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CEBAF: a facility for exploring emergent phenomena in QCD
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New Opportunity

7

Adding FFA racetracks into the existing CEBAF tunnel to reach the top energy of about 22 GeV

See talk by Alex Bogacz

§ What are NEW science opportunities for CEBAF and nuclear physics community, even with the EIC?

§ How can we catch and fully realize such opportunities, if there are, in a cost-effective way?
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Discover new Charmonium states (X, Zc) at a lepton-hadron facility 

§ XYZ states:
Charmonium-like (bottomonium-like) exotic mesons

§ Belle II + BESIII + LHCb:
Many more XYZ states will be discovered and confirmed 
before the CEBAF upgrade and EIC turns on

But, none of these will be produced in photon/lepton-hadron
collisions

See talks in sessions 2 &3
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Discover new Charmonium states (X, Zc) at a lepton-hadron facility 

§ XYZ states:
Charmonium-like (bottomonium-like) exotic mesons

§ Belle II + BESIII + LHCb:
Many more XYZ states will be discovered and confirmed 
before the CEBAF upgrade and EIC turns on

But, none of these will be produced in photon/lepton-hadron
collisions

§ CEBAF with energy upgrade – discovery potential:

Full reconstruction of Zc production 
with CLAS12 simulations

See talks in sessions 2 &3
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Emergence of a heavy quarkonium & XYZ states

§ J/psi was discovered in 1974:

Still not sure how a J/psi was emerged 
from high energy collisions, … PRL, 2011

§ NRQCD for hadronization:

• 4 leading channels in v:
3S[1]

1 , 1S[8]
0 , 3S[8]

1 , 3P [8]
J

LDMEs should be universal, however: 
• Numbers are not the same,
• Not even the sign!

§ Having XYZ produced in photon/lepton-hadron environment is necessary for exploring their emergence:
Coupling photons to exotics, polarization transfer, …

<latexit sha1_base64="aafqdEre5urskcSOwsB2fAhjk6Y=">AAACA3icdVDLSsNAFJ3UV62vqjvdjBbBVUzSp7uCG5cV7AOaWibTSTt0JgkzE6GEght/xY0LRdz6E+78GydtBRU9cOFwzr3ce48XMSqVZX0YmaXlldW17HpuY3Nreye/u9eSYSwwaeKQhaLjIUkYDUhTUcVIJxIEcY+Rtje+SP32LRGShsG1mkSkx9EwoD7FSGmpnz9w8YjeOGeJKzgchP4UupJyWDJrR/18wTLPaxWn7EDLtKyqU6ykxKmWnCK0tZKiABZo9PPv7iDEMSeBwgxJ2bWtSPUSJBTFjExzbixJhPAYDUlX0wBxInvJ7IcpPNHKAPqh0BUoOFO/TySISznhnu7kSI3kby8V//K6sfJrvYQGUaxIgOeL/JhBFcI0EDiggmDFJpogLKi+FeIREggrHVtOh/D1KfyftBzTrpjlq1Kh7iziyIJDcAxOgQ2qoA4uQQM0AQZ34AE8gWfj3ng0XozXeWvGWMzsgx8w3j4B9X2WaA==</latexit>

�2/dof ⇠ 4.8!
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CEBAF with HE is a new facility for charmonium production

§ HE: High photon flux and polarization at Hall D:

§ HE @ 22 GeV:

See talks in session 3
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New facility for charmonium production – away from the threshold 
§ HE: Precision charmonium production beyond the threshold: § Trace anomaly

§ Gravitational form factors
§ Proton mass radius
§ Proton radius of quark, 

or gluon density, 
§ …

See talks in session 3
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New facility for charmonium production – away from the threshold 
§ HE: Precision charmonium production beyond the threshold:

§ Large  x and small -t  
§ Need the phase space 

– the energy upgrade! 

§ Better separation of hadron property from production J/y:

§ Trace anomaly
§ Gravitational form factors
§ Proton mass radius
§ Proton radius of quark, 

or gluon density, 
§ …

<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)

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

A⇤(p1 = p� p0) A virtual state of multi-”partons” or ”mesons”

See talks in session 3
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3D Imaging in Momentum Space

Confined motion - TMDsTomographic images - GPDs

NO quarks and gluons can be seen in isolation!

§ 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:           could be more sensitive to the 
hadron structure ~ 1/fm

Q2
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3D Imaging in Momentum Space

Confined motion - TMDsTomographic images - GPDs

NO quarks and gluons can be seen in isolation!

If the proton 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 intrinsic confined motion!
§ Structure information vs. collision effects 

Transverse momentum 
broadening:

<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 is diluted 
by the collision induced shower!
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Challenge for extracting the “True” Hadron Structure – example

§ Challenge to separate “true” hadron structure from “collision effects”: 

o Drell-Yan type (W/Z, H0):  Q >> qT (two scales)
o Parton shower develops when hadron broken
o Parton kT probed at the hard collision is NOT the same 

as the intrinsic “confined motion” in a hadron
o The difference is encoded in QCD evolution 
o Two-scale evolution is different from DGLAP!

 Tk
 Tk

0

 T

 P'

q

 P

Two-scale evolution is often 
Non-perturbative!

Shower
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§ Challenge to separate “true” hadron structure from “collision effects”: 

o Drell-Yan type (W/Z, H0):  Q >> qT (two scales)
o Parton shower develops when hadron broken
o Parton kT probed at the hard collision is NOT the same 

as the intrinsic “confined motion” in a hadron
o The difference is encoded in QCD evolution
o Two-scale evolution is different from DGLAP!

 Tk
 Tk

0

 T

 P'

q

 P

Two-scale evolution is often 
Non-perturbative!

Shower

§ Structure information could be easily washed out in high energy collisions:

e.g., Higgs production at the LHC:
f(xb, kT , µ, ⇣b)

<latexit sha1_base64="9/MsrOlFvte7fxagbW0Nw8LP36s=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKpSSSEHdFdy4rNAXNCFMppN26GQSZiZiDXXjr7hxoYhb/8Kdf+OkzUJbD1w4nHMv997jx4xKZVnfRmFldW19o7hZ2tre2d0z9w86MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXH15nfvSNC0oi31CQmboiGnAYUI6UlzzwKKveeXx17raoTJlXngSjk+Wew5Jllq2bNAJeJnZMyyNH0zC9nEOEkJFxhhqTs21as3BQJRTEj05KTSBIjPEZD0teUo5BIN519MIWnWhnAIBK6uIIz9fdEikIpJ6GvO0OkRnLRy8T/vH6igks3pTxOFOF4vihIGFQRzOKAAyoIVmyiCcKC6lshHiGBsNKhZSHYiy8vk855za7Xrm7r5UYtj6MIjsEJqAAbXIAGuAFN0AYYPIJn8ArejCfjxXg3PuatBSOfOQR/YHz+ACi1lV4=</latexit>

F.T.
d�(Q, qT )

dydqT
=

Z 1

0

dbT

2⇡
bTJ0(qT bT )H(Q,µ)f(xa, bT , µ, ⇣a)f(xb, bT , µ, ⇣b) +O

✓
q
2
T

Q2

◆

<latexit sha1_base64="q8lWHuRjdoEcrXkBCWSOjt0MKuM="></latexit>

Not sensitive 
to the structure 
other than PDFs! 

Berger, Qiu PRD67 (2003) 034026 

0.2 fm
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Challenge for extracting the “True” Hadron Structure

§ Extracting hadron structure needs data with sufficiently large Q2, but, not too large S

0.1 fm

Perturbative
regime
of QCD
works

beautifully!

With the proton broken!

Transition Region

<latexit sha1_base64="s8AQRl6OqEKjy6GQydYAFnl4zpE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FjpoTnwBuWKW3UXIOvEy0kFcjQG5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5easOZnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVe+met28rtRreRxFOINzuAQPbqEO99CAFjAYwTO8wpsjnBfn3flYthacfOYU/sD5/AHQI414</latexit>

Q1

Lives here

Lives here
<latexit sha1_base64="T0z/9lGV10XHOPj4h7Zar/00FEU=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY4kXjxClEcCGzI7NDBhdnYzM2tCNnyCFw8a49Uv8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mlmMfkjHko84o8ZKD81BZVAsuWV3CbJJvIyUIENjUPzqDyOWhCgNE1TrnufGxk+pMpwJnBf6icaYsikdY89SSUPUfro8dU6urDIko0jZkoYs1d8TKQ21noWB7Qypmeh1byH+5/USM6r5KZdxYlCy1aJRIoiJyOJvMuQKmREzSyhT3N5K2IQqyoxNp2BD8NZf3iTtStm7KVeb1VK9lsWRhwu4hGvw4BbqcA8NaAGDMTzDK7w5wnlx3p2PVWvOyWbO4Q+czx/Rp415</latexit>

Q2
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3D Imaging in Momentum Space – Impact
Matteo Cerutti, ECT* workshop, 9/28/2022§ Spin-averaged TMD - up quark: 

<latexit sha1_base64="tfwwfpCN+NliVCZwG9xv445dKU0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZJS1GXBhS4r2AckIUymt+3QmSTMTIQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5RyprTjfFsrq2vrG5ulrfL2zu7evn1w2FZJJim0aMIT2Y2IAs5iaGmmOXRTCUREHDrR6Hrqdx5AKpbE93qcQiDIIGZ9Rok2Umgfj0I/BZn62Mt9KfANtCdBaFecqjMDXiZuQSqoQDO0v/xeQjMBsaacKOW5TqqDnEjNKIdJ2c8UpISOyAA8Q2MiQAX57PoJPjNKD/cTaSrWeKb+nsiJUGosItMpiB6qRW8q/ud5me5fBTmL00xDTOeL+hnHOsHTKHCPSaCajw0hVDJzK6ZDIgnVJrCyCcFdfHmZtGtV96Jav6tXGrUijhI6QafoHLnoEjXQLWqiFqLoET2jV/RmPVkv1rv1MW9dsYqZI/QH1ucP5DaU0g==</latexit>

k? [GeV]
<latexit sha1_base64="tfwwfpCN+NliVCZwG9xv445dKU0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZJS1GXBhS4r2AckIUymt+3QmSTMTIQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5RyprTjfFsrq2vrG5ulrfL2zu7evn1w2FZJJim0aMIT2Y2IAs5iaGmmOXRTCUREHDrR6Hrqdx5AKpbE93qcQiDIIGZ9Rok2Umgfj0I/BZn62Mt9KfANtCdBaFecqjMDXiZuQSqoQDO0v/xeQjMBsaacKOW5TqqDnEjNKIdJ2c8UpISOyAA8Q2MiQAX57PoJPjNKD/cTaSrWeKb+nsiJUGosItMpiB6qRW8q/ud5me5fBTmL00xDTOeL+hnHOsHTKHCPSaCajw0hVDJzK6ZDIgnVJrCyCcFdfHmZtGtV96Jav6tXGrUijhI6QafoHLnoEjXQLWqiFqLoET2jV/RmPVkv1rv1MW9dsYqZI/QH1ucP5DaU0g==</latexit>

k? [GeV]

Simulated JLab data:
<latexit sha1_base64="ebdtYNKfIcRB5aJ7s0cUVsHHdIQ="></latexit>

Q2 > 1.4 GeV2; 0.2 < z < 0.7; PhT < min[min[0.2Q, 0.5zQ] + 0.3 GeV, zQ]
<latexit sha1_base64="cRwDnD9tN+LWwOkryfQ860nr2UM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEpSinosePFYwdZCG8tmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBortXoJf7zolytu1Z2DrBIvJxXI0eyXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzY+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMPicDrpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0q5Vvctq/a5eadTyOIpwAqdwDh5cQQNuoQktYMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AGoojmM=</latexit>

⇡+

§ Impact on TMD parameter: 

Width:

See talks in sessions 4-10
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3D Imaging in Position Space

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

dx d2bT

M. Burkdart, PRD 2000

Unpolarized proton

Proton radii of 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)

3D image
How fast does 

glue density fall?
How far does glue 

density spread?

§ Should             >            , or 

vice versa?   

§ Could             saturates as 

§ How do they compare with 

known radius (EM charge 

radius, mass radius, … )?

§ Tomographic images in 

slides of different x value!

<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

§ Impact parameter dependent parton density distribution:

q(x, b?, Q) =

Z
d
2�?e

�i�?·b?Hq(x, ⇠ = 0, t = ��2
?, Q)
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DVCS & DVMP are not very sensitive to !-dependence of GPDs

§ Amplitude nature:  exclusive processes
<latexit sha1_base64="YDxUNbtk9q68oTvIyxXAUl23Aog="></latexit>

M ⇠
Z 1

�1
dxF (x, ⇠, t) · C(x, ⇠;Q/µ)

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

DVCS

x+ ξ x− ξ

p p′
GPD

§ Shadow GPDs:

<latexit sha1_base64="cVPsrVs38RbMuY6cFKn5dm/dz44="></latexit>

C(x, ⇠;Q/µ) = CQ(Q/µ) · Cx(x, ⇠) /
1

x� ⇠ + i"
· · ·

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

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� ⇠ + i"
⌘ “F0(⇠, t)”

§ At LO, DVCS hard coefficient factorizes
! ∼ loop momentum

!-dependence is only constrained by a “moment”

<latexit sha1_base64="novU8M1F3SfDHWcup5pw3wmHpQE=">AAAB83icbVDLSsNAFJ3UV62vqks3g0WoUEpSfC0LgrisYB/QhDKZTtqhk0mYuZGW0N9w40IRt/6MO//GaZuFth64cDjnXu69x48F12Db31ZubX1jcyu/XdjZ3ds/KB4etXSUKMqaNBKR6vhEM8ElawIHwTqxYiT0BWv7o9uZ335iSvNIPsIkZl5IBpIHnBIwknvX0+VxxR3zCpz3iiW7as+BV4mTkRLK0OgVv9x+RJOQSaCCaN117Bi8lCjgVLBpwU00iwkdkQHrGipJyLSXzm+e4jOj9HEQKVMS8Fz9PZGSUOtJ6JvOkMBQL3sz8T+vm0Bw46VcxgkwSReLgkRgiPAsANznilEQE0MIVdzciumQKELBxFQwITjLL6+SVq3qXFUvHy5K9VoWRx6doFNURg66RnV0jxqoiSiK0TN6RW9WYr1Y79bHojVnZTPH6A+szx/KGpDW</latexit>

Fs(x, ⇠, t)

<latexit sha1_base64="maBGKCBj7mpqB5OihMJjVj29G/A=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEiqXMFF/LglBcVrAPaIchk2ba0ExmSDLSMhQ3/oobF4q49Svc+Tem7SDaeuDCyTn3knuPFzEqlWV9GZml5ZXVtex6bmNza3vH3N1ryDAWmNRxyELR8pAkjHJSV1Qx0ooEQYHHSNMbXE/85j0Rkob8To0i4gSox6lPMVJacs2DamFY7AxpUZ3AU1h15c/TNfNWyZoCLhI7JXmQouaan51uiOOAcIUZkrJtW5FyEiQUxYyMc51YkgjhAeqRtqYcBUQ6yfSEMTzWShf6odDFFZyqvycSFEg5CjzdGSDVl/PeRPzPa8fKv3ISyqNYEY5nH/kxgyqEkzxglwqCFRtpgrCgeleI+0ggrHRqOR2CPX/yImmUS/ZF6fz2LF8pp3FkwSE4AgVgg0tQATegBuoAgwfwBF7Aq/FoPBtvxvusNWOkM/vgD4yPb7jnlQw=</latexit>

F (x, ⇠, t) + Fs(x, ⇠, t)

<latexit sha1_base64="JUPJ9i9psuSuchHYXCx/AUmi9EI="></latexit>Z 1

�1
dx

Fs(x, ⇠, t)

x� ⇠ + i"
= 0

GPDs with any shadow GPDs:

Can fit the same DVCS data at LO 

Blue and dashed 
Fit the same CFFs !
PRD103 (2021) 114019 

See talks in sessions 11-12
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CEBAF with HE offers new opportunities for !-dependence of GPDs

§ Single-Diffractive Hard Exclusive Processes (SDHEP) can be sensitive to x-dependence of GPDs 

<latexit sha1_base64="PL1kYpucvs7xgh+7/XRm9l3fB2w=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBhZSZUtSNUHDjsoJ9QDuUTJppQ5PMkGQKZeifuHGhiFv/xJ1/Y9rOQlsPXO7hnHvJzQkTzrTxvG+nsLG5tb1T3C3t7R8cHrnHJy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/H93G9PqNIslk9mmtBA4KFkESPYWKnvuneIXqHeEAuBbU9Y3y17FW8BtE78nJQhR6PvfvUGMUkFlYZwrHXX9xITZFgZRjidlXqppgkmYzykXUslFlQH2eLyGbqwygBFsbIlDVqovzcyLLSeitBOCmxGetWbi/953dREt0HGZJIaKsnyoSjlyMRoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV7+8TlrVin9dqT3WyvVqHkcRzuAcLsGHG6jDAzSgCQQm8Ayv8OZkzovz7nwsRwtOvnMKf+B8/gBrkJIy</latexit>= e, �,⇡ <latexit sha1_base64="PL1kYpucvs7xgh+7/XRm9l3fB2w=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBhZSZUtSNUHDjsoJ9QDuUTJppQ5PMkGQKZeifuHGhiFv/xJ1/Y9rOQlsPXO7hnHvJzQkTzrTxvG+nsLG5tb1T3C3t7R8cHrnHJy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/H93G9PqNIslk9mmtBA4KFkESPYWKnvuneIXqHeEAuBbU9Y3y17FW8BtE78nJQhR6PvfvUGMUkFlYZwrHXX9xITZFgZRjidlXqppgkmYzykXUslFlQH2eLyGbqwygBFsbIlDVqovzcyLLSeitBOCmxGetWbi/953dREt0HGZJIaKsnyoSjlyMRoHgMaMEWJ4VNLMFHM3orICCtMjA2rZEPwV7+8TlrVin9dqT3WyvVqHkcRzuAcLsGHG6jDAzSgCQQm8Ayv8OZkzovz7nwsRwtOvnMKf+B8/gBrkJIy</latexit>= e, �,⇡
Bethe-Heitler-type

EM form factor

To be factorized into GPD
Energy ≫ virtuality

≥ $ parton connection:
Power suppressed

§ Hall D offers:
<latexit sha1_base64="0WL4fbjQKvWc+2ygn4y1SCZnvsc="></latexit>

�(p�) + h(p) ! ⇡±(q1) + �(q2) + h0(p0)

Plus similar processes!
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CEBAF with HE offers new opportunities for !-dependence of GPDs

§ Processes:

QCD Factorization: 

<latexit sha1_base64="0WL4fbjQKvWc+2ygn4y1SCZnvsc="></latexit>

�(p�) + h(p) ! ⇡±(q1) + �(q2) + h0(p0)

§ Hard scale is not given by a point like virtual photon

§ The qT (or angle) is sensitive to x-dependence of GPDs
<latexit sha1_base64="Esl1ThHpYMq6al5ulzFNHHuOag8=">AAACG3icbZC7SgNBFIZnvcZ4i1raDAYxFobdENQmELCxjJAbJDHMTibJkNlLZs4KYXffw8ZXsbFQxEqw8G2cJFto4g8DH/85hzPnt33BFZjmt7Gyura+sZnaSm/v7O7tZw4O68oLJGU16glPNm2imOAuqwEHwZq+ZMSxBWvYo5tpvfHApOKeW4WJzzoOGbi8zykBbXUzhWjcDa1qHJWmUNDQHgxwW40lhBFEcbqUcM6/8M/O7wtR3M1kzbw5E14GK4EsSlTpZj7bPY8GDnOBCqJUyzJ96IREAqeCxel2oJhP6IgMWEujSxymOuHsthifaqeH+57UzwU8c39PhMRRauLYutMhMFSLtan5X60VQP+6E3LXD4C5dL6oHwgMHp4GhXtcMgpiooFQyfVfMR0SSSjoONM6BGvx5GWoF/LWZb54V8yWi0kcKXSMTlAOWegKldEtqqAaougRPaNX9GY8GS/Gu/Exb10xkpkj9EfG1w+H7qGo</latexit>

|q1T | = |q2T | �
p
|t| =

p
|(p� p0)2|

γ 1q
-z1

zp
H

2
q

ξx-ξx+
p'p

JLab, EIC

With flexible Pion DA + Simplified GK model for GPDs:

α=0.4

α=0.55

α=0.8

α=1

α=1.4

α=2

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

z

ϕ α
(z)

ϕα(z) =
1

2

zα (1 - z)α

B (1 + α, 1 + α)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

x

x
h u
dva
l (x

)

hud
val PDFs

{-0.8, 5}

{-0.65, 4}

{-0.5, 3}

{-0.37, 2.48}

{-0.2, 2}

{-0.1, 1.5}

{0.2, 1.5}

<latexit sha1_base64="/P/JxLNGxEefd2NvfrZTvPjCsTs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw4rFiv6ANZbOdtEs3m7i7EUroT/DiQRGv/iJv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvZ377CZXmsWyYSYJ+RIeSh5xRY6WHx36jXyq7FXcOskq8nJQhR71f+uoNYpZGKA0TVOuu5ybGz6gynAmcFnupxoSyMR1i11JJI9R+Nj91Ss6tMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2hC85ZdXSeuy4l1VqvfVcq2ax1GAUziDC/DgGmpwB3VoAoMhPMMrvDnCeXHenY9F65qTz5zAHzifPzTKjbc=</latexit>qT

§ Phenomenology:
With factorized helicity amplitude:
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CEBAF with HE offers new opportunities for !-dependence of GPDs

§ DDVCS is sensitive to the x-dependence of GPDs – Needs luminosity & energy!
Transverse momentum flow from the final-state lepton and the 
virtual photon is sensitive to the virtuality of the dilepton

Direct sensitive to external variable,      , directly sensitive to qT

<latexit sha1_base64="ASWBlYb94L0GYH/noMXDfglzhQE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkko6rHgxWMF0xbaWDbbTbt0sxt3N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelHKmjet+O2vrG5tb26Wd8u7e/sFh5ei4pWWmCA2I5FJ1IqwpZ4IGhhlOO6miOIk4bUfjm5nffqJKMynuzSSlYYKHgsWMYGOl4LHvP/j9StWtuXOgVeIVpAoFmv3KV28gSZZQYQjHWnc9NzVhjpVhhNNpuZdpmmIyxkPatVTghOownx87RedWGaBYKlvCoLn6eyLHidaTJLKdCTYjvezNxP+8bmbi6zBnIs0MFWSxKM44MhLNPkcDpigxfGIJJorZWxEZYYWJsfmUbQje8surpOXXvMta/a5ebfhFHCU4hTO4AA+uoAG30IQACDB4hld4c4Tz4rw7H4vWNaeYOYE/cD5/ACcrjjc=</latexit>

q22

<latexit sha1_base64="k4FqBjCRe8kjXodvGb2vyEmYObM=">AAACDnicbVC7TsMwFHV4lvAKMLJYVJVYqJKqAsZKLIxFog+pCZHjOq1VOwm2g1pF/QIWfoWFAYRYmdn4G5w2A7Rcy9LxOffq+pwgYVQq2/42VlbX1jc2S1vm9s7u3r51cNiWcSowaeGYxaIbIEkYjUhLUcVINxEE8YCRTjC6yvXOAxGSxtGtmiTE42gQ0ZBipDTlWxVXxXB85o6pC/XhQTzOkJzmD/Per93Vct32rbJdtWcFl4FTgDIoqulbX24/xiknkcIMSdlz7ER5GRKKYkampptKkiA8QgPS0zBCnEgvm9mZwopm+jCMhb6RgjP290SGuJQTHuhOjtRQLmo5+Z/WS1V46WU0SlJFIjxfFKYMaot5NrBPBcGKTTRAWFD9V4iHSCCsdIKmDsFZtLwM2rWqc16t39TLjVoRRwkcgxNwChxwARrgGjRBC2DwCJ7BK3gznowX4934mLeuGMXMEfhTxucPTPeaUA==</latexit>

! x� ⇠ as q22 ! 0 DVCS

§ More opportunities:

§ Diffractive plane
§ Exclusive hard scattering plane
§ Angular modulation between the two planes

Selection from different exchange 
state A* (or different GPDs)

It is the x-dependence of GPDs that allows us to calculate various moments of 
GPDs – total angular momentum, gravitational form factors (2nd moments), …



25Science at the Luminosity Frontier

PVDIS: Sea and strange quark distributions and more

§ Current uncertainty in strangeness:

Precision extraction of sin2qW

§ Impact on APV of PVDIS:

See talks in sessions 4-10
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Anti-shadowing – opportunity to solve a multi-decade mystery

• Hard probe with x in the anti-shadowing region is 
sensitive to the inter-nucleon distance in a nucleus

• Scattering off the pion cloud leading to too strong 
“anti-shadowing” – “old EMC effort”

• Coherent multiple scattering leading to “Shadowing”

§ Hard probes are localized in space, but, might be larger Lorentz-contracted colliding hadron:

In c.m. frame

Longitudinal probing size  
>  Lorentz contracted nucleon  

if  1

xp
> 2R

m

p
or x < 0.1

A hard probe at small-x can interact with 
multiple nucleons (partons from multiple 
nucleons) at the same impact parameter 
coherently

“A” “B”

In target-rest frame

§ CEBAF with HE is ideal for exploring anti-shadowing regime:

Need a lepton-hadron facility to pin down the kinematics!
Origin of anti-shadowing?

See talks in sessions 14-15
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Summary and outlook

q CEBAF 20+ GeV upgrade is technically feasible – Opportunity  

q A very strong science case for such an upgrade is emerging: 

§ New charmonium states, so-called “XYZ states,” could be discovered/studied at JLab

– Fundamental question on how hadrons are emerged?
§ Precision charmonium production near & beyond the threshold in lepton-hadron collisions 

– as a precision probe of fundamental hadron properties and its tomography
§ Open up a sweet region for determining the 3D structure – intrinsic confined motion

– Critically important for understanding how partons are confined in a bound hadron
§ New opportunities for exploring 3D structure in position space – x-dependence of GPDs 

– Tomography + moments of GPDs (gravitational form factors, angular momentum, …)
§ Ideal facility to explore the anti-shadowing phenomenon 

– a chance to solve the multi-decade mystery + look into the origin of nuclear force, …
§ New and unique opportunities to search for physics beyond SM 

– Did not cover

q Capitalizing on past investment:  We are obligated to explore new opportunity for CEBAF 


