frame: centered around 𝜸∗ 𝒒

q SDHEP frame: centered around 𝑨∗ 𝚫
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SDHEP frame

• Clear physical picture: scale separation

• 𝑨∗ = 𝜸∗, 𝒒A𝒒 , 𝒈𝒈 , 𝒒A𝒒𝒈 , 𝒈𝒈𝒈 , …

• Azimuthal distribution is dynamical when initial-state ∥ 𝒛

• Unique frame for a coherent azimuthal description

“Incoherent” treatments 
for DVCS and BH

Makes their interference 
calculation difficult

DVCS-square is in fact the 
least important!
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𝑥-dependence problem: LO scaling

No matter which frame to work in, sensitivity to GPD is the same: 

<latexit sha1_base64="uAWlrj/nImcBlrr8EO/JtUQ4BEI="></latexit>
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<latexit sha1_base64="ehIN/1royCg97B1/hui7hhfKlrw="></latexit>

F +
0 (! , t) =

! 1

! 1
dx

F + (x, ! , t)
x ! ! + i "

“Scaling integral”: independent of 𝑸, 𝒒𝑻, or 𝜽 at leading order

Predictable 𝜽 shape.  E.g.,

Unknown but does not affect 𝜽 shape

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

Ø Disadvantage:  Difficult to extract 𝒙-dependence of GPDs

Shadow GPD problem

<latexit sha1_base64="jJn3wQ9u0W6oKIVhI/4UEcpK8q8="></latexit> ! 1

! 1
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= 0

S(± ! , ! , t) = S(x, 0, 0) = 0

See Eric’s lecture
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!  𝒙-sensitivity ⇔ 𝟐 → 𝟐 hard scattering

Ø Moment-type sensitivity

[suppressing 𝒕 and 𝝃 dependence]

<latexit sha1_base64="2t8pBrOTyq9kDSwSbPym8p1KiQM="></latexit>

(Q = ! �Q�q̀T )

Inversion problem: shadow GPD
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SG =
! 1

! 1
dx G(x) S(x, ! ) = 0

<latexit sha1_base64="Zoq2MZ/e7fXN9gui0EmKqcKGnKU="></latexit>

M (Q, ! ) !
!

A

ei ( ! A ! ! B ) " á
" 1

! 1
dx FA (x) CA (x; Q)

Ø Enhanced sensitivity
42

!4567895&57&:;<&()*&=/+3

Where does the 𝒙-sensitivity come from?

Kinematics: 

1. ?𝒔 = 𝟐	𝝃	𝒔	/	(𝟏 + 𝝃)

2. 𝜽 or 𝒒𝑻 = ( ?𝒔/𝟐)	sin𝜽

3. 𝝓 

𝝃

𝒙

(𝑨∗𝑩)	spin states

Independent of 𝑸. 
Scaling for 𝑭𝑮!

Scaling breaking at LO
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Scaling kernels and moment sensitivity

pp

q q

x öp
k

p p!

q q!

(x + ! ) öP (x " ! ) öP
k

Origin of scaling: massless parton approximation + massless external states.
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k2 = [ q + x öp]2

= x (2öp áq) ! Q2

= (2öp áq) (x ! xB )
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DVCS DIS

Exercise: Show for DVCS (at leading power)
<latexit sha1_base64="6Sj7hHPQ9+t0ZiGJqLrneK30qfI="></latexit>
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q!2 = 0
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Enhancing sensitivity by breaking the scaling
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q q!
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k

Origin of scaling: massless parton approximation + massless external states.
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q!2 = 0

Exercise: Show for DDVCS (at leading power)
<latexit sha1_base64="GJcpakQAFbhKeNiZGkIIt/h7STM="></latexit>

2 öP áq! =
Q2 + Q!2

2!

DDVCS
<latexit sha1_base64="+tMXJzQW79za0lvEBY8GHxP4saM=">AAADmXicbZJdb9MwFIa9ho9RPtbB5S6wqJCGNFXJhAY3oAE3E1KlTdBtUhMqxzltrTlOsE/aVVEu+TXcwo/h3+AknbZkO1KiN68fH/ucnDCVwqDr/tvoOPfuP3i4+aj7+MnTZ1u97eenJsk0hxFPZKLPQ2ZACgUjFCjhPNXA4lDCWXjxpVw/W4A2IlHfcZVCELOZElPBGVpr0nv580fup1rEQPcL+oGe3Pz8SN1Jr+8O3CrobeGtRZ+s43iy3Qn9KOFZDAq5ZMaMPTfFIGcaBZdQdP3MQMr4BZvB2ErFYjBBXlVS0NfWieg00fZRSCv35o6cxcas4nCPhrGlY4Zz014vzT1avjFJpLkLG2c4fR/kQqUZguL1udNMUkxo2SUaCQ0c5coKxrWwV6 d8zjTjaHvZOPCyvnnDS+crI7gput2ur2DJkzhmKrKNTYuxF+S+hCnu9j1fi9kc3xRNKAyvofEVFLQgzq8hP7+i/KKFLRZrjKmZBNr3qK8r2eKWWHNLEQEKGYFNaXM1IQ1RTSFcYlV1Xlo12ixBZtBGK++utMMi98sfxJnMh+1MQyzK2zUIm8BOpdeewdvidH/gHQwOTt72Dz+v53OT7JBXZJd45B05JEfkmIwIJ7/Ib/KH/HV2nE/OkfO1Rjsb6z0vSCOcb/8Bsawvzw==</latexit>

q!2 = Q!2 > 0
<latexit sha1_base64="FB5Ad/GtR4+NzVp+2OCgdcEz5fE="></latexit>

k2 =
!
q! + ( x ! ! ) öP

"2

= (x ! ! ) (2 öP áq!) + Q!2

=
Q2 + Q!2

2!

#
x ! !

$
Q2 ! Q!2

Q2 + Q!2

%&

<latexit sha1_base64="uZTS2QgDAl5/bR1KJL72nktZD5Q="></latexit>! 1

! 1
dx

F (x, ! , t)

x ! !
"

Q 2 ! Q ! 2

Q 2 + Q ! 2

#
+ i "

Scaling violation



Two new example processes with enhanced 𝒙-sensitivity
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Enhanced 𝒙-sensitivity: (1) diphoton mesoproduction
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Enhanced 𝒙-sensitivity: (1) diphoton mesoproduction
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GPD models = GK model + shadow GPDs
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Enhanced 𝒙-sensitivity: (1) diphoton mesoproduction (at J-PARC or AMBER)
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Enhanced 𝒙-sensitivity: (2) 𝜸!𝝅"pair photoproduction
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Enhanced 𝒙-sensitivity: (2) 𝜸!𝝅"pair photoproduction (at JLab Hall D)
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Neglecting: (1) 𝑬 and ?𝑬; (2) gluon channel



Enhanced 𝒙-sensitivity: (2) 𝜸!𝝅"pair photoproduction (at JLab Hall D)
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JLab @ 12GeV



Enhanced 𝒙-sensitivity: (2) 𝜸!𝝅"pair photoproduction (at JLab Hall D)
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Brief mention of factorization
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Exclusive factorization:  large-angle 𝟐 → 𝟐 scattering
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SDHEP factorization:  generic consideration
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SDHEP factorization: why single diffractive?
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Glauber pinch for diffractive scattering

Factorizable thanks to pion

q From single-diffractive to double-diffractive process?

Non-factorizable even with hard scale

Both 𝒌𝒔& and 𝒌𝒔1 
are pinched in 
Glauber region!

q How to generalize? --- Beyond two to three!

Examples: DDVCS, diphoton electroproduction, …
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Comments and suggested exercises
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q # $ % vs. # $ & 

! 𝟐 → 𝟑:  
• simpler kinematics  
• straightforward formulation of factorization
• mostly scaling propagators

! 𝟐 → 𝟒:  
• more intricate kinematics  
• more likely to have enhanced sensitivity
• lower rate

q Some # $ & processes

p p!

p2

q1
q2

q3

p p!

p2

q1

q2

q3

!R5?T?RU,/,D/-S
&R5?T?RU,/+,0+0
&R5?T?RU,0,-0HE
&/0,0<+0HHD3

!/,,0<,0/H03 V5W

Exercises:  
1. Do they carry enhanced sensitivity?
2. Where is it?
3. Do they have Bethe-Heitler channels?
4. What are the QCD and QED couplings 

of GPD and BH channels?
5. How do the amplitudes scale?
6. How to formulate the phase space?

p p!

p2

q2

q3

q1
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Summary: towards a global fit
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q Single-diffractive hard exclusive process (SDHEP)

• Generic kinematic description

• Encompasses all GPD-related processes

• Clear factorization structure

• Straightforward to generalize

q Towards a global fit

• Sensitivity to the ' -dependence

• Separation of flavor dependence

• Separation of GPD spin structure

• Extending (  and )  coverage

moment type vs. enhanced type

multiple processes

azimuthal modulations

various experiment energies
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