
The Electron-Ion Collider (EIC)

Jianwei Qiu
Theory Center, Jefferson Lab

HUGS-2024

National Nuclear Physics 
Summer School 2024

July 15 – July 26, 2024
Bloomington, IN

§ Lec. 1:  EIC & Fundamentals of QCD
§ Lec. 2:  Probing Structure of Hadrons
                    without seeing Quark/Gluon?
                        – breaking the hadron!
§ Lec. 3:  Probing Structure of Hadrons
                    with polarized beam(s)
                        – Spin as another knob
§ Lec. 4:  Probing Structure of Hadrons
                    without breaking them? 
           Dense Systems of gluons
                        – Nuclei as Femtosize Detectors
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How to Explore Internal Structure of a Hadron without Breaking it? 

GPDs

TMDs

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

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

Q1

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

Q2

q 3D hadron structure:
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Inclusive vs. Exclusive – Partonic structure without breaking the hadron!

Inclusive sca/ering Exclusive diffraction
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Confined motion

Emergence of a hadron
hadroniza8on

<latexit sha1_base64="JXSVTdHsajNoISIdFKg3IhJIuEk=">AAAB83icdVDJSgNBEO2JW4xb1KOXxiAIgWEyWb0FvHiMYBbIDKGnU5M06Vno7hHCkN/w4kERr/6MN//GniSCij4oeLxXRVU9L+ZMKsv6MHIbm1vbO/ndwt7+weFR8fikJ6NEUOjSiEdi4BEJnIXQVUxxGMQCSOBx6Huz68zv34OQLArv1DwGNyCTkPmMEqUlB8odR0UYytPyYFQsWeZVq2HXbWyZltW0q42M2M2aXcUVrWQooTU6o+K7M45oEkCoKCdSDitWrNyUCMUoh0XBSSTEhM7IBIaahiQA6abLmxf4Qitj7EdCV6jwUv0+kZJAynng6c6AqKn87WXiX94wUX7LTVkYJwpCulrkJxzrN7MA8JgJoIrPNSFUMH0rplMiCFU6poIO4etT/D/p2WalYdZva6V2bR1HHp2hc3SJKqiJ2ugGdVAXURSjB/SEno3EeDRejNdVa85Yz5yiHzDePgHkApDs</latexit>

e+ P ! e+ h+X

Gluon shower 
 – QCD evolu8on
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Inclusive vs. Exclusive – Partonic structure without breaking the hadron!

Inclusive scattering Exclusive diffrac=on
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Emergence of a hadron
hadroniza8on

<latexit sha1_base64="JXSVTdHsajNoISIdFKg3IhJIuEk=">AAAB83icdVDJSgNBEO2JW4xb1KOXxiAIgWEyWb0FvHiMYBbIDKGnU5M06Vno7hHCkN/w4kERr/6MN//GniSCij4oeLxXRVU9L+ZMKsv6MHIbm1vbO/ndwt7+weFR8fikJ6NEUOjSiEdi4BEJnIXQVUxxGMQCSOBx6Huz68zv34OQLArv1DwGNyCTkPmMEqUlB8odR0UYytPyYFQsWeZVq2HXbWyZltW0q42M2M2aXcUVrWQooTU6o+K7M45oEkCoKCdSDitWrNyUCMUoh0XBSSTEhM7IBIaahiQA6abLmxf4Qitj7EdCV6jwUv0+kZJAynng6c6AqKn87WXiX94wUX7LTVkYJwpCulrkJxzrN7MA8JgJoIrPNSFUMH0rplMiCFU6poIO4etT/D/p2WalYdZva6V2bR1HHp2hc3SJKqiJ2ugGdVAXURSjB/SEno3EeDRejNdVa85Yz5yiHzDePgHkApDs</latexit>

e+ P ! e+ h+X

Gluon shower 
 – QCD evolution

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
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Inclusive vs. Exclusive – Partonic structure without breaking the hadron!

Inclusive scattering Exclusive diffrac=on
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Physics at a so/ 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:

(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

Diffraction

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

⇠ 1/Q

<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
Life 8me:

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

⇠ 1/
p
�t
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Single-DiffracDve Hard Exclusive Processes (SDHEP)

q Separation of physics taken place at soft (t) and hard (Q) scales: Qiu & Yu, JHEP 08 (2022) 103
PRD 107 (2023) 014007
PRL 131 (2023) 161902

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

|q1T | = |q2T | �
p
�t

Life8me of               is much longer 

than collision 8me 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)

Two- stage              single diffracRve              
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 2-stage observable!

§ 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: Soft scale
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Single-DiffracDve Hard Exclusive Processes (SDHEP)

Bethe-Heitler-type

EM form factor

To be factorized into GPD
Energy ≫ virtuality

≥ 𝟑 parton connecCon:
Power suppressed

q The exchange virtual state and the power expansion:

The exchanged state A*(p-p’) is a sum of all possible partonic states, n=1,2, … , allowed by
§ Quantum numbers of  h(p) – h’(p’)
§ Symmetry of producing non-vanishing  H 

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

Need to separate different contribuCons!
Proper angular modulations!
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Generalized Parton DistribuDons (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 Distribu*on 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. DiLes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101
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ProperDes 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)
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Properties of GPDs – Partonic 

§ 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 distribuDon:

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 – 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 “GravitaDonal” form factors:

q ConnecDon to GPD moments:

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

Need 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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Exclusive DiffracDve Processes for ExtracDng GPDs
<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)q Known exclusive processes for extracDng 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′

<latexit sha1_base64="WDbWs9JaAwuGss0cI2/ZxDgU73w=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwIWVm0NouCsW6cFnBPqAdSiZN29AkMyQZoQ7FX3HjQhG3/oc7/8ZMW0FFD9zL4Zx7yc0JIkaVdpwPa2FxaXllNbOWXd/Y3Nq2d3YbKowlJnUcslC2AqQIo4LUNdWMtCJJEA8YaQajauo3b4lUNBQ3ehwRn6OBoH2KkTZS196/gGVITmC1bNpluTNAnKOunXPyjkGhAFPiFh3XkFKp6Hkl6E4tx8mBOWpd+73TC3HMidCYIaXarhNpP0FSU8zIJNuJFYkQHqEBaRsqECfKT6bXT+CRUXqwH0pTQsOp+n0jQVypMQ/MJEd6qH57qfiX1451v+gnVESxJgLPHurHDOoQplHAHpUEazY2BGFJza0QD5FEWJvAsiaEr5/C/0nDy7uF/Nn1aa7izePIgANwCI6BC85BBVyBGqgDDO7AA3gCz9a99Wi9WK+z0QVrvrMHfsB6+wRBW5Mr</latexit>

B = e, C = e,D = �
<latexit sha1_base64="R1gpTbwry9dMyAK41G26PYNFT6M=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgogyZQWu7KBTrwmUF+4B2KJk004ZmHiQZoQwFf8WNC0Xc+h3u/BszbQUVPXAvh3PuJTfHizmTCqEPY2l5ZXVtPbeR39za3tk19/ZbMkoEoU0S8Uh0PCwpZyFtKqY47cSC4sDjtO2N65nfvqNCsii8VZOYugEehsxnBCst9c3DS1iFtAjrVd2uqr2YFS3L6psFZCGNUglmxC4jW5NKpew4FWjPLIQKYIFG33zvDSKSBDRUhGMpuzaKlZtioRjhdJrvJZLGmIzxkHY1DXFApZvOzp/CE60MoB8JXaGCM/X7RooDKSeBpycDrEbyt5eJf3ndRPllN2VhnCgakvlDfsKhimCWBRwwQYniE00wEUzfCskIC0yUTiyvQ/j6KfyftBzLLlnnN2eFmrOIIweOwDE4BTa4ADVwDRqgCQhIwQN4As/GvfFovBiv89ElY7FzAH7AePsEuv+SwQ==</latexit>

B = e, C = e,D = ⇡, ...
<latexit sha1_base64="48DkJ0I4ZuqiDIpqmbeBKrLTPeE=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwITUzaG0XhWJdiKsK9gHtUDJppg3NPEgyQh2Kv+LGhSJu/Q93/o2ZtoKKHriXwzn3kpvjRpxJhdCHMTe/sLi0nFnJrq6tb2yaW9sNGcaC0DoJeShaLpaUs4DWFVOctiJBse9y2nSH1dRv3lIhWRjcqFFEHR/3A+YxgpWWuubuOSxDegSrZd0uylfHnUiyrplDeaRRKMCUWEVkaVIqFW27BK2JhVAOzFDrmu+dXkhinwaKcCxl20KRchIsFCOcjrOdWNIIkyHu07amAfapdJLJ9WN4oJUe9EKhK1Bwon7fSLAv5ch39aSP1UD+9lLxL68dK6/oJCyIYkUDMn3IizlUIUyjgD0mKFF8pAkmgulbIRlggYnSgWV1CF8/hf+Thp23CvnT65NcxZ7FkQF7YB8cAgucgQq4BDVQBwTcgQfwBJ6Ne+PReDFep6NzxmxnB/yA8fYJ4heS7Q==</latexit>

B = e, C = e,D = J/ 

+ …

q New exclusive processes for extracting GPDs:

p

p′

pπ

q1

q2

x

<latexit sha1_base64="cpzjzw28NCgBpObiDI1kFYAn+G8=">AAACBHicdZDLSgMxFIYz9Vbrreqym2ARXJQyU7S2i0KxLlxWsBfoDCWTZtrQJDMkGaGULtz4Km5cKOLWh3Dn25i2I6jogcDH/5/Dyfn9iFGlbfvDSq2srq1vpDczW9s7u3vZ/YO2CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv64Mfc7t0QqGoobPYmIx9FQ0IBipI3Uz+YuYA26ES3ARs0dIs5RAV4m1M/m7aJtqlyGc3AqtmOgWq2USlXoLCzbzoOkmv3suzsIccyJ0JghpXqOHWlviqSmmJFZxo0ViRAeoyHpGRSIE+VNF0fM4LFRBjAIpXlCw4X6fWKKuFIT7ptOjvRI/fbm4l9eL9ZBxZtSEcWaCLxcFMQM6hDOE4EDKgnWbGIAYUnNXyEeIYmwNrllTAhfl8L/oV0qOuXi2fVpvl5K4kiDHDgCJ8AB56AOrkATtAAGd+ABPIFn6956tF6s12VrykpmDsGPst4+AbZDljs=</latexit>

B = ⇡, C = �, D = �

N ′(p′)

γ(p2)

q⃗T
π(q1)

γ(q2)

N(p) θ

<latexit sha1_base64="d7BJrQDHg8wmcKYlSBifPdApR2w=">AAACBHicdVDLSsNAFJ3UV62vqMtuBovgopSkaG0XhWJduKxgH9CEMplO2qEzSZiZCCV04cZfceNCEbd+hDv/xklbQUUPXDiccy/33uNFjEplWR9GZmV1bX0ju5nb2t7Z3TP3DzoyjAUmbRyyUPQ8JAmjAWkrqhjpRYIg7jHS9SbN1O/eEiFpGNyoaURcjkYB9SlGSksDM38B69AZIc5RETbrTkSL8LK+EAZmwSpZGpUKTIldtWxNarVquVyD9tyyrAJYojUw351hiGNOAoUZkrJvW5FyEyQUxYzMck4sSYTwBI1IX9MAcSLdZP7EDB5rZQj9UOgKFJyr3ycSxKWcck93cqTG8reXin95/Vj5VTehQRQrEuDFIj9mUIUwTQQOqSBYsakmCAuqb4V4jATCSueW0yF8fQr/J51yya6Uzq5PC43yMo4syIMjcAJscA4a4Aq0QBtgcAcewBN4Nu6NR+PFeF20ZozlzCH4AePtE7hmljs=</latexit>

B = �, C = ⇡, D = �

J-PARC, AMBER JLab, EIC

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

Q
q

<latexit sha1_base64="7J/TukTHBWn10gG/8pkm2EwTj+Y=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCiJSZQWu7KBTrwmUF+4B2LJk004YmM0OSEcrYhb/ixoUibv0Nd/6NmbaCih64l8M595Kb40WMSmVZH8bc/MLi0nJmJbu6tr6xaW5tN2QYC0zqOGShaHlIEkYDUldUMdKKBEHcY6TpDaup37wlQtIwuFajiLgc9QPqU4yUlrrm7jksQ3IMq2XdLsqdPuIc3Rx1zZyVtzQKBZgSu2jZmpRKRccpQXtiWVYOzFDrmu+dXohjTgKFGZKybVuRchMkFMWMjLOdWJII4SHqk7amAeJEusnk/jE80EoP+qHQFSg4Ub9vJIhLOeKenuRIDeRvLxX/8tqx8otuQoMoViTA04f8mEEVwjQM2KOCYMVGmiAsqL4V4gESCCsdWVaH8PVT+D9pOHm7kD+9OslVnFkcGbAH9sEhsMEZqIBLUAN1gMEdeABP4Nm4Nx6NF+N1OjpnzHZ2wA8Yb59lPpPH</latexit>

B = e, C = e,D = �⇤

DDVCS

JLab

Better sensitivity 
on the x-dependence!
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DVCS at the EIC (White Paper)

q SpaRal distribuRons:

q Cross SecRons:

<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

EffecRve ”proton radius” in terms of gluons

Imaging the Gluon at the EIC (White Paper)

q Exclusive vector meson producRon:

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

14

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

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

iM ⇠
Z 1

�1
dxF (x, ⇠, t) · C(x, ⇠;Q/µ)

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✏
· · ·

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 = ±⇠
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Where does the 𝒙-sensitivity come from?

D

F

h

h
0

Bdi
↵r
ac
ti
ve

pl
an
e �

scatteringplane C

✓
H

z

xy

�T

A
⇤

q  𝒙-sensiDvity ⇔ 𝟐 → 𝟐 hard scaLering:

Kinematics: 

1. #𝒔 = 𝟐	𝝃	𝒔	/	(𝟏 + 𝝃)

2. 𝜽 or 𝒒𝑻 = ( #𝒔/𝟐)	sin𝜽

3. 𝝓 

𝝃

𝒙

(𝑨∗𝑩)	spin states

[suppressing 𝒕 and 𝝃 dependence]

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

(Q = ✓ or qT )

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

M(Q,�) '
X

A

ei(�A��B)� ·
Z 1

�1
dxFA(x)CA(x;Q)

§ Moment-type sensiRvity:

Inversion problem:  shadow GPD
<latexit sha1_base64="XjjMZKhSj9fDWmS1mSSzOVWwCY0="></latexit>

SG =

Z 1

�1
dxG(x)S(x, ⇠) = 0 [Bertone et al. PRD `21]

Independent of 𝑸 
Scaling for 𝑭𝑮

§ Enhanced sensitivity:
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Moment-type Sensitivity: 

LO:

q DVCS: PRD56 (1997) 5524; PRD58 (1998) 094018; PRD59 (1999) 074009

<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)

<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)

FactorizaRon:

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

t = (p� p0)2

The x-integration is NOT sensitive to externally measured hard scale, qT or Q2!
Need a very large range of Q2, but, cross section is strongly suppressed! 

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

C(0) / 1

x� ⇠ + i"
� 1

x+ ⇠ � i"

q DVMP:

x

γ∗

x+ ξ x− ξ

p p′

q

q′

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

Similar to [Bertone et al. 
PRD `21]Equally fit!
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What Kind of Process Could be Sensitive to the x-Dependence?
q Create an entanglement between the internal x and an externally measured variable?

<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

§ ProducRon of two back-to-back high pT parRcles (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

§ FactorizaRon:

[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 distribuCon is “conjugate” to 𝒙 distribuCon

Qiu & Yu
JHEP 08 (2022) 103
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Enhanced 𝒙-SensiDvity: (1) Diphoton Meso-producDon

q1

q2

qTx

γ(q1)

γ(q2)

N ′(p′)

π(p2)

q⃗T

N(p) θ

In addition to
<latexit sha1_base64="e5U/RczGxGfFbz5Anw598MZsOMI="></latexit>

F0(⇠, t) =

Z 1

�1

dxF (x, ⇠, t)

x� ⇠ + i✏

also contains
<latexit sha1_base64="TK5aQR4OXP082SD48rn1Eb+Klh8="></latexit>

iM

−1 1−ξ ξ x0

<latexit sha1_base64="aJP0ggxScolW4oukViXfNxz5Jeg="></latexit>

⇢(z; ✓) = ⇠ ·

1� z + tan2(✓/2) z

1� z � tan2(✓/2) z

�
2 (�1,�⇠] [ [⇠,1)

When two photons are radiated from the same charged line

Qiu & Yu, PRD 109 (2024) 074023
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Enhanced 𝒙-SensiDvity: (1) Diphoton Meso-producDon

19

GPD models = GK model + shadow GPDs

<latexit sha1_base64="6Um3qqgOGGNmLuS/hnJUGMmdfbU="></latexit>Z 1

�1

dxS(x, ⇠)

x� ⇠ ± i✏
= 0

-1 -0.5 0 0.5 1
-15
-10
-5
0
5
10
15
20

-1 -0.5 0 0.5 1

<latexit sha1_base64="D6G4LagpR2I4sOIyVCanEDdqbso="></latexit>

d�

d|t| d⇠ d cos ✓ = 2⇡

✓
↵e↵s

CF

Nc

◆2 1

⇠2s3
·
"
(1� ⇠2)

X

↵=±

⇣
|M[ eH]

↵
|2 + |fM[H]

↵
|2
⌘
�
✓
⇠2 +

t

4m2

◆ X

↵=±
|fM[E]

↵
|2

� ⇠2t

4m2

X

↵=±
|M[ eE]

↵
|2 � 2⇠2

X

↵=±
Re

⇣
fM[H]

↵
fM[E]⇤

↵
+M[ eH]

↵
M[ eE]⇤

↵

⌘#

<latexit sha1_base64="SlQ+d1mweRnmbP2xeuk7hm5W4CA="></latexit>

H
u
pn = H

u
p �H

d
p , etc.

<latexit sha1_base64="scwyoIrfEpeItQLGoQYS2CvexUQ="></latexit>

N⇡ ! N 0�� : (1) p⇡� ! n��; (2) n⇡+ ! p��qDiphoton process:

Nucleon transition GPDs

Qiu & Yu, PRD 109 (2024) 074023
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Enhanced 𝒙-Sensitivity: (1) Diphoton Meso-production
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Qiu & Yu, PRD 109 (2024) 074023
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q Exclusive Drell-Yan dilepton production

• Lower rate
• Blind to shadow GPDs

<latexit sha1_base64="8jMAlBBGt/YdtpEjeepomGmWDIA="></latexit>

N + ⇡ ! N 0 + �⇤ [! `+ + `�]

Enhanced 𝒙-SensiDvity: (1) Diphoton Meso-producDon
Qiu & Yu, PRD 109 (2024) 074023
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Enhanced 𝒙-SensiDvity: (2) 𝜸-𝝅 Pair PhotoproducDon

−1 1−ξ ξ x0

also contains the special integral:
<latexit sha1_base64="TK5aQR4OXP082SD48rn1Eb+Klh8="></latexit>

iM

N ′(p′)

γ(p2)

q⃗T
π(q1)

γ(q2)

N(p) θ

𝑵	𝝅 → 𝑵&	𝜸	𝜸

ξ−x−ξ− x

x
−ξ ξ0 1−1

+ξxxξ− x+ξ x−ξ

DGLAP DGLAPERBL

Complementary sensitivity:

<latexit sha1_base64="1j+u1Fq+uY/0nz6UB1YXZI1lUzY="></latexit>

⇢0(z; ✓) = ⇠ ·

cos2(✓/2) (1� z)� z

cos2(✓/2) (1� z) + z

�
2 [�⇠, ⇠]

G. Duplancic et al., JHEP 11 (2018) 179
G. Duplancic et al., JHEP 03 (2023) 241

G. Duplancic et al., PRD 107 (2023), 094023
Qiu & Yu, PRL 131 (2023), 161902

For DVCS/DVMP
<latexit sha1_base64="AHgGyAKhqE8ojuut8PUHpM8fOHw="></latexit>

⇢0(z, ✓) ! ⇠
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<latexit sha1_base64="sxRNoW0atDkZYGUy3DoUFsRVnqY="></latexit>

d�

d|t| d⇠ d cos ✓ = ⇡ (↵e↵s)
2
✓
CF

Nc

◆2 1� ⇠2

⇠2s3
⌃UU

Enhanced 𝒙-SensiDvity: (2) 𝜸-𝝅 Pair PhotoproducDon (at JLab Hall D)

q Polarization asymmetries:
<latexit sha1_base64="yDnApfwxGLIlmbLqyGI6LaqM8nU="></latexit>

d�

d|t| d⇠ d cos ✓ d� =
1

2⇡

d�

d|t|d⇠d cos ✓ · [1 + �N�� ALL

+⇣ AUT cos 2 (�� ��) + �N⇣ ALT sin 2 (�� ��)]

�

F
N(p)

N 0(p 0)

A⇤

�(p2)di
↵r
ac
ti
ve
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e

�
��

⇣

scatteringplane
⇡

✓
H

ẑ

x̂
ŷ

�Tẑlab

x̂lab

ŷlab

�
S

~sT

<latexit sha1_base64="PfBDYMqdFAYQFDu6xOMzWrT31jY="></latexit>

⌃UU = |M[ eH]
+ |2 + |M[ eH]

� |2 + |fM[H]
+ |2 + |fM[H]

� |2,

ALL = 2⌃�1
UU

Re
h
M[ eH]

+
fM[H]⇤

+ +M[ eH]
�

fM[H]⇤
�

i
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AUT = 2⌃�1
UU

Re
h
fM[H]

+
fM[H]⇤

� �M[ eH]
+ M[ eH]⇤

�

i
,

ALT = 2⌃�1
UU

Im
h
M[ eH]

+
fM[H]⇤

� +M[ eH]
�

fM[H]⇤
+

i
.

23
NeglecCng: (1) 𝑬 and 8𝑬; (2) gluon channel

Qiu & Yu, PRL 131 (2023), 161902
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Enhanced 𝒙-sensitivity: (2) 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
<latexit sha1_base64="6Um3qqgOGGNmLuS/hnJUGMmdfbU="></latexit>Z 1

�1

dxS(x, ⇠)

x� ⇠ ± i✏
= 0

Goloskokov, Kroll, `05, `07, `09 
Bertone et al. `21

Moffat et al. `23
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24

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

GPD models = GK model + shadow GPDs
<latexit sha1_base64="6Um3qqgOGGNmLuS/hnJUGMmdfbU="></latexit>Z 1

�1

dxS(x, ⇠)

x� ⇠ ± i✏
= 0

Goloskokov, Kroll, `05, `07, `09 
Bertone et al. `21

Moffat et al. `23
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Enhanced 𝒙-sensitivity: (2) 𝜸-𝝅 pair photoproduction (at upgraded energy)
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JLab @ 22GeV
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GPD models = GK model + shadow GPDs
<latexit sha1_base64="6Um3qqgOGGNmLuS/hnJUGMmdfbU="></latexit>Z 1

�1

dxS(x, ⇠)

x� ⇠ ± i✏
= 0

Goloskokov, Kroll, `05, `07, `09 
Bertone et al. `21

Moffat et al. `23
Qiu & Yu, `23

A. Accardi et al. 
[arXiv:2306.09360]

https://inspirehep.net/authors/1019006
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How does the mass of the nucleon arise?
q Nucleon Mass – dominates the Mass of visible world!

Mass is the Energy of the nucleon when it is at the Rest!
Nucleon – a relativistic bound state of quarks and gluons

Mass  =  Rest Mass of quarks and gluons  +  Energy of their moCon

q Consistency check:
Bag model:

§ Minimize             : 

§ Bag energy (bag constant B): Tb =
4

3
⇡R3 B

§ Kinetic energy of three quarks: Kq ⇠ 3/R

<latexit sha1_base64="DMXdCxAJ/3tAx2+7brkMFyjMzZk=">AAACLXicbZDLSsNAFIYnXmu9RV26GSyCq5LUinVX0IWbQhV7gSaUyXTSDp1JwsxEKCE+kBtfRQQXFXHrazhNs9DWAwM/338OZ87vRYxKZVlTY2V1bX1js7BV3N7Z3ds3Dw7bMowFJi0cslB0PSQJowFpKaoY6UaCIO4x0vHG1zO/80iEpGHwoCYRcTkaBtSnGCmN+uZNox9BR1IOHV8gnFTT5D5dAFa5VoWJIzj0eZqbV+e1pww1SDvtmyWrbGUFl4WdixLIq9k335xBiGNOAoUZkrJnW5FyEyQUxYykRSeWJEJ4jIakp2WAOJFukl2bwlNNBtAPhX6Bghn9PZEgLuWEe7qTIzWSi94M/uf1YuXX3IQGUaxIgOeL/JhBFcJZdHBABcGKTbRAWFD9V4hHSIekdMBFHYK9ePKyaFfK9kXZuquW6pU8jgI4BifgDNjgEtTBLWiCFsDgGbyCKfgwXox349P4mreuGPnMEfhTxvcPwECnKQ==</latexit>

Mp ⇠ 4

R
⇠ 4

0.84fm
⇠ 938 MeV

<latexit sha1_base64="wo8otkUbmlselgYo+g/C11hBLQ4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3KHoMeBG8RMwLkiXMTmaTIbOzy0yvEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9uZ33ri2ohY1XGccD+iAyVCwSha6fH+ot4rltyyOwdZJV5GSpCh1it+dfsxSyOukElqTMdzE/QnVKNgkk8L3dTwhLIRHfCOpYpG3PiT+alTcmaVPgljbUshmau/JyY0MmYcBbYzojg0y95M/M/rpBje+BOhkhS5YotFYSoJxmT2N+kLzRnKsSWUaWFvJWxINWVo0ynYELzll1dJs1L2rsruw2WpWsniyMMJnMI5eHANVbiDGjSAwQCe4RXeHOm8OO/Ox6I152Qzx/AHzucPqZ2NVg==</latexit>

K + T

Higgs mechanism is far from enough!!!

Fig. 2.1 NAS Report

q Higgs mechanism is NOT enough – mass without mass!

Energy of Confined MoCon of quarks and gluons 
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Who ordered the hadron mass scale?

q Hadron mass from lattice QCD calculation:

QCD is the right theory!
How to quantify and verify this, theoretically and experimentally?
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Mass of Nucleon in QCD

q Decomposition of the trace of EMT:
<latexit sha1_base64="85+Osl3gs2C+LGhyXz6b21rUqfQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6aJT65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCG3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ66LqXVUv72uVei2PowgncArn4ME11OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/ANxbjOI=</latexit>

P

Nucleon mass: Gluon quantum effect  +  Chiral symmetry breaking!

Trace of the QCD energy-momentum tensor:

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q

QCD trace anomaly Chiral symmetry breaking �(g) = �(11� 2nf/3) g
3/(4⇡)2 + ...

<latexit sha1_base64="XYFXfw+MjrqB6m+ccidvwidQNq4="></latexit>

hP |T↵
↵(0)|P i = 2P 2 = 2M2

n

<latexit sha1_base64="h0F6J/e8q1xOozOdprE4YQ5Kg58="></latexit>

hT↵
↵i =

hP |T↵
↵(0)|P i
2P 0

=
M2

n

P 0

In the nucleon’s rest frame, 

<latexit sha1_base64="+Y9npr+VK7eJe0pNWIfeEq61B7s=">AAACJnicbZDLSgNBEEV7fBtfUZduGoPgKsyoqJuA4MaNoGBUyMShplNJGnt6hu4aIYz5Gjf+ihsXiog7P8XOY+GroOFwbxXVdeNMSUu+/+FNTE5Nz8zOzZcWFpeWV8qra5c2zY3AukhVaq5jsKikxjpJUnidGYQkVngV3x4P/Ks7NFam+oJ6GTYT6GjZlgLISVG5dhppXqrxUIHuKOQXNyGorAtREfIR9Xloht6900zCgXjIDaKlfikqV/yqPyz+F4IxVNi4zqLyS9hKRZ6gJqHA2kbgZ9QswJAUCvulMLeYgbiFDjYcakjQNovhmX2+5ZQWb6fGPU18qH6fKCCxtpfErjMB6trf3kD8z2vk1D5sFlJnOaEWo0XtXHFK+SAz3pIGBameAxBGur9y0QUDglyygxCC3yf/hcudarBf3T3fqxz54zjm2AbbZNssYAfsiJ2wM1Zngj2wJ/bCXr1H79l7895HrRPeeGad/Sjv8wuUfKSd</latexit>

Mn = hT↵
↵i|at reest

The sigma-term can be calculated in LQCD, Need the trace anomaly to test the sum rule!

Without separating the quark from gluon contribution to EMT
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Mass of Nucleon in QCD

q Decompositions of                :
<latexit sha1_base64="gCh08iE6nYuPWKgxkHGYqTt/qBQ=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1KSUtSNUHDjskJf0MYwmU7aoTOTODMRSgj4K25cKOLW73Dn3zhts9DWAxcO59zLvfcEMaNKO863VVhZXVvfKG6WtrZ3dvfs/YO2ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Zup3HolUNBJNPYmJx9FQ0JBipI3k20d9lXA/Da8fzocZbPrhfeo4mW+XnYozA1wmbk7KIEfDt7/6gwgnnAiNGVKq5zqx9lIkNcWMZKV+okiM8BgNSc9QgThRXjo7P4OnRhnAMJKmhIYz9fdEirhSEx6YTo70SC16U/E/r5fo8MpLqYgTTQSeLwoTBnUEp1nAAZUEazYxBGFJza0Qj5BEWJvESiYEd/HlZdKuVtyLSu2uVq5X8ziK4BicgDPggktQB7egAVoAgxQ8g1fwZj1ZL9a79TFvLVj5zCH4A+vzB2YllRQ=</latexit> X

f=q,g

T 00
f

q Ji’s decomposition:

Relativistic motion Quantum fluctuaKonχ Symmetry Breaking 

<latexit sha1_base64="fgUNVk2AAEpiAqxQ4l/HjP5CRb8="></latexit>

Mn =
X

f=q,g

hP |T 00
f (0)|P i
2P 0

�����
cm

= Mq +Mg +Mm +Ma

Quark Energy
<latexit sha1_base64="ju6Xl0T7jek1J0uQZ/V2jen5Adc=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxVQkgYKzEwlikvqQmRI7rtFYdJ9gOUhXlD7DwV1gYQIiVnY1/g5NmgJaTLJ3u7rP9nR8zKpVlfRuVpeWV1bXqem1jc2t7x9zd68ooEZh0cMQi0feRJIxy0lFUMdKPBUGhz0jPn1znfu+BCEkj3lbTmLghGnEaUIyUljzzyGGIjxiBTqRj+S1pO/Pu71LLyqAjCq/mmXWrYRWAi8QuSR2UaHnmlzOMcBISrjBDUg5sK1ZuioSimJGs5iSSxAhP0IgMNOUoJNJNi20yeKyVIQwioQ9XsFB/T6QolHIa+joZIjWW814u/ucNEhVcuSnlcaIIx7OHgoRBFcG8GjikgmDFppogLKj+K8RjJBBWusC8BHt+5UXSPW3YF42z2/N60yrrqIIDcAhOgA0uQRPcgBboAAwewTN4BW/Gk/FivBsfs2jFKGf2wR8Ynz8jipuJ</latexit>

hT 00
q i Gluon Energy

<latexit sha1_base64="UrF8LVmifm3cYyod8bskHT/BNnw=">AAACDXicbVA7T8MwGHR4lvIKMLJYFCSmKgEEjJVYGIvUl9SEyHGd1KrjRLaDVEX5Ayz8FRYGEGJlZ+Pf4KQZoOUkS6e7+2x/5yeMSmVZ38bS8srq2npto765tb2za+7t92ScCky6OGaxGPhIEkY56SqqGBkkgqDIZ6TvT24Kv/9AhKQx76hpQtwIhZwGFCOlJc88dhjiISPQiXWsuCXr5F54n1lWDh1RenXPbFhNqwRcJHZFGqBC2zO/nFGM04hwhRmScmhbiXIzJBTFjOR1J5UkQXiCQjLUlKOISDcrt8nhiVZGMIiFPlzBUv09kaFIymnk62SE1FjOe4X4nzdMVXDtZpQnqSIczx4KUgZVDItq4IgKghWbaoKwoPqvEI+RQFjpAosS7PmVF0nvrGlfNs/vLhotq6qjBg7BETgFNrgCLXAL2qALMHgEz+AVvBlPxovxbnzMoktGNXMA/sD4/AET1pt/</latexit>

hT 00
g i Quark Mass

<latexit sha1_base64="TW5SXNjrst6ZRR61ZpGEG6ziabo=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KhkVdVlw47JCX9CpJZPetqGZzJhklDL0A9z4K25cKOLWD3Dn35iZdqGtBwKHc87l5h4/ElwbQr6d3NLyyupafr2wsbm1vVPc3WvoMFYM6iwUoWr5VIPgEuqGGwGtSAENfAFNf3SV+s17UJqHsmbGEXQCOpC8zxk1VuoWS56gciAAew+8B0Nqktqke3ebEDLBnsqsgk2RMsmAF4k7IyU0Q7Vb/PJ6IYsDkIYJqnXbJZHpJFQZzgRMCl6sIaJsRAfQtlTSAHQnyY6Z4COr9HA/VPZJgzP190RCA63HgW+TATVDPe+l4n9eOzb9y07CZRQbkGy6qB8LbEKcNoN7XAEzYmwJZYrbv2I2pIoyY/tLS3DnT14kjZOye14+vTkrVcisjjw6QIfoGLnoAlXQNaqiOmLoET2jV/TmPDkvzrvzMY3mnNnMPvoD5/MHL0ybAQ==</latexit>

h bT 00
q i

Trace Anomaly 
<latexit sha1_base64="8wiPc8PCqWEOJcBDsE1l+kBtWjE=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSqKiLgtuXFboC5pYJpPbdOhkEmYmSgn5ADf+ihsXirj1A9z5N07TLrT1wMDhnHO5c4+fcKa0bX9bS8srq2vrpY3y5tb2zm5lb7+t4lRSaNGYx7LrEwWcCWhppjl0Ewkk8jl0/NH1xO/cg1QsFk09TsCLSCjYgFGijdSvVF1ORMgBuw8sgCHRWTPvh3eZbefYlYVVNim7ZhfAi8SZkSqaodGvfLlBTNMIhKacKNVz7ER7GZGaUQ552U0VJISOSAg9QwWJQHlZcUyOj40S4EEszRMaF+rviYxESo0j3yQjoodq3puI/3m9VA+uvIyJJNUg6HTRIOVYx3jSDA6YBKr52BBCJTN/xXRIJKHa9DcpwZk/eZG0T2vORe3s9rxat2d1lNAhOkInyEGXqI5uUAO1EEWP6Bm9ojfryXqx3q2PaXTJms0coD+wPn8AH5ia9w==</latexit>

h bT 00
g i

Different interpretation!  

X. Ji, PRL 1995

C. Lorcé and et al, JHEP11 2021



31

Mass of Nucleon in QCD

q Ji’s interpretaDon:

Quark Energy            : 
<latexit sha1_base64="ju6Xl0T7jek1J0uQZ/V2jen5Adc=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxVQkgYKzEwlikvqQmRI7rtFYdJ9gOUhXlD7DwV1gYQIiVnY1/g5NmgJaTLJ3u7rP9nR8zKpVlfRuVpeWV1bXqem1jc2t7x9zd68ooEZh0cMQi0feRJIxy0lFUMdKPBUGhz0jPn1znfu+BCEkj3lbTmLghGnEaUIyUljzzyGGIjxiBTqRj+S1pO/Pu71LLyqAjCq/mmXWrYRWAi8QuSR2UaHnmlzOMcBISrjBDUg5sK1ZuioSimJGs5iSSxAhP0IgMNOUoJNJNi20yeKyVIQwioQ9XsFB/T6QolHIa+joZIjWW814u/ucNEhVcuSnlcaIIx7OHgoRBFcG8GjikgmDFppogLKj+K8RjJBBWusC8BHt+5UXSPW3YF42z2/N60yrrqIIDcAhOgA0uQRPcgBboAAwewTN4BW/Gk/FivBsfs2jFKGf2wR8Ynz8jipuJ</latexit>

hT 00
q i

Quark Mass              :  

Trace Anomaly         : 

Gluon Energy            : 
<latexit sha1_base64="UrF8LVmifm3cYyod8bskHT/BNnw=">AAACDXicbVA7T8MwGHR4lvIKMLJYFCSmKgEEjJVYGIvUl9SEyHGd1KrjRLaDVEX5Ayz8FRYGEGJlZ+Pf4KQZoOUkS6e7+2x/5yeMSmVZ38bS8srq2npto765tb2za+7t92ScCky6OGaxGPhIEkY56SqqGBkkgqDIZ6TvT24Kv/9AhKQx76hpQtwIhZwGFCOlJc88dhjiISPQiXWsuCXr5F54n1lWDh1RenXPbFhNqwRcJHZFGqBC2zO/nFGM04hwhRmScmhbiXIzJBTFjOR1J5UkQXiCQjLUlKOISDcrt8nhiVZGMIiFPlzBUv09kaFIymnk62SE1FjOe4X4nzdMVXDtZpQnqSIczx4KUgZVDItq4IgKghWbaoKwoPqvEI+RQFjpAosS7PmVF0nvrGlfNs/vLhotq6qjBg7BETgFNrgCLXAL2qALMHgEz+AVvBlPxovxbnzMoktGNXMA/sD4/AET1pt/</latexit>

hT 00
g i

<latexit sha1_base64="TW5SXNjrst6ZRR61ZpGEG6ziabo=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KhkVdVlw47JCX9CpJZPetqGZzJhklDL0A9z4K25cKOLWD3Dn35iZdqGtBwKHc87l5h4/ElwbQr6d3NLyyupafr2wsbm1vVPc3WvoMFYM6iwUoWr5VIPgEuqGGwGtSAENfAFNf3SV+s17UJqHsmbGEXQCOpC8zxk1VuoWS56gciAAew+8B0Nqktqke3ebEDLBnsqsgk2RMsmAF4k7IyU0Q7Vb/PJ6IYsDkIYJqnXbJZHpJFQZzgRMCl6sIaJsRAfQtlTSAHQnyY6Z4COr9HA/VPZJgzP190RCA63HgW+TATVDPe+l4n9eOzb9y07CZRQbkGy6qB8LbEKcNoN7XAEzYmwJZYrbv2I2pIoyY/tLS3DnT14kjZOye14+vTkrVcisjjw6QIfoGLnoAlXQNaqiOmLoET2jV/TmPDkvzrvzMY3mnNnMPvoD5/MHL0ybAQ==</latexit>

h bT 00
q i

<latexit sha1_base64="8wiPc8PCqWEOJcBDsE1l+kBtWjE=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSqKiLgtuXFboC5pYJpPbdOhkEmYmSgn5ADf+ihsXirj1A9z5N07TLrT1wMDhnHO5c4+fcKa0bX9bS8srq2vrpY3y5tb2zm5lb7+t4lRSaNGYx7LrEwWcCWhppjl0Ewkk8jl0/NH1xO/cg1QsFk09TsCLSCjYgFGijdSvVF1ORMgBuw8sgCHRWTPvh3eZbefYlYVVNim7ZhfAi8SZkSqaodGvfLlBTNMIhKacKNVz7ER7GZGaUQ552U0VJISOSAg9QwWJQHlZcUyOj40S4EEszRMaF+rviYxESo0j3yQjoodq3puI/3m9VA+uvIyJJNUg6HTRIOVYx3jSDA6YBKr52BBCJTN/xXRIJKHa9DcpwZk/eZG0T2vORe3s9rxat2d1lNAhOkInyEGXqI5uUAO1EEWP6Bm9ojfryXqx3q2PaXTJms0coD+wPn8AH5ia9w==</latexit>

h bT 00
g i

<latexit sha1_base64="H7Acdcsdj+eG8xsc4ZE2mLYjqcM=">AAACGHicbZDLSgMxFIYz9VbrrerSTbAIFUqdqaJuhIIblxXsBTrtkMlkamiSGZKMtAx9DDe+ihsXirjtzrcxvSy09UDg4//P4eT8fsyo0rb9bWVWVtfWN7Kbua3tnd29/P5BQ0WJxKSOIxbJlo8UYVSQuqaakVYsCeI+I02/fzvxm09EKhqJBz2MSYejnqAhxUgbycufuQyJHiNwAF05JS/M3bhUaM/uOjAYuCVjhcVByeVJt3Lq5Qt22Z4WXAZnDgUwr5qXH7tBhBNOhMYMKdV27Fh3UiQ1xYyMcm6iSIxwH/VI26BAnKhOOj1sBE+MEsAwkuYJDafq74kUcaWG3DedHOlHtehNxP+8dqLD605KRZxoIvBsUZgwqCM4SQkGVBKs2dAAwpKav0L8iCTC2mSZMyE4iycvQ6NSdi7L5/cXhao9jyMLjsAxKAIHXIEquAM1UAcYPINX8A4+rBfrzfq0vmatGWs+cwj+lDX+AWYBngk=</latexit>

hxif =

Z 1

0
dx xf(x, µ2)

Parton momentum fracCon:

Quark sigma-term:
<latexit sha1_base64="gswG/3+2zU36S88zXcPoBsTc8Vs="></latexit>

�q =
hP | q(0)mq q(0)|P i

2P 0

q LQCD calculation:

Note:           and       are calculable in laYce QCD 
<latexit sha1_base64="khgse61d1nc0JfcxGJuNhLSOJnY=">AAAB+3icbZDNSsNAFIUn9a/Wv1iXbgaL4KokKuqy4MZlBVsLTQiT6U07dDIJMxNpCX0VNy4UceuLuPNtnKZZaOuBgY9z7+XeOWHKmdKO821V1tY3Nreq27Wd3b39A/uw3lVJJil0aMIT2QuJAs4EdDTTHHqpBBKHHB7D8e28/vgEUrFEPOhpCn5MhoJFjBJtrMCue5yIIQc88WQBQRTYDafpFMKr4JbQQKXagf3lDRKaxSA05USpvuuk2s+J1IxymNW8TEFK6JgMoW9QkBiUnxe3z/CpcQY4SqR5QuPC/T2Rk1ipaRyazpjokVquzc3/av1MRzd+zkSaaRB0sSjKONYJngeBB0wC1XxqgFDJzK2YjogkVJu4aiYEd/nLq9A9b7pXzYv7y0bLKeOoomN0gs6Qi65RC92hNuogiiboGb2iN2tmvVjv1seitWKVM0foj6zPH/M0lFY=</latexit>

hxif <latexit sha1_base64="7F/2jDlVPt9mc+wvrviIwpYYy5Q=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAF48RzAOSJcxOZpMh89jMzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6m/mtJ6oNU/LRThIaCjyQLGYEWye1u4YNBO6Ne+WKX/XnQKskyEkFctR75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTaambGppgMsID2nFUYkFNmM3vnaIzp/RRrLQradFc/T2RYWHMRESuU2A7NMveTPzP66Q2vg0zJpPUUkkWi+KUI6vQ7HnUZ5oSyyeOYKKZuxWRIdaYWBdRyYUQLL+8SpoX1eC6evlwVan5eRxFOIFTOIcAbqAG91CHBhDg8Ayv8OaNvRfv3ftYtBa8fOYY/sD7/AEkBo/9</latexit>�q

Access the trace anomaly
Indirectly?

Or by experiment?



32

The Proton Mass – What is the next?

q Three-pronged approach to explore the origin of hadron mass
§ Lapce QCD
§ Mass decomposiCon – roles of the consCtuents
§ Model calculaCon – approximated analyCcal approach

INT workshop (INT-20-77W):  
      Origin of the Visible Universe:
               Unraveling the Proton Mass
               June 13-17, 2022, 
               I. Cloet, Z.-E. Meziani, B. Pasquini

AcOvely thinking where to hold the next one?

§ Finding the trace anomaly:

Two gluons may not 
be factorized into

<latexit sha1_base64="BX05HnFofm6r5kMFwiKfzevZkb0=">AAACBHicbZDLSsNAFIYnXmu9RV12EyyCCymJFnVZEMRlBXuBJpbJdNIOnZmEuQglZOHGV3HjQhG3PoQ738ZJm4W2/jDwzX/OYeb8YUKJVK77bS0tr6yurZc2yptb2zu79t5+W8ZaINxCMY1FN4QSU8JxSxFFcTcRGLKQ4k44vsrrnQcsJIn5nZokOGBwyElEEFTG6tuV6/vUZ9rn+gRmhmHWL+5ZuW9X3Zo7lbMIXgFVUKjZt7/8QYw0w1whCqXseW6ighQKRRDFWdnXEicQjeEQ9wxyyLAM0ukSmXNknIETxcIcrpyp+3sihUzKCQtNJ4NqJOdruflfradVdBmkhCdaYY5mD0WaOip28kScAREYKToxAJEg5q8OGkEBkTK55SF48ysvQvu05p3Xzm7r1Ua9iKMEKuAQHAMPXIAGuAFN0AIIPIJn8ArerCfrxXq3PmatS1YxcwD+yPr8Ad9QmDQ=</latexit>

Fµ⌫,aF a
µ⌫
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Emergent Properties of Dense Systems of Gluons?

q Gluons are weird parDcles! 
§ Massless, yet, responsible for a lot of visible mass

§ Carry color charge, unlike photon, responsible for 
color confinement, but, also for asymptotic freedom, 
as well as the abundance of glue!

Without gluons, there would be 
NO nucleons, NO atomic nuclei, … NO visible world!

§ What are the emergent properDes of dense systems of gluons?
§ What does a nucleus look like if we only see quarks and gluons?
§ What is the coherent length of color force? …

q Understanding the Glue that binds us all:
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Nuclear Landscape as “seen” by a Hard Probe?
q EMC discovery – EMC effect:

Nuclear landscape  

           SuperposiCon of nucleon landscape
<latexit sha1_base64="jPdWcw5CtKSsPLV92YSnKtV+ddw=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GmamT8FFwY3LCvYB7VAyaaYNTTJjkhHK0F9w40IRt/6QO//GTFtBRQ9cOJxzL/feE8SMKu04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINpleZ370nUtFI3OpZTHyOxoKGFCOdSQNB7obFkmNfNGpe1YOO7Th1r1zLiFeveGXoGiVDCazQGhbfB6MIJ5wIjRlSqu86sfZTJDXFjMwLg0SRGOEpGpO+oQJxovx0cescnhllBMNImhIaLtTvEyniSs14YDo50hP128vEv7x+osOGn1IRJ5oIvFwUJgzqCGaPwxGVBGs2MwRhSc2tEE+QRFibeAomhK9P4f+k49luza7eVErNy1UceXACTsE5cEEdNME1aIE2wGACHsATeLa49Wi9WK/L1py1mjkGP2C9fQJ8aI6K</latexit>

6=

q Imaging the glue – only possible at EIC
² Gluon GPDs
² Discover the proton radius of gluon spaCal 

distribuCon?  

§ What is the origin of nuclear force?

Will the runaway gluon numbers at small-x lead 
to gluon saturation – Color Glass Condensate 
and an emergent mass scale ?

Proton radii from quark and gluon spatial 
density distribution,             &        
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rg(x)

How fast does 
glue density fall?

How far does glue 
density spread?
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Gluon Saturation – Color Glass Condensate
q Run away gluon density at small-x?

What causes the low-x rise?
    gluon radiaRon  
    – non-linear gluon interacRon

What could tame the low-x rise?
   gluon recombinaRon 
    – non-linear gluon interacRon

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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If every term is equally important, counCng single parton 
is meaningless – new state of saturated gluons:
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x ! 0

Expectation: x=10-5  in a proton 
at Q2=5 GeV2
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Gluon Saturation – Color Glass Condensate
q Run away gluon density at small-x?

What causes the low-x rise?
    gluon radiation  
    – non-linear gluon interaction

What could tame the low-x rise?
   gluon recombination 
    – non-linear gluon interaction

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

q QCD vs. QED:
QCD – gluon in a proton:

QED – photon in a positronium:
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0G(x0, Q2) ² At very small-x, proton is “black”, 

positronium is still transparent!

² Recombination of large numbers of glue 
could lead to saturation phenomena

In the dipole model: @N(x, k2)

@ ln(1/x)
= ↵s KBFKL ⌦N(x, k2)� ↵s

⇥
N(x, k2)

⇤2 BK Equa8on
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Gluon Saturation – Color Glass Condensate
q Run away gluon density at small-x?

What causes the low-x rise?
    gluon radiation  
    – non-linear gluon interaction

What could tame the low-x rise?
   gluon recombination 
    – non-linear gluon interaction

QS: Matter of Definition and Frame (II)
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Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

q Particle vs. wave feature:
Key Topic in eA: Gluon Saturation (I)

6

In QCD, the proton is made up 
of quanta that fluctuate in and 
out of existence 
• Boosted proton: 
‣ Fluctuations time dilated on 

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity
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pQCD  
evolution  
equation

New Approach: Non-Linear Evolution 
• New evolution equations at  low-x & low to moderate Q2 

• Saturation of gluon densities characterized by scale Qs(x) 
• Wave function is Color Glass Condensate
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

= at  Qs

Gluon saturaRon – Color Glass Condensate
    RadiaOon  =  RecombinaOon 

Leading to a collective gluonic system?

with a universal property of QCD? 

new effecDve theory QCD – CGC?
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Small-x Physics in a large Nucleus

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

q A simple, but fundamental, quesRon:

Need localized hard probes – “see” more parDcle 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 another parton in nucleon “B”? 

IF NOT, only short-range color correlaDon, and 
observed nuclear effect in cross-secDon 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 correlaDon), and 
could reaching the saturaDon much sooner!

q Another simple, and fundamental, quesRon:

Saturation of gluons is a part of QCD, where to find it?
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Multiple scattering in a large nucleus in DIS:

q LO contribution to DIS cross section:

q NLO contribution:

q Nth order contribution:

Infrared safe!
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MulDple sca\ering in a large nucleus in DIS:

q Nuclear structure function:

x+D

Single parameter for the power correction, and 
is proportional to the same characteristic scale

Similar result for longitudinal structure func*on

Naturally lead to suppression of “cross secRon” if small-x coherent interacRon if relevant!
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Multiple scattering in a large nucleus in DIS:

2 2 0.09 - 0.12 GeVx 
q Broadening parameter:

From A-dependence of Jet broadening exp’t

One number 
for all xB, Q, 

and A 
dependence !



42

Coherent Length of the Color
q A simple experiment to address a “simple” quesRon:

Will the nuclear shadowing con?nue to fall as x decreases?

Color localized
Inside nucleons

Color leaks outside nucleons
Proton radius of so7 gluon is larger !

Nucleus as a 
bigger proton EIC can 

tell !

EIC White Paper



43

Summary and Outlook

Thanks!

q US-EIC is sitting at a sweet spot for rich QCD dynamics, capable of taking us to the next frontier of 

QCD and the Standard Model!

q EIC is an ulRmate QCD machine and a facility, capable of discovering and exploring the emergent 

phenomena of QCD, and the role of color and glue, …, and the science of Nuclear Femtography

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, …
– Particle and wave nature of quarks and gluons, …
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Explore Internal Structure of Hadron without Breaking it 

q Form factors: q

p'p
ElasCc electric form factor               Charge distribuCons

Proton “Radius”
in EM charge distribution

q But, there is NO elasRc “color” form factor!

No Proton “Radius”
in color charge distribuCon!

q Combine PDF and Form Factor – GPDs:
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Similar definition for gluon GPDs
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