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Since the 2015 LRP, … 

– 2015 Long Range Plan For QCD community, 

RHIC & CEBAF in the U.S. 

Future facility:

Electron-Ion Collider

Existing facility:
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Since the 2015 LRP, … 

– 2015 Long Range Plan For QCD community, 

RHIC & CEBAF in the U.S. 

Future facility:

Electron-Ion Collider

Existing facility:

NAS Report:

EIC Yellow 
Report:

“… answer science questions that are compelling,
fundamental, and timely, and help maintain U.S.
scientific leadership in nuclear physics.”

… three profound questions:
How does the mass of the nucleon arise?
How does the spin of the nucleon arise?
What are the emergent properties of dense systems of gluons?

NAS Report:

See many EIC talks so-far 
at this Town Hall meeting



3

We believe we have the right Theory, …

A theory of quarks & gluons

But, we saw none of them directly
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We believe we have the right Theory, …

meson

Hadron spectroscopy
A theory of quarks & gluons

But, we saw none of them directly

Hadron Properties

Y. Yang et al. 
PRL 121, 
212001

Hadron spin
Hadron mass

Hadron structureQ:
What a nucleus looks like if we 
only see quarks and gluons?

Nuclear structure in the most 
fundamental way?

Q:
Does the color of nucleon “A” 
know the color of nucleon “B”? 

Need Theory to match what measured to what is happening!!!
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Modern way to study hadron spectroscopy 
See J. Dudek’s talkq Robust connection between real experiment & QCD 

Predicted
JPAC analysis of COMPASS data 
resolve the puzzle between apparent
“two” p1  and the predicted “one” p1

The lightest exotic  hybrid meson

Exotics
hadspec

PRL122 (2019) 042002 
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Searching for the exotics, …
q The lightest exotic hybrid mesons were predicted – where to find them?

p1 branching fractions ~ 500 MeV width 

First prediction for exotic p1 full decay width from LQCD:

Hadron Spectrum Collaboration

Exotic p1 pole mass

b1p  width 
much larger
than model 
suggested!

GlueX
searching

here
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Beyond two-particle decay

Phys. Rev. Lett. 126 (2021) 012001 

Hadron Spectrum Collaboration

p-p-p amplitudes (Dalitz plot)

The first LQCD calculation of 
Dalitz plots (3-body decay)

see Constantinou’s talk for k-k-k plot
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XYZ explosion – renewed motivation on spectroscopy

EIC/JLab++ explore the complementarity of 
diffraction, peripheral and/or direct production

A. Szcepaniak @ Theory pre-town hall 

XYZ yields – Compatible with e+e- @ 1034

§ X,Z production benefits form low CM energies
§ Luminosity too low at 28 GeV 
§ Current simulations for 41 GeV configuration 

Luminosity assumed 

Comparable yields at the EIC or 
at a possible upgraded CLAS24
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Emergent hadron properties: mass, spin, … 
q Mass – beyond lattice QCD – INT Workshop INT-20r-77:

Multi-pronged theory approach to explore the origin of nucleon mass:

By I. Cloet, Z.E. Meziiani,
B. Pasquini

“Origin of the Visible Universe: Unraveling the Proton Mass”, June 13-17, 2022

§ Mass decomposition – roles of the constituents – but, not unique!
Matching individual terms to physical observables with controllable approximations – Factorization!

§ Lattice QCD – calculations of individual terms
§ Approximated analytical approach – model calculation, holographic light-front approach, …

q Decomposition of the trace of EMT:

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="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!

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

See S. Joosten’s talk
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Emergent hadron properties: mass, spin, … 
<latexit sha1_base64="fgUNVk2AAEpiAqxQ4l/HjP5CRb8="></latexit>

Mn =
X

f=q,g

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

�����
cm

q Decompositions of “energy in the rest frame”: Not unique!

§ Decomposition by Ji:

<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

§ Decomposition by Metz et al:

Understanding the trace anomaly is important for its own right! 

Different interpretation!  

See talk by M. Constantinou
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Emergent hadron properties: mass, spin, … 

q The first LQCD calculation: F. He, P. Sun, Y. Yang
PRL 104 (2021)074507

A. Ali, GlueX, 
Phys.Rev.Lett.123, 072001

q The first J/y near-threshold measurement:
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Emergent hadron properties: mass, spin, … 

q Mass distribution inside proton: q Pressures and energy density inside a pion:
D. Kharzeev, Phys.Rev.
D105 (2021) 054032

§ Scattering amplitude of threshold photoproduction 
is approximated to be proportional the scalar 
gravitational formfactor: G(t)

§ Mass radius:

§ GlueX data fits a dipole formfactor

proton mass radius 

proton charge radius <
Come back later!Gravitational form factors = moments of GPDs 
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Emergent hadron properties: mass, spin, … 

q Proton’s Spin: Spin is the Angular Momentum of the proton when it is at the Rest!

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

Spin =  Spin of quarks and gluons  +  Orbital Angular Momentum 

Jaffe, Manohar, 1990
Ji, 1996

§ Enormous progress on helicity PDFs has been made over past ~ decade:

See talk by W. Vogelsang

Parton transverse motion 
& Partonic structure!

Would not have been achieved 
without the RHIC spin program!
But, it is still an incomplete story 

– more opportunity!
Small x region – EIC + Theory advances

See talk by Y. Kovchegov

§ Consistency among all phenomenological global fits:

See talk by Y. Hatta 

Total angular momentum              = moments of GPDs 
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Hadron structure and internal landscape, …
q Hadrons are not static, rather, dynamics bound states of quarks and gluons:

§ Quarks and gluons are moving relativisticaly, color is fully entangled!
§ Partonic structure  =  “Quantum correlations functions”:
§ No QED-type quantum orbits!   

hP, S|O( , , Aµ)|P, Si Brown-Muck

B+(ub̄)

B-meson

5D

3D

1D

bT

kT
xp
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Hadron structure and internal landscape, …
q 1D hadron structure (flavor, momentum, helicity, …):

bT

kT
xp

§ Single hard collision with a momentum transfer  >> 1/fm

§ Integrate over             or                            Parton distribution functions (PDFs) – initial-state          
Fragmentation functions (FFs) – final state
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Hadron structure and internal landscape, …

q 1D hadron structure (flavor, momentum, helicity, …):

bT

kT
xp

§ Single hard collision with a momentum transfer  >> 1/fm

§ Integrate over             or                            Parton distribution functions (PDFs) – initial-state          

Fragmentation functions (FFs) – final state

Experimental data

PQCD
Calculation

<latexit sha1_base64="exMuuD8xd0EF+io6IR0Il02n2z8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1I1QcOOygn1AE8pkOmmHTh7M3Iil9FfcuFDErT/izr9x0mahrQcGDufcw71zglQKjY7zbZXW1jc2t8rblZ3dvf0D+7Da1kmmGG+xRCaqG1DNpYh5CwVK3k0Vp1EgeScY3+Z+55ErLZL4AScp9yM6jEUoGEUj9e3qDfGIJ2L0BgnqnJC+XXPqzhxklbgFqUGBZt/+MmGWRTxGJqnWPddJ0Z9ShYJJPqt4meYpZWM65D1DYxpx7U/nt8/IqVEGJEyUeWb5XP2dmNJI60kUmMmI4kgve7n4n9fLMLz2pyJOM+QxWywKM0kwIXkRZCAUZygnhlCmhLmVsBFVlKGpq2JKcJe/vEra53X3su7eX9QaF0UdZTiGEzgDF66gAXfQhBYweIJneIU3a2a9WO/Wx2K0ZBWZI/gD6/MH8muTtA==</latexit>

=

Z
· · ·

Z
<latexit sha1_base64="k3sLoPlC0wFfnhVu1GzGMi7cvzc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0N/NbT9xYodUjjlMeJnSgRCwYRSe1uhpFwm2vXPGr/hxklQQ5qUCOeq/81e1rliVcIZPU2k7gpxhOqEHBJJ+WupnlKWUjOuAdRxV1S8LJ/NwpOXNKn8TauFJI5urviQlNrB0nketMKA7tsjcT//M6GcY34USoNEOu2GJRnEmCmsx+J31hOEM5doQyI9ythA2poQxdQiUXQrD88ippXlSDq2rwcFmp3eZxFOEETuEcAriGGtxDHRrAYATP8ApvXuq9eO/ex6K14OUzx/AH3ucPh+OPsw==</latexit>⌦ PDFs, FFs

Unknown

Factorization
Theory

q QCD global analysis:

Matching hadrons to partons
See talks by N. Sato 

& W. Vogelsang

Very difficult
inverse problem!

To extract PDFs, FFs
From limited data
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Hadron structure and internal landscape, …

q 1D hadron structure (flavor, momentum, helicity, …):

bT

kT
xp

§ Single hard collision with a momentum transfer  >> 1/fm

§ Integrate over             or                            Parton distribution functions (PDFs) – initial-state          

Fragmentation functions (FFs) – final state

q Challenges to QCD global analysis:
Limited observables, limited data, …

Sign of                 ? 

If measured                is dominated by data 

sensitive to                                           , 

Solutions:

§ New observables,
§ Better kinematic reach,
§ LQCD – single hadron 

matrix element,
….  Model calculation, …

See talk by Y. Zhao
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§ Great progresses have been made since last LRP, not limited by parton-parton correlators! 

– matching to NNLO!

– Idea extended far beyond 1D PDFs!

Hadron structure and internal landscape from LQCD, …

q LQCD cannot calculate x-dependent PDFs directly!

§ A great idea from Xiangdong Ji – Calculate matrix elements at “equal-time” in LQCD  

Ji, arXiv:1305.1539

<latexit sha1_base64="5DddfM+onRbKK48RDJMAGjYzdXE=">AAACEHicbVC7SgNBFJ31GeNr1dJmSBAjSNhdRC0DsbCwSMQ8IJvH7GSSDJmZXWZmxbDkE2z8FRsLRWwt7fwbJ4/C14ELh3Pu5d57gohRpR3n01pYXFpeWU2tpdc3Nre27Z3dqgpjiUkFhyyU9QApwqggFU01I/VIEsQDRmrBsDjxa7dEKhqKGz2KSJOjvqA9ipE2Uts+7HR8RfsctRJfcnhVLl6Mc76Ij/072vKOfR63r1veUaZtZ528MwX8S9w5yYI5Sm37w++GOOZEaMyQUg3XiXQzQVJTzMg47ceKRAgPUZ80DBWIE9VMpg+N4YFRurAXSlNCw6n6fSJBXKkRD0wnR3qgfnsT8T+vEeveeTOhIoo1EXi2qBczqEM4SQd2qSRYs5EhCEtqboV4gCTC2mSYNiG4v1/+S6pe3j3Ne+WTbMGbx5EC+yADcsAFZ6AALkEJVAAG9+ARPIMX68F6sl6tt1nrgjWf2QM/YL1/AXBzm4A=</latexit>

“�LQCD(⌫, ⇠2, µ2
R)”

<latexit sha1_base64="71q7Lb4xl4u2CF5vwVRGIFbPzCs="></latexit>

⌘
hh(p)| q(⇠)�

⌫�({⇠, 0}) (0)|h(p)i
ZRS(⇠2, µ2

R)
Calculable in LQCD!

See talks by M. Constantinou
& Y. Zhao

§ Large momentum effective theory (LaMET) approach – Quasi-PDFs:
<latexit sha1_base64="xHSKWKwG8V/4SDEWEjN28gnKFec="></latexit>

eq(ex, µ2
R) =

Z
d⌫

2⇡
eiex⌫ “�LQCD(⌫, ⇠2, µ2

R)”

<latexit sha1_base64="wUwOHUyxoSSDEGf4x/jsy/qmFjo=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCBymJFPUiFLx4rGA/oAlhs922SzebsLtR29qf4sWDIl79Jd78N27bHLT1wcDjvRlm5oUJZ0o7zreVW1ldW9/Ibxa2tnd29+zifkPFqSS0TmIey1aIFeVM0LpmmtNWIimOQk6b4eB66jfvqVQsFnd6mFA/wj3BuoxgbaTALnoiRVcoCUbeKfIeWTAK7JJTdmZAy8TNSAky1AL7y+vEJI2o0IRjpdquk2h/jKVmhNNJwUsVTTAZ4B5tGypwRJU/np0+QcdG6aBuLE0JjWbq74kxjpQaRqHpjLDuq0VvKv7ntVPdvfTHTCSppoLMF3VTjnSMpjmgDpOUaD40BBPJzK2I9LHERJu0CiYEd/HlZdI4K7vn5cptpVStZHHk4RCO4ARcuIAq3EAN6kDgAZ7hFd6sJ+vFerc+5q05K5s5gD+wPn8A3pWTEw==</latexit>

⌫ = pz ⇠z
<latexit sha1_base64="LoyH59qr9aFmg/I9azYWmhXwN4M=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahItREirosuHFnBfuAJoTJdNoOnTyYmYgx1F9x40IRt36IO//GaZuFVg9cOJxzL/fe48ecSWVZX0ZhaXllda24XtrY3NreMXf32jJKBKEtEvFIdH0sKWchbSmmOO3GguLA57Tjjy+nfueOCsmi8FalMXUDPAzZgBGstOSZ5WMHZQ7BHF1PqvbJfew9HHlmxapZM6C/xM5JBXI0PfPT6UckCWioCMdS9mwrVm6GhWKE00nJSSSNMRnjIe1pGuKASjebHT9Bh1rpo0EkdIUKzdSfExkOpEwDX3cGWI3kojcV//N6iRpcuBkL40TRkMwXDRKOVISmSaA+E5QonmqCiWD6VkRGWGCidF4lHYK9+PJf0j6t2We1+k290qjncRRhHw6gCjacQwOuoAktIJDCE7zAq/FoPBtvxvu8tWDkM2X4BePjG6B2k3A=</latexit>

+ O(1/xpz)
<latexit sha1_base64="+xECzPzbYeZ9WXfH8hZzlV3uqsc=">AAACFXicbVDLSgMxFM3UV62vqks3wSJUKGVGirosuHFnBfuAThkymds2NPMgyWjboT/hxl9x40IRt4I7/8a0nYW2HriXwzn3ktzjRpxJZZrfRmZldW19I7uZ29re2d3L7x80ZBgLCnUa8lC0XCKBswDqiikOrUgA8V0OTXdwNfWb9yAkC4M7NYqg45NewLqMEqUlJ1+yH5gHinEPkuHELuHIGetuD5kzxrZkPk5sSji+mRStUydfMMvmDHiZWCkpoBQ1J/9leyGNfQgU5UTKtmVGqpMQoRjlMMnZsYSI0AHpQVvTgPggO8nsqgk+0YqHu6HQFSg8U39vJMSXcuS7etInqi8Xvan4n9eOVfeyk7AgihUEdP5QN+ZYhXgaEfaYAKr4SBNCBdN/xbRPBKFKB5nTIViLJy+TxlnZOi9XbiuFaiWNI4uO0DEqIgtdoCq6RjVURxQ9omf0it6MJ+PFeDc+5qMZI905RH9gfP4A4Ead7g==</latexit>

ex pz ⇠z ⇠ O(1)

<latexit sha1_base64="ENquPiDLUU9/1XEDuF6ZZ1LcanU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkikqMeCF48VTFtoQ9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8KJPCoOd9O2vrG5tb26Wd8u7e/sFh5ei4adJcMx6wVKa6HVHDpVA8QIGStzPNaRJJ3opGdzO/9cS1Eal6xHHGw4QOlIgFo2il4JK4rturVD3Xm4OsEr8gVSjQ6FW+uv2U5QlXyCQ1puN7GYYTqlEwyaflbm54RtmIDnjHUkUTbsLJ/NgpObdKn8SptqWQzNXfExOaGDNOItuZUByaZW8m/ud1coxvw4lQWY5cscWiOJcEUzL7nPSF5gzl2BLKtLC3EjakmjK0+ZRtCP7yy6ukeeX6127toVat14o4SnAKZ3ABPtxAHe6hAQEwEPAMr/DmKOfFeXc+Fq1rTjFzAn/gfP4ABzWNfA==</latexit>

+...

<latexit sha1_base64="xcIJcm+sAYAO0zutC9ouT/z6qGI="></latexit>

=

Z
x

x
fqv/h(x, µ

2) CRS(x/ex, µ2
R, µ

2)

Power correction, not universal!

§ “Short-distance” factorization approach – Pseudo-PDFs, … 

<latexit sha1_base64="5DddfM+onRbKK48RDJMAGjYzdXE=">AAACEHicbVC7SgNBFJ31GeNr1dJmSBAjSNhdRC0DsbCwSMQ8IJvH7GSSDJmZXWZmxbDkE2z8FRsLRWwt7fwbJ4/C14ELh3Pu5d57gohRpR3n01pYXFpeWU2tpdc3Nre27Z3dqgpjiUkFhyyU9QApwqggFU01I/VIEsQDRmrBsDjxa7dEKhqKGz2KSJOjvqA9ipE2Uts+7HR8RfsctRJfcnhVLl6Mc76Ij/072vKOfR63r1veUaZtZ528MwX8S9w5yYI5Sm37w++GOOZEaMyQUg3XiXQzQVJTzMg47ceKRAgPUZ80DBWIE9VMpg+N4YFRurAXSlNCw6n6fSJBXKkRD0wnR3qgfnsT8T+vEeveeTOhIoo1EXi2qBczqEM4SQd2qSRYs5EhCEtqboV4gCTC2mSYNiG4v1/+S6pe3j3Ne+WTbMGbx5EC+yADcsAFZ6AALkEJVAAG9+ARPIMX68F6sl6tt1nrgjWf2QM/YL1/AXBzm4A=</latexit>

“�LQCD(⌫, ⇠2, µ2
R)”

<latexit sha1_base64="71q7Lb4xl4u2CF5vwVRGIFbPzCs="></latexit>

⌘
hh(p)| q(⇠)�

⌫�({⇠, 0}) (0)|h(p)i
ZRS(⇠2, µ2

R)

<latexit sha1_base64="NI1FJfR8aK3NQVmZrXjOo9CbuSE="></latexit>

=

Z 1

�1

dx

x
fqv/h(x, µ

2)⌦K⌫
RS(x⌫, ⇠

2, µ2)
<latexit sha1_base64="MwJW152xXLOcqOQgZ9tiqT+HdDw=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahIpSkFPVY8OLNCvYDmlg22227dLMJu5tCDf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXhBzprTjfFu5tfWNza38dmFnd2//wD48aqookYQ2SMQj2Q6wopwJ2tBMc9qOJcVhwGkrGN3M/NaYSsUi8aAnMfVDPBCszwjWRura9oWHUo9gju6mpafHynnXLjplZw60StyMFCFDvWt/eb2IJCEVmnCsVMd1Yu2nWGpGOJ0WvETRGJMRHtCOoQKHVPnp/PIpOjNKD/UjaUpoNFd/T6Q4VGoSBqYzxHqolr2Z+J/XSXT/2k+ZiBNNBVks6icc6QjNYkA9JinRfGIIJpKZWxEZYomJNmEVTAju8surpFkpu5fl6n21WKtmceThBE6hBC5cQQ1uoQ4NIDCGZ3iFNyu1Xqx362PRmrOymWP4A+vzB3qwkjs=</latexit>

+ O(z2)
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Hadron structure and internal landscape from LQCD, …
§ Structure of QCD Goldstone bosons:

Yong Zhao et al., Phys. Rev. Lett. 128, 142003 (2022) 

§ Transversity distribution:

§ Beyond PDFs – GPDs: § Help solve the                puzzle?

See talks by M. Constantinou
& Y. Zhao



19

Hadron structure and internal landscape, …

q Jefferson Lab/EIC provides access to partonic structure of pion & kaon via Sullivan process
§ Contrast with proton PDFs provides insights into QCD dynamics; strange quark in kaon sheds light on flavor 

breaking effects; and quark/gluon momentum fractions provide link to origin of hadron mass, etc.

q Long time interest in behavior of pion PDF as ! ⟶ #, that is, $ ! ~(# − !)), where # ≤ ) ≤ +
q Early partonic models predict ) ≈ + [Farrar, Jackson (1975), Soper (1979), Berger, Brodsky (1979), Yuan (2004)] 

§ Existing Drell-Yan (Fermilab, 1989) and leading neutron (HERA, 2010) data find ) ≈ #, confirmed by JAM global 
analysis [PRL 2018], including with threshold resummation [PRL 2021] using preferred double Mellin method

§ Dyson-Schwinger calculation illustrates there may be no contradiction between previous expectations and 
experiment — ) ≈ + behavior sets in at extremely large !, otherwise good agreement with data and JAM analysis

q Important to revisit measurements of pion & kaon structure at Jefferson Lab and EIC

Barry, Sato, et al. [JAM], PRL (2018)

I. Cloet
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Hadron structure and internal landscape, …
q 3D hadron structure:

Confined motion - TMDsTomographic images - GPDs

NO quarks and gluons can be seen in isolation!
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Hadron structure and internal landscape, …

q 3D hadron structure:

q QCD factorization – Matching hadrons to partons:

Lattice QCD data

Experimental data
PQCD

Calculation

<latexit sha1_base64="exMuuD8xd0EF+io6IR0Il02n2z8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1I1QcOOygn1AE8pkOmmHTh7M3Iil9FfcuFDErT/izr9x0mahrQcGDufcw71zglQKjY7zbZXW1jc2t8rblZ3dvf0D+7Da1kmmGG+xRCaqG1DNpYh5CwVK3k0Vp1EgeScY3+Z+55ErLZL4AScp9yM6jEUoGEUj9e3qDfGIJ2L0BgnqnJC+XXPqzhxklbgFqUGBZt/+MmGWRTxGJqnWPddJ0Z9ShYJJPqt4meYpZWM65D1DYxpx7U/nt8/IqVEGJEyUeWb5XP2dmNJI60kUmMmI4kgve7n4n9fLMLz2pyJOM+QxWywKM0kwIXkRZCAUZygnhlCmhLmVsBFVlKGpq2JKcJe/vEra53X3su7eX9QaF0UdZTiGEzgDF66gAXfQhBYweIJneIU3a2a9WO/Wx2K0ZBWZI/gD6/MH8muTtA==</latexit>

=

Z
· · ·

Z
<latexit sha1_base64="k3sLoPlC0wFfnhVu1GzGMi7cvzc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0N/NbT9xYodUjjlMeJnSgRCwYRSe1uhpFwm2vXPGr/hxklQQ5qUCOeq/81e1rliVcIZPU2k7gpxhOqEHBJJ+WupnlKWUjOuAdRxV1S8LJ/NwpOXNKn8TauFJI5urviQlNrB0nketMKA7tsjcT//M6GcY34USoNEOu2GJRnEmCmsx+J31hOEM5doQyI9ythA2poQxdQiUXQrD88ippXlSDq2rwcFmp3eZxFOEETuEcAriGGtxDHRrAYATP8ApvXuq9eO/ex6K14OUzx/AH3ucPh+OPsw==</latexit>⌦

Quantum
Correlation
Functions
Unknown

Factorization
Theory

Quark
Polarization

Nucleon
Polarization

Confined motion - TMDsTomographic images - GPDs

Bayesian inference
Theory/Phenomenology

AI/ML, Computation Extract QCFs

SciDAC5 – QuantOm Collab.

NO quarks and gluons can be seen in isolation!
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Hadron structure and internal landscape, …

q 3D hadron structure:

Confined motion - TMDsTomographic images - GPDs

NO quarks and gluons can be seen in isolation!

q If the proton is broken, e.g., in SIDIS, … 

�⇤
` `0

Ph

P

xP, kT
Ph

z
, k0T

Confined motion

Emergence of a hadron
hadronization

Gluon shower – QCD evolution

§ Measured kT is NOT the same as kT of the confined motion!
§ Structure information vs. collision effects 

Transverse momentum 
broadening:

<latexit sha1_base64="FXdvfEd2RfKpUCmz8aeG6+BlE0s=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILqTMlKIuC+3ChYsWeoNOO2TStA3NTIbkjFCGvoQbX8WNC0XcCu58G9PLQlt/CHz855wk5/cjwTXY9reV2tjc2t5J72b29g8Oj7LHJ00tY0VZg0ohVdsnmgkesgZwEKwdKUYCX7CWPy7P6q0HpjSXYR0mEesGZBjyAacEjOVlr9wKE0Dw2Kv3Ci52IyUjkAbuzR194iWuCnCtXJn2CpmMl83ZeXsuvA7OEnJoqaqX/XL7ksYBC4EKonXHsSPoJkQBp4JNM26sWUTomAxZx2BIAqa7yXyrKb4wTh8PpDInBDx3f08kJNB6EvimMyAw0qu1mflfrRPD4Lab8DCKgYV08dAgFhgknkWE+1wxCmJigFDFzV8xHRFFKJggZyE4qyuvQ7OQd67zxVoxVyos40ijM3SOLpGDblAJ3aEqaiCKHtEzekVv1pP1Yr1bH4vWlLWcOUV/ZH3+ALBYnTM=</latexit>

�k2T / ⇤2
QCD

<latexit sha1_base64="OT4Y96I7XkS6TduRFABsXxBNT4Q=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahgpSkFHVZKYjLCvYBTQiT6aQdOpmEmYlQQjdu/BU3LhRx6z+482+ctFlo64ELh3Pu5d57/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uJn53QciJI34vZrExA3RkNOAYqS05JnHjqIhkQ50EItHyJOw0vRuzmHTuz4reWbZqlozwGVi56QMcrQ888sZRDgJCVeYISn7thUrN0VCUczItOQkksQIj9GQ9DXlSK9209kXU3iqlQEMIqGLKzhTf0+kKJRyEvq6M0RqJBe9TPzP6ycquHJTyuNEEY7ni4KEQRXBLBI4oIJgxSaaICyovhXiERIIKx1cFoK9+PIy6dSq9kW1flcvN2p5HEVwBE5ABdjgEjTALWiBNsDgETyDV/BmPBkvxrvxMW8tGPnMIfgD4/MHWaWWfA==</latexit>

⇥ ↵s(CF , CA)
<latexit sha1_base64="ktSM4gMneWinJYeJ/Znuhi6AP5o=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKVpSRRBYyVysDA0Er0ITVp5DhOa9V5yHaQqqh/wMKvsDCAECsrG3+D03aAwpEsHZ1zj3zv8RJGhTSML62wsrq2vlHcLG1t7+zu6fsHHRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1xo3c794TLmgc3clJQpwQDSMaUIykklz91JY0JMKGNouHldbAOrdvVdpHbmbzELYa19OBdVZy9bJRNWaAf4m5IGWwQNPVP20/xmlIIokZEqJvGol0MsQlxYxMS3YqSILwGA1JX9EIqSWcbHbPFJ4oxYdBzNWLJJypPxMZCoWYhJ6aDJEciWUvF//z+qkMrpyMRkkqSYTnHwUpgzKGeTnQp5xgySaKIMyp2hXiEeIIS1VhXoK5fPJf0rGq5kW11qqV69aijiI4AsegAkxwCergBjRBG2DwAJ7AC3jVHrVn7U17n48WtEXmEPyC9vENSH6a2g==</latexit>

⇥ log(Q2/⇤2
QCD)

<latexit sha1_base64="o1BhcTkjDkH/RXheQMfcDL5OMDw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3dSkFHVZcOOyBfuAJpbJdNIOncyEmYlQQ/FX3LhQxK3/4c6/cdJmodUDFw7n3Mu99wQxo0o7zpdVWFldW98obpa2tnd29+z9g44SicSkjQUTshcgRRjlpK2pZqQXS4KigJFuMLnO/O49kYoKfqunMfEjNOI0pBhpIw3sI0/TiCgPekyMKuq8dVc7Kw3sslN15oB/iZuTMsjRHNif3lDgJCJcY4aU6rtOrP0USU0xI7OSlygSIzxBI9I3lCOz0k/n18/gqVGGMBTSFNdwrv6cSFGk1DQKTGeE9Fgte5n4n9dPdHjlp5THiSYcLxaFCYNawCwKOKSSYM2mhiAsqbkV4jGSCGsTWBaCu/zyX9KpVd2Lar1VLzdqeRxFcAxOQAW44BI0wA1ogjbA4AE8gRfwaj1az9ab9b5oLVj5zCH4BevjG3a1k+I=</latexit>

⇥ log(s/Q2)

<latexit sha1_base64="ElrEYPTg0P/fIAksNH6qiZXeKTA=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut4MVjBfshbSib7bZdupuE3Y1QQn+FFw+KePXnePPfuGkrqOiDgcd7M8zMCxPOlHacD6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdkOsKGcRbWmmOe0mkmIRctoJp1e537mnUrE4utWzhAYCjyM2YgRrI931x9p4ArmDcsWxL+tVz68ix3acmuu5OfFq/oWPXKPkqMAKzUH5vT+MSSpopAnHSvVcJ9FBhqVmhNN5qZ8qmmAyxWPaMzTCgqogWxw8R2dGGaJRLE1FGi3U7xMZFkrNRGg6BdYT9dvLxb+8XqpH9SBjUZJqGpHlolHKkY5R/j0aMkmJ5jNDMJHM3IrIBEtMtMmoZEL4+hT9T9qe7VZt/8avNLxVHEU4gVM4Bxdq0IBraEILCAh4gCd4tqT1aL1Yr8vWgrWaOYYfsN4+AbZokFI=</latexit>& 1

Structure information is diluted 
by the collision induced shower!
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Transverse momentum dependent PDFs (TMDs)

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏µ⌫T bµs⌫Mf?1 (x, b)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

b? ⇠ 1

k?<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum

q Quark TMDs with polarization:

<latexit sha1_base64="WMs6UM7zPVhI1yUGG4tXTmxsn84="></latexit>
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q Polarized SIDIS: 
<latexit sha1_base64="ctUOj+gL0djBoHwQEhUukEl6wsA=">AAACEHicbVBLSwMxGMzWV62vVY9egkW6pVJ2i6jHghdPsoJ9QHdZsmm2Dc0+SLJKWfoTvPhXvHhQxKtHb/4b03YP2joQMsx8H8mMnzAqpGl+a4WV1bX1jeJmaWt7Z3dP3z9oizjlmLRwzGLe9ZEgjEakJalkpJtwgkKfkY4/upr6nXvCBY2jOzlOiBuiQUQDipFUkqdXiMGqtRvDPnXSBHEeP1ShI2Oo5EoV1oaG7Q3V3fX0slk3Z4DLxMpJGeSwPf3L6cc4DUkkMUNC9CwzkW6GuKSYkUnJSQVJEB6hAekpGqGQCDebBZrAE6X0YRBzdSIJZ+rvjQyFQoxDX02GSA7FojcV//N6qQwu3YxGSSpJhOcPBSmDKvG0HdinnGDJxoogzKn6K8RDxBGWqsOSKsFajLxM2o26dV43b8/KzUZeRxEcgWNgAAtcgCa4BjZoAQwewTN4BW/ak/aivWsf89GClu8cgj/QPn8APciZgA==</latexit>

e(l) +N(P, ") ! e(l0) + h(Ph) +X

Two planes
Leptonic plane
Hadronic plane

In photon-hadron frame:

Single Transverse-Spin
Asymmetry

Angular modulation provides the best 
way to separate TMDs

See talk by Z.B. Kang
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Transverse momentum dependent PDFs (TMDs)

q QCD factorization – Works for many observables at JLab, RHIC, EIC, …: See talk by Z.B. Kang
M. Constantinou, &
I. Stewart @ Theory

Pre-townhall
Unlike PDFs, TMD evolution is not purely perturbative!

§ SCET or PQCD for perturbative evolution

§ Lattice QCD for non-perturbative evolution:

§ Phenomenology – Global fitting Topical Collaboration!
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Collision with a large momentum transfer induces strong QED radiation

q “Probe” for the hadron is smeared by the induced QED radiation: 

y =
2P · q
2P · l

<latexit sha1_base64="5yvoUIHemJM9fWPqkUAKFEaHOAM=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVyUpBXUhFNy4rGAv0IQymUzaoZOZODMRQujKja/ixoUibn0Gd76N0zaItv4w8PGfczhz/iBhVGnH+bKWlldW19ZLG+XNre2dXXtvv61EKjFpYcGE7AZIEUY5aWmqGekmkqA4YKQTjK4m9c49kYoKfquzhPgxGnAaUYy0sfr2UXbpRRLhvNb0cCg0vBv/IBv37YpTdaaCi+AWUAGFmn370wsFTmPCNWZIqZ7rJNrPkdQUMzIue6kiCcIjNCA9gxzFRPn59IwxPDFOCCMhzeMaTt3fEzmKlcriwHTGSA/VfG1i/lfrpTo693PKk1QTjmeLopRBLeAkExhSSbBmmQGEJTV/hXiITCraJFc2IbjzJy9Cu1Z169WLm3qlUSviKIFDcAxOgQvOQANcgyZoAQwewBN4Aa/Wo/VsvVnvs9Ylq5g5AH9kfXwDqHmYlA==</latexit>

xB =
Q2

2P · q

<latexit sha1_base64="3FBSlDKLX8p/rMKDbPAM5OMhJ9Q=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUJBXUhFN24bME+oIlhMpm0QycPZyZiCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPlzAqpGF8a6Wl5ZXVtfJ6ZWNza3tH393riDjlmLRxzGLe85AgjEakLalkpJdwgkKPka43upr43XvCBY2jGzlOiBOiQUQDipFUkqsfPLiXF3bAEc5at1aeWU0b+7GEd7mrV42aMQVcJGZBqqBA09W/bD/GaUgiiRkSom8aiXQyxCXFjOQVOxUkQXiEBqSvaIRCIpxs+kIOj5XiwyDmqiIJp+rviQyFQoxDT3WGSA7FvDcR//P6qQzOnIxGSSpJhGeLgpRBGcNJHtCnnGDJxoogzKm6FeIhUnlIlVpFhWDOv7xIOlbNrNfOW/VqwyriKINDcAROgAlOQQNcgyZoAwwewTN4BW/ak/aivWsfs9aSVszsgz/QPn8Ah2qW2Q==</latexit>

Q2 = xB y S

<latexit sha1_base64="QuV/ZFoKR58mwXSXX/EdYK39HoE=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwIGE3BNSDEPTiMUHzgGRdZiezyZDZBzOzaljzKV48KOLVL/Hm3zhJ9qCJBQ1FVTfdXV7MmVSW9W0sLa+srq3nNvKbW9s7u2ZhrymjRBDaIBGPRNvDknIW0oZiitN2LCgOPE5b3vBq4rfuqZAsCm/VKKZOgPsh8xnBSkuuWajfldEFenQvuydopOvGNYtWyZoCLRI7I0XIUHPNr24vIklAQ0U4lrJjW7FyUiwUI5yO891E0hiTIe7TjqYhDqh00unpY3SklR7yI6ErVGiq/p5IcSDlKPB0Z4DVQM57E/E/r5Mo/8xJWRgnioZktshPOFIRmuSAekxQovhIE0wE07ciMsACE6XTyusQ7PmXF0mzXLIrpfN6pVi1sjhycACHcAw2nEIVrqEGDSDwAM/wCm/Gk/FivBsfs9YlI5vZhz8wPn8ACjGR4g==</latexit>

Instead of a straight line – linear correlation, 
the kinematic variables, y, Q2 , xB, from the leptons are smeared so much
to make them different from what the scattered “quark” experienced! 

XL

<latexit sha1_base64="GENFoHQkKP+yBXiK+jUwQxkgjdU=">AAACAnicbVDNS8MwHE3n15xfVU/iJTgET6MdQz0OvHic4D5gLSXN0i0sSbskFUYZXvxXvHhQxKt/hTf/G9OtB918kPB47/cjeS9MGFXacb6t0tr6xuZWebuys7u3f2AfHnVUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcc3ud99IFLRWNzraUJ8joaCRhQjbaTAPpkEHk+hBz0d5/cI6Wwyy7XArjo1Zw64StyCVEGBVmB/eYMYp5wIjRlSqu86ifYzJDXFjMwqXqpIgvAYDUnfUIE4UX42jzCD50YZwCiW5ggN5+rvjQxxpaY8NJMc6ZFa9nLxP6+f6ujaz6hIUk0EXjwUpQyauHkfcEAlwZpNDUFYUvNXiEdIIqxNaxVTgrsceZV06jX3sta4a1Sb9aKOMjgFZ+ACuOAKNMEtaIE2wOARPINX8GY9WS/Wu/WxGC1Zxc4x+APr8wdjTZbC</latexit>

qµ ! q̂µ
<latexit sha1_base64="+9alU8OQkh0uINfQUKJEkYdc3Xs=">AAACFnicbZBNS8MwGMdTX+d8q3r0EhyCl412DPUiDLx43MC9wFpHmqZbWJp2SaqMsk/hxa/ixYMiXsWb38Z060E3H0jy4/9/QvL8vZhRqSzr21hZXVvf2CxsFbd3dvf2zYPDtowSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80XXmd+6JkDTit2oSEzdEA04DipHSUt8sN++q8AqWx/pwoKOibH+gPhkilTanmVl2Mh5n3DdLVsWaFVwGO4cSyKvRN78cP8JJSLjCDEnZs61YuSkSimJGpkUnkSRGeIQGpKeRo5BIN52NNYWnWvFhEAm9uIIz9feNFIVSTkJPd4ZIDeWil4n/eb1EBZduSnmcKMLx/KEgYVBPn2UEfSoIVmyiAWFB9V8hHiKBsNJJFnUI9uLIy9CuVuzzSq1ZK9WreRwFcAxOwBmwwQWogxvQAC2AwSN4Bq/gzXgyXox342PeumLkd47AnzI+fwDzVpzA</latexit>

Q2 = �q2 ! bQ2 = �q̂2
<latexit sha1_base64="d2RhEnm7Pbv7im8L5bXEIQMYn4s="></latexit>

xB =
Q2

2P · q ! x̂B =
bQ2

2P · q̂

See Xiaoxuan Chu
@2nd EIC YR workshop

Ill-defined “photon-hadron” frame?!
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Inclusive lepton-hadron deep inelastic scattering (DIS)

§ No DIS “Structure Functions”!
Concept of one-photon exchange

§ QED & QCD contribution are  
factorized at the same scale:  µ

<latexit sha1_base64="/LsU6zmnVizzJwlX9Y+J/fXHV4k=">AAACBnicbVDLSsNAFJ34rPEVdSnCYBFbKCUpRV0W3bhsoS9oYphMJ+3QyYOZiRhKV278FTcuFHHrN7jzb5y2WWjrgYHDOfdy5xwvZlRI0/zWVlbX1jc2c1v69s7u3r5xcNgWUcIxaeGIRbzrIUEYDUlLUslIN+YEBR4jHW90M/U794QLGoVNmcbECdAgpD7FSCrJNU4KD+51CTbuKkVbt2UEbb2QlmzC2LnbLLpG3iybM8BlYmUkDzLUXePL7kc4CUgoMUNC9Cwzls4YcUkxIxPdTgSJER6hAekpGqKACGc8izGBZ0rpQz/i6oUSztTfG2MUCJEGnpoMkByKRW8q/uf1EulfOWMaxokkIZ4f8hMGVdxpJ7BPOcGSpYogzKn6K8RDxBGWqjldlWAtRl4m7UrZuihXG9V8rZLVkQPH4BQUgAUuQQ3cgjpoAQwewTN4BW/ak/aivWsf89EVLds5An+gff4AhTCV8Q==</latexit>

(xB , Q
2) ! (y, `0T )

§ Corrections suppressed by power 
<latexit sha1_base64="EDXMfT47UR0G3bd6kKo7X3h0qyI=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotYNzUpRV0W3Lis0Bc0MdxMJ+3QyYOZiVhCf8WNC0Xc+iPu/BunbRZaPXDhcM693HuPn3AmlWV9GYW19Y3NreJ2aWd3b//APCx3ZZwKQjsk5rHo+yApZxHtKKY47SeCQuhz2vMnN3O/90CFZHHUVtOEuiGMIhYwAkpLnlmu2hcO5fzMa5/fO8CTMXhmxapZC+C/xM5JBeVoeeanM4xJGtJIEQ5SDmwrUW4GQjHC6azkpJImQCYwogNNIwipdLPF7TN8qpUhDmKhK1J4of6cyCCUchr6ujMENZar3lz8zxukKrh2MxYlqaIRWS4KUo5VjOdB4CETlCg+1QSIYPpWTMYggCgdV0mHYK++/Jd06zX7sta4a1Sa9TyOIjpGJ6iKbHSFmugWtVAHEfSIntALejVmxrPxZrwvWwtGPnOEfsH4+AY2A5M8</latexit>

(1/`0T )
↵

q Inclusive production of single high pT lepton in lepton-hadron collision:

X

<latexit sha1_base64="E/FyVENwGYI/8ue/djPIcsqt61U=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2FZoQ9lsJ+3S3STsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IBFcG9f9dkobm1vbO+Xdyt7+weFR9fikq+NUMeywWMTqMaAaBY+wY7gR+JgopDIQ2Aumt7nfe0KleRw9mFmCvqTjiIecUZNLAxRiWK25dXcBsk68gtSgQHtY/RqMYpZKjAwTVOu+5ybGz6gynAmcVwapxoSyKR1j39KIStR+trh1Ti6sMiJhrGxFhizU3xMZlVrPZGA7JTUTverl4n9ePzXhjZ/xKEkNRmy5KEwFMTHJHycjrpAZMbOEMsXtrYRNqKLM2HgqNgRv9eV10m3Uvat6875ZazWKOMpwBudwCR5cQwvuoA0dYDCBZ3iFN0c6L86787FsLTnFzCn8gfP5AwuEjjQ=</latexit>

`
<latexit sha1_base64="Df89xS43Tn3h7XbDJ+MaR2xr9hc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lKUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk91CIy3654lbdBcg68XJSgRzNfvmrN0hYFqM0TFCtu56bmmBKleFM4KzUyzSmlI3pELuWShqjDqaLY2fkwioDEiXKljRkof6emNJY60kc2s6YmpFe9ebif143M9FtMOUyzQxKtlwUZYKYhMw/JwOukBkxsYQyxe2thI2ooszYfEo2BG/15XXSqlW962r9oV5p1PI4inAG53AFHtxAA+6hCT4w4PAMr/DmSOfFeXc+lq0FJ585hT9wPn8AbSOOZQ==</latexit>

`0

<latexit sha1_base64="r41XBfUifQFIOJ+al8ATxLHPfJI=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1XqrXmnU8jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGnt4zN</latexit>

P

<latexit sha1_base64="PBQT/1eO2FEkeoKOZ9nO7PFbXGk="></latexit>

d�`(�`)P (S)!`0X =
1

2s

��M`(�`)P (S)!`0X

��2 dPS

<latexit sha1_base64="MMcPDpAsLcknAJb6SbNXpt5sPcQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVssZSZUtRlwY0rqWgf0BlKJr1tQzMPkoxQSv/Cjb/ixoUibnXn35hpZ6GtFwIn50FyjxdxJpVlfRuZldW19Y3sZm5re2d3z9w/aMowFhQaNOShaHtEAmcBNBRTHNqRAOJ7HFre6CrRWw8gJAuDezWOwPXJIGB9RonSVNcsQ8EBzksO15ke6SaXIj7DN4V66a6IHRXiueM0YdtdM2+VrdngZWCnII/SqXfNL6cX0tiHQFFOpOzYVqTcCRGKUQ7TnBNLiAgdkQF0NAyID9KdzPaa4hPN9HA/FPoECs/Y34kJ8aUc+552+kQN5aKWkP9pnVj1L90JC6JYQUDnD/VjjvW2SUm4xwRQxccaECqY/iumQyIIVbrKnC7BXlx5GTQrZfu8XL2t5muVtI4sOkLHqIBsdIFq6BrVUQNR9Iie0St6M56MF+Pd+JhbM0aaOUR/xvj8AVVknDE=</latexit>

e(`,�`) +N(P, S) ! e(`0) +X

<latexit sha1_base64="QfZjvutehbXxYJ06buqBhiHVVpU="></latexit>

⇡ 1

2s

X

ija

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠

⇠
De/j(⇣, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="5cOhKOAGe6EWHwZew8aNSCDH1XI="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!jX(⇠`, xP, `/⇣, µ2) + · · ·

<latexit sha1_base64="LugjzFrbEmyOTFm4cZY90RsXgr0=">AAACGXicbVDNS8MwHE3n15xfVY9egkPmabRzqMeBCB4nuA9Y60jTdAtL05Kkwij9N7z4r3jxoIhHPfnfmG496OaDwMt7vx/Je17MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM9b3KV+70HIiSN+J2axsQN0YjTgGKktDQ0reuaEwiEUx86ko5CNEwdwhhsOyqCOavBfpal/v3Z/JYNzapVt2aAy8QuSBUUaA/NT8ePcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNOUoJNJNZ8kyeKIVHwaR0IcrOFN/b6QolHIaenoyRGosF71c/M8bJCq4dFPK40QRjucPBQmDOnVeE/SpIFixqSYIC6r/CvEY6aKULrOiS7AXIy+TbqNun9ebt81qq1HUUQZH4BicAhtcgBa4AW3QARg8gmfwCt6MJ+PFeDc+5qMlo9g5BH9gfP0A7D+flQ==</latexit>

E0 d�`P!`0X

d3`0

p

X

l

l'

k'
k P

(a) `0

<latexit sha1_base64="0B0IRRB/ghN1DMjP0Vh+EJfKSPg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LXnqsYNpCW8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzgkRwbVz3w8mtrW9sbuW3Czu7e/sHxcOjlo5TxdBnsYhVJ6AaBZfoG24EdhKFNAoEtoPJzcJv36PSPJZ3ZppgP6IjyUPOqLGS30MhzgfFklt2lyDfyFWtWvM84mVKCTI0B8X33jBmaYTSMEG17npuYvozqgxnAueFXqoxoWxCR9i1VNIIdX+2PHZOzqwyJGGsbElDlur3iRmNtJ5Gge2MqBnr395C/Mvrpia87s+4TFKDkq0WhakgJiaLz8mQK2RGTC2hTHF7K2FjqigzNp+CDeHrU/I/aV2WvUq5elsp1RtZHHk4gVO4AA9qUIcGNMEHBhwe4AmeHek8Oi/O66o152Qzx/ADztsnmaCOlQ==</latexit>

`

<latexit sha1_base64="9je2xQ8JB3qTX3Ab2YUvtSw82Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqexKaz0WvPRYwX5Au5RsOtuGJtklyQpl6V/w4kERr/4hb/4bs+0KVfTBwOO9GWbmBTFn2rjup1PY2Nza3inulvb2Dw6PyscnXR0likKHRjxS/YBo4ExCxzDDoR8rICLg0Atmt5nfewClWSTvzTwGX5CJZCGjxGTSEDgflStu1V0Cr5HrRr3hedjLlQrK0R6VP4bjiCYCpKGcaD3w3Nj4KVGGUQ6L0jDREBM6IxMYWCqJAO2ny1sX+MIqYxxGypY0eKmuT6REaD0Xge0UxEz1by8T//IGiQlv/JTJODEg6WpRmHBsIpw9jsdMATV8bgmhitlbMZ0SRaix8ZRsCN+f4v9J96rq1ar1u1ql2crjKKIzdI4ukYcaqIlaqI06iKIpekTP6MURzpPz6rytWgtOPnOKfsB5/wI4AY5k</latexit>

k

<latexit sha1_base64="Ycm69Y7AeLkudSZJpVakGRB0XNk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKYjwGRPCYgHlAsoTZSW8yZvbBzKwQlnyBFw+KePWTvPk3TpIVomhBQ1HVTXeXFwuutG1/Wrm19Y3Nrfx2YWd3b/+geHjUVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9dzvPKBUPArv9DRGN6CjkPucUW2k5mRQLNllewGyQi5r1ZrjECdTSpChMSh+9IcRSwIMNRNUqZ5jx9pNqdScCZwV+onCmLIJHWHP0JAGqNx0ceiMnBllSPxImgo1WairEykNlJoGnukMqB6r395c/MvrJdq/clMexonGkC0X+YkgOiLzr8mQS2RaTA2hTHJzK2FjKinTJpuCCeH7U/I/aV+UnUq52qyU6jdZHHk4gVM4BwdqUIdbaEALGCA8wjO8WPfWk/VqvS1bc1Y2cww/YL1/Afw5jRU=</latexit>

k0

<latexit sha1_base64="g/ilXVCKEVZqN18NU/+0qKPcqjU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LInisYj+gDWWz3bRLNpuwuxFK6D/w4kERr/4jb/4bN22EKvpg4PHeDDPzvJgzpW370yqsrK6tbxQ3S1vbO7t75f2DjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa94Crzuw9UKhaJez2NqRvisWA+I1gb6S44HZYrdtWeAy2Ri0a94TjIyZUK5GgNyx+DUUSSkApNOFaq79ixdlMsNSOczkqDRNEYkwCPad9QgUOq3HR+6QydGGWE/EiaEhrN1eWJFIdKTUPPdIZYT9RvLxP/8vqJ9i/dlIk40VSQxSI/4UhHKHsbjZikRPOpIZhIZm5FZIIlJtqEUzIhfH+K/ied86pTq9Zva5XmdR5HEY7gGM7AgQY04QZa0AYCPjzCM7xYgfVkvVpvi9aClc8cwg9Y719cs41G</latexit>

P
p

<latexit sha1_base64="FcpH2/9XV/2yZWAlUPaC3zhOK7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzaRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f3ZiM/w==</latexit>

Collinear QED & QCD
factorization

<latexit sha1_base64="eGYCRRQFg1hjku7zGzjEbBYITz0=">AAACH3icbZDLSgNBEEV7fBtfUZduGoOgEOJMEHUpuHEZwWggE0NNp2Jaex5016hxyJ+48VfcuFBE3Pk39sQsfF1oONyqorpukChpyHU/nLHxicmp6ZnZwtz8wuJScXnl1MSpFlgXsYp1IwCDSkZYJ0kKG4lGCAOFZ8HVYV4/u0ZtZBydUD/BVggXkexKAWStdnHXv5Ed7AFlR4N2JsGnmF82Bpv+reQ+KlW+5bVyDtv+HRKU/TA9r24V2sWSW3GH4n/BG0GJjVRrF9/9TizSECMSCoxpem5CrQw0SaFwUPBTgwmIK7jApsUIQjStbHjfgG9Yp8O7sbYvIj50v09kEBrTDwPbGQL1zO9abv5Xa6bU3W9lMkpSwkh8LeqmitsQ8rB4R2oUpPoWQGhp/8pFDzQIspHmIXi/T/4Lp9WKt1vZOd4pHVRHccywNbbONpnH9tgBO2I1VmeC3bNH9sxenAfnyXl13r5ax5zRzCr7IefjE303oec=</latexit>

bHia!jX(⇠`, xP, `/⇣, µ2)Short-distance hard coefficients:
<latexit sha1_base64="AikFNz9F6k5D1mDrQlvOINXukbY="></latexit>

⇡ bH(m,n)
ia!jX(⇠`, xP, `/⇣, µ2)

<latexit sha1_base64="fpgYixjHLNn1Tqg5j8GhNpvcbnE=">AAACD3icbVC7TgJBFJ3FF+ILtbSZSDTYkF1C1JLExk5M5JGwC7k7DDBhdnYyM2skG/7Axl+xsdAYW1s7/8YFtlDwJDf35Jx7M3OPLznTxra/rczK6tr6RnYzt7W9s7uX3z9o6DBShNZJyEPV8kFTzgStG2Y4bUlFIfA5bfqjq6nfvKdKs1DcmbGkXgADwfqMgEmkbv7UBSlV+IBzsUuA45tJ0QUuh9AJ5r2rO+Is180X7JI9A14mTkoKKEWtm/9yeyGJAioM4aB127Gl8WJQhhFOJzk30lQCGcGAthMqIKDai2f3TPBJovRwP1RJCYNn6u+NGAKtx4GfTAZghnrRm4r/ee3I9C+9mAkZGSrI/KF+xLEJ8TQc3GOKEsPHCQGiWPJXTIaggJgkwmkIzuLJy6RRLjnnpcptpVAtp3Fk0RE6RkXkoAtURdeohuqIoEf0jF7Rm/VkvVjv1sd8NGOlO4foD6zPH6Ocm7s=</latexit>

⇡ O(↵m↵n
s )

<latexit sha1_base64="HY4QOEihvqI60PeMR5hH8faLyrM=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQWpSirosuHFZwT6giWEynbRDZyZhZiItob/ixoUibv0Rd/6N0zYLrR64cDjnXu69J0wYVdpxvqzC2vrG5lZxu7Szu7d/YB+WOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG45u5330kUtFY3OtpQnyOhoJGFCNtpMAuR0FGL8is6k3oucfTh/pZYFecmrMA/EvcnFRAjlZgf3qDGKecCI0ZUqrvOon2MyQ1xYzMSl6qSILwGA1J31CBOFF+trh9Bk+NMoBRLE0JDRfqz4kMcaWmPDSdHOmRWvXm4n9eP9XRtZ9RkaSaCLxcFKUM6hjOg4ADKgnWbGoIwpKaWyEeIYmwNnGVTAju6st/Sadecy9rjbtGpVnP4yiCY3ACqsAFV6AJbkELtAEGE/AEXsCrNbOerTfrfdlasPKZI/AL1sc3z+CTmg==</latexit>

fi/e(⇠, µ
2)Lepton distribution functions (LDFs):

<latexit sha1_base64="rPZNIEHXiDN2b4jW8tuEsR4ojlg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgtSkFHVZ0IXLCvYBTQyT6U07dvJgZiK0ofgrblwo4tb/cOffOG2z0NYDFw7n3Mu993gxo0Ka5reWW1peWV3Lrxc2Nre2d/TdvaaIEk6gQSIW8baHBTAaQkNSyaAdc8CBx6DlDa4mfusRuKBReCeHMTgB7oXUpwRLJbn6wbWbwtnDuGSPQOJTO0juKyeuXjTL5hTGIrEyUkQZ6q7+ZXcjkgQQSsKwEB3LjKWTYi4pYTAu2ImAGJMB7kFH0RAHIJx0ev3YOFZK1/AjriqUxlT9PZHiQIhh4KnOAMu+mPcm4n9eJ5H+pZPSME4khGS2yE+YISNjEoXRpRyIZENFMOFU3WqQPuaYSBVYQYVgzb+8SJqVsnVert5Wi7VKFkceHaIjVEIWukA1dIPqqIEIGqFn9IretCftRXvXPmatOS2b2Ud/oH3+ADQHlGA=</latexit>

De/j(⇣, µ
2)Lepton fragmentation functions (LFFs):

<latexit sha1_base64="vdTAWdQDmSH1YoEprnj3sJFJGb0=">AAACD3icbZC7SgNBFIZnvRtvUUubwaBYLMtuELURBBtLBXOBZAlnJydxdGZ3nZkVwpI3sPFVbCwUsbW1822cJFt4+2Hg4z/ncOb8USq4Nr7/6UxNz8zOzS8slpaWV1bXyusbdZ1kimGNJSJRzQg0Ch5jzXAjsJkqBBkJbEQ3p6N64w6V5kl8aQYphhL6Me9xBsZanfIu967pMUW33QcpwW1HoHIcutTzPJfeurQ/xk654nv+WPQvBAVUSKHzTvmj3U1YJjE2TIDWrcBPTZiDMpwJHJbamcYU2A30sWUxBok6zMf3DOmOdbq0lyj7YkPH7veJHKTWAxnZTgnmSv+ujcz/aq3M9I7CnMdpZjBmk0W9TFCT0FE4tMsVMiMGFoApbv9K2RUoYMZGWLIhBL9P/gv1qhccePsX+5WTahHHAtki22SPBOSQnJAzck5qhJF78kieyYvz4Dw5r87bpHXKKWY2yQ8571/7LJjE</latexit>

i.j = e, �, ē, ..., q, g, ...

<latexit sha1_base64="ouQPw4EQq8NYEZ0tuwEizJKn++E=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQQepMKeqy4MaVVLAPaMeSSTNtMMkMSUYtYz/FjQtF3Pol7vwbM+0stPXAhcM593LvPX7EqNKO823llpZXVtfy64WNza3tHbu421JhLDFp4pCFsuMjRRgVpKmpZqQTSYK4z0jbv7tI/fY9kYqG4kaPI+JxNBQ0oBhpI/XtYtBP0MnVpPx43OPxbfWo0LdLTsWZAi4SNyMlkKHRt796gxDHnAiNGVKq6zqR9hIkNcWMTAq9WJEI4Ts0JF1DBeJEecn09Ak8NMoABqE0JTScqr8nEsSVGnPfdHKkR2reS8X/vG6sg3MvoSKKNRF4tiiIGdQhTHOAAyoJ1mxsCMKSmlshHiGJsDZppSG48y8vkla14p5Wate1Ur2axZEH++AAlIELzkAdXIIGaAIMHsAzeAVv1pP1Yr1bH7PWnJXN7IE/sD5/AFgHkrY=</latexit>

fa/N (x, µ2)Parton distribution functions (PDFs):
<latexit sha1_base64="J4+DkPUL3AB/zyqI2IIyd4xspjg=">AAACEXicbZC7SgNBFIZnvcZ4i1raDAbBYll2JaiNINhYRjAXSJZwdnI2Ds7srjOzQljyCja+io2FIrZ2dr6Nk0vh7YeBn++cw5nzR5ng2vj+pzM3v7C4tFxaKa+urW9sVra2mzrNFcMGS0Wq2hFoFDzBhuFGYDtTCDIS2Ipuzsf11h0qzdPkygwzDCUMEh5zBsaiXuUA6Cm9dQduNwJV3I5cim53AFKCSycILfI8j/YqVd/zJ6J/TTAzVTJTvVf56PZTlktMDBOgdSfwMxMWoAxnAkflbq4xA3YDA+xYm4BEHRaTi0Z035I+jVNlX2LohH6fKEBqPZSR7ZRgrvXv2hj+V+vkJj4JC55kucGETRfFuaAmpeN4aJ8rZEYMrQGmuP0rZdeggBkbYtmGEPw++a9pHnrBkVe7rFXPDmdxlMgu2SMHJCDH5IxckDppEEbuySN5Ji/Og/PkvDpv09Y5ZzazQ37Ief8CJ7aaqA==</latexit>

a = q, g, q̄, e, �, ē, ...

Photon is charge neutral 
QED factorization works 
Nayak, Qiu, Sterman, Phys.Rev.D 72 (2005) 114012

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)
q Case study – single transverse spin asymmetry: Liu, Melnitchouk, Qiu, Sato

2008.02895, 2108.13371

More works are needed for analyzing JLab/EIC data
Angular modulation needs attention!
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(x+ ξ)P+ (x− ξ)P+

(1− ξ)P+(1 + ξ)P+

How to explore internal structure of hadron without breaking it? 
q Generalized PDFs (GPDs):
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� = p� p0 Similar definition
for gluon GPDsq Nucleon Form Factors of energy-momentum tensor:

All the form factors are interesting! 

for proton spin

See talk by Y. Hatta

EM form factors→proton charge radius 

Gravitational form factors→proton mass radius 
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Quark density in 
<latexit sha1_base64="rNLFR7Go8CBviH+uInR5NPRl2CM="></latexit>

dx d2bT

M. Burkdart, PRD 2000

Unpolarized proton

Proton radii of quark and gluon spatial 
density distribution,             &        

<latexit sha1_base64="PfjgW5zvrZ3s2husd1IDe8AC938=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4MVjBfsB7VKyabaNzSZrkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfD3z249UaSbFnZnE1I/wULCQEWys1FL9h/LTeb9YcivuHGiVeBkpQYZGv/jVG0iSRFQYwrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtFTii2k/n107RmVUGKJTKljBorv6eSHGk9SQKbGeEzUgvezPxP6+bmPDKT5mIE0MFWSwKE46MRLPX0YApSgyfWIKJYvZWREZYYWJsQAUbgrf88ippVSveRaV2WyvVq1kceTiBUyiDB5dQhxtoQBMI3MMzvMKbI50X5935WLTmnGzmGP7A+fwBBbiOug==</latexit>

rq(x)
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rg(x)

3D image
How fast does 

glue density fall?
How far does glue 

density spread?

§ Should             >            , or 

vice versa?   

§ Could             saturates as 

§ How do they compare with 

known radius (EM charge 

radius, mass radius, … )?

§ Tomographic images in 

slides of different x value!
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rq(x)
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x ! 0

q Impact parameter dependent parton density distribution – 3D tomography:

q(x, b?, Q) =

Z
d
2�?e

�i�?·b?Hq(x, ⇠ = 0, t = ��2
?, Q)

Hadron structure and internal landscape, …
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It is difficult to extract the !-dependence of GPDs –Why?

x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

DVCS

q “Shadow GPDs”

x+ ξ x− ξ

p p′
GPD

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

q Amplitude nature:  exclusive processes

! ∼ loop momentum

never pin down to some !
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q Sensitivity to ! comes from #(!, &; (/*)

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

C(x, ⇠;Q/µ) = CQ(Q/µ) · Cx(x, ⇠) /
1

x� ⇠ + i"
· · ·

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

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� ⇠ + i"
⌘ “F0(⇠, t)”

At LO, DVCS hard coefficient factorizes

• also true for most other processes

• !-dependence is only constrained by a “moment”

• easy to fit to the data Qiu & Yu, JHEP 08 (2022) 103
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Single-Diffractive Hard Exclusive Processes (SDHEP)

q Two-stage diffractive             hard exclusive processes:<latexit sha1_base64="13Lm00+64hTxk7Luc6adPu2iolA=">AAAB7XicbVBNTwIxFHzFL8Qv1KOXRmLiiewiUY8kXjxiIkgCG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0oOEmTycx76ZsJE8GN9bxvVFhb39jcKm6Xdnb39g/Kh0dto1JNWYsqoXQnJIYJLlnLcitYJ9GMxKFgD+H4ZuY/PDFtuJL3dpKwICZDySNOiXVSu9azCl/0yxWv6s2BV4mfkwrkaPbLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpd2TFs/V3xsZiY2ZxKGbjIkdmWVvJv7ndVMbXQcZl0lqmaSLj6JUYBdxFh0PuGbUiokjhGrubsV0RDSh1hVUciX4y5FXSbtW9S+r9bt6pVHL6yjCCZzCOfhwBQ24hSa0gMIjPMMrvCGFXtA7+liMFlC+cwx/gD5/AJkAjnM=</latexit>

2 ! 3

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

Bethe-Heitler-type

EM form factor

To be factorized into GPD
Energy ≫ virtuality

≥ # parton connection:
Power suppressed

Qiu & Yu, JHEP 08 (2022) 103
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More Opportunities with SDHEP, …

q DDVCS is sensitive to the x-dependence of GPDs – Needs luminosity!

q More opportunities:

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

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

<latexit sha1_base64="kSQ8itR/AxgJg4JVmcUvg0nWHtY="></latexit>
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Transverse momentum flow from the final-state lepton and the 
virtual photon is sensitive to the virtuality of the dilepton

Direct sensitive to external variable,        , directly sensitive to qT
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Experimental challenge to distinguish the scattered lepton !

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

Qiu & Yu, JHEP 08 (2022) 103
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What does a nucleus look like if we only see quarks and gluons ?

“A” “B”

qDoes the colored glue of nucleon “A” 
know the color of a gluon in nucleon “B”? 

IF NOT, Observed nuclear effect in 
cross-section is a coherent collision effect EIC can tell !

IF YES, Nucleus could act like a bigger proton at small-
x, and could reaching the saturation much sooner!

q Landscape of the strong interaction

Gluon Saturation
BF

KL

DGLAP

Unitarization boundary

N !"
~ 1

Bo
os

t

Resolution

§ Hard probe at small-x is NOT localized 
in the longitudinal direction!

§ The probe can interact with gluons from different Nuclson
coherently – collision effect to the cross section

§ If gluons from “A” coherently interact with gluons from “B”, 
nucleus could be viewed as “bigger” nucleon at small x!
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Impact of saturation physics?
q From LO+LLx to NLO+NLLx: Saturation phenomenology
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Summary and Outlook

Thanks!

q We have the right Theory – QCD, but, unprecedented challenges
Trying to understand the emergent phenomena of QCD without being to see quarks and gluons

q We have some Tools, but, need more: Computing, SciDAC, AI/ML. Topical Collaboration, …
We made a lot Theory Advances since the 2015 LRP, we need more DATA from JLab/RHIC to get ready for the EIC! 

Resolution:
“We recommend the establishment of a national EIC theory alliance to enhance and broaden the theory 
community needed to advance EIC physics goals and the experimental program. This theory alliance will 
develop a diverse workforce through a competitive national EIC theory fellow program and tenure-track 
bridge positions, including appointments at minority serving institutions."

q To get ready for the future EIC era,
“EIC Theory in the next decade”,CFNS workshop: Sept.20-22, 2022, MIT
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Inclusive Process vs. Exclusive Process
q Deeply Inelastic Scattering (DIS):

Cross section:  Cut diagrams
<latexit sha1_base64="TZB3IAlDoMe3eYS2BlUdihYNgnw="></latexit>
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PDF f(x)
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q Deeply Virtual Compton Scattering (DVCS)
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GPD F (x, ⇠, t)
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Amplitude:  Uncut diagrams
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• GPD ∼ amplitude
• *+ = (" + .) 0+ is loop momentum
• At any order: " ∈ [−(, (]

x-dependence:  Hard to measure

<latexit sha1_base64="syeUBtJ8Mq72vEHFir9ydHi742M="></latexit>

�̂(LO)(x/xB) / �(x� xB)


