
GPDs, Their Interpretations, and How to Find Them

Jianwei Qiu
Jefferson Lab, Theory Center

q Generalized Parton Distributions (GPDs)
      – Definition and ambiguity

q How to find them?
      – Single diffractive, hard exclusive processes

q Their interpretations
      – Matching partons to hadron properties

q Summary and Outlook

Towards Improved Hadron Femtography with hard exclusive processes
(The fifth edition) University of Virginia

July 20-24, 2026

Physics at UVa

In collaboration with 
N. Sato, Z. Yu, Y. Zeng, 
…



1

Generalized Parton Distributions (GPDs)

q Definition:

DGLAP DGLAPERBL

𝒒 PDF"𝒒 PDF DA

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

Forward limit                      :

Similar definition
for gluon GPDs

D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101
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Generalized Parton Distributions (GPDs)

q Definition:

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

D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101

• Need to choose a light-cone vector: 

with for any 4-vector 

• When                , we have infinite choices for the light-cone vector ``n’’! 

• For a single vector, p, there is a unique light-cone vector ``n’’ to pick up the largest component of p, as p+. 

If                                                                        , GPDs with different choice of ``n” differ by powers of    

with the hard scale      , e.g.,                   for DVCS. 
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Generalized Parton Distributions (GPDs)

q Definition:

q Variables of GPDs – x , x , t :

D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101

•                                           is uniquely fixed by the momentum of scattered hadron  p’ . 

•                                                            carries partonic information and need to be probed by the hard probe!

•                                                           is uniquely fixed once we make a choice of the light-cone vector ``n’’

• 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 ?  

Questions:
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Properties of GPDs – Hadronic  =  Various Moments of GPDs

q QCD energy-momentum tensor:

with and

Polyakov, schweitzer, Inntt. 
J. Mod. Phys. 

A33, 1830025 (2018)
Burkert, Elouadrhiri , Girod

Nature 557, 396 (2018)

Related to pressure 
& stress force inside h

q “Gravitational” form factors:

q Connection to GPD moments:

q Angular momentum sum rule:
3D tomography
Relation to GFFs
Angular Momentum

NEEDs x-dependence
of GPDs!

Need to know the x-dependence of GPDs to construct the proper moments!

Ji, PRL78, 1997
V. D. Burkert, et al. RMP 95 (2023) 041002

C. Lorce, “Hadron structure with GPDs”, 
CNF lecture series, July13-17, 2026, JLab 
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Properties of GPDs – Partonic 

q Impact parameter dependent parton density distribution:

Measurement of       fixes   
= momentum flow 
    between the pair

Quark density in 

Proton radii,              &             , from q & g spatial density 

Tomographic image of hadron
in slice of x

How fast does 
glue density fall?

How far does glue 
density spread?

Modeled by 
M. Burkdart, 

PRD 2000

bx=?

Slice in (x,Q)

§ Should             >            , or vice versa?   

§ How do they compare with known 
radius (EM charge radius, mass radius, 
… ), & why?Need to know the x-dependence of GPDs to construct the proper radii !
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How to Find Physical Processes to be Sensitive to GPDs? 

Single diffractive 
at 

q Need an exclusive process – Not to break the hadron:

Single diffractive:

A “soft” scale: 
<latexit sha1_base64="mNca7o3vkjHQd/KrtUclJxOMnD4=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoMYD4aZEJeLENCDxwhmgWz0dCpJk57F7ppACLl48Ve8eFDEq//gzb+xsxw0+qDg8V4VVfXcUAqNtv1lxRYWl5ZX4quJtfWNza3k9k5JB5HiUOSBDFTFZRqk8KGIAiVUQgXMcyWU3d7V2C/3QWkR+Hc4CKHusY4v2oIzNFIzuY/0kqbDk/DouJGlNbiPRJ/WrkEia2SbyZSdsSegf4kzIykyQ6GZ/Ky1Ah554COXTOuqY4dYHzKFgksYJWqRhpDxHutA1VCfeaDrw8kXI3polBZtB8qUj3Si/pwYMk/rgeeaTo9hV897Y/E/rxph+6I+FH4YIfh8uqgdSYoBHUdCW0IBRzkwhHElzK2Ud5liHE1wCROCM//yX1LKZpyzzOltLpXPzeKIkz1yQNLEIeckT25IgRQJJw/kibyQV+vRerberPdpa8yazeySX7A+vgERJ5Zh</latexit>

t = (p→ p→)2 ↑ !2

Momentum, spin, composition of particles (or partons)
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How to Find Physical Processes to be Sensitive to GPDs? 

Single diffractive 
at 

q Need an exclusive process – Not to break the hadron:

Single diffractive:

A “soft” scale: 
<latexit sha1_base64="mNca7o3vkjHQd/KrtUclJxOMnD4=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoMYD4aZEJeLENCDxwhmgWz0dCpJk57F7ppACLl48Ve8eFDEq//gzb+xsxw0+qDg8V4VVfXcUAqNtv1lxRYWl5ZX4quJtfWNza3k9k5JB5HiUOSBDFTFZRqk8KGIAiVUQgXMcyWU3d7V2C/3QWkR+Hc4CKHusY4v2oIzNFIzuY/0kqbDk/DouJGlNbiPRJ/WrkEia2SbyZSdsSegf4kzIykyQ6GZ/Ky1Ah554COXTOuqY4dYHzKFgksYJWqRhpDxHutA1VCfeaDrw8kXI3polBZtB8qUj3Si/pwYMk/rgeeaTo9hV897Y/E/rxph+6I+FH4YIfh8uqgdSYoBHUdCW0IBRzkwhHElzK2Ud5liHE1wCROCM//yX1LKZpyzzOltLpXPzeKIkz1yQNLEIeckT25IgRQJJw/kibyQV+vRerberPdpa8yazeySX7A+vgERJ5Zh</latexit>

t = (p→ p→)2 ↑ !2

Momentum, spin, composition of particles (or partons)

2-to-2 elastic scattering
at 

Colliding beam:Hard exclusive:

q Need a hard collision – to see the parton(s):

A “hard” scale: 
<latexit sha1_base64="Wwi56PZpF2nbyJL2CJp/DA9knog="></latexit>

ŝ = (p1 + p2)
2 → !2

QCD

(              minimum)
<latexit sha1_base64="nU3v863NcGIytc36fATobguKRac=">AAACGHicdVDLSsNAFJ34rPUVdelmsAguJKbp013BjcsK9gFJKJPppB06eTAzEUroZ7jxV9y4UMRtd/6Nk7YBFT0wcDj33Dv3Hi9mVEjT/NTW1jc2t7YLO8Xdvf2DQ/3ouCuihGPSwRGLeN9DgjAako6kkpF+zAkKPEZ63uQmq/ceCBc0Cu/lNCZugEYh9SlGUkkD/Sp1FkNsPvLc1DSum3WrZl2ahmk2rEo9I1ajalVmliMjaM0Geik3wdwEcxMsKyVDCazQHuhzZxjhJCChxAwJYZfNWLop4pJiRmZFJxEkRniCRsRWNEQBEW662GkGz5UyhH7E1QslXKjfO1IUCDENPOUMkByL37VM/KtmJ9JvuikN40SSEC8/8hMG1Y1ZSnBIOcGSTRVBmFO1K8RjxBGWKsuiCiG/FP5PupZRrhu1u2qpVV3FUQCn4AxcgDJogBa4BW3QARg8gmfwCt60J+1Fe9c+ltY1bdVzAn5Am38BCh6b+A==</latexit>

2 → 2

<latexit sha1_base64="pTbnTUGIoMDFDZbIYMh4T3vOSio=">AAACGHicbVDLSgMxFM3UV62vqks3wSLUhXWm1MemUHDjsoJ9QGccMmnahmYeJneEMvQz3Pgrblwo4rY7/8Z0WkGrBwKHc87l5h4vElyBaX4amaXlldW17HpuY3Nreye/u9dUYSwpa9BQhLLtEcUED1gDOAjWjiQjvidYyxteTf3WA5OKh8EtjCLm+KQf8B6nBLTk5k/tAYEExriKi5Frndy71vFdGduK+99CeSpU01w8dvMFs2SmwH+JNScFNEfdzU/sbkhjnwVABVGqY5kROAmRwKlg45wdKxYROiR91tE0ID5TTpIeNsZHWuniXij1CwCn6s+JhPhKjXxPJ30CA7XoTcX/vE4MvUsn4UEUAwvobFEvFhhCPG0Jd7lkFMRIE0Il13/FdEAkoaC7zOkSrMWT/5JmuWSdl85uKoVaZV5HFh2gQ1REFrpANXSN6qiBKHpEz+gVvRlPxovxbnzMohljPrOPfsGYfAFDOJ1m</latexit>

t̂ = (p1 → q1)
2 ↑ (p1 → q2)

2 = û
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How to Find Physical Processes to be Sensitive to GPDs? 

Single diffractive 
at 

q Need an exclusive process – Not to break the hadron:

Single diffractive:

A “soft” scale: 
<latexit sha1_base64="mNca7o3vkjHQd/KrtUclJxOMnD4=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoMYD4aZEJeLENCDxwhmgWz0dCpJk57F7ppACLl48Ve8eFDEq//gzb+xsxw0+qDg8V4VVfXcUAqNtv1lxRYWl5ZX4quJtfWNza3k9k5JB5HiUOSBDFTFZRqk8KGIAiVUQgXMcyWU3d7V2C/3QWkR+Hc4CKHusY4v2oIzNFIzuY/0kqbDk/DouJGlNbiPRJ/WrkEia2SbyZSdsSegf4kzIykyQ6GZ/Ky1Ah554COXTOuqY4dYHzKFgksYJWqRhpDxHutA1VCfeaDrw8kXI3polBZtB8qUj3Si/pwYMk/rgeeaTo9hV897Y/E/rxph+6I+FH4YIfh8uqgdSYoBHUdCW0IBRzkwhHElzK2Ud5liHE1wCROCM//yX1LKZpyzzOltLpXPzeKIkz1yQNLEIeckT25IgRQJJw/kibyQV+vRerberPdpa8yazeySX7A+vgERJ5Zh</latexit>

t = (p→ p→)2 ↑ !2

Momentum, spin, composition of particles (or partons)

2-to-2 elastic scattering
at 

Colliding beam:Hard exclusive:

q Need a hard collision – to see the parton(s):

A “hard” scale: 
<latexit sha1_base64="Wwi56PZpF2nbyJL2CJp/DA9knog="></latexit>

ŝ = (p1 + p2)
2 → !2

QCD

(              minimum)
<latexit sha1_base64="nU3v863NcGIytc36fATobguKRac=">AAACGHicdVDLSsNAFJ34rPUVdelmsAguJKbp013BjcsK9gFJKJPppB06eTAzEUroZ7jxV9y4UMRtd/6Nk7YBFT0wcDj33Dv3Hi9mVEjT/NTW1jc2t7YLO8Xdvf2DQ/3ouCuihGPSwRGLeN9DgjAako6kkpF+zAkKPEZ63uQmq/ceCBc0Cu/lNCZugEYh9SlGUkkD/Sp1FkNsPvLc1DSum3WrZl2ahmk2rEo9I1ajalVmliMjaM0Geik3wdwEcxMsKyVDCazQHuhzZxjhJCChxAwJYZfNWLop4pJiRmZFJxEkRniCRsRWNEQBEW662GkGz5UyhH7E1QslXKjfO1IUCDENPOUMkByL37VM/KtmJ9JvuikN40SSEC8/8hMG1Y1ZSnBIOcGSTRVBmFO1K8RjxBGWKsuiCiG/FP5PupZRrhu1u2qpVV3FUQCn4AxcgDJogBa4BW3QARg8gmfwCt60J+1Fe9c+ltY1bdVzAn5Am38BCh6b+A==</latexit>

2 → 2

<latexit sha1_base64="pTbnTUGIoMDFDZbIYMh4T3vOSio=">AAACGHicbVDLSgMxFM3UV62vqks3wSLUhXWm1MemUHDjsoJ9QGccMmnahmYeJneEMvQz3Pgrblwo4rY7/8Z0WkGrBwKHc87l5h4vElyBaX4amaXlldW17HpuY3Nreye/u9dUYSwpa9BQhLLtEcUED1gDOAjWjiQjvidYyxteTf3WA5OKh8EtjCLm+KQf8B6nBLTk5k/tAYEExriKi5Frndy71vFdGduK+99CeSpU01w8dvMFs2SmwH+JNScFNEfdzU/sbkhjnwVABVGqY5kROAmRwKlg45wdKxYROiR91tE0ID5TTpIeNsZHWuniXij1CwCn6s+JhPhKjXxPJ30CA7XoTcX/vE4MvUsn4UEUAwvobFEvFhhCPG0Jd7lkFMRIE0Il13/FdEAkoaC7zOkSrMWT/5JmuWSdl85uKoVaZV5HFh2gQ1REFrpANXSN6qiBKHpEz+gVvRlPxovxbnzMohljPrOPfsGYfAFDOJ1m</latexit>

t̂ = (p1 → q1)
2 ↑ (p1 → q2)

2 = û
Probe!

Hadron Properties

defines GPDs
& what we are 

probing!

<latexit sha1_base64="Df4JOn2OJpBC5G4/Fx+UPDADDK4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FmsnqLePEY0SyQjKGn05M06Vno7hFCyCd48aCIV7/Im39jTxJBRR8UPN6roqqeF3MmlWV9GJmV1bX1jexmbmt7Z3cvv3/QklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vfJn67XsqJIvCWzWJqRvgYch8RrDS0s3F3Vk/X7DM81rFKTvIMi2r6hQrKXGqJaeIbK2kKMASjX7+vTeISBLQUBGOpezaVqzcKRaKEU5nuV4iaYzJGA9pV9MQB1S60/mpM3SilQHyI6ErVGiufp+Y4kDKSeDpzgCrkfztpeJfXjdRfs2dsjBOFA3JYpGfcKQilP6NBkxQovhEE0wE07ciMsICE6XTyekQvj5F/5OWY9oVs3xdKtSdZRxZOIJjOAUbqlCHK2hAEwgM4QGe4NngxqPxYrwuWjPGcuYQfsB4+wQNHo2f</latexit>

A→

(Need a minimum                 SDHEPs)

SDHEP Process:

q Single diffractive hard exclusive process (SDHEP):

Factorization:

A necessary condition!

<latexit sha1_base64="S0uaYo+14ZdgHj4G1Mw5Ayw0qhU=">AAACKnicbVDLTgIxFO3gC/GFunTTSEzcQGYIPpYYNy4h4ZUwI+mUAg2dh+0dEzLhe9z4K25YaIhbP8QyzELAmzQ559x7cnuPGwquwDTnRmZre2d3L7ufOzg8Oj7Jn561VBBJypo0EIHsuEQxwX3WBA6CdULJiOcK1nbHj4t++5VJxQO/AZOQOR4Z+nzAKQEt9fIP9ecythX3sD0iEKvpkhQTBissStlLr7HwYHs4tHERevmCWTKTwpvASkEBpVXr5Wd2P6CRx3yggijVtcwQnJhI4FSwac6OFAsJHZMh62roE48pJ05OneIrrfTxIJD6+YAT9a8jJp5SE8/Vkx6BkVrvLcT/et0IBvdOzP0wAubT5aJBJDAEeJEb7nPJKIiJBoRKrv+K6YhIQkGnm9MhWOsnb4JWuWTdlm7qlUK1ksaRRRfoEl0jC92hKnpCNdREFL2hD/SJvox3Y2bMje/laMZIPedopYyfX965paY=</latexit>

Q2 → ŝ → ↑t̂ → ↑û → q2T ↓ ↑t
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How to Choose the Light-cone Vector “n” to Define GPDs? 

q Choose the z-axis of the hard collisions – a choice of frame:

with

Recall – Inclusive DIS:
<latexit sha1_base64="AWw3467KCF/F+Nmr1yOuhJ5jb3A=">AAACCXicbVDLSgMxFL3js9bXqEs3wSJtEcqM1Mey4MZlBfuAzlAyadqGZh4kGaEM3brxV9y4UMStf+DOvzEznYW2HgicnHMvyTlexJlUlvVtrKyurW9sFraK2zu7e/vmwWFbhrEgtEVCHoquhyXlLKAtxRSn3UhQ7HucdrzJTep3HqiQLAzu1TSiro9HARsygpWW+iYaV6IqOkO84lDOq8hRIeLl7FJO9W7fLFk1KwNaJnZOSpCj2Te/nEFIYp8GinAsZc+2IuUmWChGOJ0VnVjSCJMJHtGepgH2qXSTLMkMnWplgIah0CdQKFN/byTYl3Lqe3rSx2osF71U/M/rxWp47SYsiGJFAzJ/aBhzpOOmtaABE5QoPtUEE8H0XxEZY4GJ0uUVdQn2YuRl0j6v2Ze1i7t6qVHP6yjAMZxABWy4ggbcQhNaQOARnuEV3own48V4Nz7moytGvnMEf2B8/gAMG5a3</latexit>

h(p) + l(ω) → l→(ω→) +X

Let       and       define the z-axis of the collision &       along the +z direction and      long the –z direction,
<latexit sha1_base64="+GBMELS/kvNBCZpiaQZvPDE25vI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6peNmuVei2PowgncArn4ME11OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/2SOM8A==</latexit>p <latexit sha1_base64="RogSvlVzkHrKvPsSBughCkFzGq8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6KMSgWnPr7hxklXgFqUGB5qD61R9GLJGoLBPUmJ7nxtZPqbacCZxV+onBmLIJHWEvo4pKNH46v3VGzjJlSMJIZ6Usmau/J1IqjZnKIOuU1I7NspeL/3m9xIa3fspVnFhUbLEoTASxEckfJ0OukVkxzQhlmme3EjammjKbxVPJQvCWX14l7Yu6d12/erisNS6LOMpwAqdwDh7cQAPuoQktYDCGZ3iFN0c6L86787FoLTnFzDH8gfP5Awxwjjc=</latexit>

ω
<latexit sha1_base64="+GBMELS/kvNBCZpiaQZvPDE25vI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6peNmuVei2PowgncArn4ME11OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/2SOM8A==</latexit>p <latexit sha1_base64="RogSvlVzkHrKvPsSBughCkFzGq8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6KMSgWnPr7hxklXgFqUGB5qD61R9GLJGoLBPUmJ7nxtZPqbacCZxV+onBmLIJHWEvo4pKNH46v3VGzjJlSMJIZ6Usmau/J1IqjZnKIOuU1I7NspeL/3m9xIa3fspVnFhUbLEoTASxEckfJ0OukVkxzQhlmme3EjammjKbxVPJQvCWX14l7Yu6d12/erisNS6LOMpwAqdwDh7cQAPuoQktYDCGZ3iFN0c6L86787FoLTnFzDH8gfP5Awxwjjc=</latexit>

ω
<latexit sha1_base64="C4p1/AbgXQUBbCg9SvuOxyDLrpQ=">AAACH3icbVBLSwMxGMzWV62vVY9egkVosZZdqdWLUBDBYwX7gG67ZNNsG5rdDUlWqEv/iRf/ihcPioi3/hvTh6DVgcBk5vtIZjzOqFSWNTZSS8srq2vp9czG5tb2jrm7V5dRLDCp4YhFoukhSRgNSU1RxUiTC4ICj5GGN7ia+I17IiSNwjs15KQdoF5IfYqR0pJrlnnHCWJ4CXPXhcTxfGiNXIcTwQuQuw956KgI5njnWF8733rnJO+aWatoTQH/EntOsmCOqmt+Ot0IxwEJFWZIypZtcdVOkFAUMzLKOLEkHOEB6pGWpiEKiGwn03wjeKSVLvQjoU+o4FT9uZGgQMph4OnJAKm+XPQm4n9eK1b+RTuhIY8VCfHsIT9mUIeelAW7VBCs2FAThAXVf4W4jwTCSlea0SXYi5H/kvpp0S4Xz25L2UppXkcaHIBDkAM2OAcVcAOqoAYweATP4BW8GU/Gi/FufMxGU8Z8Zx/8gjH+AuEJn74=</latexit>

pµ = (E,0→, pz) → (p+, p→, p↑)
<latexit sha1_base64="FT6jWW4VdRrxqHOQcCeIZXKSwzM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKoWalPrYCAURXFawD2hjmEwn7dBJMs5MhBq78FfcuFDErb/hzr9x2mah1QMXDufcy733eJxRqSzry8jMzS8sLmWXcyura+sb5uZWQ0axwKSOIxaJlockYTQkdUUVIy0uCAo8Rpre4HzsN++IkDQKr9WQEydAvZD6FCOlJdfc4TdFeAYLF0Xu3h8cduStUEl55Jp5q2RNAP8SOyV5kKLmmp+dboTjgIQKMyRl27a4chIkFMWMjHKdWBKO8AD1SFvTEAVEOsnk/hHc10oX+pHQFSo4UX9OJCiQchh4ujNAqi9nvbH4n9eOlX/qJDTksSIhni7yYwZVBMdhwC4VBCs21ARhQfWtEPeRQFjpyHI6BHv25b+kUS7Zx6Wjq0q+WknjyIJdsAcKwAYnoAouQQ3UAQYP4Am8gFfj0Xg23oz3aWvGSGe2wS8YH9+Mo5SC</latexit>

p+ = (E + pz)/
→
2

<latexit sha1_base64="zr9VmpsQ0xe3EVRnzbDSu/yGlK0=">AAACCnicbVDLSgMxFM3UV62vUZduokWoSNuZoT42QkEElxXsA/oik6ZtaGYmJhmhDl278VfcuFDErV/gzr8xbWehrQcuHM65l3vvcTmjUlnWt5FYWFxaXkmuptbWNza3zO2digxCgUkZBywQNRdJwqhPyooqRmpcEOS5jFTdweXYr94TIWng36ohJ00P9XzapRgpLbXNfd7KwguYucry9sNRviHvhIqckZa8lpN3eOu4baatnDUBnCd2TNIgRqltfjU6AQ494ivMkJR12+KqGSGhKGZklGqEknCEB6hH6pr6yCOyGU1eGcFDrXRgNxC6fAUn6u+JCHlSDj1Xd3pI9eWsNxb/8+qh6p43I+rzUBEfTxd1QwZVAMe5wA4VBCs21ARhQfWtEPeRQFjp9FI6BHv25XlScXL2ae7kppAuFuI4kmAPHIAMsMEZKIJrUAJlgMEjeAav4M14Ml6Md+Nj2pow4pld8AfG5w/QOZfI</latexit>

p→ = (E → pz)/
↑
2 = m2/2p+and

Light-cone vector:                                                                        
<latexit sha1_base64="3MBu3haON39eM4jfKIut1yQMUZw=">AAACI3icbZDLSsNAFIYn9VbrrerSzWARWqwlkXpBEApuXFawF2iaMplO2qGTSZiZCCX0Xdz4Km5cKMWNC9/FSRtEqwcGfv7vHM6c3w0Zlco0P4zM0vLK6lp2PbexubW9k9/da8ogEpg0cMAC0XaRJIxy0lBUMdIOBUG+y0jLHd0kvPVAhKQBv1fjkHR9NODUoxgpbfXyV9yx/QhewyJ3jsswtl0P8oljh0SEZcidk1LCzJSY38QqwV6+YFbMWcG/wkpFAaRV7+Wndj/AkU+4wgxJ2bHMUHVjJBTFjExydiRJiPAIDUhHS458Irvx7MYJPNJOH3qB0I8rOHN/TsTIl3Lsu7rTR2ooF1li/sc6kfIuuzHlYaQIx/NFXsSgCmASGOxTQbBiYy0QFlT/FeIhEggrHWtOh2AtnvxXNE8r1nnl7K5aqFXTOLLgAByCIrDABaiBW1AHDYDBI3gGr+DNeDJejKnxPm/NGOnMPvhVxucXEfugKg==</latexit>

nµ = (n+,n→, n↑) = (0,0→, 1)
<latexit sha1_base64="KuqV5VjP8wa8SH8Oum6wLAuvF+Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKfBwDXjxGMA9IljA76U2GzM4uM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mkmCfkSHkoecUWOltqj0UIiLfqnsVt05yCrxclKGHI1+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzcKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPUzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oaEPwll9eJa3LqnddvXqoleu1PI4CnMIZVMCDG6jDPTSgCQzG8Ayv8OYkzovz7nwsWtecfOYE/sD5/AGeoI8S</latexit>

l(ω)along the direction of  
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How to Choose the Light-cone Vector “n” to Define GPDs? 

q Choose the z-axis of the hard collisions – a choice of frame:

with

Recall – Inclusive DIS:
<latexit sha1_base64="AWw3467KCF/F+Nmr1yOuhJ5jb3A=">AAACCXicbVDLSgMxFL3js9bXqEs3wSJtEcqM1Mey4MZlBfuAzlAyadqGZh4kGaEM3brxV9y4UMStf+DOvzEznYW2HgicnHMvyTlexJlUlvVtrKyurW9sFraK2zu7e/vmwWFbhrEgtEVCHoquhyXlLKAtxRSn3UhQ7HucdrzJTep3HqiQLAzu1TSiro9HARsygpWW+iYaV6IqOkO84lDOq8hRIeLl7FJO9W7fLFk1KwNaJnZOSpCj2Te/nEFIYp8GinAsZc+2IuUmWChGOJ0VnVjSCJMJHtGepgH2qXSTLMkMnWplgIah0CdQKFN/byTYl3Lqe3rSx2osF71U/M/rxWp47SYsiGJFAzJ/aBhzpOOmtaABE5QoPtUEE8H0XxEZY4GJ0uUVdQn2YuRl0j6v2Ze1i7t6qVHP6yjAMZxABWy4ggbcQhNaQOARnuEV3own48V4Nz7moytGvnMEf2B8/gAMG5a3</latexit>

h(p) + l(ω) → l→(ω→) +X

Let       and       define the z-axis of the collision &       along the +z direction and      long the –z direction,
<latexit sha1_base64="+GBMELS/kvNBCZpiaQZvPDE25vI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6peNmuVei2PowgncArn4ME11OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/2SOM8A==</latexit>p <latexit sha1_base64="RogSvlVzkHrKvPsSBughCkFzGq8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6KMSgWnPr7hxklXgFqUGB5qD61R9GLJGoLBPUmJ7nxtZPqbacCZxV+onBmLIJHWEvo4pKNH46v3VGzjJlSMJIZ6Usmau/J1IqjZnKIOuU1I7NspeL/3m9xIa3fspVnFhUbLEoTASxEckfJ0OukVkxzQhlmme3EjammjKbxVPJQvCWX14l7Yu6d12/erisNS6LOMpwAqdwDh7cQAPuoQktYDCGZ3iFN0c6L86787FoLTnFzDH8gfP5Awxwjjc=</latexit>

ω
<latexit sha1_base64="+GBMELS/kvNBCZpiaQZvPDE25vI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6peNmuVei2PowgncArn4ME11OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/2SOM8A==</latexit>p <latexit sha1_base64="RogSvlVzkHrKvPsSBughCkFzGq8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6KMSgWnPr7hxklXgFqUGB5qD61R9GLJGoLBPUmJ7nxtZPqbacCZxV+onBmLIJHWEvo4pKNH46v3VGzjJlSMJIZ6Usmau/J1IqjZnKIOuU1I7NspeL/3m9xIa3fspVnFhUbLEoTASxEckfJ0OukVkxzQhlmme3EjammjKbxVPJQvCWX14l7Yu6d12/erisNS6LOMpwAqdwDh7cQAPuoQktYDCGZ3iFN0c6L86787FoLTnFzDH8gfP5Awxwjjc=</latexit>

ω
<latexit sha1_base64="C4p1/AbgXQUBbCg9SvuOxyDLrpQ=">AAACH3icbVBLSwMxGMzWV62vVY9egkVosZZdqdWLUBDBYwX7gG67ZNNsG5rdDUlWqEv/iRf/ihcPioi3/hvTh6DVgcBk5vtIZjzOqFSWNTZSS8srq2vp9czG5tb2jrm7V5dRLDCp4YhFoukhSRgNSU1RxUiTC4ICj5GGN7ia+I17IiSNwjs15KQdoF5IfYqR0pJrlnnHCWJ4CXPXhcTxfGiNXIcTwQuQuw956KgI5njnWF8733rnJO+aWatoTQH/EntOsmCOqmt+Ot0IxwEJFWZIypZtcdVOkFAUMzLKOLEkHOEB6pGWpiEKiGwn03wjeKSVLvQjoU+o4FT9uZGgQMph4OnJAKm+XPQm4n9eK1b+RTuhIY8VCfHsIT9mUIeelAW7VBCs2FAThAXVf4W4jwTCSlea0SXYi5H/kvpp0S4Xz25L2UppXkcaHIBDkAM2OAcVcAOqoAYweATP4BW8GU/Gi/FufMxGU8Z8Zx/8gjH+AuEJn74=</latexit>

pµ = (E,0→, pz) → (p+, p→, p↑)
<latexit sha1_base64="FT6jWW4VdRrxqHOQcCeIZXKSwzM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKoWalPrYCAURXFawD2hjmEwn7dBJMs5MhBq78FfcuFDErb/hzr9x2mah1QMXDufcy733eJxRqSzry8jMzS8sLmWXcyura+sb5uZWQ0axwKSOIxaJlockYTQkdUUVIy0uCAo8Rpre4HzsN++IkDQKr9WQEydAvZD6FCOlJdfc4TdFeAYLF0Xu3h8cduStUEl55Jp5q2RNAP8SOyV5kKLmmp+dboTjgIQKMyRl27a4chIkFMWMjHKdWBKO8AD1SFvTEAVEOsnk/hHc10oX+pHQFSo4UX9OJCiQchh4ujNAqi9nvbH4n9eOlX/qJDTksSIhni7yYwZVBMdhwC4VBCs21ARhQfWtEPeRQFjpyHI6BHv25b+kUS7Zx6Wjq0q+WknjyIJdsAcKwAYnoAouQQ3UAQYP4Am8gFfj0Xg23oz3aWvGSGe2wS8YH9+Mo5SC</latexit>

p+ = (E + pz)/
→
2

<latexit sha1_base64="zr9VmpsQ0xe3EVRnzbDSu/yGlK0=">AAACCnicbVDLSgMxFM3UV62vUZduokWoSNuZoT42QkEElxXsA/oik6ZtaGYmJhmhDl278VfcuFDErV/gzr8xbWehrQcuHM65l3vvcTmjUlnWt5FYWFxaXkmuptbWNza3zO2digxCgUkZBywQNRdJwqhPyooqRmpcEOS5jFTdweXYr94TIWng36ohJ00P9XzapRgpLbXNfd7KwguYucry9sNRviHvhIqckZa8lpN3eOu4baatnDUBnCd2TNIgRqltfjU6AQ494ivMkJR12+KqGSGhKGZklGqEknCEB6hH6pr6yCOyGU1eGcFDrXRgNxC6fAUn6u+JCHlSDj1Xd3pI9eWsNxb/8+qh6p43I+rzUBEfTxd1QwZVAMe5wA4VBCs21ARhQfWtEPeRQFjp9FI6BHv25XlScXL2ae7kppAuFuI4kmAPHIAMsMEZKIJrUAJlgMEjeAav4M14Ml6Md+Nj2pow4pld8AfG5w/QOZfI</latexit>

p→ = (E → pz)/
↑
2 = m2/2p+and

Light-cone vector:                                                                        
<latexit sha1_base64="3MBu3haON39eM4jfKIut1yQMUZw=">AAACI3icbZDLSsNAFIYn9VbrrerSzWARWqwlkXpBEApuXFawF2iaMplO2qGTSZiZCCX0Xdz4Km5cKMWNC9/FSRtEqwcGfv7vHM6c3w0Zlco0P4zM0vLK6lp2PbexubW9k9/da8ogEpg0cMAC0XaRJIxy0lBUMdIOBUG+y0jLHd0kvPVAhKQBv1fjkHR9NODUoxgpbfXyV9yx/QhewyJ3jsswtl0P8oljh0SEZcidk1LCzJSY38QqwV6+YFbMWcG/wkpFAaRV7+Wndj/AkU+4wgxJ2bHMUHVjJBTFjExydiRJiPAIDUhHS458Irvx7MYJPNJOH3qB0I8rOHN/TsTIl3Lsu7rTR2ooF1li/sc6kfIuuzHlYaQIx/NFXsSgCmASGOxTQbBiYy0QFlT/FeIhEggrHWtOh2AtnvxXNE8r1nnl7K5aqFXTOLLgAByCIrDABaiBW1AHDYDBI3gGr+DNeDJejKnxPm/NGOnMPvhVxucXEfugKg==</latexit>

nµ = (n+,n→, n↑) = (0,0→, 1)
<latexit sha1_base64="KuqV5VjP8wa8SH8Oum6wLAuvF+Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKfBwDXjxGMA9IljA76U2GzM4uM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mkmCfkSHkoecUWOltqj0UIiLfqnsVt05yCrxclKGHI1+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzcKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPUzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oaEPwll9eJa3LqnddvXqoleu1PI4CnMIZVMCDG6jDPTSgCQzG8Ayv8OYkzovz7nwsWtecfOYE/sD5/AGeoI8S</latexit>

l(ω)along the direction of  

Colliding beam:

q Choose the z-axis of the hard exclusive collision – SDHEP frame:

defines GPDs
& what we are 

probing!

<latexit sha1_base64="Df4JOn2OJpBC5G4/Fx+UPDADDK4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FmsnqLePEY0SyQjKGn05M06Vno7hFCyCd48aCIV7/Im39jTxJBRR8UPN6roqqeF3MmlWV9GJmV1bX1jexmbmt7Z3cvv3/QklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vfJn67XsqJIvCWzWJqRvgYch8RrDS0s3F3Vk/X7DM81rFKTvIMi2r6hQrKXGqJaeIbK2kKMASjX7+vTeISBLQUBGOpezaVqzcKRaKEU5nuV4iaYzJGA9pV9MQB1S60/mpM3SilQHyI6ErVGiufp+Y4kDKSeDpzgCrkfztpeJfXjdRfs2dsjBOFA3JYpGfcKQilP6NBkxQovhEE0wE07ciMsICE6XTyekQvj5F/5OWY9oVs3xdKtSdZRxZOIJjOAUbqlCHK2hAEwgM4QGe4NngxqPxYrwuWjPGcuYQfsB4+wQNHo2f</latexit>

A→

Let momentum of A*,                           and  the momentum of colliding beam,     
<latexit sha1_base64="x6TTP+qyz/RDJ7VtyY7kzpMpDhA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPoxbAb4uMiBLx4jGAemCxhdjKbDJmdHWZmhbDkL7x4UMSrf+PNv3GS7EETCxqKqm66uwLJmTau++3kVlbX1jfym4Wt7Z3dveL+QVPHiSK0QWIeq3aANeVM0IZhhtO2VBRHAaetYHQ79VtPVGkWiwczltSP8ECwkBFsrPQoex66QfJcnvaKJbfszoCWiZeREmSo94pf3X5MkogKQzjWuuO50vgpVoYRTieFbqKpxGSEB7RjqcAR1X46u3iCTqzSR2GsbAmDZurviRRHWo+jwHZG2Az1ojcV//M6iQmv/ZQJmRgqyHxRmHBkYjR9H/WZosTwsSWYKGZvRWSIFSbGhlSwIXiLLy+TZqXsXZYv7qulWjWLIw9HcAxn4MEV1OAO6tAAAgKe4RXeHO28OO/Ox7w152Qzh/AHzucPnQiPiw==</latexit>

p1 = p→ p→ <latexit sha1_base64="p3Vz8rQ1geKB8n2Q0V6We0CJ2go=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lK/TgWvHisaGuhDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8sdgfDPzH5+4NiJWDzhJuB/RoRKhYBStdJ/0a/1yxa26c5BV4uWkAjma/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0m7VvUuqxd39UqjnsdRhBM4hXPw4AoacAtNaAGDITzDK7w50nlx3p2PRWvByWeO4Q+czx8ADo2V</latexit>p2

define the z-axis of the hard exclusive collision with        along with +z direction
<latexit sha1_base64="F9eKKhRZgX8D6ETmHLq4R/qyWSE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjxGNA9IljA76U2GzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ9L3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5V9fK+VqnX8jiKcAKncA4eXEMd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP+e42U</latexit>p1

Light-cone vector:                                                                        
<latexit sha1_base64="3MBu3haON39eM4jfKIut1yQMUZw=">AAACI3icbZDLSsNAFIYn9VbrrerSzWARWqwlkXpBEApuXFawF2iaMplO2qGTSZiZCCX0Xdz4Km5cKMWNC9/FSRtEqwcGfv7vHM6c3w0Zlco0P4zM0vLK6lp2PbexubW9k9/da8ogEpg0cMAC0XaRJIxy0lBUMdIOBUG+y0jLHd0kvPVAhKQBv1fjkHR9NODUoxgpbfXyV9yx/QhewyJ3jsswtl0P8oljh0SEZcidk1LCzJSY38QqwV6+YFbMWcG/wkpFAaRV7+Wndj/AkU+4wgxJ2bHMUHVjJBTFjExydiRJiPAIDUhHS458Irvx7MYJPNJOH3qB0I8rOHN/TsTIl3Lsu7rTR2ooF1li/sc6kfIuuzHlYaQIx/NFXsSgCmASGOxTQbBiYy0QFlT/FeIhEggrHWtOh2AtnvxXNE8r1nnl7K5aqFXTOLLgAByCIrDABaiBW1AHDYDBI3gGr+DNeDJejKnxPm/NGOnMPvhVxucXEfugKg==</latexit>

nµ = (n+,n→, n↑) = (0,0→, 1)

along the direction of  
<latexit sha1_base64="WX4M6H7VkFxqQUw4MQJMGeWOMtI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUzTCdPt0V3bisYB/QDiWTZtrYTDIkGaEM/Qc3LhRx6/+482/MtBVU9MCFwzn3cu89fsSo0o7zYWXW1jc2t7LbuZ3dvf2D/OFRR4lYYtLGggnZ85EijHLS1lQz0oskQaHPSNefXqV+955IRQW/1bOIeCEacxpQjLSROpfFaOieD/MFx75o1NyqCx3bcepuuZYSt15xy7BklBQFsEJrmH8fjASOQ8I1ZkipfsmJtJcgqSlmZJ4bxIpECE/RmPQN5SgkyksW187hmVFGMBDSFNdwoX6fSFCo1Cz0TWeI9ET99lLxL68f66DhJZRHsSYcLxcFMYNawPR1OKKSYM1mhiAsqbkV4gmSCGsTUM6E8PUp/J90XLtUs6s3lUKzsoojC07AKSiCEqiDJrgGLdAGGNyBB/AEni1hPVov1uuyNWOtZo7BD1hvn7N7joo=</latexit>

B(p2)
<latexit sha1_base64="j2pFbS5Bujvsgl4dtxeD40D1eeg=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ARK9U6U+plIxTcuKxgL9AZSyZN29DMTEgyYhn6GG58FTcuFHHbnW9jOp2FWg8EvvP/OSTn9zijUlnWl5FZWFxaXsmu5tbWNza3zO2dhgwjgUkdhywULQ9JwmhA6ooqRlpcEOR7jDS94fXUbz4QIWkY3KkRJ66P+gHtUYyUljrmKe/Y90V4BQv8hB8eJVh2jqHzSGEt6TTpvsCLid0x81bJSgrOg51CHqRV65gTpxviyCeBwgxJ2bYtrtwYCUUxI+OcE0nCER6iPmlrDJBPpBsni43hgVa6sBcKfQIFE/XnRIx8KUe+p2/6SA3kX28q/ue1I9W7dGMa8EiRAM8e6kUMqhBOU4JdKghWbKQBYUH1XyEeIIGw0lnmdAj235XnoVEu2eels9tKvlpJ48iCPbAPCsAGF6AKbkAN1AEGT+AFvIF349l4NT6Mz9nVjJHO7IJfZUy+Aa/8mow=</latexit>

p+1 = (p→ p→)+ = 2 ωP+ = ω (p+ p→)+
<latexit sha1_base64="OEcMo1pfY0bxGIoNnd5XX0P5+zA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEwVqTUh8boeDGZQX7gCaGyXTSDp1MwsxEKKHgr7hxoYhbv8Odf+OkzUKrBy6cOede5t7jx4xKZVlfRmFhcWl5pbhaWlvf2Nwyt3faMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH15nfeSBC0ojfqXFM3BANOA0oRkpLnrkXe/b9CbyCyqnAU6dSy97Hnlm2qtYU8C+xc1IGOZqe+en0I5yEhCvMkJQ924qVmyKhKGZkUnISSWKER2hAeppyFBLpptP1J/BQK30YREIXV3Cq/pxIUSjlOPR1Z4jUUM57mfif10tUcOmmlMeJIhzPPgoSBlUEsyxgnwqCFRtrgrCgeleIh0ggrHRiJR2CPX/yX9KuVe3z6tltvdyo53EUwT44AEfABhegAW5AE7QABil4Ai/g1Xg0no03433WWjDymV3wC8bHNzwkkw8=</latexit>

p→1 = t / 2p+1and
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All Known Processes for Extracting GPDs – Fit the Kinematics of SDHEPs

DVCS DVMP DDVCS
add 

virtuality DHQP…

q  Electro-production (JLab, EIC, …)

q  Photo-production (JLab, EIC, …)

q  Meso-production (AMBER, J-PARC, …)

…

TCS

Qiu & Yu, JHEP 08 (2022) 103
PRD 107 (2023) 014007
PRL 131 (2023) 161902

Unified frame for all 
these observables 

• Unified definition 
for all GPDs

• Ready for Global 
analysis of GPDs

• Easy to implement 
experimentally

Same “n” along p2
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DVCS Compton Form Factors (CFFs) 

q  Like structure functions, CFFs include all power contributions:

In terms of EM gauge invariance, this virtual photon Compton scattering amplitude 
can be decomposed into 18 scalar Compton Form Factors. 

Qiu, Sato & Yu 
Phys.Rev.D 113 (2026) 054037

q  Extraction of GPDs from QCD global analyses:
1) Universality of GPDs – unlike PDFs, the choice of the light-cone vector to define “+” component is not unique! 
       When considering the power corrections, it is critical to carefully define the GPDs!

2)   Angular modulation is critically important for separating different GPDs, but, 
       consistent choice of the “angle” to define the modulation is crucial!
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Angular Modulations – Separation of Different GPDs & Global Analyses

q  GPDs depend on the choice of Frame (light-cone n-vector to define the “+” component):

Angular modulation between “diffractive” and “scattering” planes 
to select the spin-state of A* - different GPDs

q  Experimental Breit frame is not ideal:
BH is not a “t”-channel process:

Propagators of k1 & k2 
have f-dependence! Angular modulation between “leptonic” and “hadronic” planes do not necessarily 

select the definite spin-state of A* - different GPDs!
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SDHEP Frame vs. Breit Frame – Use DVCS as an Example

q SDHEP Frame  =  A* - Beam Frame: Hadron plays 
the role of 

the lepton in 
Breit frame

• Easy to implement
• A* defines the GPDs
• Angular modulation to separate GPDs
• Same for all GPD finding processes!

<latexit sha1_base64="ub5VbKxQ+qYMYzrFGL7tBfhzPRs=">AAACF3icdVBJS8QwGE1dx3GrevQSHAQPWtrO6m3Ai8cRnAXaMqSZzEyYdCFJhaH0X3jxr3jxoIhXvflvTGcBFX0QeLz3vuTL82NGhTTNT21ldW19Y7OwVdze2d3b1w8OOyJKOCZtHLGI93wkCKMhaUsqGenFnKDAZ6TrT65yv3tHuKBReCunMfECNArpkGIkldTXjdSdXeLwke+lpnHZqNlV+9w0TLNul2s5sesVu5y58ZheZH29tMzAZQYuM9BSSo4SWKDV1z/cQYSTgIQSMySEY5mx9FLEJcWMZEU3ESRGeIJGxFE0RAERXjpbKYOnShnAYcTVCSWcqd8nUhQIMQ18lQyQHIvfXi7+5TmJHDa8lIZxIkmI5w8NEwZlBPOS4IBygiWbKoIwp2pXiMeIIyxVlUVVwvKn8H/SsQ2rZlRvKqWmvaijAI7BCTgDFqiDJrgGLdAGGNyDR/AMXrQH7Ul71d7m0RVtMXMEfkB7/wLi+Zvz</latexit>

ω→dependence 
ó quantum # of A* 
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SDHEP Frame vs. Breit Frame – Use DVCS as an Example

q SDHEP Frame  =  A* - Beam Frame: Hadron plays 
the role of 

the lepton in 
Breit frame

• Easy to implement
• A* defines the GPDs
• Angular modulation to separate GPDs
• Same for all GPD finding processes!

<latexit sha1_base64="ub5VbKxQ+qYMYzrFGL7tBfhzPRs=">AAACF3icdVBJS8QwGE1dx3GrevQSHAQPWtrO6m3Ai8cRnAXaMqSZzEyYdCFJhaH0X3jxr3jxoIhXvflvTGcBFX0QeLz3vuTL82NGhTTNT21ldW19Y7OwVdze2d3b1w8OOyJKOCZtHLGI93wkCKMhaUsqGenFnKDAZ6TrT65yv3tHuKBReCunMfECNArpkGIkldTXjdSdXeLwke+lpnHZqNlV+9w0TLNul2s5sesVu5y58ZheZH29tMzAZQYuM9BSSo4SWKDV1z/cQYSTgIQSMySEY5mx9FLEJcWMZEU3ESRGeIJGxFE0RAERXjpbKYOnShnAYcTVCSWcqd8nUhQIMQ18lQyQHIvfXi7+5TmJHDa8lIZxIkmI5w8NEwZlBPOS4IBygiWbKoIwp2pXiMeIIyxVlUVVwvKn8H/SsQ2rZlRvKqWmvaijAI7BCTgDFqiDJrgGLdAGGNyDR/AMXrQH7Ul71d7m0RVtMXMEfkB7/wLi+Zvz</latexit>

ω→dependence 
ó quantum # of A* 

Breit frame is a natural 
extension from the 

treatment of DIS,  SIDIS
Angular distribution between lepton plane (              ) and hadron plane (               )
DOES not have a simple relation to GPDs to help their extraction, due to mixing of BH!  

<latexit sha1_base64="Z49wJrjMuu9r0Lfr4Pes7tvUj9U=">AAAB83icdVDLSgMxFM34rPVVdekmWERXw8z06a7gxmUF+4DOUDJppg3NJEOSEcrQ33DjQhG3/ow7/8ZMW0FFD1zu4Zx7yc0JE0aVdpwPa219Y3Nru7BT3N3bPzgsHR13lUglJh0smJD9ECnCKCcdTTUj/UQSFIeM9MLpde737olUVPA7PUtIEKMxpxHFSBvJ9wljvhZ5uxiWyo591ax7NQ86tuM0vEo9J16j6lWga5QcZbBCe1h690cCpzHhGjOk1MB1Eh1kSGqKGZkX/VSRBOEpGpOBoRzFRAXZ4uY5PDfKCEZCmuIaLtTvGxmKlZrFoZmMkZ6o314u/uUNUh01g4zyJNWE4+VDUcqgFjAPAI6oJFizmSEIS2puhXiCJMLaxFQ0IXz9FP5Pup7t1u3abbXc8lZxFMApOAOXwAUN0AI3oA06AIMEPIAn8Gyl1qP1Yr0uR9es1c4J+AHr7RM5L5HI</latexit>

ω → ω→
<latexit sha1_base64="ZvN49etFhPNvAfdGwdtrX67ZE6Y=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFdDdPp013BjcsK9gHtUDJppg3NzIQkI5ShH+HGhSJu/R53/o2ZtoKKHggczrmX3HN8wZnSjvNhra1vbG5t53byu3v7B4eFo+OOihNJaJvEPJY9HyvKWUTbmmlOe0JSHPqcdv3pdeZ376lULI7u9ExQL8TjiAWMYG2krhjoGImLYaHo2FeNmlt1kWM7Tt0t1zLi1ituGZWMkqEIK7SGhffBKCZJSCNNOFaqX3KE9lIsNSOczvODRFGByRSPad/QCIdUeeni3Dk6N8oIBbE0L9JooX7fSHGo1Cz0zWSI9UT99jLxL6+f6KDhpSwSiaYRWX4UJByZjFl2NGKSEs1nhmAimbkVkQmWmGjTUN6U8JUU/U86rl2q2dXbSrHprurIwSmcwSWUoA5NuIEWtIHAFB7gCZ4tYT1aL9brcnTNWu2cwA9Yb58aRI9k</latexit>

p → p→

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>ω

q Breit Frome  =      - Beam Frame:
<latexit sha1_base64="omAd5HRei9WhLRBIm0DsVwwcOpg=">AAAB73icdVDLSgMxFM34rPVVdekmWARxMcxMn+4KblxWsA9ox5JJM21okhmTjFCG/oQbF4q49Xfc+Tdm2goqeuDC4Zx7ufeeIGZUacf5sFZW19Y3NnNb+e2d3b39wsFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpn5nXsiFY3EjZ7GxOdoJGhIMdJG6vZHiHN0ez4oFB37ol71Kh50bMepeaVqRrxa2StB1ygZimCJ5qDw3h9GOOFEaMyQUj3XibWfIqkpZmSW7yeKxAhP0Ij0DBWIE+Wn83tn8NQoQxhG0pTQcK5+n0gRV2rKA9PJkR6r314m/uX1Eh3W/ZSKONFE4MWiMGFQRzB7Hg6pJFizqSEIS2puhXiMJMLaRJQ3IXx9Cv8nbc92q3blulxseMs4cuAYnIAz4IIaaIAr0AQtgAEDD+AJPFt31qP1Yr0uWles5cwR+AHr7RMFfI/v</latexit>

ω→

+
Bethe-Heitler
subprocess in 
terms of EM 
form factors

2

2 EM form factors

DVCS:   in 
terms of 

factorized 
GPDsGPD

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>ω
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Simple Numerical Examples for Angular Distribution/Modulation

unpolarized

(normalized)

Breit fit to 

• No straightforward interpretation of the coefficients.
• Need to introduce more gears in GPD extraction.

Generate 𝟏𝟎𝟔 events and reconstruct 

SDHEP fit to 

[A.V. Belitsky et al., 2002]
[B. Kriesten et al., 2020, 2022]
[Y. Guo et al., 2021, 2022]
…
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Nature of the Exchange State A* - An Expansion in Powers of  

+⋯
≥ 𝟑 parton connection:

             further Power suppressed

= Leading Power in

+ + Next Leading Power in

If A* cannot be factorized in terms of partons, one might 
interpretate them as quasi-states, like pomeron, odderon, …,
from the diffractive scattering 
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Nature of the Exchange State A* - An Expansion in Powers of  

+⋯
≥ 𝟑 parton connection:

             further Power suppressed

= Leading Power in

+ + Next Leading Power in

Bethe-Heitler

EM form factor

Quark GPD Gluon GPD

Energy ≫ virtuality
Ensured by 

Factorization into GPDs

GPDs are defined by the
quantum states of A*
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Why the GPD’s 𝒙-Dependence is so Difficult to Measure?

19

q  Amplitude nature: exclusive processes

DVCS

GPD

𝒙 ∼ loop momentum
PDF

cross section: cut diagram

Compare with DIS

Full range of 𝒙, 𝐢𝐧𝐜𝐥𝐮𝐝𝐢𝐧𝐠  
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Why the GPD’s 𝒙-Dependence is so Difficult to Measure?

20

q  Amplitude nature: exclusive processes

DVCS

GPD

𝒙 ∼ loop momentum
PDF

cross section: cut diagram

Compare with DIS

q  Sensitivity to 𝒙: comes from 𝑪(𝒙, 𝝃; 𝑸/𝝁)

[Bertone et al. PRD `21]

Equally fit!
“x-moment”

Full range of 𝒙, 𝐢𝐧𝐜𝐥𝐮𝐝𝐢𝐧𝐠  
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Where Does the 𝒙-sensitivity Come From?

q  𝒙-sensitivity ⇔ 𝟐 → 𝟐 hard scattering:

Kinematics: 

1. '𝒔 = 𝟐	𝝃	𝒔	/	(𝟏 + 𝝃)

2. 𝜽 or 𝒒𝑻 = ( '𝒔/𝟐)	sin𝜽

3. 𝝓 

𝝃

𝒙

(𝑨∗𝑩)	spin states

[suppressing 𝒕 and 𝝃 dependence]

§ Moment-type sensitivity:

Inversion problem:  shadow GPD [Bertone et al. PRD `21]

Independent of 𝑸 
Scaling for 𝑭𝑮

§ Enhanced sensitivity:
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What Kind of Process Could be Sensitive to the x-Dependence?
q Create an entanglement between the internal x and an externally measured variable?

Change external q to sample different part of x.

§ Double DVCS (two scales): Q
q

§ Production of two back-to-back high pT particles (say, two photons):  

G
PDHard scale: 𝒒𝑻 ≫ 𝚲𝐐𝐂𝐃	 Soft  scale: 𝒕 ∼ 𝚲𝐐𝐂𝐃𝟐

§ Factorization:

[suppressing pion DA factor]

𝑥 ↔ 𝑞$
𝒒𝑻 distribution is “conjugate” to 𝒙 distribution

Qiu & Yu
JHEP 08 (2022) 103
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New Physical Processes to have Enhanced 𝒙-Sensitivity
qDiphoton process

also contains

Covers the DGLAP region

q 𝜸-𝝅 Pair Photoproduction:

also contains:

Covers the ERBL region
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Test the Sensitivity on the GPDs’ 𝒙-Dependence

GPD models = GK model + shadow GPDs
Goloskokov, Kroll, `05, `07, `09 

Bertone et al. `21
Moffat et al. `23
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Test the Sensitivity on the GPDs’ 𝒙-Dependence

GPD models = GK model + shadow GPDs
Goloskokov, Kroll, `05, `07, `09 

Bertone et al. `21
Moffat et al. `23

JLab @ 12GeV
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Summary and Outlook

Thanks!
A long but challenging & exciting way to go!

3D imageq GPDs are fundamental, carrying rich information on:

§ Tomographic images of confined quarks and gluons
§ Underline dynamics of hadronic properties

q QCD Global analyses to extract GPDs:

§ SDHEP frame is the right one for evaluating angular modulations
§ Need SDHEPs with x of GPDs entangled with measured hard scales!

q The              SDHEPs are excellent physical processes for extracting of GPDs

§ With               , the choice of “+” component is not unique 
§ SDHEP frame for all known SDHEPs provides a unique 

way to define the GPDs, necessary for Global analyses
§ Need to identify more factorizable SDHEPs for extracting 

GPDs through Global analyses
§ …

SDHEPs:

Two stages for physics at 
two different scales, plus  
natural power expansion
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Backup Slides
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Enhanced 𝒙-Sensitivity: (2) 𝜸-𝝅 Pair Photoproduction (at JLab Hall D)

q Polarization asymmetries:

28
Neglecting: (1) 𝑬 and 6𝑬; (2) gluon channel

Qiu & Yu, PRL 131 (2023), 161902


