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Hadron Structure -- QCD Femtography
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Confined motion - TMDs

Tomographic images - GPDs
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QCD Femtography -- Hard inclusive processes as probes
q DIS and PDF
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Single scale 𝑸 One-dim. structure 𝒇𝒊(𝒙)
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QCD Femtography -- Hard inclusive processes as probes
q DIS and PDF
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Single scale 𝑸

q SIDIS and TMD
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Two scales: 𝑸 ≫ 𝒒𝑻 ∼ 𝚲𝐐𝐂𝐃

3-dim. structure 𝒇𝒊(𝒙, 𝒌𝑻)

One-dim. structure 𝒇𝒊(𝒙)
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QCD Femtography -- Hard exclusive processes as probes

GPD

factorization
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QCD Femtography -- Hard exclusive processes as probes

GPD

factorization
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q Generalized parton distribution (GPD)
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Hadron diffraction
<latexit sha1_base64="xUJ5CRscrJMF4U/XHvwTe1wwww0="></latexit>
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parton momentum
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<latexit sha1_base64="6R5TB/oXgQrtipdLhhtWQsbTU+E="></latexit>
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<latexit sha1_base64="YqN3egrHnFViFtOXDOoa9G+Sn6o="></latexit>

F q(x, ⇠, t)
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GPD and 3D tomography
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F1,2(t)

F. T.

q Diffraction probes spatial density

q Two-scale diffraction probes 3D tomography

Parton density in 
<latexit sha1_base64="rNLFR7Go8CBviH+uInR5NPRl2CM="></latexit>
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[M. Burkardt, 2000, 2003]
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Single-diffractive hard exclusive process (SDHEP)
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[Qiu & Yu, PRD 107 (2023) 014007]

<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)

𝟐 → 𝟑: minimal kin. configuration!

h′(p′)

B(p2)

!qT
C(q1)

D(q2)

h(p) θ



Single-diffractive hard exclusive process (SDHEP)
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<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)

𝟐 → 𝟑: minimal kin. configuration!

h′(p′)

B(p2)

!qT
C(q1)

D(q2)

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

C(q1)

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

D(q2)

<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, �,⇡

q Two-stage process paradigm
<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="bKcvGXWGLaNv/egJLCfO23D6vDE="></latexit>

A⇤(p1) +B(p2) ! C(p3) +D(p4)

factorize

Single-diffractive:

Hard exclusive:
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<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)

Necessary condition for factorization: 
<latexit sha1_base64="HqowxEEi0Of3qGLkq7TjSjoZoHA="></latexit>

qT �
p
�t ' ⇤QCD

<latexit sha1_base64="cUItNmATw3XjxxFuq6Wah6+3Izw="></latexit>

t = (p� p0)2

• 𝑪,𝑫	are produced in a hard process H ∼ 𝒒𝑻
• 𝑨∗ lives much longer than H 

𝟐 → 𝟑: minimal kin. configuration!

h′(p′)

B(p2)

!qT
C(q1)

D(q2)

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

C(q1)

<latexit sha1_base64="peFx4qbZ+EcmxAhZsmNYWHlIvMo=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUTUlK6WNX0IXLCvYB7VAyaaaNzWTGJCOUof/gxoUibv0fd/6NmbaCih64cDjnXu69x4sE1wahDyeztr6xuZXdzu3s7u0f5A+POjqMFWVtGopQ9TyimeCStQ03gvUixUjgCdb1phep371nSvNQ3phZxNyAjCX3OSXGSp3L4t2wfD7MF1AJIYQxhinBtSqypNGol3Ed4tSyKIAVWsP8+2AU0jhg0lBBtO5jFBk3IcpwKtg8N4g1iwidkjHrWypJwLSbLK6dwzOrjKAfKlvSwIX6fSIhgdazwLOdATET/dtLxb+8fmz8uptwGcWGSbpc5McCmhCmr8MRV4waMbOEUMXtrZBOiCLU2IByNoSvT+H/pFMu4Wqpcl0pNMurOLLgBJyCIsCgBprgCrRAG1BwCx7AE3h2QufReXFel60ZZzVzDH7AefsEoTWOfA==</latexit>
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Two-stage paradigm and channel expansion
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Two-stage paradigm and channel expansion
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Two-stage paradigm and channel expansion (twist expansion)
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≥ 𝟑 parton connection:
Power suppressed
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Two-parton channel: GPD factorization

17
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DGLAP region: Glauber pinch
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Soft gluons cancel when coupling to (color-neutral) mesons!
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<latexit sha1_base64="iZBxjCs4oG9oubNohFkfHVoGmQs="></latexit>

GPD ⌦

[Qiu & Yu, PRD 107 (2023), 014007]
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Challenge for GPD: 𝒙-dependence

x+ ξ x− ξ

p p′

q q′

x

γ∗ γDVCS

q Amplitude nature: exclusive processes

x+ ξ x− ξ

p p′
GPD

𝒙 ∼ loop momentum

never pin down to some 𝒙

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

iM ⇠
Z 1

�1
dxF (x, ⇠, t) · C(x, ⇠;Q/µ)
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Challenge for GPD: 𝒙-dependence

x+ ξ x− ξ

p p′

q q′

x

γ∗ γDVCS

q Amplitude nature: exclusive processes
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p p′
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𝒙 ∼ loop momentum

never pin down to some 𝒙
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cross section: cut diagram
<latexit sha1_base64="TZB3IAlDoMe3eYS2BlUdihYNgnw="></latexit>
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Compare with DIS
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Compare with DIS

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

<latexit sha1_base64="Y29/CDk9KoL4qQiyN3QSo0z5aeM="></latexit>
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“moment”
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Enhanced 𝒙-sensitivity

21

D

F

h

h
0

Bdi
↵r
ac
ti
ve

pl
an
e �

scatteringplane C

✓
H

z

xy

�T

A
⇤

q 𝒙-sensitivity ⇔ 𝟐 → 𝟐 hard scattering

Kinematics: 
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2. 𝜽 or 𝒒𝑻 = %𝒔	sin𝜽/𝟐
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(𝑨∗𝑩)	spin states

Ø Moment-type sensitivity
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Inversion problem: shadow GPD
<latexit sha1_base64="XjjMZKhSj9fDWmS1mSSzOVWwCY0="></latexit>

SG =

Z 1

�1
dxG(x)S(x, ⇠) = 0

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

M(Q,�) '
X

A

ei(�A��B)� ·
Z 1

�1
dxFA(x)CA(x;Q)



Enhanced 𝒙-sensitivity
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Two example processes with enhanced 𝒙-sensitivity

x− ξ

γ
x+ ξ

q2

z
p2 q1

γ

π

p

N

p′

N ′

H

JLab Hall D

G. Duplancic et al., JHEP 11 (2018) 179
Qiu & Yu, PRD 107 (2023), 014007
Qiu & Yu, 2305.15397

q1

x+ ξ x− ξ

π

p2

1− z

z
q2

γ

γ

p′

N ′

p

N

H

J-PARC, AMBER

Qiu, Yu, JHEP 08 (2022) 103
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π(p2)

#qT

N(p) θ

Enhanced 𝒙-sensitivity: (1) diphoton production
[Qiu & Yu, JHEP 08 (2022) 103]
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Enhanced 𝒙-sensitivity: (1) diphoton production
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−1 1−ξ ξ x0

Enhanced 𝒙-sensitivity: (2) 𝜸-𝝅 pair production
[Qiu & Yu, arXiv:2305.15397] also contains the special integral
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Enhanced 𝒙-sensitivity: (2) 𝜸-𝝅 pair production

[Qiu & Yu, arXiv:2305.15397]
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Enhanced 𝒙-sensitivity: (2) 𝜸-𝝅 pair production
Polarization asymmetries
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�Tẑlab

x̂lab
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Enhanced 𝒙-sensitivity: (2) 𝜸-𝝅 pair production

H0 = HGK
H1 = HGK + S1
H2 = HGK + S2
H3 = HGK + Ds
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Enhanced 𝒙-sensitivity: (2) 𝜸-𝝅 pair production
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Summary
q GPD and hadron 3D imaging

Thank you!

q Single Diffractive Hard Exclusive Processes (SDHEP)
• Systematic factorization.
• Roadmap for known and more new processes!

q GPD 𝒙 dependence is challenging
• Multi-processes, multi-observables approach
• Moment sensitivity is not sufficient 
• Enhanced sensitivity
• JLab Hall D (also other halls with good controls 

of quasi-real photon beams)

Global 
Analysis

• ML/AI
• LQCD

h′(p′)

B(p2)

!qT
C(q1)

D(q2)

h(p) θ

𝐒𝐃𝐇𝐄𝐏
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Backup slides 
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SDHEP: soft gluon and factorization

34
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SDHEP: soft gluon and factorization
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q Factorization for 2-parton channel
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Only complication:
𝒌𝒔% is pinched in Glauber 
region for DGLAP region.
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GPD ⌦

SDHEP: two-stage paradigm and factorization
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Why single diffractive?
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Glauber pinch for diffractive scattering

Factorizable thanks to pion

q Double diffractive process

q Compare: Drell-Yan process at high twist
Non-factorizable even with hard scale

Both 𝒌𝒔& and 𝒌𝒔% 
are pinched in 
Glauber region!
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