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QCD and QCD Confinement

q QCD Confinement – Phenomenologically:
§ How quarks and gluons are confined inside the hadron? 

o 3D quark/gluon spatial and momentum distributions (PDFs, GPDs, TMDs, …) ?
o All quantum correlation functions (QCFs) of quarks and gluons ?

Need to match partonic dynamics to hadronic observables with controllable approximations!
Factorization of PQCD, NRQCD, SCET, …, or EFTs in general, or QCD inspired models 

But, 
None of these QCFs (= hadron matrix elements of quark/gluon correlators) is a direct physical observable!

Limitation of LQCD for calculating nonlocal QCFs (Euclidean formulation) – Quantum Computer ?

§ How hadrons and their properties are emerged from quarks, gluons and their dynamics? 
o Fragmentation functions do not address how color or quark flavor is neutralized – soft/strong physics ? 
o Cannot be calculated in LQCD (sum of all final hadronic states) – Quantum Computer ?
o Can we get hints from event shape, jet sub-structure, … ?

q JLab 12 GeV (possible 22 GeV upgrade) & future EIC are much needed QCD facilities:
JLab/CEBAF – Luminosity frontier (1038-39 cm-2s-1 )     BNL/EIC – Energy frontier (1033-34 cm-2s-1 )

Plus Compass/Amber, JPARC, EICC, …, & facilities around the world
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CEBAF @ 12 GeV at Jefferson Lab 

q Only Lepton-Hadron facility in the US now – Luminosity Frontier:
12 GeV CEBAF Upgrade Project was just complete, on-time and on-budget!

CEBAF Hall D

Hall B

Hall C

Hall A

Future: SoLID Detector

Highest luminosity
ever achieved by a

lepton-hadron facility
1038 (cm-2 s-1 )

§ Search for exotic hadrons, …
§ Explore for hadron properties and 3D structures, …
§ Search for dark matter, dark photon, …
§ Advance accelerator technology, …
§ …

MOLLER
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Detectors in 4 Halls = Scientific Capabilities and Opportunities

q Hall B – understanding nucleon 
structure via 3D imaging

q Hall D – discovering and exploring 
exotic mesons & charm near threshold

q Hall A – Form factors, Moller 
experiment: Apv + future SoLID 
experiments

q Hall C – precision determination of 
quark properties in nucleons/nuclei 

CLAS12
Detector

MOLLER
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U.S. - based Electron-Ion Collider (EIC)

EIC

A machine that will unlock the secrets of the strongest force in Nature
Like a CT Scanner for Atoms

https://www.bnl.gov/eic/

• Center of Mass Energies: 
    20 GeV – 141 GeV
• Required Luminosity: 
    1033  - 1034 cm-2s-1

• Hadron Beam Polarization: 
    80%
• Electron Beam Polarization: 
    80%
• Ion Species Range: 
    p to Uranium
• Number of interaction regions: 
    up to two

Basic Tech Requirements

EPIC Detector for EIC at IP6

§ !
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Complementarity of JLab 12 and Future EIC

q Covering different kinematic regimes:

Fraction of nucleon momentum

Prog. Part. Nucl. Phys. 127 (2022) 103985

q High luminosity – JLab12:

q High Energy – EIC:

§ Scattering without breaking the hadron!

o All kind of Form Factors
o Spatial imaging 
          Proton radius of EM charge,
          matter distribution, quark density, …

§ Excess to BSM from APV & PVDIS, …

§ Excess to the gluon sector of QCD !
o Role of glue to hadron mass, spin, …
o Spatial imaging of glue

§ Excess to the small-x gluons in nucleon/nuclei
Gluon saturation phenomena, …

§ Excess to valence region of QCD
Sensitive to hadron properties, baryon #, …

See also Keppel’s talk
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The Proton Spin:  from JLab12 to EIC

Polarized DIS
at EIC

q The power & precision of EIC:

q What an EIC could help:
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The Proton Spin:  from JLab12 to EIC

qComplementary between JLab12 and EIC – White Paper:

CLAS12

q What the EIC could do/help – EIC Yellow Report: Room for orbital 
momentum

arXiv:2103.05419
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Excess to Unprecedented Large-x Structure Functions – JLab12

Phys. Rev. Lett. 128 (2022) 132003
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Exploring Hadron’s 3D Partonic Structure

NO quarks and gluons can be seen in isolation!q 3D hadron structure:

GPDs

TMDs

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
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TMDs:  Correlation between Hadron Property and Parton Flavor-Spin-Motion

q Quantum correlation between hadron spin and parton motion:

Hadron spin influences 
parton’s transverse motion

Sivers effect – Sivers function

Polarized hadron

Observed particle

q Quantum correlation between hadron spin and parton spin:

Observed particle

Polarized hadron

Hadron spin and parton spin
influence 

parton’s transverse motion

Pretzelosity – model OAM

q Quantum correlation between parton’s spin and its hadronization:

Parton’s transverse polarization
influences its hadronization 

Transversity

Observed particle

Polarized hadron

Collins effect – Collins function Fig. 2.7 NAS Report
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Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering (DIS) 
q SIDIS naturally covers both one-scale and two-scale observables:

q But, once the proton is broken, … 

�⇤
` `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!
§ Structure information is mixed with collision effects! 

Transverse momentum 
broadening:
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�k2T / ⇤2
QCD
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⇥ log(Q2/⇤2
QCD)
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⇥ log(s/Q2)
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Structure information is diluted 
by the collision induced shower!
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e+p/A à e’+h(p,K,p,jet)+X

<latexit sha1_base64="N8vUJJ8zvi5iFeSF4o73oG6DIw0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVVsVTwYvHFuwHtEvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTO8zv/tElWaRfDSzmPoCjyULGcEmk1pD725YrrhVdwG0TrycVCBHc1j+GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdGGVEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xIS3fspknBgqyXJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj4ynZELzVl9dJ56rqXVfrrVqlUcvjKMIZnMMleHADDXiAJrSBwASe4RXeHOG8OO/Ox7K14OQzp/AHzucPTQGNuQ==</latexit>

Q1 :
<latexit sha1_base64="vuIbE4dAUMrnD6xISbsjzDk4eY4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyiq5JIfSwLblxW6AuaECbTm3boTBJmJkINxV9x40IRt/6HO//G6WOhrQcuHM65l3vvCVPOlHacb6uwsrq2vlHcLG1t7+zu2fsHLZVkkkKTJjyRnZAo4CyGpmaaQyeVQETIoR0Obyd++wGkYknc0KMUfEH6MYsYJdpIgX1UD/JB0BhjTzGBPeD8LGgEdtmpOFPgZeLOSRnNUQ/sL6+X0ExArCknSnVdJ9V+TqRmlMO45GUKUkKHpA9dQ2MiQPn59PoxPjVKD0eJNBVrPFV/T+REKDUSoekURA/UojcR//O6mY5u/JzFaaYhprNFUcaxTvAkCtxjEqjmI0MIlczciumASEK1CaxkQnAXX14mrYuKe1W5vK+Wa9V5HEV0jE7QOXLRNaqhO1RHTUTRI3pGr+jNerJerHfrY9ZasOYzh+gPrM8fb6eUiQ==</latexit>

PhT ⇠ `0T In lepton-hadron frame
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|~PhT + ~̀0
T | ⌧ |~PhT | ⇠ Q1

Naturally sensitive to parton transverse motion
TMDs

See also TMD Handbook [2304.03302]

https://arxiv.org/abs/2304.03302
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Collision-Induced QED Radiation to SIDIS – Major Challenge

q QED radiation modifies the probe for the hadron: 

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
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xB ! x̂B 2 [xB , 1]
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(xB , Q
2) ! (x̂B , bQ2)
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 Q2

P
q

X
P

h

<latexit sha1_base64="5PXEVsH9L07QkWML3fzU5Og1E1k=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4Kkkp6rLgxmUF+4Cmlsl00g6dmaQzN0INxV9x40IRt/6HO//GSZuFth4YOHPOvdx7TxBzpsF1v62V1bX1jc3CVnF7Z3dv3z44bOooUYQ2SMQj1Q6wppxJ2gAGnLZjRbEIOG0Fo+vMbz1QpVkk72AS067AA8lCRjAYqWcfj+99kfgQOf4QQzqeZt+eXXLL7gzOMvFyUkI56j37y+9HJBFUAuFY647nxtBNsQJGOJ0W/UTTGJMRHtCOoRILqrvpbPupc2aUvhNGyjwJzkz93ZFiofVEBKZSYBjqRS8T//M6CYRX3ZTJOAEqyXxQmHDHHJtF4fSZogT4xBBMFDO7OmSIFSZgAiuaELzFk5dJs1L2LsrV22qpVsnjKKATdIrOkYcuUQ3doDpqIIIe0TN6RW/Wk/VivVsf89IVK+85Qn9gff4A4BaVdg==</latexit>

qµ ! q̂µ

§ Prevents a well-defined “photon-hadron” frame
§ Radiation is IR sensitive as
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me/Q ! 0

§ Modify the angular modulations between leptonic 
and hadronic planes – the separation of TMDs ?

Cammarota, Qiu, Watanabe, Zhang, arXiv:2408.08377
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How to Explore Internal Structure of Hadron without Breaking it? 

q Form factors: Elastic electric form factor               Charge distributions q

p'p

Proton “Radius”
in EM charge distribution

Imaging of the nucleon charge 
and magnetization densitiesq JLab has Unprecedented access to all nucleon form factors at high Q2:
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How to Explore 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 JLab has Unprecedented access to all nucleon form factors at high Q2:
Imaging of the nucleon charge 

and magnetization densities
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Inclusive vs. Exclusive – Partonic Structure without Breaking the Hadron!

Inclusive scattering Exclusive diffraction

p

ℓ

ℓ′

H

DIS

p

p′

ℓ′

ℓ

DVCS

p

ℓ

h

ℓ′

H

SIDIS
Diffraction
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Q2 = �(`� `0)2
<latexit sha1_base64="MI0Pw+NHlMcGJxpfuJ/92C3e1pQ=">AAAB+3icbVDLSgMxFM3UV62vsS7dBItYFy0zxddGKLhxWcE+oB1LJs1MQzOZkGTEMvRX3LhQxK0/4s6/MW1noa0HLhzOuZd77/EFo0o7zreVW1ldW9/Ibxa2tnd29+z9YkvFicSkiWMWy46PFGGUk6ammpGOkARFPiNtf3Qz9duPRCoa83s9FsSLUMhpQDHSRurbxV4YwkpZVMTJ6UMNXsOK7tslp+rMAJeJm5ESyNDo21+9QYyTiHCNGVKq6zpCeymSmmJGJoVeoohAeIRC0jWUo4goL53dPoHHRhnAIJamuIYz9fdEiiKlxpFvOiOkh2rRm4r/ed1EB1deSrlINOF4vihIGNQxnAYBB1QSrNnYEIQlNbdCPEQSYW3iKpgQ3MWXl0mrVnUvqud3Z6V6LYsjDw7BESgDF1yCOrgFDdAEGDyBZ/AK3qyJ9WK9Wx/z1pyVzRyAP7A+fwBXdpID</latexit>

� �(p� p0)2 = �t
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Inclusive vs. Exclusive – Partonic Structure without Breaking the Hadron!

Inclusive scattering Exclusive diffraction

p

ℓ

ℓ′

H

DIS

p

p′

ℓ′

ℓ

DVCS

p

ℓ

h

ℓ′

H

SIDIS
Diffraction

<latexit sha1_base64="Qq/vCSgo3z5MRj5R8CjH2OLibDA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotYFy1J8LURCm5ctmAf0KZlMp22QyeTMDMRQqi/4saFIm79EHf+jZM2C209cC+Hc+5l7hwvZFQqy/o2cmvrG5tb+e3Czu7e/oF5eNSSQSQwaeKABaLjIUkY5aSpqGKkEwqCfI+Rtje9S/32IxGSBvxBxSFxfTTmdEQxUloamMVG37mtlHuEsUrazs77zsAsWVVrDrhK7IyUQIb6wPzqDQMc+YQrzJCUXdsKlZsgoShmZFboRZKECE/RmHQ15cgn0k3mx8/gqVaGcBQIXVzBufp7I0G+lLHv6UkfqYlc9lLxP68bqdGNm1AeRopwvHhoFDGoApgmAYdUEKxYrAnCgupbIZ4ggbDSeRV0CPbyl1dJy6naV9XLxkWp5mRx5MExOAFlYINrUAP3oA6aAIMYPINX8GY8GS/Gu/GxGM0Z2U4R/IHx+QMVt5MV</latexit>

Q2 = �(`� `0)2
<latexit sha1_base64="MI0Pw+NHlMcGJxpfuJ/92C3e1pQ=">AAAB+3icbVDLSgMxFM3UV62vsS7dBItYFy0zxddGKLhxWcE+oB1LJs1MQzOZkGTEMvRX3LhQxK0/4s6/MW1noa0HLhzOuZd77/EFo0o7zreVW1ldW9/Ibxa2tnd29+z9YkvFicSkiWMWy46PFGGUk6ammpGOkARFPiNtf3Qz9duPRCoa83s9FsSLUMhpQDHSRurbxV4YwkpZVMTJ6UMNXsOK7tslp+rMAJeJm5ESyNDo21+9QYyTiHCNGVKq6zpCeymSmmJGJoVeoohAeIRC0jWUo4goL53dPoHHRhnAIJamuIYz9fdEiiKlxpFvOiOkh2rRm4r/ed1EB1deSrlINOF4vihIGNQxnAYBB1QSrNnYEIQlNbdCPEQSYW3iKpgQ3MWXl0mrVnUvqud3Z6V6LYsjDw7BESgDF1yCOrgFDdAEGDyBZ/AK3qyJ9WK9Wx/z1pyVzRyAP7A+fwBXdpID</latexit>

� �(p� p0)2 = �t

<latexit sha1_base64="at/J1FTsx1WvOt93AUK1Pcd59a4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe4GX8eAF48JmAckS5idzCZDZmbXmVkhLPkJLx4U8ervePNvnGz2oIkFDUVVN91dQcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcjf3O09UaRbJBzONqS/wSLKQEWys1O1rJpB30RyUK27VzYBWiZeTCuRoDMpf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X6a3TtDZ1YZojBStqRBmfp7IsVC66kIbKfAZqyXvbn4n9dLTHjrp0zGiaGSLBaFCUcmQvPn0ZApSgyfWoKJYvZWRMZYYWJsRCUbgrf88ipp16redfWqeVmp1/I4inACp3AOHtxAHe6hAS0gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH9iuPOg==</latexit>

⇠ 1/Q

(x+ ξ)P+ (x− ξ)P+

(1− ξ)P+(1 + ξ)P+

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

�+ = 2⇠P+

<latexit sha1_base64="YqN3egrHnFViFtOXDOoa9G+Sn6o="></latexit>

F q(x, ⇠, t)

<latexit sha1_base64="49zMzANNJgqbXw4R0xQLiBK1Cew="></latexit>

k
<latexit sha1_base64="YPcHGRR0+8kCen+OKcErJ1FoG0w="></latexit>

k0
<latexit sha1_base64="Iq0vHk2YgVJyx696j/PmX6tf4yo="></latexit>

p0<latexit sha1_base64="ZRg1N86gOJAG2HE7OaBq+sGb0qE="></latexit>p

GPDs as “Form Factors”:

p

p′

ℓ

ℓ′

F H

GPD

Life time:
<latexit sha1_base64="f5474m5RcYWsSv8eMH9qXjefLLE=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4Me4GX8eAF48RzAOyS5idTJIhM7PrTG8gLPkTLx4U8eqfePNvnCR70MSChqKqm+6uKBHcgOd9Oyura+sbm4Wt4vbO7t6+e3DYMHGqKavTWMS6FRHDBFesDhwEayWaERkJ1oyGd1O/OWLa8Fg9wjhhoSR9xXucErBSx3UDwyX2LwLzpCE7h0nHLXllbwa8TPyclFCOWsf9CroxTSVTQAUxpu17CYQZ0cCpYJNikBqWEDokfda2VBHJTJjNLp/gU6t0cS/WthTgmfp7IiPSmLGMbKckMDCL3lT8z2un0LsNM66SFJii80W9VGCI8TQG3OWaURBjSwjV3N6K6YBoQsGGVbQh+IsvL5NGpexfl68eLkvVSh5HAR2jE3SGfHSDquge1VAdUTRCz+gVvTmZ8+K8Ox/z1hUnnzlCf+B8/gDpBJMp</latexit>

⇠ 1/
p
�t

Physics at a scale:
<latexit sha1_base64="4NpUcm2Oli7OlcPeB7ZEW4PIL9s=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHiQjJD8LExIXHjEhN5JDCSTulAQ9tp2o6GIJ/ixoXGuPVL3Pk3FpiFoie5yck59+bee0LJqDae9+VklpZXVtey67mNza3tHTe/29BxojCp45jFqhUiTRgVpG6oYaQlFUE8ZKQZDq+mfvOeKE1jcWtGkgQc9QWNKEbGSl0339GUw6I8kUfHd2V4CU3XLXglbwb4l/gpKYAUta772enFOOFEGMyQ1m3fkyYYI2UoZmSS6ySaSISHqE/algrEiQ7Gs9Mn8NAqPRjFypYwcKb+nBgjrvWIh7aTIzPQi95U/M9rJya6CMZUyMQQgeeLooRBE8NpDrBHFcGGjSxBWFF7K8QDpBA2Nq2cDcFffPkvaZRL/lnp9KZSqFbSOLJgHxyAIvDBOaiCa1ADdYDBA3gCL+DVeXSenTfnfd6acdKZPfALzsc3ZNiSHA==</latexit>

⇠ (p� p0)2 = t

Probe at a time:
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Properties of GPDs – Partonic 

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)

§ Should             >            , or vice versa?   
<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)

§ How do they compare with known radius 
(EM charge radius, mass radius, … ) & why?
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Properties of GPDs – Hadronic  =  Moments of GPDs

q QCD energy-momentum tensor:

with and

Polyakov, schweitzer, 
Inntt. J. Mod. Phys. 
A33, 1830025 (2018)
Burkert, Elouadrhiri , Girod
Nature 557, 396 (2018)

Related to pressure 
& stress force inside h

<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 GFFs
Angular Momentum

x-dependence
of GPDs!

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

Ji, PRL78, 1997
V. D. Burkert, et al. RMP 95 (2023) 041002
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Known Physical 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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DVCS at a Future EIC (White Paper)

q Spatial distributions:

q 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 quarks 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

Effective ”proton radius” in terms of gluons

Imaging the Gluon at the EIC (White Paper)

q Exclusive vector meson production:

The bT space density for gluons 
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Why is the GPD’s 𝒙-dependence so difficult to measure?

22

q  Amplitude nature: exclusive processes

x+ ξ x− ξ

p p′

q q′

x

γ∗ γDVCS
x+ ξ x− ξ

p p′
GPD

𝒙 ∼ loop momentum

P

l

k

q
⊗

l
q

k̂

P

k

PDF

cross section: cut diagram
<latexit sha1_base64="TZB3IAlDoMe3eYS2BlUdihYNgnw="></latexit>

�DIS '
Z 1

xB

dx f(x) �̂(x/xB)

Compare with DIS

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

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

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� ⇠ + i"
⌘ “F0(⇠, t)”

[Bertone et al. PRD `21]

Equally fit!
“moment”

<latexit sha1_base64="2xWXJPyzC5/olcx6ZPM5JaIOMzg="></latexit>

C(x, ⇠;Q/µ) = T (Q/µ) ·G(x, ⇠) / 1

x� ⇠ + i✏
· · ·

<latexit sha1_base64="WTjFKLcclxC9DOvYOYuVLtIYUMQ="></latexit>

iM ⇠
Z 1

�1
dxF (x, ⇠, t) · C(x, ⇠;Q/µ)

Full range of 𝒙, 𝐢𝐧𝐜𝐥𝐮𝐝𝐢𝐧𝐠  
<latexit sha1_base64="XvWXi4NkUYEsP4lwfeJOo95VatE=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiTpU6RQcOOygm2FJpTJdNIOnTyYmUhDqb/ixoUibv0Qd/6Nk7aCih64cDjnXu69x4sZFdI0P7Tc2vrG5lZ+u7Czu7d/oB8edUWUcEw6OGIRv/WQIIyGpCOpZOQ25gQFHiM9b3KZ+b07wgWNwhuZxsQN0CikPsVIKmmgF6ewCc0LBzpw2nTiADpTOtBLpnHeqNlVG5qGadbtci0jdr1il6GllAwlsEJ7oL87wwgnAQklZkiIvmXG0p0hLilmZF5wEkFihCdoRPqKhiggwp0tjp/DU6UMoR9xVaGEC/X7xAwFQqSBpzoDJMfit5eJf3n9RPoNd0bDOJEkxMtFfsKgjGCWBBxSTrBkqSIIc6puhXiMOMJS5VVQIXx9Cv8nXduwakb1ulJqVVZx5MExOAFnwAJ10AJXoA06AIMUPIAn8Kzda4/ai/a6bM1pq5ki+AHt7RNcxZNM</latexit>

x = 0; x = ±⇠



23

Process/Observable could be Sensitive to the x-Dependence of GPDs?
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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<latexit sha1_base64="sxRNoW0atDkZYGUy3DoUFsRVnqY="></latexit>
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2
✓
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◆2 1� ⇠2

⇠2s3
⌃UU

Enhanced 𝒙-Sensitivity: 𝜸-𝝅 Pair Photoproduction (at JLab Hall D)

q Polarization asymmetries:
<latexit sha1_base64="yDnApfwxGLIlmbLqyGI6LaqM8nU="></latexit>
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<latexit sha1_base64="PfBDYMqdFAYQFDu6xOMzWrT31jY="></latexit>
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Neglecting: (1) 𝑬 and 2𝑬; (2) gluon channel

Qiu & Yu, PRL 131 (2023), 161902
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Enhanced 𝒙-Sensitivity: 𝜸-𝝅 Pair Photoproduction (at JLab Hall D)

H0 = HGK
H1 = HGK + S1
H2 = HGK + S2
H3 = HGK + Ds
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GPD models = GK model + shadow GPDs
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Enhanced 𝒙-Sensitivity: 𝜸-𝝅 Pair Photoproduction (at JLab Hall D)
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GPD models = GK model + shadow GPDs
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Enhanced 𝒙-Sensitivity: 𝜸-𝝅 Pair Photoproduction (at upgraded energy)
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Qiu & Yu, `23

A. Accardi et al. 
[arXiv:2306.09360]

https://inspirehep.net/authors/1019006
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The Moller Experiment at JLab12

with 11 GeV electron beam

APV = 35.6 ppb
Luminosity: 3x1039 cm-2/s
         75 μA 80% polarized

δ(APV) = 0.73 parts per billion
δ(QeW) = ± 2.1 % (stat.) ± 1.0 % (syst.)

Sensitivity to new 4-electron contact interaction:
<latexit sha1_base64="ZfaPmPlJ20yV21LOWLrBA+WBkCg="></latexit>

⇤ =
q
|g2RR � g2LL|⇥ 7.5 TeV
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Internal Nuclear Landscape at Small-x 

What does a nucleus look like if we only see quarks and gluons ?

q A simple, but fundamental, question:

Need localized hard probes – “see” more particle nature of the “glue”

q But, a hard probe at small-x is NOT necessarily localized:

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”

Does the color of a parton in nucleon “A” know the color of a parton in nucleon “B”? 

IF NOT, only short-range color correlation, and 
observed nuclear effect in cross-section at small-x 
is dominated by coherent collision effect

EIC can tell !

IF YES, Nucleus could act like a bigger proton at 
small-x (long range of color correlation), and 
could reaching the saturation much sooner!

q Another simple, and fundamental, question:

Saturation of gluons is a part of QCD, where to find it?
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Coherent Length of the Color
q A simple experiment to address a “simple” question:

Will the nuclear shadowing continue to fall as x decreases?

Color localized
Inside nucleons

Color leaks outside nucleons
Proton radius of soft gluon is larger !

Nucleus as a 
bigger proton EIC can 

tell !

EIC White Paper
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Theory Meets Experiments

q Dual representation of QCD and strong interaction phenomena:
§ Represented by colored quarks, gluons and their interactions in QCD
§ Represented by color neutral mesons, baryons and their effective interactions (e.g., Hatsuda’s talk) 

vs. vs.
P P

<latexit sha1_base64="ms/lTLaaplhT3pXSkdMAAaTNhng=">AAAB8nicdVDLSgMxFM3UV62vqks3wSIIyjCdPt0V3LisYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaSuo6IELh3Pu5d57gphRpR3nw8qtrW9sbuW3Czu7e/sHxcOjrhKJxKSDBROyHyBFGOWko6lmpB9LgqKAkV4wvc783j2Rigp+p2cx8SM05jSkGGkjeReDSzg2Zdv2sFhy7Ktm3a250LEdp+FW6hlxG1W3AstGyVACK7SHxffBSOAkIlxjhpTyyk6s/RRJTTEj88IgUSRGeIrGxDOUo4goP12cPIdnRhnBUEhTXMOF+n0iRZFSsygwnRHSE/Xby8S/PC/RYdNPKY8TTTheLgoTBrWA2f9wRCXBms0MQVhScyvEEyQR1ialggnh61P4P+m6drlu126rpVZ1FUcenIBTcA7KoAFa4Aa0QQdgIMADeALPlrYerRfrddmas1Yzx+AHrLdPvIOPlA==</latexit>

+ g ...
<latexit sha1_base64="hveKjGpDFFEw7FAz3ZgZBh3XE98=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjxGNA9IljA76U2GzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQy/h/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenlfq9RreRxFOIFTOAcPrqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFOx43J</latexit>⇡ <latexit sha1_base64="hveKjGpDFFEw7FAz3ZgZBh3XE98=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjxGNA9IljA76U2GzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQy/h/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenlfq9RreRxFOIFTOAcPrqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AFOx43J</latexit>⇡

All depend on the energy transfer of the scattering, …
<latexit sha1_base64="rP1TT26EwFxW+HMQxhY0JeuP9s8=">AAACAnicbVBLSwMxGMzWV62vVU/iJVgEQai7Uh/HghfxVME+oLuUbJptQ5NsSLJCWYoX/4oXD4p49Vd489+YbXvQ6kBgMvN9JDORZFQbz/tyCguLS8srxdXS2vrG5pa7vdPUSaowaeCEJaodIU0YFaRhqGGkLRVBPGKkFQ2vcr91T5SmibgzI0lCjvqCxhQjY6Wuuxf0EecIHkMJA5PAm5NAappfu27Zq3gTwL/En5EymKHedT+DXoJTToTBDGnd8T1pwgwpQzEj41KQaiIRHqI+6VgqECc6zCYRxvDQKj0YJ8oeYeBE/bmRIa71iEd2kiMz0PNeLv7ndVITX4YZFTI1RODpQ3HKoM2a9wF7VBFs2MgShBW1f4V4gBTCxrZWsiX485H/kuZpxT+vnN1Wy7XqrI4i2AcH4Aj44ALUwDWogwbA4AE8gRfw6jw6z86b8z4dLTiznV3wC87HNy90lVY=</latexit>

� + p ! J/ + pJLab Hall D: GlueX: Phys. Rev. C 108 (2023) 025201

q Develop advanced tools to “see” quarks, gluons & their quantum correlations:

Experiment
detectors

Theory
Pheno.

Data 
Science

Exascale
HPC

QuantOm Collaboration

AI ML
Pixelated 
images of 

proton

3D Hadron
Structure at 
Femtoscale

Synergy by physicists & computational scientists
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Summary and Outlook

Thanks!

q Owing to QCD confinement, it is a challenge to probe and explore the dynamics of quarks and 

gluons without seeing them directly.  Need collaboration between theorists, experimenters, and 
computational scientists

q JLab12 & EIC are complementary QCD facilities, capable of discovering and exploring the 

emergent phenomena of QCD, and the role of color and glue, …

q We have the right Theory – QCD, but, unprecedented challenges

§ QCD has been very successful in describing the short-distance dynamics 
§ Trying to understand the emergent phenomena of QCD:

– Hadron properties, such as the mass, spin, …, in the most fundamental way 
– Internal structure and landscape of hadrons, such as confined motion, spatial tomography of nuclei, …
– Emergence of hadrons from quarks and gluons, neutralization of the color, femto-meter sized detectors, …
– Relationship between the particle and wave nature of quarks and gluons, …


