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q Challenges:
QCD at femto-scale (0.1fm-10fm) – Seeing quarks and gluons inside a proton without breaking it

q Factorization:
Extracting the proton’s internal distributions of quarks and gluons from data of lepton-hadron collisions

q Nuclear femtography:

q Summary and Outlook

Pixelating the spatial distribution of quarks and gluons inside a proton in slices of the momentum fraction x  
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QCD Landscape of Nucleons and Nuclei
Color Confinement Asymptotic freedom

Probing
scale

Q (GeV)

200 MeV (1 fm) 2 GeV (1/10 fm)20 MeV (10 fm)

Asymptotic
regime
PQCD
works

beautifully!

QCD at the Fermi Scale:  Femto-science (0.1-10 fm)

§ The most interesting, rich, and complex regime of the theory!
§ All emergent phenomena depend on the scale at which we probe them!
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QCD Landscape of Nucleons and Nuclei

q Need new observables with two distinctive scales:
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

§ Hard scale:             to localize the probe to see the  
         particle nature of quarks/gluons

Q1

§ “Soft” scale:           to be more sensitive to the emergent  
                                       regime of hadron structure ~ 1/fm

Q2

Color Confinement Asymptotic freedom

Probing
scale

Q (GeV)

200 MeV (1 fm) 2 GeV (1/10 fm)20 MeV (10 fm)

Asymptotic
regime
PQCD
works

beautifully!

QCD at the Fermi Scale:  Femto-science (0.1-10 fm)

§ The most interesting, rich, and complex regime of the theory!
§ All emergent phenomena depend on the scale at which we probe them!
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“See” Internal Structure of Hadron without seeing quarks/gluons? 

NO quarks and gluons can be seen in isolation!

q 3D hadron structure:

GPDs

TMDs
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“See” Internal Structure of Hadron without seeing quarks/gluons? 

NO quarks and gluons can be seen in isolation!

q 3D hadron structure:

q If the nucleon is broken, e.g., in SIDIS, … 

�⇤
` `0

Ph

P

xP, kT
Ph

z
, k0T

Confined motion

Emergence of a hadron
hadronization

Gluon shower – QCD evolution

§ Measured kT is NOT the same as kT of the confined motion!
§ Too larger Q2 could weaken our precision to probe the true hadron structure!

GPDs

TMDs
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“See” Internal Structure of Hadron without seeing quarks/gluons? 

NO quarks and gluons can be seen in isolation!

q 3D hadron structure:

q If the nucleon is broken, e.g., in SIDIS, … 

�⇤
` `0

Ph

P

xP, kT
Ph

z
, k0T

Confined motion

Emergence of a hadron
hadronization

Gluon shower – QCD evolution

§ Measured kT is NOT the same as kT of the confined motion!
§ Too larger Q2 could weaken our precision to probe the true hadron structure!

Transverse momentum 
Broadening from the shower:

<latexit sha1_base64="FXdvfEd2RfKpUCmz8aeG6+BlE0s=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILqTMlKIuC+3ChYsWeoNOO2TStA3NTIbkjFCGvoQbX8WNC0XcCu58G9PLQlt/CHz855wk5/cjwTXY9reV2tjc2t5J72b29g8Oj7LHJ00tY0VZg0ohVdsnmgkesgZwEKwdKUYCX7CWPy7P6q0HpjSXYR0mEesGZBjyAacEjOVlr9wKE0Dw2Kv3Ci52IyUjkAbuzR194iWuCnCtXJn2CpmMl83ZeXsuvA7OEnJoqaqX/XL7ksYBC4EKonXHsSPoJkQBp4JNM26sWUTomAxZx2BIAqa7yXyrKb4wTh8PpDInBDx3f08kJNB6EvimMyAw0qu1mflfrRPD4Lab8DCKgYV08dAgFhgknkWE+1wxCmJigFDFzV8xHRFFKJggZyE4qyuvQ7OQd67zxVoxVyos40ijM3SOLpGDblAJ3aEqaiCKHtEzekVv1pP1Yr1bH4vWlLWcOUV/ZH3+ALBYnTM=</latexit>

�k2T / ⇤2
QCD

<latexit sha1_base64="OT4Y96I7XkS6TduRFABsXxBNT4Q=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahgpSkFHVZKYjLCvYBTQiT6aQdOpmEmYlQQjdu/BU3LhRx6z+482+ctFlo64ELh3Pu5d57/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uJn53QciJI34vZrExA3RkNOAYqS05JnHjqIhkQ50EItHyJOw0vRuzmHTuz4reWbZqlozwGVi56QMcrQ888sZRDgJCVeYISn7thUrN0VCUczItOQkksQIj9GQ9DXlSK9209kXU3iqlQEMIqGLKzhTf0+kKJRyEvq6M0RqJBe9TPzP6ycquHJTyuNEEY7ni4KEQRXBLBI4oIJgxSaaICyovhXiERIIKx1cFoK9+PIy6dSq9kW1flcvN2p5HEVwBE5ABdjgEjTALWiBNsDgETyDV/BmPBkvxrvxMW8tGPnMIfgD4/MHWaWWfA==</latexit>

⇥ ↵s(CF , CA)
<latexit sha1_base64="ktSM4gMneWinJYeJ/Znuhi6AP5o=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKVpSRRBYyVysDA0Er0ITVp5DhOa9V5yHaQqqh/wMKvsDCAECsrG3+D03aAwpEsHZ1zj3zv8RJGhTSML62wsrq2vlHcLG1t7+zu6fsHHRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1xo3c794TLmgc3clJQpwQDSMaUIykklz91JY0JMKGNouHldbAOrdvVdpHbmbzELYa19OBdVZy9bJRNWaAf4m5IGWwQNPVP20/xmlIIokZEqJvGol0MsQlxYxMS3YqSILwGA1JX9EIqSWcbHbPFJ4oxYdBzNWLJJypPxMZCoWYhJ6aDJEciWUvF//z+qkMrpyMRkkqSYTnHwUpgzKGeTnQp5xgySaKIMyp2hXiEeIIS1VhXoK5fPJf0rGq5kW11qqV69aijiI4AsegAkxwCergBjRBG2DwAJ7AC3jVHrVn7U17n48WtEXmEPyC9vENSH6a2g==</latexit>

⇥ log(Q2/⇤2
QCD)

<latexit sha1_base64="o1BhcTkjDkH/RXheQMfcDL5OMDw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3dSkFHVZcOOyBfuAJpbJdNIOncyEmYlQQ/FX3LhQxK3/4c6/cdJmodUDFw7n3Mu99wQxo0o7zpdVWFldW98obpa2tnd29+z9g44SicSkjQUTshcgRRjlpK2pZqQXS4KigJFuMLnO/O49kYoKfqunMfEjNOI0pBhpIw3sI0/TiCgPekyMKuq8dVc7Kw3sslN15oB/iZuTMsjRHNif3lDgJCJcY4aU6rtOrP0USU0xI7OSlygSIzxBI9I3lCOz0k/n18/gqVGGMBTSFNdwrv6cSFGk1DQKTGeE9Fgte5n4n9dPdHjlp5THiSYcLxaFCYNawCwKOKSSYM2mhiAsqbkV4jGSCGsTWBaCu/zyX9KpVd2Lar1VLzdqeRxFcAxOQAW44BI0wA1ogjbA4AE8gRfwaj1az9ab9b5oLVj5zCH4BevjG3a1k+I=</latexit>

⇥ log(s/Q2)

<latexit sha1_base64="ElrEYPTg0P/fIAksNH6qiZXeKTA=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut4MVjBfshbSib7bZdupuE3Y1QQn+FFw+KePXnePPfuGkrqOiDgcd7M8zMCxPOlHacD6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdkOsKGcRbWmmOe0mkmIRctoJp1e537mnUrE4utWzhAYCjyM2YgRrI931x9p4ArmDcsWxL+tVz68ix3acmuu5OfFq/oWPXKPkqMAKzUH5vT+MSSpopAnHSvVcJ9FBhqVmhNN5qZ8qmmAyxWPaMzTCgqogWxw8R2dGGaJRLE1FGi3U7xMZFkrNRGg6BdYT9dvLxb+8XqpH9SBjUZJqGpHlolHKkY5R/j0aMkmJ5jNDMJHM3IrIBEtMtMmoZEL4+hT9T9qe7VZt/8avNLxVHEU4gVM4Bxdq0IBraEILCAh4gCd4tqT1aL1Yr8vWgrWaOYYfsN4+AbZokFI=</latexit>& 1

Structure information can be diluted 
by the collision induced shower!

GPDs

TMDs
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Challenges for Exploring Internal Structure of Hadron without Breaking it 

q Form factors: q

p'p
Elastic electric form factor               Charge distributions

Proton “Radius”
in EM charge distribution

q But, there is NO elastic “color” form factor!
No Proton “Radius”
in color charge distribution!
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Challenges for Exploring Internal Structure of Hadron without Breaking it 

q Form factors: q

p'p
Elastic electric form factor               Charge distributions

Proton “Radius”
in EM charge distribution

q But, there is NO elastic “color” form factor!
No Proton “Radius”
in color charge distribution!

F.T. to get spatial distribution of quark/gluon density, quark/gluon correlations, …

Generalized “form factor” for quark and gluon “density” distribution
        Generalized PDFs (GPDs) – without breaking the proton               

skewness

q 3D hadron tomography:

<latexit sha1_base64="tR7C+gFGQdci9Gt7V61jJI6qz94=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQodSkFPVYEMRjBfsBbQib7aZd3Gzi7qa0hP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzz48Zlcq2v43c2vrG5lZ+u7Czu7d/YB4etWSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6TtP97M/PaICEkj/qAmMXFDNOA0oBgpLXmmeeulTxfDaWlc7o1pWZ17ZtGu2HNYq8TJSBEyNDzzq9ePcBISrjBDUnYdO1ZuioSimJFpoZdIEiP8iAakqylHIZFuOr98ap1ppW8FkdDFlTVXf0+kKJRyEvq6M0RqKJe9mfif101UcO2mlMeJIhwvFgUJs1RkzWKw+lQQrNhEE4QF1bdaeIgEwkqHVdAhOMsvr5JWteJcVmr3tWK9msWRhxM4hRI4cAV1uIMGNAHDCJ7hFd6M1Hgx3o2PRWvOyGaO4Q+Mzx9EDpK7</latexit>

Fq/h(x, ⇠, t)
<latexit sha1_base64="0mY5U2t42YAAxyqlePP/Vi9TwOQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMYD4bdENSLEPDiMYJ5wGYNs5PZZMjszjDTK4Qln+HFgyJe/Rpv/o2Tx0GjBQ1FVTfdXaES3IDrfjm5ldW19Y38ZmFre2d3r7h/0DIy1ZQ1qRRSd0JimOAJawIHwTpKMxKHgrXD0c3Ubz8ybbhM7mGsWBCTQcIjTglYyYdrXFbn6vTsodorltyKOwP+S7wFKaEFGr3iZ7cvaRqzBKggxvieqyDIiAZOBZsUuqlhitARGTDf0oTEzATZ7OQJPrFKH0dS20oAz9SfExmJjRnHoe2MCQzNsjcV//P8FKKrIOOJSoEldL4oSgUGiaf/4z7XjIIYW0Ko5vZWTIdEEwo2pYINwVt++S9pVSveRaV2VyvVq4s48ugIHaMy8tAlqqNb1EBNRJFET+gFvTrgPDtvzvu8NecsZg7RLzgf3xPWj8c=</latexit>

t = (p� p0)2

<latexit sha1_base64="LdDW2wD+rkz7fphZynwykWX/7PA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMYD4bd4OsiBLx4jGAemKxhdjJJhszODjOzQljyF148KOLVv/Hm3zhJ9qCJBQ1FVTfdXYHkTBvX/XYyS8srq2vZ9dzG5tb2Tn53r66jWBFaIxGPVDPAmnImaM0ww2lTKorDgNNGMLyZ+I0nqjSLxL0ZSeqHuC9YjxFsrPRgrovyVB6fPJY7+YJbcqdAi8RLSQFSVDv5r3Y3InFIhSEca93yXGn8BCvDCKfjXDvWVGIyxH3aslTgkGo/mV48RkdW6aJepGwJg6bq74kEh1qPwsB2htgM9Lw3Ef/zWrHpXfkJEzI2VJDZol7MkYnQ5H3UZYoSw0eWYKKYvRWRAVaYGBtSzobgzb+8SOrlkndROr87K1TKaRxZOIBDKIIHl1CBW6hCDQgIeIZXeHO08+K8Ox+z1oyTzuzDHzifP7zyj54=</latexit>

t = (p� p0)2
<latexit sha1_base64="lstSPMf93M0Tm2qpUlNYXwXt/vE=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFrBTLTPG2EQpuXFawF+jUkkkzbWgmE5KMWIYu3fgqblwo4tZHcOfbmLaz0OoPgY//nMPJ+X3BqNKO82Vl5uYXFpeyy7mV1bX1DXtzq66iWGJSwxGLZNNHijDKSU1TzUhTSIJCn5GGP7gc1xt3RCoa8Rs9FKQdoh6nAcVIG6tj73r3FF5AL5AIJwVxJA4Ob4sjQ8Updey8U3Imgn/BTSEPUlU79qfXjXAcEq4xQ0q1XEfodoKkppiRUc6LFREID1CPtAxyFBLVTiaHjOC+cbowiKR5XMOJ+3MiQaFSw9A3nSHSfTVbG5v/1VqxDs7bCeUi1oTj6aIgZlBHcJwK7FJJsGZDAwhLav4KcR+ZTLTJLmdCcGdP/gv1csk9LZ1cH+cr5TSOLNgBe6AAXHAGKuAKVEENYPAAnsALeLUerWfrzXqftmasdGYb/JL18Q1Wa5eX</latexit>

⇠ =
(p� p0)+

(p+ p0)+
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Generalized Parton Distributions (GPDs)

(x+ ξ)P+ (x− ξ)P+

(1− ξ)P+(1 + ξ)P+

q Definition:
<latexit sha1_base64="DLf1CSbgfhk7cibu7o6NqkgXluA="></latexit>

F
q(x, ⇠, t) =

Z
dz�

4⇡
e
�ixP+z�

hp0|q̄(z�/2)�+
q(�z

�
/2)|pi

=
1

2P+


H

q(x, ⇠, t) ū (p0) �+
u(p)� E

q(x, ⇠, t) ū (p0)
i�

+↵�↵

2m
u(p)

�
,

eF q(x, ⇠, t) =

Z
dz�

4⇡
e
�ixP+z�

hp0|q̄(z�/2)�+
�5q(�z

�
/2)|pi

=
1

2P+


eHq(x, ⇠, t) ū (p0) �+

�5u(p)� eEq(x, ⇠, t) ū (p0)
�5�+

2m
u(p)

�
.

<latexit sha1_base64="6R5TB/oXgQrtipdLhhtWQsbTU+E="></latexit>

�+ = 2⇠P+

<latexit sha1_base64="ggG1/XuMDBpjUBebaS6BDRtbQsg="></latexit>

P+ =
p+ + p0+

2
<latexit sha1_base64="x0kTZ05SDEW8/wBi+M3td98OAHk="></latexit>

� = p� p0
<latexit sha1_base64="B4DbY2Mic1Yl9DOZqtG2+Ompu4M=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyWol6Egh48VrAfsF1LNs22odlkSWaFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKa+sbm1vF7dLO7t7+QfnwqG1UqilrUSWU7obEMMElawEHwbqJZiQOBeuE45uZ33li2nAlH2CSsCAmQ8kjTglYyYdr3LtlAshjrV+uuFV3DrxKvJxUUI5mv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdBVkXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSbtW9S6q9ft6pVHL4yiiE3SKzpGHLlED3aEmaiGKFHpGr+jNAefFeXc+Fq0FJ585Rn/gfP4AOyyQiA==</latexit>

t = �2

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)

(x+ ξ)P+ (x− ξ)P+

(1− ξ)P+(1 + ξ)P+

q Definition:
<latexit sha1_base64="DLf1CSbgfhk7cibu7o6NqkgXluA="></latexit>

F
q(x, ⇠, t) =

Z
dz�

4⇡
e
�ixP+z�

hp0|q̄(z�/2)�+
q(�z

�
/2)|pi

=
1

2P+


H

q(x, ⇠, t) ū (p0) �+
u(p)� E

q(x, ⇠, t) ū (p0)
i�

+↵�↵

2m
u(p)

�
,

eF q(x, ⇠, t) =

Z
dz�

4⇡
e
�ixP+z�

hp0|q̄(z�/2)�+
�5q(�z

�
/2)|pi

=
1

2P+


eHq(x, ⇠, t) ū (p0) �+

�5u(p)� eEq(x, ⇠, t) ū (p0)
�5�+

2m
u(p)

�
.

DGLAP DGLAPERBL

𝒒 PDF"𝒒 PDF DA

q Combine PDF and Distribution Amplitude (DA):

Forward limit                      :
<latexit sha1_base64="KQ/X7qiVE0I//AtxRRQ7YEyAp+U="></latexit>

⇠ = t = 0
<latexit sha1_base64="bTqpjfXK5CwhrOu3v0RRY5cwrMg="></latexit>

H
q(x, 0, 0) = q(x), H̃

q(x, 0, 0) = �q(x)

<latexit sha1_base64="6R5TB/oXgQrtipdLhhtWQsbTU+E="></latexit>

�+ = 2⇠P+

<latexit sha1_base64="ggG1/XuMDBpjUBebaS6BDRtbQsg="></latexit>

P+ =
p+ + p0+

2
<latexit sha1_base64="x0kTZ05SDEW8/wBi+M3td98OAHk="></latexit>

� = p� p0
<latexit sha1_base64="B4DbY2Mic1Yl9DOZqtG2+Ompu4M=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyWol6Egh48VrAfsF1LNs22odlkSWaFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKa+sbm1vF7dLO7t7+QfnwqG1UqilrUSWU7obEMMElawEHwbqJZiQOBeuE45uZ33li2nAlH2CSsCAmQ8kjTglYyYdr3LtlAshjrV+uuFV3DrxKvJxUUI5mv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdBVkXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSbtW9S6q9ft6pVHL4yiiE3SKzpGHLlED3aEmaiGKFHpGr+jNAefFeXc+Fq0FJ585Rn/gfP4AOyyQiA==</latexit>

t = �2

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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Properties of GPDs - I

q Impact parameter dependent parton density distribution:

Measurement of       fixes   
<latexit sha1_base64="VvfiB482ukMvKLd8TQJsMXqxnso=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA9hd3g6xjw4jGKeUCyhNlJbzJkdnaZmRXCkj/w4kERr/6RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9JGe9UtmtuDOQZeLlpAw56r3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2aUTcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU1442dcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07RhuAtvrxMmtWKd1W5vL8o16p5HAU4hhM4Bw+uoQZ3UIcGMAjhGV7hzRk5L8678zFvXXHymSP4A+fzBzkIjR8=</latexit>

p0
<latexit sha1_base64="DE7wAv7z1+fHbhd8OWx4hePrjUg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNgNvo4BLx4jmAckS5idzCZDZmeXmV4xhHyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkEhh0HW/nZXVtfWNzdxWfntnd2+/cHDYMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6d+85FrI2L1gKOE+xHtKxEKRtFKzRKed57EWbdQdMvuDGSZeBkpQoZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449n507IqVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjjj4VKUuSKzReFqSQYk+nvpCc0ZyhHllCmhb2VsAHVlKFNKG9D8BZfXiaNStm7Kl/eXxSrlSyOHBzDCZTAg2uowh3UoA4MhvAMr/DmJM6L8+58zFtXnGzmCP7A+fwBYISO6A==</latexit>

(t, ⇠)
<latexit sha1_base64="NjmD1SpQfZ1ao6v7lsZQG0qhV2Q=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryOJF4+QyCOBDZkdemFkdnYzM2skhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3HlFpHst7M07Qj+hA8pAzaqxUf+oVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzUrZuypf1i9K1UoWRx5O4BTOwYNrqMId1KABDBCe4RXenAfnxXl3PhatOSebOYY/cD5/AOSpjPY=</latexit>x = momentum flow 

    between the pair

Quark density in 
<latexit sha1_base64="rNLFR7Go8CBviH+uInR5NPRl2CM="></latexit>

dx d2bT

q(x, b?, Q) =

Z
d
2�?e

�i�?·b?Hq(x, ⇠ = 0, t = ��2
?, Q)
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Properties of GPDs - I

q Impact parameter dependent parton density distribution:

Measurement of       fixes   
<latexit sha1_base64="VvfiB482ukMvKLd8TQJsMXqxnso=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA9hd3g6xjw4jGKeUCyhNlJbzJkdnaZmRXCkj/w4kERr/6RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9JGe9UtmtuDOQZeLlpAw56r3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2aUTcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU1442dcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07RhuAtvrxMmtWKd1W5vL8o16p5HAU4hhM4Bw+uoQZ3UIcGMAjhGV7hzRk5L8678zFvXXHymSP4A+fzBzkIjR8=</latexit>

p0
<latexit sha1_base64="DE7wAv7z1+fHbhd8OWx4hePrjUg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNgNvo4BLx4jmAckS5idzCZDZmeXmV4xhHyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkEhh0HW/nZXVtfWNzdxWfntnd2+/cHDYMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6d+85FrI2L1gKOE+xHtKxEKRtFKzRKed57EWbdQdMvuDGSZeBkpQoZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449n507IqVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjjj4VKUuSKzReFqSQYk+nvpCc0ZyhHllCmhb2VsAHVlKFNKG9D8BZfXiaNStm7Kl/eXxSrlSyOHBzDCZTAg2uowh3UoA4MhvAMr/DmJM6L8+58zFtXnGzmCP7A+fwBYISO6A==</latexit>

(t, ⇠)
<latexit sha1_base64="NjmD1SpQfZ1ao6v7lsZQG0qhV2Q=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryOJF4+QyCOBDZkdemFkdnYzM2skhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3HlFpHst7M07Qj+hA8pAzaqxUf+oVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzUrZuypf1i9K1UoWRx5O4BTOwYNrqMId1KABDBCe4RXenAfnxXl3PhatOSebOYY/cD5/AOSpjPY=</latexit>x = momentum flow 

    between the pair

Quark density in 
<latexit sha1_base64="rNLFR7Go8CBviH+uInR5NPRl2CM="></latexit>

dx d2bT

q(x, b?, Q) =

Z
d
2�?e

�i�?·b?Hq(x, ⇠ = 0, t = ��2
?, Q)

Proton radii from quark and gluon spatial 
density distribution,             &        

<latexit sha1_base64="PfjgW5zvrZ3s2husd1IDe8AC938=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4MVjBfsB7VKyabaNzSZrkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfD3z249UaSbFnZnE1I/wULCQEWys1FL9h/LTeb9YcivuHGiVeBkpQYZGv/jVG0iSRFQYwrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtFTii2k/n107RmVUGKJTKljBorv6eSHGk9SQKbGeEzUgvezPxP6+bmPDKT5mIE0MFWSwKE46MRLPX0YApSgyfWIKJYvZWREZYYWJsQAUbgrf88ippVSveRaV2WyvVq1kceTiBUyiDB5dQhxtoQBMI3MMzvMKbI50X5935WLTmnGzmGP7A+fwBBbiOug==</latexit>

rq(x)
<latexit sha1_base64="ESgl3UKBuRLLhYK91v2I7KEN4H0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdVjwYvHCvYD2qVk02wbm02WJCuWpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Gbudx6p0kyKezONqR/hkWAhI9hYqa0Go/LT5aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDaT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppVytevVK7q5Ua1SyOPJzBOZTBgytowC00oQUEHuAZXuHNkc6L8+58LFtzTjZzCn/gfP4A9mOOsA==</latexit>

rg(x)

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)

<latexit sha1_base64="AyT5UBNzM7U7K2rspTKHXegKSyM="></latexit>

hqN? i ⌘
Z

db?b
N
? q(x, b?, Q)
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Properties of GPDs - I

§ Should             >            , or vice 
versa?   

§ Could             saturates as 

§ How do they compare with 
known radius (EM charge 

radius, mass radius, … ), & why?
§ How the image correlate to 

hadron spin, … ?
§ …

<latexit sha1_base64="PfjgW5zvrZ3s2husd1IDe8AC938=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4MVjBfsB7VKyabaNzSZrkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfD3z249UaSbFnZnE1I/wULCQEWys1FL9h/LTeb9YcivuHGiVeBkpQYZGv/jVG0iSRFQYwrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtFTii2k/n107RmVUGKJTKljBorv6eSHGk9SQKbGeEzUgvezPxP6+bmPDKT5mIE0MFWSwKE46MRLPX0YApSgyfWIKJYvZWREZYYWJsQAUbgrf88ippVSveRaV2WyvVq1kceTiBUyiDB5dQhxtoQBMI3MMzvMKbI50X5935WLTmnGzmGP7A+fwBBbiOug==</latexit>

rq(x)
<latexit sha1_base64="ESgl3UKBuRLLhYK91v2I7KEN4H0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdVjwYvHCvYD2qVk02wbm02WJCuWpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Gbudx6p0kyKezONqR/hkWAhI9hYqa0Go/LT5aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDaT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppVytevVK7q5Ua1SyOPJzBOZTBgytowC00oQUEHuAZXuHNkc6L8+58LFtzTjZzCn/gfP4A9mOOsA==</latexit>

rg(x)

<latexit sha1_base64="ESgl3UKBuRLLhYK91v2I7KEN4H0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdVjwYvHCvYD2qVk02wbm02WJCuWpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Gbudx6p0kyKezONqR/hkWAhI9hYqa0Go/LT5aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDaT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppVytevVK7q5Ua1SyOPJzBOZTBgytowC00oQUEHuAZXuHNkc6L8+58LFtzTjZzCn/gfP4A9mOOsA==</latexit>

rg(x)
<latexit sha1_base64="Kvaiw0q2DB+FN9Zdwxeft9XdMIw=">AAAB7XicbVDLSgMxFL3xWeur6tJNsAiuykwp6rLgxmUF+4B2KJk008ZmkiHJiGXoP7hxoYhb/8edf2PazkJbDwQO59xL7jlhIrixnveN1tY3Nre2CzvF3b39g8PS0XHLqFRT1qRKKN0JiWGCS9a03ArWSTQjcShYOxzfzPz2I9OGK3lvJwkLYjKUPOKUWCe1nnpWYa9fKnsVbw68SvyclCFHo1/66g0UTWMmLRXEmK7vJTbIiLacCjYt9lLDEkLHZMi6jkoSMxNk82un+NwpAxwp7Z60eK7+3shIbMwkDt1kTOzILHsz8T+vm9roOsi4TFLLJF18FKUCu4iz6HjANaNWTBwhVHN3K6Yjogm1rqCiK8FfjrxKWtWKf1mp3dXK9WpeRwFO4QwuwIcrqMMtNKAJFB7gGV7hDSn0gt7Rx2J0DeU7J/AH6PMH/+qOtg==</latexit>

x ! 0

q Impact parameter dependent parton density distribution:

Measurement of       fixes   
<latexit sha1_base64="VvfiB482ukMvKLd8TQJsMXqxnso=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA9hd3g6xjw4jGKeUCyhNlJbzJkdnaZmRXCkj/w4kERr/6RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9JGe9UtmtuDOQZeLlpAw56r3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2aUTcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU1442dcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07RhuAtvrxMmtWKd1W5vL8o16p5HAU4hhM4Bw+uoQZ3UIcGMAjhGV7hzRk5L8678zFvXXHymSP4A+fzBzkIjR8=</latexit>

p0
<latexit sha1_base64="DE7wAv7z1+fHbhd8OWx4hePrjUg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNgNvo4BLx4jmAckS5idzCZDZmeXmV4xhHyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkEhh0HW/nZXVtfWNzdxWfntnd2+/cHDYMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6d+85FrI2L1gKOE+xHtKxEKRtFKzRKed57EWbdQdMvuDGSZeBkpQoZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449n507IqVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjjj4VKUuSKzReFqSQYk+nvpCc0ZyhHllCmhb2VsAHVlKFNKG9D8BZfXiaNStm7Kl/eXxSrlSyOHBzDCZTAg2uowh3UoA4MhvAMr/DmJM6L8+58zFtXnGzmCP7A+fwBYISO6A==</latexit>

(t, ⇠)
<latexit sha1_base64="NjmD1SpQfZ1ao6v7lsZQG0qhV2Q=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryOJF4+QyCOBDZkdemFkdnYzM2skhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3HlFpHst7M07Qj+hA8pAzaqxUf+oVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzUrZuypf1i9K1UoWRx5O4BTOwYNrqMId1KABDBCe4RXenAfnxXl3PhatOSebOYY/cD5/AOSpjPY=</latexit>x = momentum flow 

    between the pair

Proton radii from quark and gluon spatial 
density distribution,             &        

<latexit sha1_base64="PfjgW5zvrZ3s2husd1IDe8AC938=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4MVjBfsB7VKyabaNzSZrkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfD3z249UaSbFnZnE1I/wULCQEWys1FL9h/LTeb9YcivuHGiVeBkpQYZGv/jVG0iSRFQYwrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtFTii2k/n107RmVUGKJTKljBorv6eSHGk9SQKbGeEzUgvezPxP6+bmPDKT5mIE0MFWSwKE46MRLPX0YApSgyfWIKJYvZWREZYYWJsQAUbgrf88ippVSveRaV2WyvVq1kceTiBUyiDB5dQhxtoQBMI3MMzvMKbI50X5935WLTmnGzmGP7A+fwBBbiOug==</latexit>

rq(x)
<latexit sha1_base64="ESgl3UKBuRLLhYK91v2I7KEN4H0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdVjwYvHCvYD2qVk02wbm02WJCuWpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5Gbudx6p0kyKezONqR/hkWAhI9hYqa0Go/LT5aBYcivuAmideBkpQYbmoPjVH0qSRFQYwrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYsFTii2k8X187QhVWGKJTKljBoof6eSHGk9TQKbGeEzVivenPxP6+XmPDaT5mIE0MFWS4KE46MRPPX0ZApSgyfWoKJYvZWRMZYYWJsQAUbgrf68jppVytevVK7q5Ua1SyOPJzBOZTBgytowC00oQUEHuAZXuHNkc6L8+58LFtzTjZzCn/gfP4A9mOOsA==</latexit>

rg(x)

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

Quark density in 
<latexit sha1_base64="rNLFR7Go8CBviH+uInR5NPRl2CM="></latexit>

dx d2bT

q(x, b?, Q) =

Z
d
2�?e

�i�?·b?Hq(x, ⇠ = 0, t = ��2
?, Q)
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Properties of GPDs - II

q QCD energy-momentum tensor: Ji, PRL78, 1997

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

<latexit sha1_base64="wh1HKSt2X/MC0LkSP0/DiuhlkYE=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoMQL3EmxOUYiAePEcwCyTD0dHqSJj0L3TVKGHLz4q948aCIV3/Bm39jZ5KDRh8UPN6roqqeFwuuwLK+jNzS8srqWn69sLG5tb1j7u61VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZG9anfvmNS8Si8hXHMnIAMQu5zSkBLrnlYd3kJTnqC+SD5YAhEyugeX2XqadU1i1bZyoD/EntOimiOhmt+9voRTQIWAhVEqa5txeCkRAKngk0KvUSxmNARGbCupiEJmHLS7I8JPtZKH/uR1BUCztSfEykJlBoHnu4MCAzVojcV//O6CfiXTsrDOAEW0tkiPxEYIjwNBfe5ZBTEWBNCJde3YjokklDQ0RV0CPbiy39Jq1K2z8tnN9VirTKPI48O0BEqIRtdoBq6Rg3URBQ9oCf0gl6NR+PZeDPeZ605Yz6zj37B+PgGUDqYRQ==</latexit>

Ci(t) $ Di(t)/4

q “Gravitational” form factors:

q Connection to GPD moments:

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

x-dependence
of GPDs!

Need to know the x-dependence of GPDs to construct the proper moments!
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Exclusive Diffractive Processes for Extracting GPDs

!∆Tp
p′

γ∗(q)

<latexit sha1_base64="iytWmy3q0ddhI9UJcfOitaDVd8w="></latexit>

Q

q Hit the proton hard without breaking it ⟹	 Diffractive scattering to keep proton intact

HERA discovery:  
  ~ 10-15% of HERA events with the Proton stayed intact 
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Exclusive Diffractive Processes for Extracting GPDs

!∆Tp
p′

γ∗(q)

<latexit sha1_base64="iytWmy3q0ddhI9UJcfOitaDVd8w="></latexit>

Q

q Hit the proton hard without breaking it ⟹	 Diffractive scattering to keep proton intact

HERA discovery:  
  ~ 10-15% of HERA events with the Proton stayed intact 

• Hard scale 𝑸:  allows pQCD, factorization
• Low scale 𝒕:  probes non-pert. hadron structure

<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

GPDs: 
<latexit sha1_base64="JbMe5E2thCVenOGHAKXuIZg1EDA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxChVKTUlRwU3DjsoJ9QBPCZDpph84kYWYiraH4K25cKOLW/3Dn3zhts9DWAxcO59zLvff4MaNSWda3kVtZXVvfyG8WtrZ3dvfM/YOWjBKBSRNHLBIdH0nCaEiaiipGOrEgiPuMtP3hzdRvPxAhaRTeq3FMXI76IQ0oRkpLnnkUeCk9H0xKo7IzomV17fDkzDOLVsWaAS4TOyNFkKHhmV9OL8IJJ6HCDEnZta1YuSkSimJGJgUnkSRGeIj6pKtpiDiRbjq7fgJPtdKDQSR0hQrO1N8TKeJSjrmvOzlSA7noTcX/vG6igis3pWGcKBLi+aIgYVBFcBoF7FFBsGJjTRAWVN8K8QAJhJUOrKBDsBdfXiatasW+qNTuasV6NYsjD47BCSgBG1yCOrgFDdAEGDyCZ/AK3own48V4Nz7mrTkjmzkEf2B8/gBS9pR0</latexit>

fi/h(x, ⇠, t;µ)

Factorization

<latexit sha1_base64="wKm/TQG34Vnx39lcmUuPgPpZ4wo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjwmYB6YrGF2MpsMmZ1dZnqFkOQvvHhQxKt/482/cfI4aGJBQ1HVTXdXkEhh0HW/nczG5tb2TnY3t7d/cHiUPz5pmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGtzO/+cS1EbG6x1HC/Yj2lQgFo2ilh9pjqdPvkwlOuvmCW3TnIOvEW5ICLFHt5r86vZilEVfIJDWm7bkJ+mOqUTDJp7lOanhC2ZD2edtSRSNu/PH84im5sEqPhLG2pZDM1d8TYxoZM4oC2xlRHJhVbyb+57VTDG/8sVBJilyxxaIwlQRjMnuf9ITmDOXIEsq0sLcSNqCaMrQh5WwI3urL66RRKnpXxXKtXKiUlnFk4QzO4RI8uIYK3EEV6sBAwTO8wptjnBfn3flYtGac5cwp/IHz+QP6s5Bu</latexit>

Q2 � |t|Feature:  Two-scale observables

q Known exclusive processes for extracting GPDs:

DVCS: Q2 >> |t| 

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

DVMP 

x

γ∗

x+ ξ x− ξ

p p′

q

q′

DVQP 

xx+ ξ x− ξ

γ∗

p p′

q
q′

+  DDVCS, …
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Imaging the quarks at a Future EIC (White Paper)

q Spatial distributions:

q DVCS Cross Sections:

<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

Effective “proton radius” in terms of quark distributions as a function of xB
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q Spatial distributions:

<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

“proton radius” in terms of distribution of gluons

Imaging the gluons at the EIC (White Paper)

q Exclusive vector meson production:

The bT space density for gluons 
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How well can we infer the (x,x,t) dependence of GPDs from the EIC data?

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

DVCS

q Amplitude nature:  𝒙 ∼ loop momentum

Smaller propagator 
= bigger amplitude

<latexit sha1_base64="Fqz8mMofdmOpRzPs6sSEOzQvfO0=">AAACDXicbVDLSgMxFM3UV62vUZduBqsgiGVG6mNZcOOygn1AZyiZNNOGZpKQZErLMD/gxl9x40IRt+7d+Tem7Sy0eiBwOOdebs4JBSVKu+6XVVhaXlldK66XNja3tnfs3b2m4olEuIE45bIdQoUpYbihiaa4LSSGcUhxKxzeTP3WCEtFOLvXE4GDGPYZiQiC2khd+8gXkgvNHT+SEKVelo7P/DE5Jf4ISiwUoZxlXbvsVtwZnL/Ey0kZ5Kh37U+/x1ESY6YRhUp1PFfoIIVSE0RxVvIThQVEQ9jHHUMZjLEK0lmazDk2Ss+JuDSPaWem/txIYazUJA7NZAz1QC16U/E/r5Po6DpICROJxgzND0UJdUz6aTVOj0iMNJ0YApEk5q8OGkBTizYFlkwJ3mLkv6R5XvEuKxd31XKtmtdRBAfgEJwAD1yBGrgFddAACDyAJ/ACXq1H69l6s97nowUr39kHv2B9fANfqpxd</latexit>

/ 1

x� ⇠ + i"

x+ ξ x− ξ

p p′
GPD

<latexit sha1_base64="Y29/CDk9KoL4qQiyN3QSo0z5aeM="></latexit>

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� ⇠ + i"
⌘ “F0(⇠, t)”

• also true for most other processes
• 𝒙-dependence is only constrained by a “moment”
• 𝒙-integration decouples from external Q2

NO full x-dependence
for given t and x

PRD56 (1997) 5524
PRD58 (1998) 094018
PRD59 (1999) 074009
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How well can we infer the (x,x,t) dependence of GPDs from the EIC data?

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

DVCS

q Amplitude nature:  𝒙 ∼ loop momentum

Smaller propagator 
= bigger amplitude

<latexit sha1_base64="Fqz8mMofdmOpRzPs6sSEOzQvfO0=">AAACDXicbVDLSgMxFM3UV62vUZduBqsgiGVG6mNZcOOygn1AZyiZNNOGZpKQZErLMD/gxl9x40IRt+7d+Tem7Sy0eiBwOOdebs4JBSVKu+6XVVhaXlldK66XNja3tnfs3b2m4olEuIE45bIdQoUpYbihiaa4LSSGcUhxKxzeTP3WCEtFOLvXE4GDGPYZiQiC2khd+8gXkgvNHT+SEKVelo7P/DE5Jf4ISiwUoZxlXbvsVtwZnL/Ey0kZ5Kh37U+/x1ESY6YRhUp1PFfoIIVSE0RxVvIThQVEQ9jHHUMZjLEK0lmazDk2Ss+JuDSPaWem/txIYazUJA7NZAz1QC16U/E/r5Po6DpICROJxgzND0UJdUz6aTVOj0iMNJ0YApEk5q8OGkBTizYFlkwJ3mLkv6R5XvEuKxd31XKtmtdRBAfgEJwAD1yBGrgFddAACDyAJ/ACXq1H69l6s97nowUr39kHv2B9fANfqpxd</latexit>

/ 1

x� ⇠ + i"

q “Shadow GPDs”

Blue and dashed 
Fit the same CFFs !

PRD103 (2021) 114019 

<latexit sha1_base64="KXoqsm6GtcehQn9sKXz4bbosJRY="></latexit>Z 1

�1
dx

S(x, ⇠, t)

x� ⇠ + i"
= 0

<latexit sha1_base64="7axb9nZlY2O2jopccBzlk/e182Y=">AAACF3icbVDLSgMxFM34rPU16tJNsAgVS5kpvpYFQVxWtA/oDCWTpm1o5kFyR1tK/8KNv+LGhSJudeffmLaD1NYDF07OuZfce7xIcAWW9W0sLC4tr6ym1tLrG5tb2+bObkWFsaSsTEMRyppHFBM8YGXgIFgtkoz4nmBVr3s58qv3TCoeBnfQj5jrk3bAW5wS0FLDzF9lezmnx3NwhB3J2x0gUoYP6Sn5GN/+PhpmxspbY+B5YickgxKUGuaX0wxp7LMAqCBK1W0rAndAJHAq2DDtxIpFhHZJm9U1DYjPlDsY3zXEh1pp4lYodQWAx+r0xID4SvV9T3f6BDpq1huJ/3n1GFoX7oAHUQwsoJOPWrHAEOJRSLjJJaMg+poQKrneFdMOkYSCjjKtQ7BnT54nlULePsuf3pxkioUkjhTaRwcoi2x0joroGpVQGVH0iJ7RK3oznowX4934mLQuGMnMHvoD4/MHkbCdAA==</latexit>

F (x, ⇠, t) ! F (x, ⇠, t) + S(x, ⇠, t)

with

x+ ξ x− ξ

p p′
GPD

<latexit sha1_base64="Y29/CDk9KoL4qQiyN3QSo0z5aeM="></latexit>

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� ⇠ + i"
⌘ “F0(⇠, t)”

• also true for most other processes
• 𝒙-dependence is only constrained by a “moment”
• 𝒙-integration decouples from external Q2

NO full x-dependence
for given t and x

PRD56 (1997) 5524
PRD58 (1998) 094018
PRD59 (1999) 074009
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Inclusive Process vs. Exclusive Process
q Deeply Inelastic Scattering (DIS):

Cross section:  Cut diagrams
<latexit sha1_base64="TZB3IAlDoMe3eYS2BlUdihYNgnw="></latexit>

�DIS '
Z 1

xB

dx f(x) �̂(x/xB)

• PDF ∼ probability
• At LO: 𝒙 = 𝒙𝑩
• Beyond LO: 𝒙 ∈ [𝒙𝑩, 𝟏]

x-dependence:  Part of measurement

P

l

k

q

⊗

l
q

k̂

P

k

<latexit sha1_base64="xRLOe5s/r4pgicnteA2WT5fBC+o="></latexit>

PDF f(x)
<latexit sha1_base64="551UvnvLaSbiLE6UO47X8KUkV10="></latexit>

x = k+/P+

q Deeply Virtual Compton Scattering (DVCS)

l
q

l′

q′

p

k

p′
k′ ⊗

k̂′

l
q

l′

q′

k̂

p

k

p′
k′

<latexit sha1_base64="9AaT9WVAAVK/sGqccmX/b6b1E7o="></latexit>

GPD F (x, ⇠, t)

<latexit sha1_base64="03F55RqMQYt4jCsYal8ZiyEkHPM="></latexit>

x =
(k + k0)+

(p+ p0)+

⇠ =
(p� p0)+

(p+ p0)+

t = (p� p0)2

Amplitude:  Uncut diagrams
<latexit sha1_base64="4jKnYphTFpc22i52gnFrlfGTWCg="></latexit>

MDVCS(⇠, t) '
Z 1

�1
dxF (x, ⇠, t)M̂(x, ⇠)

• GPD ∼ amplitude
• 𝒌" = (𝒙 + 𝝃)	𝑷" is loop momentum
• At any order: 𝒙 ∈ [−𝟏, 𝟏]

x-dependence:  Hard to measure

<latexit sha1_base64="Fqz8mMofdmOpRzPs6sSEOzQvfO0=">AAACDXicbVDLSgMxFM3UV62vUZduBqsgiGVG6mNZcOOygn1AZyiZNNOGZpKQZErLMD/gxl9x40IRt+7d+Tem7Sy0eiBwOOdebs4JBSVKu+6XVVhaXlldK66XNja3tnfs3b2m4olEuIE45bIdQoUpYbihiaa4LSSGcUhxKxzeTP3WCEtFOLvXE4GDGPYZiQiC2khd+8gXkgvNHT+SEKVelo7P/DE5Jf4ISiwUoZxlXbvsVtwZnL/Ey0kZ5Kh37U+/x1ESY6YRhUp1PFfoIIVSE0RxVvIThQVEQ9jHHUMZjLEK0lmazDk2Ss+JuDSPaWem/txIYazUJA7NZAz1QC16U/E/r5Po6DpICROJxgzND0UJdUz6aTVOj0iMNJ0YApEk5q8OGkBTizYFlkwJ3mLkv6R5XvEuKxd31XKtmtdRBAfgEJwAD1yBGrgFddAACDyAJ/ACXq1H69l6s97nowUr39kHv2B9fANfqpxd</latexit>

/ 1

x� ⇠ + i"
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Single-Diffractive Hard Exclusive Processes (SDHEP)
Qiu & Yu, JHEP 08 (2022) 103,

PRD 107 (2023) 1
2305.15397 (PRL in press)§ Single diffractive – keep the hadron intact: 

<latexit sha1_base64="b5o6UF+LtX0x3oQwiYRG6OQVXbk=">AAACB3icbVBLSwMxGMz6rPW16lGQYJFuFctuKepFqHjxWME+oK0lm6bd0Gw2JFmhlN68+Fe8eFDEq3/Bm//GtN2Dtg4EJjPfRzLjC0aVdt1va2FxaXllNbWWXt/Y3Nq2d3arKoolJhUcsUjWfaQIo5xUNNWM1IUkKPQZqfn967FfeyBS0Yjf6YEgrRD1OO1SjLSR2vZB4IhcU0cwyDoim4Mn8Or+2BFt71Kcmnvbzrh5dwI4T7yEZECCctv+anYiHIeEa8yQUg3PFbo1RFJTzMgo3YwVEQj3UY80DOUoJKo1nOQYwSOjdGA3kuZwDSfq740hCpUahL6ZDJEO1Kw3Fv/zGrHuXrSGlItYE46nD3VjBk3ucSmwQyXBmg0MQVhS81eIAyQR1qa6tCnBm408T6qFvHeWL94WM6VCUkcK7IND4AAPnIMSuAFlUAEYPIJn8ArerCfrxXq3PqajC1ayswf+wPr8AWFUlcU=</latexit>

h(p) ! h0(p0) +A⇤(p1 = p� p0)

<latexit sha1_base64="3VRvk8i1JVWaq1zulfD9yxQtBwo=">AAAB63icdVDLSgMxFM3UV62vqks3wSLUTUlK6WNXcOOygq2FdiiZNO2EJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWLBjUXow8ttbG5t7+R3C3v7B4dHxeOTnokSTVmXRiLS/YAYJrhiXcutYP1YMyIDwe6C2VXm390zbXikbu08Zr4kU8UnnBKbSWE5vhwVS6iCEMIYw4zgRh050mo1q7gJcWY5lMAanVHxfTiOaCKZslQQYwYYxdZPibacCrYoDBPDYkJnZMoGjioimfHT5a0LeOGUMZxE2pWycKl+n0iJNGYuA9cpiQ3Nby8T//IGiZ00/ZSrOLFM0dWiSSKgjWD2OBxzzagVc0cI1dzdCmlINKHWxVNwIXx9Cv8nvWoF1yu1m1qpXV3HkQdn4ByUAQYN0AbXoAO6gIIQPIAn8OxJ79F78V5XrTlvPXMKfsB7+wSuWY36</latexit>

h(p)

<latexit sha1_base64="Uys3t80Aecjof9fsjLdWS0qrTQI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSKtm5KU0seu4MZlBfuAdiiZNNPGZiZDkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/fe40WCa4PQh5PZ2Nza3snu5vb2Dw6P8scnXS1jRVmHSiFV3yOaCR6yjuFGsH6kGAk8wXre7Cr1e/dMaS7DWzOPmBuQSch9TomxUndaLEXFy1G+gMoIIYwxTAmu15AlzWajghsQp5ZFAazRHuXfh2NJ44CFhgqi9QCjyLgJUYZTwRa5YaxZROiMTNjA0pAETLvJ8toFvLDKGPpS2QoNXKrfJxISaD0PPNsZEDPVv71U/MsbxMZvuAkPo9iwkK4W+bGARsL0dTjmilEj5pYQqri9FdIpUYQaG1DOhvD1KfyfdCtlXCtXb6qFVmUdRxacgXNQAhjUQQtcgzboAAruwAN4As+OdB6dF+d11Zpx1jOn4Aect09woY5c</latexit>

h0(p0)

<latexit sha1_base64="U/NS76BMw7Hge01fnJyoNHecv4I=">AAAB9HicdVDLSsNAFJ34rPVVdelmsIhVsCQxtHUhVNy4rGAf0MYymU7aoZNknJkUSuh3uHGhiFs/xp1/46StoKIHLhzOuZd77/E4o1KZ5oexsLi0vLKaWcuub2xubed2dhsyigUmdRyxSLQ8JAmjIakrqhhpcUFQ4DHS9IZXqd8cESFpFN6qMSdugPoh9SlGSkvu5d1JgXetC37Kj467ubxZPK+UbKcEzaJpli3bSoldds4caGklRR7MUevm3ju9CMcBCRVmSMq2ZXLlJkgoihmZZDuxJBzhIeqTtqYhCoh0k+nRE3iolR70I6ErVHCqfp9IUCDlOPB0Z4DUQP72UvEvrx0rv+ImNOSxIiGeLfJjBlUE0wRgjwqCFRtrgrCg+laIB0ggrHROWR3C16fwf9Kwi1ap6Nw4+ao9jyMD9sEBKAALlEEVXIMaqAMM7sEDeALPxsh4NF6M11nrgjGf2QM/YLx9Ar6vkMI=</latexit>

A⇤(p1 = p� p0)
<latexit sha1_base64="FZx1kmhOOXZcVerIhcfjvymBVaw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR68KShKJuhIIblxXsA9o0TKbTdugkGWcmhRLqxl9x40IRt/6FO//GSZuFVg9cOJxzL/fe43NGpbKsLyO3tLyyupZfL2xsbm3vmLt7DRnFApM6jlgkWj6ShNGQ1BVVjLS4ICjwGWn6o+vUb46JkDQK79SEEzdAg5D2KUZKS555oK5K/IyfnHadDrmP6Rhyz+46sOCZRatszQD/EjsjRZCh5pmfnV6E44CECjMkZdu2uHITJBTFjEwLnVgSjvAIDUhb0xAFRLrJ7IMpPNZKD/YjoStUcKb+nEhQIOUk8HVngNRQLnqp+J/XjlX/0k1oyGNFQjxf1I8ZVBFM44A9KghWbKIJwoLqWyEeIoGw0qGlIdiLL/8lDadsn5crt5Vi1cniyINDcARKwAYXoApuQA3UAQYP4Am8gFfj0Xg23oz3eWvOyGb2wS8YH98mc5S6</latexit>

t = (p� p0)2 ⌘ p21

Virtuality of 
exchanged state:

q Two-stage diffractive             hard exclusive processes:
<latexit sha1_base64="13Lm00+64hTxk7Luc6adPu2iolA=">AAAB7XicbVBNTwIxFHzFL8Qv1KOXRmLiiewiUY8kXjxiIkgCG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0oOEmTycx76ZsJE8GN9bxvVFhb39jcKm6Xdnb39g/Kh0dto1JNWYsqoXQnJIYJLlnLcitYJ9GMxKFgD+H4ZuY/PDFtuJL3dpKwICZDySNOiXVSu9azCl/0yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpd2TFs/V3xsZiY2ZxKGbjIkdmWVvJv7ndVMbXQcZl0lqmaSLj6JUYBdxFh0PuGbUiokjhGrubsV0RDSh1hVUciX4y5FXSbtW9S+r9bt6pVHL6yjCCZzCOfhwBQ24hSa0gMIjPMMrvCGFXtA7+liMFlC+cwx/gD5/AJkAjnM=</latexit>

2 ! 3
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Single-Diffractive Hard Exclusive Processes (SDHEP)
Qiu & Yu, JHEP 08 (2022) 103,

PRD 107 (2023) 1
2305.15397 (PRL in press)§ Single diffractive – keep the hadron intact: 

<latexit sha1_base64="b5o6UF+LtX0x3oQwiYRG6OQVXbk=">AAACB3icbVBLSwMxGMz6rPW16lGQYJFuFctuKepFqHjxWME+oK0lm6bd0Gw2JFmhlN68+Fe8eFDEq3/Bm//GtN2Dtg4EJjPfRzLjC0aVdt1va2FxaXllNbWWXt/Y3Nq2d3arKoolJhUcsUjWfaQIo5xUNNWM1IUkKPQZqfn967FfeyBS0Yjf6YEgrRD1OO1SjLSR2vZB4IhcU0cwyDoim4Mn8Or+2BFt71Kcmnvbzrh5dwI4T7yEZECCctv+anYiHIeEa8yQUg3PFbo1RFJTzMgo3YwVEQj3UY80DOUoJKo1nOQYwSOjdGA3kuZwDSfq740hCpUahL6ZDJEO1Kw3Fv/zGrHuXrSGlItYE46nD3VjBk3ucSmwQyXBmg0MQVhS81eIAyQR1qa6tCnBm408T6qFvHeWL94WM6VCUkcK7IND4AAPnIMSuAFlUAEYPIJn8ArerCfrxXq3PqajC1ayswf+wPr8AWFUlcU=</latexit>

h(p) ! h0(p0) +A⇤(p1 = p� p0)

<latexit sha1_base64="3VRvk8i1JVWaq1zulfD9yxQtBwo=">AAAB63icdVDLSgMxFM3UV62vqks3wSLUTUlK6WNXcOOygq2FdiiZNO2EJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWLBjUXow8ttbG5t7+R3C3v7B4dHxeOTnokSTVmXRiLS/YAYJrhiXcutYP1YMyIDwe6C2VXm390zbXikbu08Zr4kU8UnnBKbSWE5vhwVS6iCEMIYw4zgRh050mo1q7gJcWY5lMAanVHxfTiOaCKZslQQYwYYxdZPibacCrYoDBPDYkJnZMoGjioimfHT5a0LeOGUMZxE2pWycKl+n0iJNGYuA9cpiQ3Nby8T//IGiZ00/ZSrOLFM0dWiSSKgjWD2OBxzzagVc0cI1dzdCmlINKHWxVNwIXx9Cv8nvWoF1yu1m1qpXV3HkQdn4ByUAQYN0AbXoAO6gIIQPIAn8OxJ79F78V5XrTlvPXMKfsB7+wSuWY36</latexit>

h(p)

<latexit sha1_base64="Uys3t80Aecjof9fsjLdWS0qrTQI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSKtm5KU0seu4MZlBfuAdiiZNNPGZiZDkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/fe40WCa4PQh5PZ2Nza3snu5vb2Dw6P8scnXS1jRVmHSiFV3yOaCR6yjuFGsH6kGAk8wXre7Cr1e/dMaS7DWzOPmBuQSch9TomxUndaLEXFy1G+gMoIIYwxTAmu15AlzWajghsQp5ZFAazRHuXfh2NJ44CFhgqi9QCjyLgJUYZTwRa5YaxZROiMTNjA0pAETLvJ8toFvLDKGPpS2QoNXKrfJxISaD0PPNsZEDPVv71U/MsbxMZvuAkPo9iwkK4W+bGARsL0dTjmilEj5pYQqri9FdIpUYQaG1DOhvD1KfyfdCtlXCtXb6qFVmUdRxacgXNQAhjUQQtcgzboAAruwAN4As+OdB6dF+d11Zpx1jOn4Aect09woY5c</latexit>

h0(p0)

<latexit sha1_base64="U/NS76BMw7Hge01fnJyoNHecv4I=">AAAB9HicdVDLSsNAFJ34rPVVdelmsIhVsCQxtHUhVNy4rGAf0MYymU7aoZNknJkUSuh3uHGhiFs/xp1/46StoKIHLhzOuZd77/E4o1KZ5oexsLi0vLKaWcuub2xubed2dhsyigUmdRyxSLQ8JAmjIakrqhhpcUFQ4DHS9IZXqd8cESFpFN6qMSdugPoh9SlGSkvu5d1JgXetC37Kj467ubxZPK+UbKcEzaJpli3bSoldds4caGklRR7MUevm3ju9CMcBCRVmSMq2ZXLlJkgoihmZZDuxJBzhIeqTtqYhCoh0k+nRE3iolR70I6ErVHCqfp9IUCDlOPB0Z4DUQP72UvEvrx0rv+ImNOSxIiGeLfJjBlUE0wRgjwqCFRtrgrCg+laIB0ggrHROWR3C16fwf9Kwi1ap6Nw4+ao9jyMD9sEBKAALlEEVXIMaqAMM7sEDeALPxsh4NF6M11nrgjGf2QM/YLx9Ar6vkMI=</latexit>

A⇤(p1 = p� p0)
<latexit sha1_base64="FZx1kmhOOXZcVerIhcfjvymBVaw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR68KShKJuhIIblxXsA9o0TKbTdugkGWcmhRLqxl9x40IRt/6FO//GSZuFVg9cOJxzL/fe43NGpbKsLyO3tLyyupZfL2xsbm3vmLt7DRnFApM6jlgkWj6ShNGQ1BVVjLS4ICjwGWn6o+vUb46JkDQK79SEEzdAg5D2KUZKS555oK5K/IyfnHadDrmP6Rhyz+46sOCZRatszQD/EjsjRZCh5pmfnV6E44CECjMkZdu2uHITJBTFjEwLnVgSjvAIDUhb0xAFRLrJ7IMpPNZKD/YjoStUcKb+nEhQIOUk8HVngNRQLnqp+J/XjlX/0k1oyGNFQjxf1I8ZVBFM44A9KghWbKIJwoLqWyEeIoGw0qGlIdiLL/8lDadsn5crt5Vi1cniyINDcARKwAYXoApuQA3UAQYP4Am8gFfj0Xg23oz3eWvOyGb2wS8YH98mc5S6</latexit>

t = (p� p0)2 ⌘ p21

Virtuality of 
exchanged state:

<latexit sha1_base64="f+Dg76sGcvLE0XOuc+qiOG+RjF0=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUTZmU0seu0I3LCvYB7VAyaaaNzSRjkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/fe40ecaeO6H05mY3Nreye7m9vbPzg8yh+fdLWMFaEdIrlUfR9rypmgHcMMp/1IURz6nPb8WSv1e/dUaSbFjZlH1AvxRLCAEWys1G0V70bocpQvuCXXdRFCMCWoVnUtaTTqZVSHKLUsCmCN9ij/PhxLEodUGMKx1gPkRsZLsDKMcLrIDWNNI0xmeEIHlgocUu0ly2sX8MIqYxhIZUsYuFS/TyQ41Hoe+rYzxGaqf3up+Jc3iE1Q9xImothQQVaLgphDI2H6OhwzRYnhc0swUczeCskUK0yMDShnQ/j6FP5PuuUSqpYq15VCs7yOIwvOwDkoAgRqoAmuQBt0AAG34AE8gWdHOo/Oi/O6as0465lT8APO2yeeJ456</latexit>

C(q1)

<latexit sha1_base64="987nAjpSNC5y4MRJ2E3gFGEgUNE=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1E5IY2rorunFZwT6gDWUynbRjJzNhZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/feEyaMKu04H9bK6tr6xmZhq7i9s7u3Xzo4bCuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk6vc79wTqajgt3qakCBGI04jipE2Uvuykgy8s0Gp7NgX9arnV6FjO07N9dyceDX/3IeuUXKUwRLNQem9PxQ4jQnXmCGleq6T6CBDUlPMyKzYTxVJEJ6gEekZylFMVJDNr53BU6MMYSSkKa7hXP0+kaFYqWkcms4Y6bH67eXiX14v1VE9yChPUk04XiyKUga1gPnrcEglwZpNDUFYUnMrxGMkEdYmoKIJ4etT+D9pe7Zbtf0bv9zwlnEUwDE4ARXgghpogGvQBC2AwR14AE/g2RLWo/VivS5aV6zlzBH4AevtE6+1joU=</latexit>

B(p2)
<latexit sha1_base64="PL1kYpucvs7xgh+7/XRm9l3fB2w=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBhZSZUtSNUHDjsoJ9QDuUTJppQ5PMkGQKZeifuHGhiFv/xJ1/Y9rOQlsPXO7hnHvJzQkTzrTxvG+nsLG5tb1T3C3t7R8cHrnHJy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/H93G9PqNIslk9mmtBA4KFkESPYWKnvuneIXqHeEAuBbU9Y3y17FW8BtE78nJQhR6PvfvUGMUkFlYZwrHXX9xITZFgZRjidlXqppgkmYzykXUslFlQH2eLyGbqwygBFsbIlDVqovzcyLLSeitBOCmxGetWbi/953dREt0HGZJIaKsnyoSjlyMRoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV7+8TlrVin9dqT3WyvVqHkcRzuAcLsGHG6jDAzSgCQQm8Ayv8OZkzovz7nwsRwtOvnMKf+B8/gBrkJIy</latexit>= e, �,⇡

<latexit sha1_base64="peFx4qbZ+EcmxAhZsmNYWHlIvMo=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUTUlK6WNX0IXLCvYB7VAyaaaNzWTGJCOUof/gxoUibv0fd/6NmbaCih64cDjnXu69x4sE1wahDyeztr6xuZXdzu3s7u0f5A+POjqMFWVtGopQ9TyimeCStQ03gvUixUjgCdb1phep371nSvNQ3phZxNyAjCX3OSXGSp3L4t2wfD7MF1AJIYQxhinBtSqypNGol3Ed4tSyKIAVWsP8+2AU0jhg0lBBtO5jFBk3IcpwKtg8N4g1iwidkjHrWypJwLSbLK6dwzOrjKAfKlvSwIX6fSIhgdazwLOdATET/dtLxb+8fmz8uptwGcWGSbpc5McCmhCmr8MRV4waMbOEUMXtrZBOiCLU2IByNoSvT+H/pFMu4Wqpcl0pNMurOLLgBJyCIsCgBprgCrRAG1BwCx7AE3h2QufReXFel60ZZzVzDH7AefsEoTWOfA==</latexit>

D(q2)§ Hard probe:              high       exclusive process: <latexit sha1_base64="Ipv8XSo9oTZD413X7AdYXsL1+y0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqswMRV0W3LisYB/SDiWTZtrQJDMkGaEM/Qo3LhRx6+e482/MtLPQ1gOBwzn3kntOmHCmjet+O6WNza3tnfJuZW//4PCoenzS0XGqCG2TmMeqF2JNOZO0bZjhtJcoikXIaTec3uZ+94kqzWL5YGYJDQQeSxYxgo2VHv2BiZGPUGVYrbl1dwG0TryC1KBAa1j9GoxikgoqDeFY677nJibIsDKMcDqvDFJNE0ymeEz7lkosqA6yxcFzdGGVEYpiZZ80aKH+3siw0HomQjspsJnoVS8X//P6qYlugozJJDVUkuVHUcqRTZmnRyOmKDF8ZgkmitlbEZlghYmxHeUleKuR10nHr3tX9cZ9o9b0izrKcAbncAkeXEMT7qAFbSAg4Ble4c1Rzovz7nwsR0tOsXMKf+B8/gB8LI7a</latexit>

2 ! 2
<latexit sha1_base64="P2/D0xIxFf1+MzGjD8G8oU/Zy5U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4rNK3QhrLZbtqlu5u4uxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRahPYh6rhxBrypmkvmGG04dEUSxCTnvh9Db3e09UaRbLjpklNBB4LFnECDZW8h+HHVQZVmtu3V0ArROvIDUo0B5WvwajmKSCSkM41rrvuYkJMqwMI5zOK4NU0wSTKR7TvqUSC6qDbHHsHF1YZYSiWNmSBi3U3xMZFlrPRGg7BTYTverl4n9ePzXRTZAxmaSGSrJcFKUcmRjln6MRU5QYPrMEE8XsrYhMsMLE2HzyELzVl9dJt1H3rurN+2at1SjiKMMZnMMleHANLbiDNvhAgMEzvMKbI50X5935WLaWnGLmFP7A+fwBwBKN8w==</latexit>qT

<latexit sha1_base64="8Bua0Nrm1pGQskqq4Mb5iqDJFrI=">AAACDnicbVBLTwIxGOziC/GFevTSSEhYScjuhqhHFA8eMZFHAuumWwo0dLtr2zUhG36BF/+KFw8a49WzN/+N5XFQcJKmk5nvSzvjR4xKZVnfRmpldW19I72Z2dre2d3L7h80ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOkPqxO/+UCEpCG/VaOIuAHqc9qjGCktedn8xd1JIfJss3ipL8fsqBBmqoV7L7HHZvFKE8eEGS+bs0rWFHCZ2HOSA3PUvOxXpxviOCBcYYakbNtWpNwECUUxI+NMJ5YkQniI+qStKUcBkW4yjTOGea10YS8U+nAFp+rvjQQFUo4CX08GSA3kojcR//PaseqduwnlUawIx7OHejGDOvOkG9ilgmDFRpogLKj+K8QDJBBWusFJCfZi5GXScEr2aal8U85VnHkdaXAEjkEB2OAMVMA1qIE6wOARPINX8GY8GS/Gu/ExG00Z851D8AfG5w9TCJfR</latexit>

A⇤(p1) +B(p2) ! C(q1) +D(q2)

Probing time:
<latexit sha1_base64="pSkv856CAWf4QEjVvfLJV1hk3d0=">AAACC3icbZC7TsMwFIadcivhFmBksVohMZWk4jZWYmEsUm9SE0WO67RWncTYDqJKu7PwKiwMIMTKC7DxNrhtBmj5JUu/vnOOjs8fcEalsu1vo7Cyura+Udw0t7Z3dves/YOWTFKBSRMnLBGdAEnCaEyaiipGOlwQFAWMtIPh9bTevidC0iRuqBEnXoT6MQ0pRkoj3yq5kkbQOR3f+ZnTmIxNF3EukoccVTXyrbJdsWeCy8bJTRnkqvvWl9tLcBqRWGGGpOw6NldehoSimJGJ6aaScISHqE+62sYoItLLZrdM4LEmPRgmQr9YwRn9PZGhSMpRFOjOCKmBXKxN4X+1bqrCKy+jMU8VifF8UZgyqBI4DQb2qCBYsZE2CAuq/wrxAAmElY7P1CE4iycvm1a14lxUzm/PyrVqHkcRHIESOAEOuAQ1cAPqoAkweATP4BW8GU/Gi/FufMxbC0Y+cwj+yPj8Aa18mik=</latexit>

⇠ 1/|q1T | ⇡ 1/|q2T |

q Two-stage diffractive             hard exclusive processes:
<latexit sha1_base64="13Lm00+64hTxk7Luc6adPu2iolA=">AAAB7XicbVBNTwIxFHzFL8Qv1KOXRmLiiewiUY8kXjxiIkgCG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0oOEmTycx76ZsJE8GN9bxvVFhb39jcKm6Xdnb39g/Kh0dto1JNWYsqoXQnJIYJLlnLcitYJ9GMxKFgD+H4ZuY/PDFtuJL3dpKwICZDySNOiXVSu9azCl/0yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpd2TFs/V3xsZiY2ZxKGbjIkdmWVvJv7ndVMbXQcZl0lqmaSLj6JUYBdxFh0PuGbUiokjhGrubsV0RDSh1hVUciX4y5FXSbtW9S+r9bt6pVHL6yjCCZzCOfhwBQ24hSa0gMIjPMMrvCGFXtA7+liMFlC+cwx/gD5/AJkAjnM=</latexit>

2 ! 3
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q Two-stage diffractive             hard exclusive processes:
<latexit sha1_base64="13Lm00+64hTxk7Luc6adPu2iolA=">AAAB7XicbVBNTwIxFHzFL8Qv1KOXRmLiiewiUY8kXjxiIkgCG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0oOEmTycx76ZsJE8GN9bxvVFhb39jcKm6Xdnb39g/Kh0dto1JNWYsqoXQnJIYJLlnLcitYJ9GMxKFgD+H4ZuY/PDFtuJL3dpKwICZDySNOiXVSu9azCl/0yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpd2TFs/V3xsZiY2ZxKGbjIkdmWVvJv7ndVMbXQcZl0lqmaSLj6JUYBdxFh0PuGbUiokjhGrubsV0RDSh1hVUciX4y5FXSbtW9S+r9bt6pVHL6yjCCZzCOfhwBQ24hSa0gMIjPMMrvCGFXtA7+liMFlC+cwx/gD5/AJkAjnM=</latexit>

2 ! 3
Qiu & Yu, JHEP 08 (2022) 103,

PRD 107 (2023) 1
2305.15397 (PRL in press)§ Single diffractive – keep the hadron intact: 

<latexit sha1_base64="b5o6UF+LtX0x3oQwiYRG6OQVXbk=">AAACB3icbVBLSwMxGMz6rPW16lGQYJFuFctuKepFqHjxWME+oK0lm6bd0Gw2JFmhlN68+Fe8eFDEq3/Bm//GtN2Dtg4EJjPfRzLjC0aVdt1va2FxaXllNbWWXt/Y3Nq2d3arKoolJhUcsUjWfaQIo5xUNNWM1IUkKPQZqfn967FfeyBS0Yjf6YEgrRD1OO1SjLSR2vZB4IhcU0cwyDoim4Mn8Or+2BFt71Kcmnvbzrh5dwI4T7yEZECCctv+anYiHIeEa8yQUg3PFbo1RFJTzMgo3YwVEQj3UY80DOUoJKo1nOQYwSOjdGA3kuZwDSfq740hCpUahL6ZDJEO1Kw3Fv/zGrHuXrSGlItYE46nD3VjBk3ucSmwQyXBmg0MQVhS81eIAyQR1qa6tCnBm408T6qFvHeWL94WM6VCUkcK7IND4AAPnIMSuAFlUAEYPIJn8ArerCfrxXq3PqajC1ayswf+wPr8AWFUlcU=</latexit>

h(p) ! h0(p0) +A⇤(p1 = p� p0)

<latexit sha1_base64="3VRvk8i1JVWaq1zulfD9yxQtBwo=">AAAB63icdVDLSgMxFM3UV62vqks3wSLUTUlK6WNXcOOygq2FdiiZNO2EJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWLBjUXow8ttbG5t7+R3C3v7B4dHxeOTnokSTVmXRiLS/YAYJrhiXcutYP1YMyIDwe6C2VXm390zbXikbu08Zr4kU8UnnBKbSWE5vhwVS6iCEMIYw4zgRh050mo1q7gJcWY5lMAanVHxfTiOaCKZslQQYwYYxdZPibacCrYoDBPDYkJnZMoGjioimfHT5a0LeOGUMZxE2pWycKl+n0iJNGYuA9cpiQ3Nby8T//IGiZ00/ZSrOLFM0dWiSSKgjWD2OBxzzagVc0cI1dzdCmlINKHWxVNwIXx9Cv8nvWoF1yu1m1qpXV3HkQdn4ByUAQYN0AbXoAO6gIIQPIAn8OxJ79F78V5XrTlvPXMKfsB7+wSuWY36</latexit>

h(p)

<latexit sha1_base64="Uys3t80Aecjof9fsjLdWS0qrTQI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSKtm5KU0seu4MZlBfuAdiiZNNPGZiZDkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/fe40WCa4PQh5PZ2Nza3snu5vb2Dw6P8scnXS1jRVmHSiFV3yOaCR6yjuFGsH6kGAk8wXre7Cr1e/dMaS7DWzOPmBuQSch9TomxUndaLEXFy1G+gMoIIYwxTAmu15AlzWajghsQp5ZFAazRHuXfh2NJ44CFhgqi9QCjyLgJUYZTwRa5YaxZROiMTNjA0pAETLvJ8toFvLDKGPpS2QoNXKrfJxISaD0PPNsZEDPVv71U/MsbxMZvuAkPo9iwkK4W+bGARsL0dTjmilEj5pYQqri9FdIpUYQaG1DOhvD1KfyfdCtlXCtXb6qFVmUdRxacgXNQAhjUQQtcgzboAAruwAN4As+OdB6dF+d11Zpx1jOn4Aect09woY5c</latexit>

h0(p0)

<latexit sha1_base64="U/NS76BMw7Hge01fnJyoNHecv4I=">AAAB9HicdVDLSsNAFJ34rPVVdelmsIhVsCQxtHUhVNy4rGAf0MYymU7aoZNknJkUSuh3uHGhiFs/xp1/46StoKIHLhzOuZd77/E4o1KZ5oexsLi0vLKaWcuub2xubed2dhsyigUmdRyxSLQ8JAmjIakrqhhpcUFQ4DHS9IZXqd8cESFpFN6qMSdugPoh9SlGSkvu5d1JgXetC37Kj467ubxZPK+UbKcEzaJpli3bSoldds4caGklRR7MUevm3ju9CMcBCRVmSMq2ZXLlJkgoihmZZDuxJBzhIeqTtqYhCoh0k+nRE3iolR70I6ErVHCqfp9IUCDlOPB0Z4DUQP72UvEvrx0rv+ImNOSxIiGeLfJjBlUE0wRgjwqCFRtrgrCg+laIB0ggrHROWR3C16fwf9Kwi1ap6Nw4+ao9jyMD9sEBKAALlEEVXIMaqAMM7sEDeALPxsh4NF6M11nrgjGf2QM/YLx9Ar6vkMI=</latexit>

A⇤(p1 = p� p0)
<latexit sha1_base64="FZx1kmhOOXZcVerIhcfjvymBVaw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR68KShKJuhIIblxXsA9o0TKbTdugkGWcmhRLqxl9x40IRt/6FO//GSZuFVg9cOJxzL/fe43NGpbKsLyO3tLyyupZfL2xsbm3vmLt7DRnFApM6jlgkWj6ShNGQ1BVVjLS4ICjwGWn6o+vUb46JkDQK79SEEzdAg5D2KUZKS555oK5K/IyfnHadDrmP6Rhyz+46sOCZRatszQD/EjsjRZCh5pmfnV6E44CECjMkZdu2uHITJBTFjEwLnVgSjvAIDUhb0xAFRLrJ7IMpPNZKD/YjoStUcKb+nEhQIOUk8HVngNRQLnqp+J/XjlX/0k1oyGNFQjxf1I8ZVBFM44A9KghWbKIJwoLqWyEeIoGw0qGlIdiLL/8lDadsn5crt5Vi1cniyINDcARKwAYXoApuQA3UAQYP4Am8gFfj0Xg23oz3eWvOyGb2wS8YH98mc5S6</latexit>

t = (p� p0)2 ⌘ p21

Virtuality of 
exchanged state:

<latexit sha1_base64="f+Dg76sGcvLE0XOuc+qiOG+RjF0=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUTZmU0seu0I3LCvYB7VAyaaaNzSRjkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/fe40ecaeO6H05mY3Nreye7m9vbPzg8yh+fdLWMFaEdIrlUfR9rypmgHcMMp/1IURz6nPb8WSv1e/dUaSbFjZlH1AvxRLCAEWys1G0V70bocpQvuCXXdRFCMCWoVnUtaTTqZVSHKLUsCmCN9ij/PhxLEodUGMKx1gPkRsZLsDKMcLrIDWNNI0xmeEIHlgocUu0ly2sX8MIqYxhIZUsYuFS/TyQ41Hoe+rYzxGaqf3up+Jc3iE1Q9xImothQQVaLgphDI2H6OhwzRYnhc0swUczeCskUK0yMDShnQ/j6FP5PuuUSqpYq15VCs7yOIwvOwDkoAgRqoAmuQBt0AAG34AE8gWdHOo/Oi/O6as0465lT8APO2yeeJ456</latexit>

C(q1)

<latexit sha1_base64="987nAjpSNC5y4MRJ2E3gFGEgUNE=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAh1E5IY2rorunFZwT6gDWUynbRjJzNhZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/feEyaMKu04H9bK6tr6xmZhq7i9s7u3Xzo4bCuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemEk6vc79wTqajgt3qakCBGI04jipE2Uvuykgy8s0Gp7NgX9arnV6FjO07N9dyceDX/3IeuUXKUwRLNQem9PxQ4jQnXmCGleq6T6CBDUlPMyKzYTxVJEJ6gEekZylFMVJDNr53BU6MMYSSkKa7hXP0+kaFYqWkcms4Y6bH67eXiX14v1VE9yChPUk04XiyKUga1gPnrcEglwZpNDUFYUnMrxGMkEdYmoKIJ4etT+D9pe7Zbtf0bv9zwlnEUwDE4ARXgghpogGvQBC2AwR14AE/g2RLWo/VivS5aV6zlzBH4AevtE6+1joU=</latexit>

B(p2)
<latexit sha1_base64="PL1kYpucvs7xgh+7/XRm9l3fB2w=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBhZSZUtSNUHDjsoJ9QDuUTJppQ5PMkGQKZeifuHGhiFv/xJ1/Y9rOQlsPXO7hnHvJzQkTzrTxvG+nsLG5tb1T3C3t7R8cHrnHJy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/H93G9PqNIslk9mmtBA4KFkESPYWKnvuneIXqHeEAuBbU9Y3y17FW8BtE78nJQhR6PvfvUGMUkFlYZwrHXX9xITZFgZRjidlXqppgkmYzykXUslFlQH2eLyGbqwygBFsbIlDVqovzcyLLSeitBOCmxGetWbi/953dREt0HGZJIaKsnyoSjlyMRoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV7+8TlrVin9dqT3WyvVqHkcRzuAcLsGHG6jDAzSgCQQm8Ayv8OZkzovz7nwsRwtOvnMKf+B8/gBrkJIy</latexit>= e, �,⇡

<latexit sha1_base64="peFx4qbZ+EcmxAhZsmNYWHlIvMo=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUTUlK6WNX0IXLCvYB7VAyaaaNzWTGJCOUof/gxoUibv0fd/6NmbaCih64cDjnXu69x4sE1wahDyeztr6xuZXdzu3s7u0f5A+POjqMFWVtGopQ9TyimeCStQ03gvUixUjgCdb1phep371nSvNQ3phZxNyAjCX3OSXGSp3L4t2wfD7MF1AJIYQxhinBtSqypNGol3Ed4tSyKIAVWsP8+2AU0jhg0lBBtO5jFBk3IcpwKtg8N4g1iwidkjHrWypJwLSbLK6dwzOrjKAfKlvSwIX6fSIhgdazwLOdATET/dtLxb+8fmz8uptwGcWGSbpc5McCmhCmr8MRV4waMbOEUMXtrZBOiCLU2IByNoSvT+H/pFMu4Wqpcl0pNMurOLLgBJyCIsCgBprgCrRAG1BwCx7AE3h2QufReXFel60ZZzVzDH7AefsEoTWOfA==</latexit>

D(q2)§ Hard probe:              high       exclusive process: <latexit sha1_base64="Ipv8XSo9oTZD413X7AdYXsL1+y0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqswMRV0W3LisYB/SDiWTZtrQJDMkGaEM/Qo3LhRx6+e482/MtLPQ1gOBwzn3kntOmHCmjet+O6WNza3tnfJuZW//4PCoenzS0XGqCG2TmMeqF2JNOZO0bZjhtJcoikXIaTec3uZ+94kqzWL5YGYJDQQeSxYxgo2VHv2BiZGPUGVYrbl1dwG0TryC1KBAa1j9GoxikgoqDeFY677nJibIsDKMcDqvDFJNE0ymeEz7lkosqA6yxcFzdGGVEYpiZZ80aKH+3siw0HomQjspsJnoVS8X//P6qYlugozJJDVUkuVHUcqRTZmnRyOmKDF8ZgkmitlbEZlghYmxHeUleKuR10nHr3tX9cZ9o9b0izrKcAbncAkeXEMT7qAFbSAg4Ble4c1Rzovz7nwsR0tOsXMKf+B8/gB8LI7a</latexit>

2 ! 2
<latexit sha1_base64="P2/D0xIxFf1+MzGjD8G8oU/Zy5U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4rNK3QhrLZbtqlu5u4uxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRahPYh6rhxBrypmkvmGG04dEUSxCTnvh9Db3e09UaRbLjpklNBB4LFnECDZW8h+HHVQZVmtu3V0ArROvIDUo0B5WvwajmKSCSkM41rrvuYkJMqwMI5zOK4NU0wSTKR7TvqUSC6qDbHHsHF1YZYSiWNmSBi3U3xMZFlrPRGg7BTYTverl4n9ePzXRTZAxmaSGSrJcFKUcmRjln6MRU5QYPrMEE8XsrYhMsMLE2HzyELzVl9dJt1H3rurN+2at1SjiKMMZnMMleHANLbiDNvhAgMEzvMKbI50X5935WLaWnGLmFP7A+fwBwBKN8w==</latexit>qT

<latexit sha1_base64="8Bua0Nrm1pGQskqq4Mb5iqDJFrI=">AAACDnicbVBLTwIxGOziC/GFevTSSEhYScjuhqhHFA8eMZFHAuumWwo0dLtr2zUhG36BF/+KFw8a49WzN/+N5XFQcJKmk5nvSzvjR4xKZVnfRmpldW19I72Z2dre2d3L7h80ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOkPqxO/+UCEpCG/VaOIuAHqc9qjGCktedn8xd1JIfJss3ipL8fsqBBmqoV7L7HHZvFKE8eEGS+bs0rWFHCZ2HOSA3PUvOxXpxviOCBcYYakbNtWpNwECUUxI+NMJ5YkQniI+qStKUcBkW4yjTOGea10YS8U+nAFp+rvjQQFUo4CX08GSA3kojcR//PaseqduwnlUawIx7OHejGDOvOkG9ilgmDFRpogLKj+K8QDJBBWusFJCfZi5GXScEr2aal8U85VnHkdaXAEjkEB2OAMVMA1qIE6wOARPINX8GY8GS/Gu/ExG00Z851D8AfG5w9TCJfR</latexit>

A⇤(p1) +B(p2) ! C(q1) +D(q2)

Probing time:
<latexit sha1_base64="pSkv856CAWf4QEjVvfLJV1hk3d0=">AAACC3icbZC7TsMwFIadcivhFmBksVohMZWk4jZWYmEsUm9SE0WO67RWncTYDqJKu7PwKiwMIMTKC7DxNrhtBmj5JUu/vnOOjs8fcEalsu1vo7Cyura+Udw0t7Z3dves/YOWTFKBSRMnLBGdAEnCaEyaiipGOlwQFAWMtIPh9bTevidC0iRuqBEnXoT6MQ0pRkoj3yq5kkbQOR3f+ZnTmIxNF3EukoccVTXyrbJdsWeCy8bJTRnkqvvWl9tLcBqRWGGGpOw6NldehoSimJGJ6aaScISHqE+62sYoItLLZrdM4LEmPRgmQr9YwRn9PZGhSMpRFOjOCKmBXKxN4X+1bqrCKy+jMU8VifF8UZgyqBI4DQb2qCBYsZE2CAuq/wrxAAmElY7P1CE4iycvm1a14lxUzm/PyrVqHkcRHIESOAEOuAQ1cAPqoAkweATP4BW8GU/Gi/FufMxbC0Y+cwj+yPj8Aa18mik=</latexit>

⇠ 1/|q1T | ⇡ 1/|q2T |

Not necessarily sufficient!

§ Necessary condition for QCD factorization: 
<latexit sha1_base64="/hCtbivtWAbiANQgcFLVkxFU1hc=">AAACDHicbZC7SgNBFIZn4y3GW9TSZjAINobdENRGCNhYRsgNkmWZnUySIbOXzJwVwiYPYOOr2FgoYusD2Pk2zm620MQfBj7+cw5nzu+GgiswzW8jt7a+sbmV3y7s7O7tHxQPj1oqiCRlTRqIQHZcopjgPmsCB8E6oWTEcwVru+PbpN5+YFLxwG/ANGS2R4Y+H3BKQFtOsTSbOLHlNOYzfIMTrqTcGw5xT00kxBcw111m2UyFV8HKoIQy1Z3iV68f0MhjPlBBlOpaZgh2TCRwKti80IsUCwkdkyHravSJx5Qdp8fM8Zl2+ngQSP18wKn7eyImnlJTz9WdHoGRWq4l5n+1bgSDazvmfhgB8+li0SASGAKcJIP7XDIKYqqBUMn1XzEdEUko6PwKOgRr+eRVaFXK1mW5el8t1SpZHHl0gk7RObLQFaqhO1RHTUTRI3pGr+jNeDJejHfjY9GaM7KZY/RHxucPCCGa8Q==</latexit>

|q1T | = |q2T | �
p
�t

Lifetime of               is much longer 

than collision time of the probe!

<latexit sha1_base64="yeKAsYkshFiXrs/rePNOPaWyaic=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJUD2W3FPVY8eKxgv2Adi3ZNNuGZpM1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzgpgzbVz321lZXVvf2Mxt5bd3dvf2CweHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDP1W09UaSbFvRnH1I/wQLCQEWys1L5+OC/FPe+sVyi6ZXcGtEy8jBQhQ71X+Or2JUkiKgzhWOuO58bGT7EyjHA6yXcTTWNMRnhAO5YKHFHtp7N7J+jUKn0USmVLGDRTf0+kONJ6HAW2M8JmqBe9qfif10lMeOWnTMSJoYLMF4UJR0ai6fOozxQlho8twUQxeysiQ6wwMTaivA3BW3x5mTQrZe+iXL2rFmuVLI4cHMMJlMCDS6jBLdShAQQ4PMMrvDmPzovz7nzMW1ecbOYI/sD5/AFoLY7d</latexit>

A⇤(p1)

The single diffractive              
exclusive hard processes (SDHEP): 

<latexit sha1_base64="13Lm00+64hTxk7Luc6adPu2iolA=">AAAB7XicbVBNTwIxFHzFL8Qv1KOXRmLiiewiUY8kXjxiIkgCG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0oOEmTycx76ZsJE8GN9bxvVFhb39jcKm6Xdnb39g/Kh0dto1JNWYsqoXQnJIYJLlnLcitYJ9GMxKFgD+H4ZuY/PDFtuJL3dpKwICZDySNOiXVSu9azCl/0yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpd2TFs/V3xsZiY2ZxKGbjIkdmWVvJv7ndVMbXQcZl0lqmaSLj6JUYBdxFh0PuGbUiokjhGrubsV0RDSh1hVUciX4y5FXSbtW9S+r9bt6pVHL6yjCCZzCOfhwBQ24hSa0gMIjPMMrvCGFXtA7+liMFlC+cwx/gD5/AJkAjnM=</latexit>

2 ! 3

<latexit sha1_base64="pf0rK6WpsGjFoLl/5SQCXm5f0zE=">AAACE3icbZDLSsNAFIYn9VbrrerSzWCRpgolCUVdFuvCZQV7gbaEyXTSDp0k48xEKKHv4MZXceNCEbdu3Pk2TtoutPWHgY//nMOZ83ucUaks69vIrKyurW9kN3Nb2zu7e/n9g6aMYoFJA0csEm0PScJoSBqKKkbaXBAUeIy0vFEtrbceiJA0Cu/UmJNegAYh9SlGSltu/nRo8hI8g1cmd50S7KooNyyavJh6NfPetVO41uCU3HzBKltTwWWw51AAc9Xd/Fe3H+E4IKHCDEnZsS2uegkSimJGJrluLAlHeIQGpKMxRAGRvWR60wSeaKcP/UjoFyo4dX9PJCiQchx4ujNAaigXa6n5X60TK/+yl9CQx4qEeLbIjxlUEUwDgn0qCFZsrAFhQfVfIR4igbDSMeZ0CPbiycvQdMr2eblyWylUnXkcWXAEjoEJbHABquAG1EEDYPAInsEreDOejBfj3fiYtWaM+cwh+CPj8wejXZhS</latexit>

h(p) +B(p2) ! h0(p0) + C(q1) +D(q2)

A 2-scale observable!
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Single-Diffractive Hard Exclusive Processes (SDHEP)

q The exchange virtual state and the power expansion:

The exchanged state A*(p-p’) is a sum of all possible partonic states,              , allowed by
§ Quantum numbers of  h(p) – h’(p’)
§ Symmetry of producing non-vanishing  H 

<latexit sha1_base64="3HSLBcdalwxsuCA2T48Pb9UPXuc=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCixKSUtSNUHDjsoJ9QBvCZDpth85MwjyEGvolblwo4tZPceffOG2z0NYDFw7n3Mu998Qpo0r7/rdT2Njc2t4p7pb29g8Oy+7RcVslRmLSwglLZDdGijAqSEtTzUg3lQTxmJFOPLmd+51HIhVNxIOepiTkaCTokGKkrRS55b4yPMrETVCtVT1vFrkV3/MXgOskyEkF5GhG7ld/kGDDidCYIaV6gZ/qMENSU8zIrNQ3iqQIT9CI9CwViBMVZovDZ/DcKgM4TKQtoeFC/T2RIa7UlMe2kyM9VqveXPzP6xk9vA4zKlKjicDLRUPDoE7gPAU4oJJgzaaWICypvRXiMZIIa5tVyYYQrL68Tto1L7j06vf1SqOWx1EEp+AMXIAAXIEGuANN0AIYGPAMXsGb8+S8OO/Ox7K14OQzJ+APnM8fFB6SBA==</latexit> X

n=1,2,..

Qiu & Yu, JHEP 08 (2022) 103,
PRD 107 (2023) 1

2305.15397 (PRL in press)
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Single-Diffractive Hard Exclusive Processes (SDHEP)

Bethe-Heitler-type

EM form factor

To be factorized into GPD
Energy ≫ virtuality

≥ 𝟑 parton connection:
Power suppressed

Qiu & Yu, JHEP 08 (2022) 103,
PRD 107 (2023) 1

2305.15397 (PRL in press)

q The exchange virtual state and the power expansion:

The exchanged state A*(p-p’) is a sum of all possible partonic states,              , allowed by
§ Quantum numbers of  h(p) – h’(p’)
§ Symmetry of producing non-vanishing  H 

<latexit sha1_base64="3HSLBcdalwxsuCA2T48Pb9UPXuc=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCixKSUtSNUHDjsoJ9QBvCZDpth85MwjyEGvolblwo4tZPceffOG2z0NYDFw7n3Mu998Qpo0r7/rdT2Njc2t4p7pb29g8Oy+7RcVslRmLSwglLZDdGijAqSEtTzUg3lQTxmJFOPLmd+51HIhVNxIOepiTkaCTokGKkrRS55b4yPMrETVCtVT1vFrkV3/MXgOskyEkF5GhG7ld/kGDDidCYIaV6gZ/qMENSU8zIrNQ3iqQIT9CI9CwViBMVZovDZ/DcKgM4TKQtoeFC/T2RIa7UlMe2kyM9VqveXPzP6xk9vA4zKlKjicDLRUPDoE7gPAU4oJJgzaaWICypvRXiMZIIa5tVyYYQrL68Tto1L7j06vf1SqOWx1EEp+AMXIAAXIEGuANN0AIYGPAMXsGb8+S8OO/Ox7K14OQzJ+APnM8fFB6SBA==</latexit> X

n=1,2,..

Need entanglement between qT and loop momentum 
for the sensitivity on the x-dependence of GPDs!



26

General Discussion on n=1 state:  g* 

q Exchange of a virtual photon – “GPD background”: Qiu & Yu, PRD 107 (2023) 1

A
∗ = γ

∗ (p1)

h(p) h′(p′)

B(p2)

C(q1)

D(q2)

H

F

Bethe-Heitler

EM form factor

<latexit sha1_base64="ROegTRLsIyDHPQpU0IQZwMpqn9M="></latexit>

M
(1) =

ie2

t
hh0 (p0) |Jµ(0)|h(p)ihC (q1)D (q2) |Jµ(0)|B (p2)i

⌘
ie2

t
Fµ (p, p0)Hµ (p1, p2, q1, q2)

<latexit sha1_base64="2DtRtTSXDaKalEXo+4eZyvTmHt4="></latexit>

F+H� =
1

p+1
F+

�
p+1 H�� = 1

p+1
F+

�
p1 · H + p1? · H? � p�1 H+

�
⇠ O(

p
|t|)

Leading component

<latexit sha1_base64="DUSZYj/I/xBTrqpQT3ml+aLyviE=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0FILOJuCGoZsLERI5gHZGOYnUySIbMPZ+4KYbP/YOOv2FgoYmtj5984eRSaeODC4Zx7ufceNxRcgWV9G6ml5ZXVtfR6ZmNza3vH3N2rqSCSlFVpIALZcIligvusChwEa4SSEc8VrO4OLsZ+/YFJxQP/FoYha3mk5/MupwS01DaPY4cSga+Suzhn5xNHcc/BU+06ydknjrqXEI9glOTbZtYqWBPgRWLPSBbNUGmbX04noJHHfKCCKNW0rRBaMZHAqWBJxokUCwkdkB5rauoTj6lWPPkpwUda6eBuIHX5gCfq74mYeEoNPVd3egT6at4bi/95zQi6562Y+2EEzKfTRd1IYAjwOCDc4ZJREENNCJVc34ppn0hCQceY0SHY8y8vklqxYJ8WSjelbLk4iyONDtAhyiEbnaEyukQVVEUUPaJn9IrejCfjxXg3PqatKWM2s4/+wPj8AaklnWA=</latexit>

M
(1)

⇠ O(1/
p

|t|)
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General Discussion on n=1 state:  g* 

q Exchange of a virtual photon – “GPD background”: Qiu & Yu, PRD 107 (2023) 1

A
∗ = γ

∗ (p1)

h(p) h′(p′)

B(p2)

C(q1)

D(q2)

H

F

Bethe-Heitler

EM form factor

<latexit sha1_base64="ROegTRLsIyDHPQpU0IQZwMpqn9M="></latexit>

M
(1) =

ie2

t
hh0 (p0) |Jµ(0)|h(p)ihC (q1)D (q2) |Jµ(0)|B (p2)i

⌘
ie2

t
Fµ (p, p0)Hµ (p1, p2, q1, q2)

<latexit sha1_base64="2DtRtTSXDaKalEXo+4eZyvTmHt4="></latexit>

F+H� =
1

p+1
F+

�
p+1 H�� = 1

p+1
F+

�
p1 · H + p1? · H? � p�1 H+

�
⇠ O(

p
|t|)

Leading component

<latexit sha1_base64="DUSZYj/I/xBTrqpQT3ml+aLyviE=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0FILOJuCGoZsLERI5gHZGOYnUySIbMPZ+4KYbP/YOOv2FgoYmtj5984eRSaeODC4Zx7ufceNxRcgWV9G6ml5ZXVtfR6ZmNza3vH3N2rqSCSlFVpIALZcIligvusChwEa4SSEc8VrO4OLsZ+/YFJxQP/FoYha3mk5/MupwS01DaPY4cSga+Suzhn5xNHcc/BU+06ydknjrqXEI9glOTbZtYqWBPgRWLPSBbNUGmbX04noJHHfKCCKNW0rRBaMZHAqWBJxokUCwkdkB5rauoTj6lWPPkpwUda6eBuIHX5gCfq74mYeEoNPVd3egT6at4bi/95zQi6562Y+2EEzKfTRd1IYAjwOCDc4ZJREENNCJVc34ppn0hCQceY0SHY8y8vklqxYJ8WSjelbLk4iyONDtAhyiEbnaEyukQVVEUUPaJn9IrejCfjxXg3PqatKWM2s4/+wPj8AaklnWA=</latexit>

M
(1)

⇠ O(1/
p

|t|)

A
∗ = [qq̄]

∗ (p1)

h(p) h′(p′)

B(p2)

C(q1)

D(q2)

H

F

<latexit sha1_base64="XaBrNMBheRFN0vTvoZBh2Q5jlVQ=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VoNzUpRV0W3LgRW7APaGKZTCft0JkkzEyEErJ246+4caGIW7/AnX/jtM1CWw9cOJxzL/fe40WMSmVZ30ZuZXVtfSO/Wdja3tndM/cP2jKMBSYtHLJQdD0kCaMBaSmqGOlGgiDuMdLxxldTv/NAhKRhcKcmEXE5GgbUpxgpLfXN48TBiMGb9D4pVcupIyl34Fy7TUv2WbPcN4tWxZoBLhM7I0WQodE3v5xBiGNOAoUZkrJnW5FyEyQUxYykBSeWJEJ4jIakp2mAOJFuMnslhadaGUA/FLoCBWfq74kEcSkn3NOdHKmRXPSm4n9eL1b+pZvQIIoVCfB8kR8zqEI4zQUOqCBYsYkmCAuqb4V4hATCSqdX0CHYiy8vk3a1Yp9Xas1asV7N4siDI3ACSsAGF6AOrkEDtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/ftqYzg==</latexit>

M
(2)

⇠ O(1/Q)

<latexit sha1_base64="Nqjvw3z1VwICT+X9j3IWHHSeBdM=">AAACInicbVDJTgJBEO3BDXFDPXrpSEzgAjOEuNxIvHgxQiJLwiDpaRro0LPYXWNChvkWL/6KFw8a9WTix9gsBwVfUsnr96rSVc8JBFdgml9GYmV1bX0juZna2t7Z3UvvH9SVH0rKatQXvmw6RDHBPVYDDoI1A8mI6wjWcIaXE7/xwKTivncLo4C1XdL3eI9TAlrqpC8imxKBr+O7KGvl4sKvZzEX24q7Np5pN3G2WrDVvYRoDOM410lnzLw5BV4m1pxk0ByVTvrD7vo0dJkHVBClWpYZQDsiEjgVLE7ZoWIBoUPSZy1NPeIy1Y6mJ8b4RCtd3POlLg/wVP09ERFXqZHr6E6XwEAtehPxP68VQu+8HXEvCIF5dPZRLxQYfDzJC3e5ZBTESBNCJde7YjogklDQqaZ0CNbiycukXsxbp/lStZQpF+dxJNEROkZZZKEzVEZXqIJqiKJH9Ixe0ZvxZLwY78bnrDVhzGcO0R8Y3z+MxqMP</latexit>

M
(1)/M(2)

⇠ O(Q/
p

|t|)

𝜸∗ channel is of a more leading power than GPD contribution, 
  but higher power in 𝜶𝐄𝐌
Generally allowed, except
  (1) flavor changing  (𝒑 → 𝒏, 𝒏 → 𝒑, etc.)
  (2) forbidden by symmetry in the hard part
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Extract GPDs from SDHEP with controllable approximation - Factorization

q QCD Facts:
§ Any scattering cross section with identified hadron(s) cannot be calculated fully in QCD perturbation theory

50 years of QCD
2212.11107
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Extract GPDs from SDHEP with controllable approximation - Factorization

q QCD Facts:
§ Any scattering cross section with identified hadron(s) cannot be calculated fully in QCD perturbation theory

§ QCD factorization is a controllable approximation with following 3 key features:

o All process-dependent nonperturbative contributions to factorizable cross sections are suppressed by 
powers of 1/(RQ), which could be neglected if the hard scale Q is sufficiently large;

o All factorizable nonperturbative contributions are process independent, representing the characteristics of 
identified hadron(s); and

o Process dependence of factorizable contributions is perturbatively calculable from partonic scattering at 
the short-distance.

§ Predictions follow when cross sections with different hard scatterings but the same nonperturbative long-
distance effect of identified hadron are compared

50 years of QCD
2212.11107
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Extract GPDs from SDHEP with controllable approximation - Factorization

q QCD Facts:
§ Any scattering cross section with identified hadron(s) cannot be calculated fully in QCD perturbation theory

§ QCD factorization is a controllable approximation with following 3 key features:

o All process-dependent nonperturbative contributions to factorizable cross sections are suppressed by 
powers of 1/(RQ), which could be neglected if the hard scale Q is sufficiently large;

o All factorizable nonperturbative contributions are process independent, representing the characteristics of 
identified hadron(s); and

o Process dependence of factorizable contributions is perturbatively calculable from partonic scattering at 
the short-distance.

§ Predictions follow when cross sections with different hard scatterings but the same nonperturbative long-
distance effect of identified hadron are compared

Qiu & Yu, JHEP 08 (2022) 103,
PRD 107 (2023) 1

q Factorization for 2-parton channels – Very nontrivial:

B(p2)

C(q1)

D(q2)

H
B(p2)

C(q1)

D(q2)

H or
<latexit sha1_base64="iZBxjCs4oG9oubNohFkfHVoGmQs="></latexit>

GPD ⌦
<latexit sha1_base64="PxMPxP0qJaDLg7lTYfWso2XmXPI=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hiEiBBnxCXHgBdvRsgGmTHUdDpJk57F7h4hDMGLv+LFgyJe/Qpv/o2dZA6a+KDg8V4VVfW8iDOpLOvbyCwsLi2vZFdza+sbm1vm9k5dhrEgtEZCHoqmB5JyFtCaYorTZiQo+B6nDW9wNfYbD1RIFgZVNYyo60MvYF1GQGmpbe4dOzhxCHB8MyrYJ/ft6p0DPOrDUdvMW0VrAjxP7JTkUYpK2/xyOiGJfRoowkHKlm1Fyk1AKEY4HeWcWNIIyAB6tKVpAD6VbjJ5YYQPtdLB3VDoChSeqL8nEvClHPqe7vRB9eWsNxb/81qx6pbchAVRrGhApou6MccqxOM8cIcJShQfagJEMH0rJn0QQJROLadDsGdfnif106J9UTy/PcuXS2kcWbSPDlAB2egSldE1qqAaIugRPaNX9GY8GS/Gu/Exbc0Y6cwu+gPj8wfn4ZXU</latexit>

+ O(1/q↵T )

FactorizationQCD

50 years of QCD
2212.11107
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Extract GPDs from SDHEP with controllable approximation - Factorization

q Lessons learned from QCD factorization for hadronic collisions (e.g., Drell-Yan):
Hard:  all lines off-shell by Q 

Collinear:  
² lines collinear to A and B
² One “physical parton” per hadron

Soft:  all components are soft
Leading pinch surface

Collins, Soper, Sterman
1989
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Extract GPDs from SDHEP with controllable approximation - Factorization

q Lessons learned from QCD factorization for hadronic collisions (e.g., Drell-Yan):
Hard:  all lines off-shell by Q 

Collinear:  
² lines collinear to A and B
² One “physical parton” per hadron

Soft:  all components are soft
Leading pinch surface

q Collinear and longitudinally polarized gluons:

o Apply Ward Identity to decouple them from the hard part
o Reconnect them the gauge links

Easy to factorize:  

Collins, Soper, Sterman
1989
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Extract GPDs from SDHEP with controllable approximation - Factorization

q Lessons learned from QCD factorization for hadronic collisions (e.g., Drell-Yan):
Hard:  all lines off-shell by Q 

Collinear:  
² lines collinear to A and B
² One “physical parton” per hadron

Soft:  all components are soft
Leading pinch surface

q Collinear and longitudinally polarized gluons:

o Apply Ward Identity to decouple them from the hard part
o Reconnect them the gauge links

Easy to factorize:  

o Sum over all final states, 
o Cancelation of all poles in one-half plane 

(remove pinches)

Solution:

Difficulty for exclusive processes:
No final-states to sum!

Collins, Soper, Sterman
1989

q Trouble with the soft gluons:

Pinched in Glauber regime

<latexit sha1_base64="pyAK30U3VJcBmuSMTrUMcVTg0JA=">AAACDHicbVDLSsNAFL3xWeur6tLNYBEqSEmKr2XBjcsK9gFNLJPJpB06mYSZiVBCP8CNv+LGhSJu/QB3/o3TNgttPTBwOOde7pzjJ5wpbdvf1tLyyuraemGjuLm1vbNb2ttvqTiVhDZJzGPZ8bGinAna1Exz2kkkxZHPadsfXk/89gOVisXiTo8S6kW4L1jICNZG6pXKQ+TqGFVcbnYCfF87XWAnZsqu2lOgReLkpAw5Gr3SlxvEJI2o0IRjpbqOnWgvw1Izwum46KaKJpgMcZ92DRU4osrLpmHG6NgoAQpjaZ7QaKr+3shwpNQo8s1khPVAzXsT8T+vm+rwysuYSFJNBZkdClOOTPxJMyhgkhLNR4ZgIpn5KyIDLDHRpr+iKcGZj7xIWrWqc1E9vz0r12t5HQU4hCOogAOXUIcbaEATCDzCM7zCm/VkvVjv1sdsdMnKdw7gD6zPH2x+me0=</latexit>

k ! (�2,�2,�)
<latexit sha1_base64="bgag3RAxe7N1dNZX8ldLsvYdH2s=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVUnFa6xUBgaGVqIPqYkix3Vaq3YS2Q5SFeUTWPgVFgYQYmVk429w0wzQciRLR+ecq+t7/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BV0aJwKSDIxaJvo8kYTQkHUUVI/1YEMR9Rnr+pDnzew9ESBqF92oaE5ejUUgDipHSkmeeOkyHhwg6knInEAinzl2ueKkjOGw3b7IsbWeeWbVqVg64TOyCVEGBlmd+OcMIJ5yECjMk5cC2YuWmSCiKGckqTiJJjPAEjchA0xBxIt00PyiDJ1oZwiAS+oUK5urviRRxKafc10mO1FguejPxP2+QqODaTWkYJ4qEeL4oSBhUEZy1A4dUEKzYVBOEBdV/hXiMdCtKd1jRJdiLJy+Tbr1mX9Yu2ufVRr2oowyOwDE4Aza4Ag1wC1qgAzB4BM/gFbwZT8aL8W58zKMlo5g5BH9gfP4A0padDQ==</latexit>

� ⇠ ⇤QCD

Q
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Extract GPDs from SDHEP with controllable approximation - Factorization

q Glauber pinch for SDHEP, e.g.
<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)

N
N ′

p p′

π

p2

ks
ki + ks

lj−
ks

q1

q2

D̂1

D̂2

Ĥ

ERBL region

<latexit sha1_base64="FN7QnMRhdzf4mg7KZnZV+dI+7lw="></latexit>

1

(ki + ks)2 + i"
! 1

k�s + i"
<latexit sha1_base64="mw3HFfQR3V+yQN70mc68OwMtVAo="></latexit>

1

(lj � ks)2 + i"
! 1

�k+s + i"

<latexit sha1_base64="+i+TlNK0KYxLMdfjNM8x5rzvsCo=">AAACLXicbVDLSgMxFM34rOOr6tJNsAiCWGZKUZcFXbisYB/QGYdMmmlDM8mQZApl6A+58VdEcFERt/6GaTuIth4IHM45l5t7woRRpR1nYq2srq1vbBa27O2d3b394sFhU4lUYtLAggnZDpEijHLS0FQz0k4kQXHISCsc3Ez91pBIRQV/0KOE+DHqcRpRjLSRguKtF0mEM3ecDQL1WDmn3hBJkijKBB/bnhb2T+Ai88IIDsbLuaBYcsrODHCZuDkpgRz1oPjqdQVOY8I1Zkipjusk2s+Q1BQzYvamiiQID1CPdAzlKCbKz2bXjuGpUbowEtI8ruFM/T2RoVipURyaZIx0Xy16U/E/r5Pq6NrPKE9STTieL4pSBrWA0+pgl0qCNRsZgrCk5q8Q95FpR5uCbVOCu3jyMmlWyu5luXpfLdUqeR0FcAxOwBlwwRWogTtQBw2AwRN4ARPwbj1bb9aH9TmPrlj5zBH4A+vrGxT0qTo=</latexit>

1

k2s + i"
! 1

�k2
s + i"

No pinch!
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Extract GPDs from SDHEP with controllable approximation - Factorization

q Glauber pinch for SDHEP, e.g.
<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)

N
N ′

p p′

π

p2

ks
ki + ks

lj−
ks

q1

q2

D̂1

D̂2

Ĥ

ERBL region

<latexit sha1_base64="FN7QnMRhdzf4mg7KZnZV+dI+7lw="></latexit>

1

(ki + ks)2 + i"
! 1

k�s + i"
<latexit sha1_base64="mw3HFfQR3V+yQN70mc68OwMtVAo="></latexit>

1

(lj � ks)2 + i"
! 1

�k+s + i"

<latexit sha1_base64="+i+TlNK0KYxLMdfjNM8x5rzvsCo=">AAACLXicbVDLSgMxFM34rOOr6tJNsAiCWGZKUZcFXbisYB/QGYdMmmlDM8mQZApl6A+58VdEcFERt/6GaTuIth4IHM45l5t7woRRpR1nYq2srq1vbBa27O2d3b394sFhU4lUYtLAggnZDpEijHLS0FQz0k4kQXHISCsc3Ez91pBIRQV/0KOE+DHqcRpRjLSRguKtF0mEM3ecDQL1WDmn3hBJkijKBB/bnhb2T+Ai88IIDsbLuaBYcsrODHCZuDkpgRz1oPjqdQVOY8I1Zkipjusk2s+Q1BQzYvamiiQID1CPdAzlKCbKz2bXjuGpUbowEtI8ruFM/T2RoVipURyaZIx0Xy16U/E/r5Pq6NrPKE9STTieL4pSBrWA0+pgl0qCNRsZgrCk5q8Q95FpR5uCbVOCu3jyMmlWyu5luXpfLdUqeR0FcAxOwBlwwRWogTtQBw2AwRN4ARPwbj1bb9aH9TmPrlj5zBH4A+vrGxT0qTo=</latexit>

1

k2s + i"
! 1

�k2
s + i"

No pinch!

<latexit sha1_base64="BuMKpn9UJiRyytELpLRXxQBkkHY=">AAACE3icbVDNS8MwHE3n16xfU49egkMQkdmOoR4HXjxusC9YR0nTdAtL2i5JhVH2P3jxX/HiQRGvXrz535h1Pejmg4THe+9H8ntezKhUlvVtFNbWNza3itvmzu7e/kHp8Kgjo0Rg0sYRi0TPQ5IwGpK2ooqRXiwI4h4jXW98N/e7D0RIGoUtNY3JgKNhSAOKkdKSW7pwmA77CDqScshdJ6ZXzUvoTBLkZ5fZzJyJ23JLZatiZYCrxM5JGeRouKUvx49wwkmoMENS9m0rVoMUCUUxIzPTSSSJER6jIelrGiJO5CDNdprBM634MIiEPqGCmfp7IkVcyin3dJIjNZLL3lz8z+snKrgdpDSME0VCvHgoSBhUEZwXBH0qCFZsqgnCguq/QjxCAmGlazR1CfbyyqukU63Y15Vas1auV/M6iuAEnIJzYIMbUAf3oAHaAINH8AxewZvxZLwY78bHIlow8plj8AfG5w8n650J</latexit>

� ⇠ m⇡/Q, Q ⇠ qT

Gluons pinched in the Glauber region:
<latexit sha1_base64="w+ra3We5Cx2atD7eMr48j1OQ4hk=">AAACEHicdVDLSgMxFM3UV62vqks3wSJWKGVmHNq6EApuXLZgH9AZh0wmbUMzD5KMUEo/wY2/4saFIm5duvNvzLQVfB4IHM65h5t7vJhRIXX9XcssLa+srmXXcxubW9s7+d29togSjkkLRyziXQ8JwmhIWpJKRroxJyjwGOl4o4vU79wQLmgUXslxTJwADULapxhJJbn545Er4Dks2kxlfHRtln6xE7sEm26+oJfPahXTqkC9rOtVwzRSYlatUwsaSklRAAs03Pyb7Uc4CUgoMUNC9Aw9ls4EcUkxI9OcnQgSIzxCA9JTNEQBEc5kdtAUHinFh/2IqxdKOFO/JiYoEGIceGoyQHIofnqp+JfXS2S/5kxoGCeShHi+qJ8wKCOYtgN9ygmWbKwIwpyqv0I8RBxhqTrMqRI+L4X/k7ZZNiplq2kV6uaijiw4AIegCAxQBXVwCRqgBTC4BffgETxpd9qD9qy9zEcz2iKzD75Be/0AvZCbHw==</latexit>

ks = (�2,�2,�)Q

N N ′

p p′

π

p2

ks

zp+ ks q1

q2

(1− z)p− ks

lj−
ks

D̂2

Ĥ

DGLAP region

<latexit sha1_base64="pCQnPiAx9EfgapOtvEI4hEjHtUk=">AAACK3icbVDLSgMxFM34rPVVdelmsAiVYpkpRV0W3bisYB/QaYdMmmlDM0lIMoU69H/c+CsudOEDt/6H6QOxrQcCh3PO5eaeQFCitON8WCura+sbm6mt9PbO7t5+5uCwpngsEa4iTrlsBFBhShiuaqIpbgiJYRRQXA/6N2O/PsBSEc7u9VDgVgS7jIQEQW0kP3PthRKixB0luQeR7/vqrF3ME28AJRaKUM5GaU/z9G/KJNrn8wE/k3UKzgT2MnFnJAtmqPiZF6/DURxhphGFSjVdR+hWAqUmiGKzMFZYQNSHXdw0lMEIq1YyuXVknxqlY4dcmse0PVH/TiQwUmoYBSYZQd1Ti95Y/M9rxjq8aiWEiVhjhqaLwpjamtvj4uwOkRhpOjQEIknMX23Ug6YWbepNmxLcxZOXSa1YcC8KpbtStlyc1ZECx+AE5IALLkEZ3IIKqAIEHsEzeAPv1pP1an1aX9PoijWbOQJzsL5/APMMqB4=</latexit>

1

(zp+ ks)2 + i"
! 1

k�s + i"

<latexit sha1_base64="2GQrVj81tLMlBy9R8P0bLjyeqnk="></latexit>

1

((1� z)p� ks)2 + i"
! 1

k�s � i"

Pinched!

Same conclusion if ks flows through N’!

Transverse component contribute to the leading region!
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Factorization for SDHEP in the Two-stage Paradigm

q Factorization for 2-parton channels (CO gluons are easy to factorize): Qiu & Yu, JHEP 08 (2022) 103,
PRD 107 (2023) 1

h(p) h′(p′)

B(p2)

C(q1)

D(q2)
F

S

H

ERBL region: 𝒒6𝒒# ∼ meson

h′(p′)

B(p2)

C(q1) D(q2)

h(p)

H

F

S

DGLAP region: Glauber pinch

+
A
∗ = [qq̄]

∗ (p1)

h(p) h′(p′)

B(p2)

C(q1)

D(q2)

H

F
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Factorization for SDHEP in the Two-stage Paradigm

q Factorization for 2-parton channels (CO gluons are easy to factorize): Qiu & Yu, JHEP 08 (2022) 103,
PRD 107 (2023) 1

h(p) h′(p′)

B(p2)

C(q1)

D(q2)
F

S

H

ERBL region: 𝒒6𝒒# ∼ meson

h′(p′)

B(p2)

C(q1) D(q2)

h(p)

H

F

S

DGLAP region: Glauber pinch

+
A
∗ = [qq̄]

∗ (p1)

h(p) h′(p′)

B(p2)

C(q1)

D(q2)

H

F

q Soft gluons cancel when coupling to color neutral hadrons:

h(p) h′(p′)

B(p2)

C(q1)

D(q2)

S

F

H

Glauber gluons of SDHEP (𝒐𝒏𝒍𝒚	𝒌𝒔% is pinched in Glauber region):  
<latexit sha1_base64="zUFpRy4CduSYt/IYKCDMRHu3Egk=">AAACJ3icbVDLSsNAFJ34rPEVdelmsAgVpCSlPjZKwY3LCvYBTQyTyaQdOpmEmYlQSv/Gjb/iRlARXfonTtsstO2BgcM593LnnCBlVCrb/jaWlldW19YLG+bm1vbOrrW335RJJjBp4IQloh0gSRjlpKGoYqSdCoLigJFW0L8Z+61HIiRN+L0apMSLUZfTiGKktORb131fXpVcpjdC9FA5nWMnrumqBLpmyVlg+lbRLtsTwHni5KQIctR9680NE5zFhCvMkJQdx06VN0RCUczIyHQzSVKE+6hLOppyFBPpDSc5R/BYKyGMEqEfV3Ci/t0YoljKQRzoyRipnpz1xuIir5Op6NIbUp5minA8PRRlDOrg49JgSAXBig00QVhQ/VeIe0ggrHS1pi7BmY08T5qVsnNePrurFmvVvI4COARHoAQccAFq4BbUQQNg8ARewDv4MJ6NV+PT+JqOLhn5zgH4B+PnFyW9o5w=</latexit>

ks = (�2,�2,�) ! (1,�2,�)
CO gluons

B(p2)

C(q1)

D(q2)

H
B(p2)

C(q1)

D(q2)

H or
<latexit sha1_base64="iZBxjCs4oG9oubNohFkfHVoGmQs="></latexit>

GPD ⌦

Hard probesNo factorization for double diffractive scattering! Soper, 1997

<latexit sha1_base64="BNMG7a1R9j8M7qFudvhyD3CIWPY="></latexit>

k+s 7! k+s ± iO(Q)
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SDHEP with a Lepton Beam – JLab, EIC

q DVCS:
<latexit sha1_base64="l+gyVUuF5R/j/zdFoEoWmaDZNZk="></latexit>

h(p) = Proton(p), h0(p0) = Proton(p0), B(p2) = electron(p2), C(q1) = electron(q1), D(q2) = photon(q2)

ERBL DGLAP

q Leading pinch region:

q Factorization formula:
LO:

<latexit sha1_base64="K5dKkpW4+4m1bRB8iuM3wEH9d7c="></latexit>

C(0) / 1

x� ⇠ + i"
� 1

x+ ⇠ � i"

The x-integration is NOT sensitive to externally measured hard scale, qT or Q2! 

PRD56 (1997) 5524; PRD58 (1998) 094018; PRD59 (1999) 074009
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What kind of process/observable could be sensitive to the x-dependence?
q Create an entanglement between the internal x and an externally measured variable?

<latexit sha1_base64="JfQrlMchdNP9pIdo6fGjkMDlY+E="></latexit>

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� xp(⇠, q) + i"
Change external q to sample different part of x.

§ Double DVCS (two scales):
<latexit sha1_base64="a8499XGZTZ2SEzfLLmAajSb1/4o="></latexit>

xp(⇠, q) = ⇠

✓
1� q2/Q2

1 + q2/Q2

◆
<latexit sha1_base64="XuTtG2QW5/jOyErZnu/Poc3/RKw="></latexit>

! ⇠ same as DVCS if q ! 0

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

Q
q
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What kind of process/observable could be sensitive to the x-dependence?
q Create an entanglement between the internal x and an externally measured variable?

<latexit sha1_base64="JfQrlMchdNP9pIdo6fGjkMDlY+E="></latexit>

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� xp(⇠, q) + i"
Change external q to sample different part of x.

§ Double DVCS (two scales):
<latexit sha1_base64="a8499XGZTZ2SEzfLLmAajSb1/4o="></latexit>

xp(⇠, q) = ⇠

✓
1� q2/Q2

1 + q2/Q2

◆
<latexit sha1_base64="XuTtG2QW5/jOyErZnu/Poc3/RKw="></latexit>

! ⇠ same as DVCS if q ! 0

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

Q
q

§ Production of two back-to-back high pT particles (say, two photons):  
<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)
p

p′

pπ

q1

q2

x

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

§ Factorization:

[suppressing pion DA factor]
<latexit sha1_base64="OnCGF/18SfsYLxevNU+gWq6er/o="></latexit>

M (t, ⇠, qT ) =

Z 1

�1
dxF (x, ⇠, t;µ) · C (x, ⇠; qT /µ) +O (⇤QCD/qT )

<latexit sha1_base64="owiJfrg4xMd4yCRKA1/dwfUrjeY="></latexit>

d�

dt d⇠ dqT
⇠ |M (t, ⇠, qT )|2

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

Qiu & Yu
JHEP 08 (2022) 103
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q Simplified GK models:

GPD Models for Testing the x-dependence
Goloskokov, Kroll 
 hep-ph/0501242
 arXiv: 0708.3569
 arXiv: 0906.0460

Qiu & Yu, 
arXiv:2305.15397

<latexit sha1_base64="e7zhvihVTPcbktykTkUAAOgO6vA="></latexit>

Hpn(x, ⇠, t) = ✓(x)x�0.9 (t/GeV2) x
⇢(1� x)⌧

B(1 + ⇢, 1 + ⌧)

eHpn(x, ⇠, t) = ✓(x)x�0.45 (t/GeV2) 1.267x
⇢(1� x)⌧

B(1 + ⇢, 1 + ⌧)

§ Neglect 𝑬, >𝑬. Neglect evolution effect.
§ Tune 𝝆, 𝝉  to control 𝒙 shape.
§ Fix DA: 𝑫 𝒛 = 𝑵	𝒛𝟎.𝟔𝟑 𝟏 − 𝒛 𝟎.𝟔𝟑
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Enhanced Sensitivity on x-dependence of GPDs
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Enhanced Sensitivity on x-dependence of GPDs
JLab-Hall D, other Halls & EIC 

with a quasi-photon beam
q Pion-photon production:

N ′(p′)

γ(p2)

"qT
π(q1)

γ(q2)

N(p) θ

−1 1−ξ ξ x0

contains the entanglement between x and qT
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Exclusive Photo-Production of  a p g Pair – Hall D at JLab 
Qiu & Yu, arXiv:2305.15397

PRL (in press)q Polarization asymmetries
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Exclusive Photo-Production of  a p g Pair – Hall D at JLab 

H0 = HGK
H1 = HGK + S1
H2 = HGK + S2
H3 = HGK + Ds
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= GK model + shadow GPDs
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Exclusive Photo-Production of  a p g Pair – Hall D at JLab 

= GK model + shadow GPDs
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Extracting GPDs is a challenging inverse problem!
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From cross sections to parton correlation functions (PDFs, TMDs, GPDs, …)

q Existing paradigm – histogram approach:

Detector level 
events

Detector level 
histograms

Unfolded
histograms 

Deconvolution 
“femtography”

Inverse problem Inverse problem

1D PDFs
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From cross sections to parton correlation functions (PDFs, TMDs, GPDs, …)

q Curse of dimensionality:

Inclusive 
observables

Semi-inclusive 
observables

Exclusive
observables

3 dimensional 
histograms

6 dimensional 
histograms

9 dimensional 
histograms

Parton distribution 
functions (PDFs)-1D

Transverse momentum 
distributions (TMDs)-2D

Generalized parton
distributions (GPDs)-3D

Spin degrees of freedom 

Flavor degrees of 
freedom
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From cross sections to parton correlation functions (PDFs, TMDs, GPDs, …)

q Event-based analysis?

Optimize physics parameters

Physics Vertex 
Level Events

Simulated
Events

Detector 
simulation

Event level 
comparison

Experimental
Events ?

Can we compare real vs synthetic events?

Why?
● Avoid histograms and minimize systematic 

uncertainties 
● Avoid unfolding and use direct simulation at the 

event level
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QuantOm Collaboration – a 5-year SciDAC project

q Femtoscale Imaging of Nuclei using Exascale Platforms:

NP:     ANL(Lead), JLab, ODU, VT
ASCR: FASTMath, RAPIDs

Exp Events (PMD):
• DIS:
         1 particle inclusive
• SIDIS:
         2 particle inclusive
• SDHEP:
         3 particle exclusive 

Generated Events:
Many templates from trial 
QCFs & trusted theory

Idealized 
Theory 
Events

Detector 
model

Event level 
Discriminator

Experimental
Events

Optimize QCF parameters

Parameter 
Generator

Parameters

Trial QCF 
model

Trial PMD

MCMC

Event-level QCF inference framework

Simulated
 Events

Noise

Module 1

Module 2
Module 3

Module 4

(or pixelated images)

PMD: Particle Momentum Distribution - Observables  
QCF: Quantum Correlation Functions:  PDFs, TMDs, GPDs, …

Inference:
Optimized QCFs or pixelated 
images in trusted phase space

New regimes:
Go beyond the trusted phase 
space

Pixelating hadron in terms of probabilities to find quarks and gluons 
in slices of the momentum fraction x
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Summary and Outlook

Thanks!

§ Carry rich information on emergent hadron properties (mass, spin, …) from QCD/parton dynamics
§ Are responsible for the tomographic images of confined quarks and gluons inside a bound hadron
§ Provide the much needed hints on how confined quarks/gluons respond to the probing scale, …

q GPDs are fundamental parton correlation functions of an “unbroken” hadron:

Extracting their x-dependence from experimental observable(s) is non-trivial, but, full of opportunities, …

§ Covered all existing/known processes for extracting GPDs, plus ideas for new observables, …
§ Introduced new SDHEPs that could be more sensitive to the x-dependence of GPDs
§ Angular modulation between diffractive plane and hard scattering plane could provide unique 

opportunity to separate various GPDs (similar to the separation of TMDs in SIDIS)
§ Exclusive photoproduction at JLab and quasi-photoproduction at the EIC could provide excellent 

opportunities for extracting GPDs & their x-dependence, …

Exclusive processes provide opportunities for exploring the GPDs and the confined phenomena of QCD  

q SDHEP provides a reliable way to explore tomography of a hadron without breaking them:
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Why single diffractive?
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Glauber pinch for diffractive scattering

Factorizable if all pion momentum 
flows into hard part

q Double diffractive process
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Both 𝒌𝒔( and 𝒌𝒔) 
are pinched in 
Glauber region!
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q Compare: Drell-Yan process at high twist:
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Factorizable Non-factorizable

Qiu & Sterman, NPB, 1991

Only the 1st sub-leading 
twist is factorizable!

Break of factorization


