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Overview of 
TMDs and GPDs   

q New Frontiers in QCD
      – Emergence of Hadrons and Properties

q Hadron structure – see it by breaking it
      – TMDs:  Correlation of parton motion
                       and hadron properties

q Tomography – see it without breaking it
      – GPDs:  Correlation of hadron property 
                      and parton spatial distribution

q Summary and Outlook



1

New Frontiers in QCD – Focusing on the Energy Frontier

q Time evolution of our visible universe:

q Emergence of hadrons from quarks and gluons - where we came from:

q Hadron structure and emerging hadron properties – Who we are and where we are going:

Global Time: 

Hadron structure, properties, 
nuclear forces, & …

Emergence 
of hadrons

§ High-energy scattering processes to produce quarks and gluons in the form of “jets”
§ How produced quarks and gluons evolved into confined hadrons – real time evolution 
     – quantum computers and quantum computations, …

§ High-energy scattering processes to break the hadrons to “see” partons inside, PDFs, TMDs, QCFs, … 
§ High-energy scattering without breaking the hadrons – 3D QCD tomography, GPDs, GTMDs, …

Focus of this talk

QCD plays a key role in every stage 
of time evolution of our universe, …   
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Unprecedented Success of the Standard Model (including QCD)!

FACT:  Electroweak processes + QCD perturbation theory works!
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Single hard scattering is too localized in space!q 3D hadron structure encoded in TMDs & GPDs:

GPDs

TMDs

q Need new observables with two distinctive scales:

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

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

Exploring Hadron’s 3D Partonic Structure at the Femtoscale
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Single hard scattering is too localized in space!q 3D hadron structure encoded in TMDs & GPDs:

GPDs

TMDs

Exploring Hadron’s 3D Partonic Structure at the Femtoscale

q A unified description (Wigner distributions in 5D) – Formally:

3D Momentum Space 1D momentum + 2D Coordinate Space

Parton’s transverse motion Parton’s transverse spatial 
distributionTwo-scales observablesf(x,kT)

∫d2bT ∫ d2kT

f(x,bT)

Transverse Momentum Dependent
Parton Distributions (TMDs)

Generalized Parton 
Distributions (GPDs)
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TMDs and Multidimensional Hadron Structure

arXiv:2304.03302
 to be published 

by MIT Press

q Break the hadron to see partons inside:

SIDIS

§ Amplitude:

Breit frame:
<latexit sha1_base64="yaVWgC6gwNM8eOzNvnLoRA04Ngs=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCq5IUX8uCG5ct9AVtGibTSTp0MgkzE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/fe4yeMSmXb30ZpbX1jc6u8be7s7u0fWIdHHRmnApM2jlksej6ShFFO2ooqRnqJICjyGen6k7uZ330gQtKYt9Q0IW6EQk4DipHSkmedNIc1OAhDaGaN3MvGXisf1jyrYlftOeAqcQpSAQUanvU1GMU4jQhXmCEp+46dKDdDQlHMSG4OUkkShCcoJH1NOYqIdLP59Tk818oIBrHQxRWcq78nMhRJOY183RkhNZbL3kz8z+unKrh1M8qTVBGOF4uClEEVw1kUcEQFwYpNNUFYUH0rxGMkEFY6MFOH4Cy/vEo6tapzXb1qXlbqtSKOMjgFZ+ACOOAG1ME9aIA2wOARPINX8GY8GS/Gu/GxaC0Zxcwx+APj8weqE5QM</latexit>

Q2 → P 2
hT

Lab frame:
<latexit sha1_base64="c9pJftjzixaOKMLesl0oV7m0pgw=">AAACDXicbVDJSgNBEO2JWxy3qEcvjVEUhDAT3I4BLx4jZIPMMPR0KkmTnoXunkCYzA948Ve8eFDEq3dv/o2d5aCJDwpev1dFVz0/5kwqy/o2ciura+sb+U1za3tnd6+wf9CQUSIo1GnEI9HyiQTOQqgrpji0YgEk8Dk0/cHdxG8OQUgWhTU1isENSC9kXUaJ0pJXOHF6PWyOnSHQ1AHOszOvhi/w9F3NvLTv1bKxVyhaJWsKvEzsOSmiOape4cvpRDQJIFSUEynbthUrNyVCMcohM51EQkzogPSgrWlIApBuOr0mw6da6eBuJHSFCk/V3xMpCaQcBb7uDIjqy0VvIv7ntRPVvXVTFsaJgpDOPuomHKsIT6LBHSaAKj7ShFDB9K6Y9okgVOkATR2CvXjyMmmUS/Z16erhslgpz+PIoyN0jM6RjW5QBd2jKqojih7RM3pFb8aT8WK8Gx+z1pwxnzlEf2B8/gBiJZsd</latexit>

→ |ωε→T + ωPhT |

<latexit sha1_base64="i2EyyXU25O9JVYLEUGSiRh8KxJc=">AAACDHicbVDLSsNAFJ3UV62vqks3g0V0VZLia1lw47JCX9CEMJnetEMnD2YmhZLmA9z4K25cKOLWD3Dn3zhts9DWAwOHc87lzj1ezJlUpvltFNbWNza3itulnd29/YPy4VFbRomg0KIRj0TXIxI4C6GlmOLQjQWQwOPQ8UZ3M78zBiFZFDbVJAYnIIOQ+YwSpSW3XJnaY6CpDZxn525zaksW4IXWyNx06DazqU6ZVXMOvEqsnFRQjoZb/rL7EU0CCBXlRMqeZcbKSYlQjHLISnYiISZ0RAbQ0zQkAUgnnR+T4TOt9LEfCf1Chefq74mUBFJOAk8nA6KGctmbif95vUT5t07KwjhRENLFIj/hWEV41gzuMwFU8YkmhAqm/4rpkAhCle6vpEuwlk9eJe1a1bquXj1cVuq1vI4iOkGn6AJZ6AbV0T1qoBai6BE9o1f0ZjwZL8a78bGIFox85hj9gfH5A8/wnBE=</latexit>

|ωε→T | → |ωPhT |

’
H

’’

’’
TMD
FF

TMD
PDF

Hard
<latexit sha1_base64="h6mEA/eIYLAx2Vypjym3iTp3ISg=">AAAB73icbVDLSsNAFL2pr1pfUZduBosgCCUpvjZCwY3LCn1BG8pkOmmHTCZxZiKW0J9w40IRt/6OO//GaZuFth64cDjnXu69x084U9pxvq3Cyura+kZxs7S1vbO7Z+8ftFScSkKbJOax7PhYUc4EbWqmOe0kkuLI57Tth7dTv/1IpWKxaOhxQr0IDwULGMHaSJ3w5ik5C/uNvl12Ks4MaJm4OSlDjnrf/uoNYpJGVGjCsVJd10m0l2GpGeF0UuqliiaYhHhIu4YKHFHlZbN7J+jEKAMUxNKU0Gim/p7IcKTUOPJNZ4T1SC16U/E/r5vq4NrLmEhSTQWZLwpSjnSMps+jAZOUaD42BBPJzK2IjLDERJuISiYEd/HlZdKqVtzLysX9eblWzeMowhEcwym4cAU1uIM6NIEAh2d4hTfrwXqx3q2PeWvBymcO4Q+szx+Mh4+d</latexit>

k = xp+ kT

§ Cross Section:

• Separation of scales
• Suppression quantum 

interference

§ Pinch:
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TMD Factorization for SIDIS

q Factorization formalism in momentum space:

TMD fragmentation

Soft factors

TMD parton distribution

TMD Factorization

q TMD factorization for SIDIS is sold (                 ):
<latexit sha1_base64="ERzpHdDnx15c3P3P2SA5sKJHBiA=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KknwtSy4cdlCX9CmYTKdtEMnD2YmQgj1V9y4UMStH+LOv3HaZqGtBy4czrmXe+/xE86ksqxvY2Nza3tnt7RX3j84PDo2T047Mk4FoW0S81j0fCwpZxFtK6Y47SWC4tDntOtP7+d+95EKyeKopbKEuiEeRyxgBCsteWYlb8y8fOK1ZkMHDThHzaHjmVWrZi2A1oldkCoUaHjm12AUkzSkkSIcS9m3rUS5ORaKEU5n5UEqaYLJFI9pX9MIh1S6+eL4GbrQyggFsdAVKbRQf0/kOJQyC33dGWI1kaveXPzP66cquHNzFiWpohFZLgpSjlSM5kmgEROUKJ5pgolg+lZEJlhgonReZR2CvfryOuk4Nfumdt28qtadIo4SnME5XIINt1CHB2hAGwhk8Ayv8GY8GS/Gu/GxbN0wipkK/IHx+QOLUJQC</latexit>

P 2
hT

→ Q2

Soft factor can be 
absorbed into TMDs

<latexit sha1_base64="zTfrvAhB1gmlxs3SC/bzphxkS2o="></latexit>∫
d2k1Td

2k2T fi/p(x,k1T ;µ,Q
2)Dh/j(z, zk2T ;µ,Q

2)ω(2)(PhT + k1T → k2T )F.T. of TMDs:
<latexit sha1_base64="ty70B6hZvrPSSCikg4XgMU+SPCs="></latexit>

=

∫
d2bT

(2ω)2
e→iPhT

·bT f̃i/p(x,bT ;µ,Q
2)D̃h/j(z,bT ;µ,Q

2)

Unpolarized:
<latexit sha1_base64="GhHYxhNtaqsdMtRfwp19SQwJUwc="></latexit>

f̃i/p(x,bT ;µ,Q
2) =

∫
dy→

4ω
e→ixP+y→

→h(P )|εi(0
+, y→,bT )ϑ

+!(0+y→,bT , 0)εi(0)|h(P )↑
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Physics of TMDs

q The quark TMD correlator:

denotes a process-dependent gauge connection, color flow of the probe, … 

q Physics of TMDs is much broader than improved descriptions of PDFs with a KT spectra:
§ Polarized TMDs could reveal quantum correlations that disappear when transverse momentum is integrated out 

q Relation between TMDs and PDFs:

§ TMDs are probes of QCD dynamics that connect the active parton to the rest of the hadron – form of the  gauge 
link, overlap of soft radiations, …

§ A properly defined TMD is a renormalized, gauge-invariant QCD correlation function – involving Wilson lines and a 
subtraction of overlapping soft radiation, before it can enter a factorization formalism. 

§ Its precise operator definition matters – determining the role of initial- and final-state color interactions, the 
dependence on rapidity scales, and the conditions under which the distribution can be used in different reactions 

Commonly quoted: 

Naive integral of the renormalized TMD over all kT 
equals a collinear PDF is NOT valid without additional 
ultraviolet treatment – formal statement of a fact:
    “Single active parton links to cross section”

Better, more controlled relation – small bT expansion
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Power of the Spin – Many more TMDs:

q Correlations between hadron spin and parton spin:
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TMDs Introduce Sensitivity to Transverse Motion and Spin Correlations 
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

Boer–Mulders function 
can generate characteristic 
azimuthal modulations in 
unpolarized Drell–Yan, …

Cannot be accessed by PDFs!
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TMDs Introduce Sensitivity of Color Flow of the Active Parton

q Choice of the Gauge link – to be consistent with TMD factorization:

q Modified universality of TMDs:

Note:  Collinear PDFs are process independent – key for the predictive power of QCD factorization

q Definition pf quark TMD:

Immediate result of 
PT symmetry of QCD

Collins, PLB 2002
Kang, Qiu, PRL 2009

TMD-factorization is 
violated for hadronic 
production of high 
PT particles!

Collins Qiu, PRD 2007
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Modified Universality for TMDs

q Parity – Time reversal invariance:

q Modified universality – Sivers function:

q RHIC measurements:

STAR Collab. PRL116, 132301 (2016)
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Modified Universality for TMDs

q Parity – Time reversal invariance:

q Modified universality – Sivers function:

Confined motion

Emergence of a hadron
hadronization

Gluon shower 
 – QCD evolution

Measured  kT  of TMDs  
    =\=  the confined motion inside the hadron! 

q Experimental test is still inconclusive

Collision induced shower dilutes 
the correlations between the 
hadron spin and parton motion

q RHIC measurements:

STAR Collab. PRL116, 132301 (2016)
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SIDIS Might be the Best for Probing TMDs
q SIDIS with the “one-photon approximation”:

§ 18 Structure functions
§ AN = at least one of 6 FUT structure functions needs to be finite!

Trento
Convention
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SIDIS Might be the Best for Probing TMDs
q Single transverse-spin asymmetry:
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Collins fragmentation functions, 
extracted from e+e- collisions

Trento
Convention

But, collision-induced QED radiation can change both the direction and magnitude of the 
exchanged virtual photon – the “probe”, and the angular modulation!
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Hard Collision Induces both QCD and QED Radiations

Historically, 1-photon approximation 
+ radiative corrections (radiation from leptons) 

“We know how to calculate QED radiation perturbatively!” 

XL

1-photon
approximation

Xiaoxuan Chu
@2nd EIC YR workshop
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Must Introduce Unknown Parameter(s) in Traditional RC Approach

q Radiative correction – Born kinematics:

Necessary requirement: RC – Radiative correction factor 
         does not depend on the hadronic physics that we want to extract! 

+ Virtual 
diagrams+
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Must Introduce Unknown Parameter(s) in Traditional RC Approach

q Radiative correction – Born kinematics:

Necessary requirement: RC – Radiative correction factor 
         does not depend on the hadronic physics that we want to extract! 

q Leading Order Radiative Correction:
Contribution to the cross section – cut diagram notation:

The virtuality of the exchange photon      depends on the phase-space 
of unobserved photon of momentum 

The        is perturbatively pinched to                if the phase space allows!

Impose “cutoff/limit” on the radiated and un-observed photon(s) to keep the       “virtual” 

Need parameter(s) – tuning parameter(s) in MC for RC – Predictive power?

+ Virtual 
diagrams+
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Impact on SIDIS – TMD extraction
q Case study – single transverse spin asymmetry: Liu, Melnitchouk, Qiu, Sato

2008.02895, 2108.13371
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Joint QCD and QED Factorization for Lepton-Haron DIS
Cammarota, Qiu, Watanabe, Zhang 

PRD 112 (2025) 056007q NLO QED contribution to the leading subprocess:  

are analytic functions 
of      and     .

- Dependence helps to isolate contributions from different 
diagrams and cancelation of perturbative divergences

- Same as NLO QCD - Two-photon exchange - RC from electron

IR-safe
No free parameter!
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Hybrid Factorization for Lepton-Hadron SIDIS

q Inclusive production of a lepton and a hadron: 

Momentum imbalance between the lepton and the hadron could be sensitive to
both parton TMDs and lepton TMDs

Typical parton transverse momentum: 

q Estimate of lepton transverse momentum generated by QED 
shower: 

Resummation
to lepton TMD

QED broadening for lepton is so much smaller than typical parton kT!
                         Collinear factorization for high order QED contributions

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
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Hybrid Factorization for Lepton-Hadron SIDIS
Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

q QED factorization of collision induced radiation – collinear: 

§ Leading power IR sensitive contribution is universal, as                      ,  factorized into LDFs and LFFs
§ IR safe contributions are calculated order-by-order in powers of a
§ Neglect               power suppressed contributions
§ Collinear QED factorization for both inclusive DIS and SIDIS, or e+e-, … [global fits of LDFs, LFFs]

q “One photon”-approximation: 

Evaluated in a “virtual photon-hadron” frameApply a           -dependent Lorentz transformation: 

In a frame to compare with exp. measurements
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Extract TMDs from Experimental Data (an inverse problem)
q Need multiple and complementary observables depending on the same TMDs:

Relevant for EIC

See Nobuo’s talk

Plus new two-scale 
observables:

TMDs within Jets 
TMDs with Groomed Jets

…
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Extract TMDs from Experimental Data (an inverse problem)
q Need multiple and complementary observables depending on the same TMDs:

Relevant for EIC

See Nobuo’s talk

Plus new two-scale 
observables:

TMDs within Jets 
TMDs with Groomed Jets

…
q First Simultaneous Analysis of TMDs and Collinear PDFs:

Making PDFs essential inputs 
to many TMD analyses, …

– OPE relation

for the poorly constrained 
sea-quark distributions

Improves knowledge of both 
collinear and TMD & PDFs

JAM, PRL 2026
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Explore Multidimensional Structure without Breaking the Hadron

Inclusive scattering Exclusive diffraction
Electroproduction of 

a Real Photon

SIDIS

Scattering
Amplitude

Cross 
Section

H

’’

’’

TMD
FF

TMD
PDF

Hard

+

’<latexit sha1_base64="h6mEA/eIYLAx2Vypjym3iTp3ISg=">AAAB73icbVDLSsNAFL2pr1pfUZduBosgCCUpvjZCwY3LCn1BG8pkOmmHTCZxZiKW0J9w40IRt/6OO//GaZuFth64cDjnXu69x084U9pxvq3Cyura+kZxs7S1vbO7Z+8ftFScSkKbJOax7PhYUc4EbWqmOe0kkuLI57Tth7dTv/1IpWKxaOhxQr0IDwULGMHaSJ3w5ik5C/uNvl12Ks4MaJm4OSlDjnrf/uoNYpJGVGjCsVJd10m0l2GpGeF0UuqliiaYhHhIu4YKHFHlZbN7J+jEKAMUxNKU0Gim/p7IcKTUOPJNZ4T1SC16U/E/r5vq4NrLmEhSTQWZLwpSjnSMps+jAZOUaD42BBPJzK2IjLDERJuISiYEd/HlZdKqVtzLysX9eblWzeMowhEcwym4cAU1uIM6NIEAh2d4hTfrwXqx3q2PeWvBymcO4Q+szx+Mh4+d</latexit>

k = xp+ kT

Breit frame:
<latexit sha1_base64="yaVWgC6gwNM8eOzNvnLoRA04Ngs=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCq5IUX8uCG5ct9AVtGibTSTp0MgkzE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/fe4yeMSmXb30ZpbX1jc6u8be7s7u0fWIdHHRmnApM2jlksej6ShFFO2ooqRnqJICjyGen6k7uZ330gQtKYt9Q0IW6EQk4DipHSkmedNIc1OAhDaGaN3MvGXisf1jyrYlftOeAqcQpSAQUanvU1GMU4jQhXmCEp+46dKDdDQlHMSG4OUkkShCcoJH1NOYqIdLP59Tk818oIBrHQxRWcq78nMhRJOY183RkhNZbL3kz8z+unKrh1M8qTVBGOF4uClEEVw1kUcEQFwYpNNUFYUH0rxGMkEFY6MFOH4Cy/vEo6tapzXb1qXlbqtSKOMjgFZ+ACOOAG1ME9aIA2wOARPINX8GY8GS/Gu/GxaC0Zxcwx+APj8weqE5QM</latexit>

Q2 → P 2
hT

Lab frame:
<latexit sha1_base64="c9pJftjzixaOKMLesl0oV7m0pgw=">AAACDXicbVDJSgNBEO2JWxy3qEcvjVEUhDAT3I4BLx4jZIPMMPR0KkmTnoXunkCYzA948Ve8eFDEq3dv/o2d5aCJDwpev1dFVz0/5kwqy/o2ciura+sb+U1za3tnd6+wf9CQUSIo1GnEI9HyiQTOQqgrpji0YgEk8Dk0/cHdxG8OQUgWhTU1isENSC9kXUaJ0pJXOHF6PWyOnSHQ1AHOszOvhi/w9F3NvLTv1bKxVyhaJWsKvEzsOSmiOape4cvpRDQJIFSUEynbthUrNyVCMcohM51EQkzogPSgrWlIApBuOr0mw6da6eBuJHSFCk/V3xMpCaQcBb7uDIjqy0VvIv7ntRPVvXVTFsaJgpDOPuomHKsIT6LBHSaAKj7ShFDB9K6Y9okgVOkATR2CvXjyMmmUS/Z16erhslgpz+PIoyN0jM6RjW5QBd2jKqojih7RM3pFb8aT8WK8Gx+z1pwxnzlEf2B8/gBiJZsd</latexit>

→ |ωε→T + ωPhT |

<latexit sha1_base64="i2EyyXU25O9JVYLEUGSiRh8KxJc=">AAACDHicbVDLSsNAFJ3UV62vqks3g0V0VZLia1lw47JCX9CEMJnetEMnD2YmhZLmA9z4K25cKOLWD3Dn3zhts9DWAwOHc87lzj1ezJlUpvltFNbWNza3itulnd29/YPy4VFbRomg0KIRj0TXIxI4C6GlmOLQjQWQwOPQ8UZ3M78zBiFZFDbVJAYnIIOQ+YwSpSW3XJnaY6CpDZxn525zaksW4IXWyNx06DazqU6ZVXMOvEqsnFRQjoZb/rL7EU0CCBXlRMqeZcbKSYlQjHLISnYiISZ0RAbQ0zQkAUgnnR+T4TOt9LEfCf1Chefq74mUBFJOAk8nA6KGctmbif95vUT5t07KwjhRENLFIj/hWEV41gzuMwFU8YkmhAqm/4rpkAhCle6vpEuwlk9eJe1a1bquXj1cVuq1vI4iOkGn6AJZ6AbV0T1qoBai6BE9o1f0ZjwZL8a78bGIFox85hj9gfH5A8/wnBE=</latexit>

|ωε→T | → |ωPhT |

Diffraction
Min: 

Range of x fixed 
by hard scale & 
kinematics!

Range of x is always the same! 
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Generalized Parton Distributions (GPDs)

q Definition:

Similar definition
for gluon GPDs

D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101
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Generalized Parton Distributions (GPDs)

q Definition:

DGLAP DGLAPERBL

𝒒 PDF"𝒒 PDF DA

q Combine PDFs (p’=p) and Form Factors (z=0) :

Forward limit                      :

Similar definition
for gluon GPDs

D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101



27

Generalized Parton Distributions (GPDs)

q Definition:

q GPDs depend on the Choice of “+” for given p and p’ :

D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101

• Need to choose a light-cone vector: 

with for any 4-vector 

• When                , we have infinite choices for the light-cone vector ``n’’! 

• For a single vector, p, there is a unique light-cone vector ``n’’ to pick up the largest component of p, as p+. 

If                                                                        , GPDs with different choice of ``n” differ by powers of    

with the hard scale      , e.g.,                   for DVCS. 
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Generalized Parton Distributions (GPDs)

q Definition:

q Variables of GPDs – x , x , t :

D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Hořejši, 
Fortsch. Phys. 42 (1994) 101

•                                           is uniquely fixed by the momentum of scattered hadron  p’ . 

•                                                            carries partonic information and need to be probed by the hard probe!

•                                                           is uniquely fixed once we make a choice of the light-cone vector ``n’’

• For extracting universal GPDs via QCD global analysis, is there an “ideal” choice of the light-cone vector “n” ?

• What kind of hard probes have better access to the x-dependence of GPDs ?  

Questions:
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How to Find Physical Processes to be Sensitive to GPDs? 

Single diffractive 
at 

q Need an exclusive process – Not to break the hadron:

Single diffractive:

A “soft” scale: 

Momentum, spin, composition of particles (or partons)
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How to Find Physical Processes to be Sensitive to GPDs? 

Single diffractive 
at 

q Need an exclusive process – Not to break the hadron:

Single diffractive:

A “soft” scale: 

Momentum, spin, composition of particles (or partons)

2-to-2 elastic scattering
at 

Colliding beam:Hard exclusive:

q Need a hard collision – to see the parton(s):

A “hard” scale: 

(              minimum)
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How to Find Physical Processes to be Sensitive to GPDs? 

Single diffractive 
at 

q Need an exclusive process – Not to break the hadron:

Single diffractive:

A “soft” scale: 

Momentum, spin, composition of particles (or partons)

2-to-2 elastic scattering
at 

Colliding beam:Hard exclusive:

q Need a hard collision – to see the parton(s):

A “hard” scale: 

(              minimum)

Probe!

Hadron Properties

defines GPDs
& what we are 

probing!

<latexit sha1_base64="Df4JOn2OJpBC5G4/Fx+UPDADDK4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FmsnqLePEY0SyQjKGn05M06Vno7hFCyCd48aCIV7/Im39jTxJBRR8UPN6roqqeF3MmlWV9GJmV1bX1jexmbmt7Z3cvv3/QklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vfJn67XsqJIvCWzWJqRvgYch8RrDS0s3F3Vk/X7DM81rFKTvIMi2r6hQrKXGqJaeIbK2kKMASjX7+vTeISBLQUBGOpezaVqzcKRaKEU5nuV4iaYzJGA9pV9MQB1S60/mpM3SilQHyI6ErVGiufp+Y4kDKSeDpzgCrkfztpeJfXjdRfs2dsjBOFA3JYpGfcKQilP6NBkxQovhEE0wE07ciMsICE6XTyekQvj5F/5OWY9oVs3xdKtSdZRxZOIJjOAUbqlCHK2hAEwgM4QGe4NngxqPxYrwuWjPGcuYQfsB4+wQNHo2f</latexit>

A→

(Need a minimum                 SDHEPs)

SDHEP Process:

q Single diffractive hard exclusive process (SDHEP):

Factorization:

A necessary condition!
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How to Choose the Light-cone Vector “n” to Define GPDs? 

q Choose the z-axis of the hard collisions – a choice of frame:

with

Recall – Inclusive DIS:

Let       and       define the z-axis of the collision &       along the +z direction and      long the –z direction,

and

Light-cone vector:                                                                        

along the direction of  



33

How to Choose the Light-cone Vector “n” to Define GPDs? 

q Choose the z-axis of the hard collisions – a choice of frame:

with

Recall – Inclusive DIS:

Let       and       define the z-axis of the collision &       along the +z direction and      long the –z direction,

and

Light-cone vector:                                                                        
along the direction of           to pick up large component of    

Colliding beam:

q Choose the z-axis of the hard exclusive collision – SDHEP frame:

defines GPDs
& what we are 

probing!

<latexit sha1_base64="Df4JOn2OJpBC5G4/Fx+UPDADDK4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FmsnqLePEY0SyQjKGn05M06Vno7hFCyCd48aCIV7/Im39jTxJBRR8UPN6roqqeF3MmlWV9GJmV1bX1jexmbmt7Z3cvv3/QklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vfJn67XsqJIvCWzWJqRvgYch8RrDS0s3F3Vk/X7DM81rFKTvIMi2r6hQrKXGqJaeIbK2kKMASjX7+vTeISBLQUBGOpezaVqzcKRaKEU5nuV4iaYzJGA9pV9MQB1S60/mpM3SilQHyI6ErVGiufp+Y4kDKSeDpzgCrkfztpeJfXjdRfs2dsjBOFA3JYpGfcKQilP6NBkxQovhEE0wE07ciMsICE6XTyekQvj5F/5OWY9oVs3xdKtSdZRxZOIJjOAUbqlCHK2hAEwgM4QGe4NngxqPxYrwuWjPGcuYQfsB4+wQNHo2f</latexit>

A→

Let momentum of A*,                           and  the momentum of colliding beam,     

define the z-axis of the hard exclusive collision with        along with +z direction

Light-cone vector:                                                                        

along the direction of               to pick up large component of

and
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All Known Processes for Extracting GPDs – Fit the Kinematics of SDHEPs

DVCS DVMP DDVCS
add 

virtuality DHQP…

q  Electro-production (JLab, EIC, …)

q  Photo-production (JLab, EIC, …)

q  Meso-production (AMBER, J-PARC, …)

…

TCS

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

Unified frame for all 
these observables 

• Unified definition 
for all GPDs

• Ready for Global 
analysis of GPDs

• Easy to implement 
experimentally

Same “n” along p2

All of them are 
             exclusive 
Processes !
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SDHEP Frame vs. Breit Frame – Use DVCS as an Example

q Breit Frome  =      - Beam Frame:
<latexit sha1_base64="omAd5HRei9WhLRBIm0DsVwwcOpg=">AAAB73icdVDLSgMxFM34rPVVdekmWARxMcxMn+4KblxWsA9ox5JJM21okhmTjFCG/oQbF4q49Xfc+Tdm2goqeuDC4Zx7ufeeIGZUacf5sFZW19Y3NnNb+e2d3b39wsFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpn5nXsiFY3EjZ7GxOdoJGhIMdJG6vZHiHN0ez4oFB37ol71Kh50bMepeaVqRrxa2StB1ygZimCJ5qDw3h9GOOFEaMyQUj3XibWfIqkpZmSW7yeKxAhP0Ij0DBWIE+Wn83tn8NQoQxhG0pTQcK5+n0gRV2rKA9PJkR6r314m/uX1Eh3W/ZSKONFE4MWiMGFQRzB7Hg6pJFizqSEIS2puhXiMJMLaRJQ3IXx9Cv8nbc92q3blulxseMs4cuAYnIAz4IIaaIAr0AQtgAEDD+AJPFt31qP1Yr0uWles5cwR+AHr7RMFfI/v</latexit>

ω→

Physics at both
and

DVCS

BH
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SDHEP Frame vs. Breit Frame – Use DVCS as an Example

q Breit Frome  =      - Beam Frame:
<latexit sha1_base64="omAd5HRei9WhLRBIm0DsVwwcOpg=">AAAB73icdVDLSgMxFM34rPVVdekmWARxMcxMn+4KblxWsA9ox5JJM21okhmTjFCG/oQbF4q49Xfc+Tdm2goqeuDC4Zx7ufeeIGZUacf5sFZW19Y3NnNb+e2d3b39wsFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpn5nXsiFY3EjZ7GxOdoJGhIMdJG6vZHiHN0ez4oFB37ol71Kh50bMepeaVqRrxa2StB1ygZimCJ5qDw3h9GOOFEaMyQUj3XibWfIqkpZmSW7yeKxAhP0Ij0DBWIE+Wn83tn8NQoQxhG0pTQcK5+n0gRV2rKA9PJkR6r314m/uX1Eh3W/ZSKONFE4MWiMGFQRzB7Hg6pJFizqSEIS2puhXiMJMLaRJQ3IXx9Cv8nbc92q3blulxseMs4cuAYnIAz4IIaaIAr0AQtgAEDD+AJPFt31qP1Yr0uWles5cwR+AHr7RMFfI/v</latexit>

ω→

Physics at both
and

DVCS

BH

q SDHEP Frame  =  A* - Beam Frame:

• Easy to implement
• A* defines the GPDs
• Angular modulation to separate GPDs
• Same for all GPD finding processes!

<latexit sha1_base64="ub5VbKxQ+qYMYzrFGL7tBfhzPRs=">AAACF3icdVBJS8QwGE1dx3GrevQSHAQPWtrO6m3Ai8cRnAXaMqSZzEyYdCFJhaH0X3jxr3jxoIhXvflvTGcBFX0QeLz3vuTL82NGhTTNT21ldW19Y7OwVdze2d3b1w8OOyJKOCZtHLGI93wkCKMhaUsqGenFnKDAZ6TrT65yv3tHuKBReCunMfECNArpkGIkldTXjdSdXeLwke+lpnHZqNlV+9w0TLNul2s5sesVu5y58ZheZH29tMzAZQYuM9BSSo4SWKDV1z/cQYSTgIQSMySEY5mx9FLEJcWMZEU3ESRGeIJGxFE0RAERXjpbKYOnShnAYcTVCSWcqd8nUhQIMQ18lQyQHIvfXi7+5TmJHDa8lIZxIkmI5w8NEwZlBPOS4IBygiWbKoIwp2pXiMeIIyxVlUVVwvKn8H/SsQ2rZlRvKqWmvaijAI7BCTgDFqiDJrgGLdAGGNyDR/AMXrQH7Ul71d7m0RVtMXMEfkB7/wLi+Zvz</latexit>

ω→dependence 
ó quantum # of A* 

SDHEP

Physics at  t 

Physics at  Q2 

Include both DVCS & BH subprocesses

Hadron plays 
the role of 

the lepton in 
Breit frame
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SDHEP Frame vs. Breit Frame – Use DVCS as an Example

Angular distribution between lepton plane (              ) and hadron plane (               )
DOES not have a simple relation to GPDs to help their extraction, due to mixing of BH!  

<latexit sha1_base64="Z49wJrjMuu9r0Lfr4Pes7tvUj9U=">AAAB83icdVDLSgMxFM34rPVVdekmWERXw8z06a7gxmUF+4DOUDJppg3NJEOSEcrQ33DjQhG3/ow7/8ZMW0FFD1zu4Zx7yc0JE0aVdpwPa219Y3Nru7BT3N3bPzgsHR13lUglJh0smJD9ECnCKCcdTTUj/UQSFIeM9MLpde737olUVPA7PUtIEKMxpxHFSBvJ9wljvhZ5uxiWyo591ax7NQ86tuM0vEo9J16j6lWga5QcZbBCe1h690cCpzHhGjOk1MB1Eh1kSGqKGZkX/VSRBOEpGpOBoRzFRAXZ4uY5PDfKCEZCmuIaLtTvGxmKlZrFoZmMkZ6o314u/uUNUh01g4zyJNWE4+VDUcqgFjAPAI6oJFizmSEIS2puhXiCJMLaxFQ0IXz9FP5Pup7t1u3abbXc8lZxFMApOAOXwAUN0AI3oA06AIMEPIAn8Gyl1qP1Yr0uR9es1c4J+AHr7RM5L5HI</latexit>

ω → ω→
<latexit sha1_base64="ZvN49etFhPNvAfdGwdtrX67ZE6Y=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFdDdPp013BjcsK9gHtUDJppg3NzIQkI5ShH+HGhSJu/R53/o2ZtoKKHggczrmX3HN8wZnSjvNhra1vbG5t53byu3v7B4eFo+OOihNJaJvEPJY9HyvKWUTbmmlOe0JSHPqcdv3pdeZ376lULI7u9ExQL8TjiAWMYG2krhjoGImLYaHo2FeNmlt1kWM7Tt0t1zLi1ituGZWMkqEIK7SGhffBKCZJSCNNOFaqX3KE9lIsNSOczvODRFGByRSPad/QCIdUeeni3Dk6N8oIBbE0L9JooX7fSHGo1Cz0zWSI9UT99jLxL6+f6KDhpSwSiaYRWX4UJByZjFl2NGKSEs1nhmAimbkVkQmWmGjTUN6U8JUU/U86rl2q2dXbSrHprurIwSmcwSWUoA5NuIEWtIHAFB7gCZ4tYT1aL9brcnTNWu2cwA9Yb58aRI9k</latexit>

p → p→

Breit frame is a natural 
extension from the 

treatment of DIS,  SIDIS

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>ω

q Breit Frome  =      - Beam Frame:
<latexit sha1_base64="omAd5HRei9WhLRBIm0DsVwwcOpg=">AAAB73icdVDLSgMxFM34rPVVdekmWARxMcxMn+4KblxWsA9ox5JJM21okhmTjFCG/oQbF4q49Xfc+Tdm2goqeuDC4Zx7ufeeIGZUacf5sFZW19Y3NnNb+e2d3b39wsFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpn5nXsiFY3EjZ7GxOdoJGhIMdJG6vZHiHN0ez4oFB37ol71Kh50bMepeaVqRrxa2StB1ygZimCJ5qDw3h9GOOFEaMyQUj3XibWfIqkpZmSW7yeKxAhP0Ij0DBWIE+Wn83tn8NQoQxhG0pTQcK5+n0gRV2rKA9PJkR6r314m/uX1Eh3W/ZSKONFE4MWiMGFQRzB7Hg6pJFizqSEIS2puhXiMJMLaRJQ3IXx9Cv8nbc92q3blulxseMs4cuAYnIAz4IIaaIAr0AQtgAEDD+AJPFt31qP1Yr0uWles5cwR+AHr7RMFfI/v</latexit>

ω→

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>ω
+

Bethe-Heitler
subprocess in 
terms of EM 
form factors

2

2 EM form factors

GPD

DVCS:   in 
terms of 

factorized 
GPDs

Propagators of k1 & k2 have f-dependence! 

BH is not a 
“t”-channel

 process:

Hadronic plane covers
Both hard and soft physics
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Simple Numerical Examples for Angular Distribution/Modulation

unpolarized

(normalized)

Breit fit to 

• No straightforward interpretation of the coefficients.
• Need to introduce more gears in GPD extraction.

Generate 𝟏𝟎𝟔 events and reconstruct 

SDHEP fit to 

[A.V. Belitsky et al., 2002]
[B. Kriesten et al., 2020, 2022]
[Y. Guo et al., 2021, 2022]
…
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Nature of the Exchange State A* = An Expansion in Powers of  

+⋯
≥ 𝟑 parton connection:

             further Power suppressed

= Leading Power in

+ + Next Leading Power in

If A* cannot be factorized in terms of partons, one might 
interpretate them as quasi-states, like pomeron, odderon, …,
from the diffractive scattering 
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Nature of the Exchange State A* - An Expansion in Powers of  

+⋯
≥ 𝟑 parton connection:

             further Power suppressed

= Leading Power in

+ + Next Leading Power in

Bethe-Heitler

EM form factor

Quark GPD Gluon GPD

Energy ≫ virtuality
Ensured by 

Factorization into GPDs

GPDs are defined by the
quantum states of A*



41

Why the GPD’s 𝒙-Dependence is so Difficult to Measure?

41

q  Amplitude nature: exclusive processes

DVCS

GPD

𝒙 ∼ loop momentum
PDF

cross section: cut diagram

Compare with DIS

Full range of 𝒙, 𝐢𝐧𝐜𝐥𝐮𝐝𝐢𝐧𝐠  
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Why the GPD’s 𝒙-Dependence is so Difficult to Measure?

42

q  Amplitude nature: exclusive processes

DVCS

GPD

𝒙 ∼ loop momentum
PDF

cross section: cut diagram

Compare with DIS

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

[Bertone et al. PRD `21]

Equally fit!
“x-moment”

Full range of 𝒙, 𝐢𝐧𝐜𝐥𝐮𝐝𝐢𝐧𝐠  
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Where Does the 𝒙-sensitivity Come From?

q  𝒙-sensitivity ⇔ 𝟐 → 𝟐 hard scattering:

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]

§ Moment-type sensitivity:

Inversion problem:  shadow GPD [Bertone et al. PRD `21]

Independent of 𝑸 
Scaling for 𝑭𝑮

§ Enhanced sensitivity:
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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?

Change external q to sample different part of x.

§ Double DVCS (two scales): Q
q

§ Production of two back-to-back high pT particles (say, two photons):  

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

§ Factorization:

[suppressing pion DA factor]

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

Qiu & Yu
JHEP 08 (2022) 103
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New Physical Processes to have Enhanced 𝒙-Sensitivity
qDiphoton process

also contains

Covers the DGLAP region

q 𝜸-𝝅 Pair Photoproduction:

also contains:

Covers the ERBL region
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Test the Sensitivity on the GPDs’ 𝒙-Dependence

GPD models = GK model + shadow GPDs
Goloskokov, Kroll, `05, `07, `09 

Bertone et al. `21
Moffat et al. `23

JLab @ 12GeV
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What Do We Learn from GPDs – Partonic ?

q Impact parameter dependent parton density distribution:

Measurement of       fixes   
= momentum flow 
    between the pair

Quark density in 

Proton radii,              &             , from q & g spatial density 

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)

§ Should             >            , or vice versa?   

§ How do they compare with known 
radius (EM charge radius, mass radius, 
… ), & why?Need to know the x-dependence of GPDs to construct the proper radii !
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GPDs – Partonic Origin of Hadronic Properties
q QCD energy-momentum tensor:

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

Related to pressure 
& stress force inside h

q “Gravitational” form factors (GFFs) of the nucleon:

q Connection to GPD moments:

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

x-moments
of GPDs!
Input for 

GFFs!

Need to extract GPD and its x-dependence from DATA to construct the proper moments!

Stress tensor

Pressures



49

Summary and Outlook

Thanks!A long but challenging & exciting way to go!

q  The emergence of hadrons and their properties 3D image
§ Is deeply rooted in color confinement in QCD
§ Understanding it fully is a challenge and a frontier in QCD 

q  TMDs are much broader than improved descriptions of PDFs:

§ Reveal quantum correlations that disappear when kT is integrated out
§ Connect the active parton and its color & spin to the rest of the hadron

q  GPDs connect parton tomography to hadron properties:
§ Reveal proton radius in many distributions, charge, quark/gluon density, mass, …
§ Connect hadron properties to its partonic origins, …

q  GTMDs provide a framework for phase-space-like parton correlations
§ By retaining both transverse partonic momentum and hadron transverse 

momentum transfer – leading to a plan to search for answers to 
                 Who we are, where we came from and where are we going?


