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An Overview of the Physics Goals of the Electron-Ion Collider
§ Why do we need the Electron-Ion Collider (EIC)?
• Something is still missing in the great success story of the Standard Model (SM)
            – QCD and strong force at the Fermi scale:  questions and challenges
• Why we need a lepton-hadron collider?
• What the EIC can do, but, HERA could not do?

§ Some physics questions that the EIC could help address and corresponding opportunities:
• How are hadron properties (mass, spin, size(s), …) emerged from QCD?
• How are quarks/gluons distributed/confined inside hadrons?
• How do nuclei “look” like if we only “see” quarks and gluons (origin of nuclear force)?
• How precise do we need to know QCD for discovering beyond SM (BSM), …? 

§ Realization of the EIC:
• Schedule, challenges, …

2nd Hokkaido Workshop on Particle Physics at Crossroads
Mar 3 – 6, 2026 



1

Unprecedented Success of the Standard Model (including QCD)!

FACT:  Electroweak processes + QCD perturbation theory works!
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Frontiers of QCD and Strong Interaction
q QCD at high temperature, high density, phase transition, … Global Time: 

Facilities – Relativistic heavy ion collisions: SPS, RHIC, the LHC, … 

q Understanding QCD at about zero temperature – what we are made of?

NO quarks & gluons can be seen in isolation!

Need to explore QCD & strong 
interaction physics at a Fermi scale!
Facilities – CEBAF, EIC, EICC, LHeC, …    

§ How are hadrons & their properties (mass, spin, size(s), …) emerged from quarks, gluons & their interactions?

§ How precise do we need to know QCD for discovering BSM?
§ … 

§ How are quarks and gluons confined and distributed inside hadrons (not seen in isolation)?

§ How do nuclei “look” like if we only “see” quarks and gluons?
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QCD Dynamics/Phenomena at the Fermi-Scale – Nuclear Femtography

q Need new observables with two distinctive scales:

Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

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

Q1

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

Q2

Color Confinement Asymptotic freedom

Probing
scale

Q (GeV)

200 MeV (1 fm) 2 GeV (1/10 fm)20 MeV (10 fm)

Asymptotic
regime
PQCD
works

beautifully!

QCD at the Fermi Scale:  Femto-science (0.1-10 fm)

§ The most interesting, rich, and complex regime of the theory!
§ All emergent phenomena depend on the scale at which we probe them!
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Exploring QCD & Hadron Structure Needs Lepton-Hadron Facilities

q Hadron-hadron facilities (hadrons are likely broken in the collisions):

§ Partonic structure mixed with collision effects 
§ Emergence of hadrons
§ Heavy ion beam(s) – dense medium, QGP

Also the LHC, J-PARC, …
q Lepton-hadron facilities (HERA discovery: hadron stays intact 10-15% time):

Also COMPASS/Amber & future EIC, …

§ Two-scale observables are natural
§ Imaging partonic structure without breaking it!
§ Emergence of hadrons 
§ Heavy ion target or beam

Ideal facility for partonic structure of hadron/nuclei !

q Lepton-lepton colliders (e+e- collisions):

§ No hadron to start with
§ Hadrons are produced in the collisions
§ Emergence of hadrons

Also BES III
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Lepton-Hadron Facility is Ideal for Exploring Hadron’s 3D Partonic Structure

² A “controlled hard probe” – virtual photon
² Can either break or not break the hadron 

q Two-scale observables are natural in lepton-hadron scattering 
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xB = Q2/2P.q Sensitive to momentum fraction 
of colliding quark or gluon

§ Exclusive events: e+p/A à e’+ p’/A’+ P(g,p,K,p,jet)

         Detect every things including scattered proton/nucleus
(hadron is NOT broken – tomography! – almost impossible for h-h collisions)
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P 0

<latexit sha1_base64="2Z/FlqTj+4lUgrPJlRMv11unA1Q=">AAAB+HicdVDLSgNBEJyNrxgfiXr0MhgELy6765LEW8CLxwTMA5IQZieTzZDZhzO9QlzyJV48KOLVT/Hm3zibRFDRgoaiqpvuLi8WXIFlfRi5tfWNza38dmFnd2+/WDo4bKsokZS1aCQi2fWIYoKHrAUcBOvGkpHAE6zjTa8yv3PHpOJReAOzmA0C4od8zCkBLQ1LxWbf93Ff3UpIz2FeGJbKlnlZqzhuBVumZVVtx86IU3UvXGxrJUMZrdAYlt77o4gmAQuBCqJUz7ZiGKREAqeCzQv9RLGY0CnxWU/TkARMDdLF4XN8qpURHkdSVwh4oX6fSEmg1CzwdGdAYKJ+e5n4l9dLYFwbpDyME2AhXS4aJwJDhLMU8IhLRkHMNCFUcn0rphMiCQWdVRbC16f4f9J2TLtiuk23XHdWceTRMTpBZ8hGVVRH16iBWoiiBD2gJ/Rs3BuPxovxumzNGauZI/QDxtsnXeyS4A==</latexit>

Q �
p
�t

<latexit sha1_base64="0EvOYY/XkG6EOsfjkQD6OWnv+8Q=">AAAB8nicdVDLSgNBEJz1GeMr6tHLYBDjwbC7Lkk8CAEvHlcwD9jEMDuZTYbMPpjpFULIZ3jxoIhXv8abf+NsEkFFCxqKqm66u/xEcAWm+WEsLa+srq3nNvKbW9s7u4W9/aaKU0lZg8Yilm2fKCZ4xBrAQbB2IhkJfcFa/ugq81v3TCoeR7cwTlg3JIOIB5wS0JIHlyX3zD05vbPzvULRLF/UKrZTwWbZNKuWbWXErjrnDra0kqGIFnB7hfdOP6ZpyCKggijlWWYC3QmRwKlg03wnVSwhdEQGzNM0IiFT3cns5Ck+1kofB7HUFQGeqd8nJiRUahz6ujMkMFS/vUz8y/NSCGrdCY+SFFhE54uCVGCIcfY/7nPJKIixJoRKrm/FdEgkoaBTykL4+hT/T5p22aqUnRunWLcXceTQITpCJWShKqqja+SiBqIoRg/oCT0bYDwaL8brvHXJWMwcoB8w3j4B8ROPsw==</latexit>

t = (P � P 0)2

ω

F
N(p)

N →(p →)

A→

ω(p2)di
!r
ac
ti
ve

pl
an
e

ε
εω

ϑ

scatteringplane
ϖ

ϱ
H

ẑ
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§ Inclusive events:  e+p/A à e’+X

         Detect only the scattered lepton in the detector
(Modern Rutherford experiment!)

q

X
P

(Single scale                      )
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Q � ⇤QCD

§ Semi-Inclusive events:  e+p/A à e’+h(p,K,p,jet)+X

         Detect the scattered lepton along with identified hadrons/jets
(Initial hadron is broken – cleaner than h-h collisions)

P
q

X
P

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

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

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

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

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

Basic Tech Requirements
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US-EIC – can do what HERA could not do
q Quantum imaging:

² HERA discovered: 10-15% of e-p events is diffractive – Proton not broken!

² US-EIC:  100-1000 times luminosity – Critical for 3D tomography! 

Large momentum transfer 
without breaking the proton

Need luminosity!

q Quantum interference & entanglement:
² US-EIC:  Highly polarized beams – Origin of hadron property: Spin, …          
                     Direct  access to chromo-quantum interference!

σ(Q,�s) ∝ + + + · · ·

2

p,�s k

← t ∼ 1/Q

T (3)(x, x) ∝Quantum interference�(s)� �(�s) No probability 
interpretation! 

q Nonlinear quantum dynamics:
² US-EIC:  Light-to-heavy nuclear beams – Origin of nuclear force, … 
                     Catch the transition from chromo-quantum fluctuation to chromo-condensate of gluons, …
                     Emergence of hadrons, color neutralization, …, Wave nature of quark/gluon field

– “Femtometer-detectors” with controllable size and properties – Atomic nuclei 



8

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

q A long journey, a joint effort of the full community:

… 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?

Need CD2 for full baseline design and cost for the machine!

q January 9, 2020: The U.S. DOE announced the selection of BNL as the site for the Electron-Ion Collider 

Achieved Critical Decision 1 (CD1) approval July 6, 2021:

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

… …

2018

DOE/NP approved 3A and 3B
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How does the Mass of the Nucleon arise?
q Nucleon Mass – dominates the Mass of visible world!

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

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

q Consistency check:
Bag model:

§ Minimize             : 

§ Bag energy (bag constant B): Tb =
4

3
⇡R3 B

§ Kinetic energy of three quarks: Kq ⇠ 3/R
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Mp ⇠ 4

R
⇠ 4

0.84fm
⇠ 938 MeV
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K + T

Higgs mechanism is far from enough!!!

Fig. 2.1 NAS Report

q Higgs mechanism is NOT enough – mass without mass!

Energy of Confined Motion of quarks and gluons 
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Who ordered the Hadron Mass Scale?

q Hadron mass from lattice QCD calculation:

QCD is the right theory!
How to quantify and verify this, beyond LQCD simulation (black box)?
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The Proton Mass:  Decomposition
q Role of quarks and gluons?

q Decomposition or sum rules – could be frame dependent! 

Quark Energy Gluon Energy Quark Mass

Trace Anomaly 

Relativistic motion Quantum fluctuation

Mp =
hP |

R
d3xT 00|P i
hP |P i

����
at rest

χ Symmetry Breaking 

Sum Rule is useful  iff  ALL individual terms can be measured independently!

§ Hadron mass: Gluon quantum effect  +  Chiral symmetry breaking!

§ Trace of the QCD energy-momentum tensor:

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q

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

M2
p / hP |T↵

↵ |P i

q Critical measurement:
γ* J/ψ, Υ, …

Probe parton’s 
energy distribution 
inside the proton?

Probing Trace anomaly:
γ* J/ψ, Υ, …

…

Extract the trace 
anomaly from 

exclusive J/y, U 
production at EIC2-gluon 

dominant?
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Quark Energy            : 
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hT 00
q i

Quark Mass              :  

Trace Anomaly         : 

Gluon Energy            : 
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h bT 00
q i
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h bT 00
g i

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

hxif =

Z 1

0
dx xf(x, µ2)

Parton momentum fraction:

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

�q =
hP | q(0)mq q(0)|P i

2P 0

q LQCD calculation:

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

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

Access the trace anomaly
Indirectly?

Or by experiment?

q Ji’s decomposition/interpretation – NOT unique:

The Proton Mass:  Decomposition
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How does the Spin of the Nucleon arise?

q Nucleon Spin – without it, our visible world would not be the same!
Spin is the Angular Momentum of the nucleon when it is at the Rest!

Spin  =  Spin of quarks and gluons  +  Angular Momentum from their orbital motion 
Helicity  =  Angular momentum projected onto the direction of hadron’s motion

Net effect of partons’
transverse motion?

Orbital Angular Momentum
of quarks and gluons

Little knownQuark helicity 
Best known 

⇠ 30%

Gluon helicity
Start to know

⇠ 40%(with RHIC data)

q An incomplete story:
1

2
=

1

2
�⌃+�G+ (Lq + Lg)Proton Spin

Numbers of quarks and gluons 
inside a proton depends on the 

scale at which the proton is 
probed!
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The Proton Spin:  from JLab12 to EIC

Polarized DIS
at EIC

q The power & precision of EIC:

q What an EIC could help:
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The Proton Spin:  from JLab12 to EIC
q Complementary between JLab12 and EIC – White Paper:

CLAS12

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

arXiv:2103.05419
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Exploring Hadron’s 3D Partonic Structure
q 3D hadron’s partonic structure:

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

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

Parton’s transverse motion Parton’s transverse spatial 
distributionTwo-scales observables

bT

kT
xp

f(x,kT)

∫d2bT ∫ d2kT

f(x,bT)

Transverse Momentum Dependent
Parton Distributions (TMDs)

Generalized Parton 
Distributions (GPDs)

GPDs

TMDsMotion direction
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Partonic Structure with or without Breaking the Hadron

Inclusive scattering Exclusive diffraction

p

!

!′

H

DIS

p

p′

!′

!

Electroproduction 
of a Real Photon 

(or a hadron)p

!

h

!′

H

SIDIS

�⇤
` `0

Ph

P

xP, kT
Ph

z
, k0T

Confined motion

Emergence of a hadron
hadronization

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

e+ P ! e+ h+X

Gluon shower 
 – QCD evolution

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

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

� �(p� p0)2 = �t

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

Hadron is broken
DVCS

Challenge for interpretation!
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Partonic Structure with or without Breaking the Hadron

Inclusive scattering Exclusive diffraction

p

!

!′

H

DIS

p

p′

!′

!

Electroproduction 
of a Real Photon

p

!

h

!′

H

SIDIS
Diffraction

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

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

� �(p� p0)2 = �t

DVCS

p

p′

!

!′

F H

GPD

(x+ ξ)P+ (x− ξ)P+

(1− ξ)P+(1 + ξ)P+

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

�+ = 2⇠P+

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

F q(x, ⇠, t)

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

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

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

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

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

⇠ (p� p0)2 = t

Probe at a time:
<latexit sha1_base64="at/J1FTsx1WvOt93AUK1Pcd59a4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe4GX8eAF48JmAckS5idzCZDZmbXmVkhLPkJLx4U8ervePNvnGz2oIkFDUVVN91dQcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcjf3O09UaRbJBzONqS/wSLKQEWys1O1rJpB30RyUK27VzYBWiZeTCuRoDMpf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X6a3TtDZ1YZojBStqRBmfp7IsVC66kIbKfAZqyXvbn4n9dLTHjrp0zGiaGSLBaFCUcmQvPn0ZApSgyfWoKJYvZWRMZYYWJsRCUbgrf88ipp16redfWqeVmp1/I4inACp3AOHtxAHe6hAS0gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH9iuPOg==</latexit>

⇠ 1/Q

FAC

Two-scale

GPDs
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TMDs:  Correlation between Hadron Property and Parton Flavor-Spin-Motion
q Quantum correlation between hadron spin and parton motion:

Hadron spin influences 
parton’s transverse motion

Sivers effect – Sivers function

Polarized hadron

Observed particle

q Quantum correlation between hadron spin and parton spin:

Observed particle

Polarized hadron

Hadron spin and parton spin
influence 

parton’s transverse motion

Pretzelosity – model OAM

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

Parton’s transverse polarization
influences its hadronization 

Transversity

Observed particle

Polarized hadron

Collins effect – Collins function Fig. 2.7 NAS Report
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Transverse Momentum Dependent PDFs (TMDs) – Power of SIDIS

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>

AUT =
1

P

�lN(") � �lN(#)

�lN(") + �lN(#)

!

! !

!

! !
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"#$%' &
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,/
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φ
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φ

⊥

⊥ ⊥

⊥

∝

∝ −

+

∝

⊗

− ∝ ⊗

⊗

∝

∝

q Polarized lepton-hadron 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 also TMD Handbook [2304.03302]

https://arxiv.org/abs/2304.03302
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GPDs:  Explore Internal Structure of Hadron without Breaking it? 

q Form factors: q

p'p

Elastic electric Form Factor               
            Charge distributions Proton “Radius”

in EM charge distribution

q But, there is NO elastic “color” form factor in QCD!

No Proton “Radius”
in color charge distribution!q Combine PDF and Form Factor – GPDs:

Similar definition for gluon GPDs

<latexit sha1_base64="ggG1/XuMDBpjUBebaS6BDRtbQsg="></latexit>

P+ =
p+ + p0+

2

<latexit sha1_base64="x0kTZ05SDEW8/wBi+M3td98OAHk="></latexit>

� = p� p0
<latexit sha1_base64="B4DbY2Mic1Yl9DOZqtG2+Ompu4M=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyWol6Egh48VrAfsF1LNs22odlkSWaFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XYKa+sbm1vF7dLO7t7+QfnwqG1UqilrUSWU7obEMMElawEHwbqJZiQOBeuE45uZ33li2nAlH2CSsCAmQ8kjTglYyYdr3LtlAshjrV+uuFV3DrxKvJxUUI5mv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdBVkXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSbtW9S6q9ft6pVHL4yiiE3SKzpGHLlED3aEmaiGKFHpGr+jNAefFeXc+Fq0FJ585Rn/gfP4AOyyQiA==</latexit>

t = �2

(x+ ξ)P+ (x− ξ)P+

(1− ξ)P+(1 + ξ)P+

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

�+ = 2⇠P+

q(x, b?, Q) =

Z
d
2�?e

�i�?·b?Hq(x, ⇠ = 0, t = ��2
?, Q)

§ Impact parameter dependent parton density distribution:
Quark density 
   in 

<latexit sha1_base64="rNLFR7Go8CBviH+uInR5NPRl2CM="></latexit>

dx d2bT
§ Tomographic image of hadron in slice of x:

Modeled by 
M. Burkdart, 

PRD 2000

Slice in (x,Q)

<latexit sha1_base64="AyT5UBNzM7U7K2rspTKHXegKSyM="></latexit>

hqN? i ⌘
Z

db?b
N
? q(x, b?, Q)

Proton radius?
<latexit sha1_base64="qaaJlWILmHWIOcbpMNYfwvHd+IM=">AAACDXicbZDLSsNAFIYn9VbjLerSzWAV6qYkUi8L0YIblxXsBZoQJtNpO3QyiTMTsYS+gBtfxY0LRdy6d+fbOG0jaOsPAz/fOYcz5w9iRqWy7S8jNze/sLiUXzZXVtfWN6zNrbqMEoFJDUcsEs0AScIoJzVFFSPNWBAUBow0gv7lqN64I0LSiN+oQUy8EHU57VCMlEa+tSf82+L9ATyHwu9qcwFd18zY2Q/zrYJdsseCs8bJTAFkqvrWp9uOcBISrjBDUrYcO1ZeioSimJGh6SaSxAj3UZe0tOUoJNJLx9cM4b4mbdiJhH5cwTH9PZGiUMpBGOjOEKmenK6N4H+1VqI6p15KeZwowvFkUSdhUEVwFA1sU0GwYgNtEBZU/xXiHhIIKx2gqUNwpk+eNfXDknNcOrouFyrlLI482AG7oAgccAIq4ApUQQ1g8ACewAt4NR6NZ+PNeJ+05oxsZhv8kfHxDUqFmIE=</latexit>

rq(x) > rg(x)?

rq(x) < rg(x)?

Q:
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DVCS at a Future EIC (White Paper)

q Spatial distributions:

q Cross Sections:

<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

Effective “proton radius” in terms of quarks as a function of xB
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q Spatial distributions:

<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

Effective “proton radius” in terms of gluons

Imaging the Gluon at the EIC (White Paper)

q Exclusive vector meson production:

The bT space density for gluons 
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The 𝒙-dependence of GPDs is very difficult to measure!

24

q  Amplitude nature: exclusive processes

x+ ξ x− ξ

p p′

q q′

x

γ∗ γDVCS
x+ ξ x− ξ

p p′
GPD

𝒙 ∼ loop momentum

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

iM ⇠
Z 1

�1
dxF (x, ⇠, t) · C(x, ⇠;Q/µ)

P

l

k

q
⊗

l
q

k̂

P

k

PDF

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

�DIS '
Z 1

xB

dx f(x) �̂(x/xB)

Compare with DIS

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

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

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� ⇠ + i"
⌘ “F0(⇠, t)”

[Bertone et al. PRD `21]

Equally fit!
“moment”

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

C(x, ⇠;Q/µ) = T (Q/µ) ·G(x, ⇠) / 1

x� ⇠ + i✏
· · ·

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

x = 0; x = ±⇠
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Processes sensitive to GPD’s x-Dependence – New Development
q Create an entanglement between the internal x and an externally measured variable?

<latexit sha1_base64="JfQrlMchdNP9pIdo6fGjkMDlY+E="></latexit>

iM /
Z 1

�1
dx

F (x, ⇠, t)

x� xp(⇠, q) + i"
Change external q to sample different part of x.

§ Double DVCS (two scales):
<latexit sha1_base64="a8499XGZTZ2SEzfLLmAajSb1/4o="></latexit>

xp(⇠, q) = ⇠

✓
1� q2/Q2

1 + q2/Q2

◆
<latexit sha1_base64="XuTtG2QW5/jOyErZnu/Poc3/RKw="></latexit>

! ⇠ same as DVCS if q ! 0
x+ ξ x− ξ

p p′

q q′

x

γ∗ γ

Q
q

§ Production of two back-to-back high pT particles (say, two photons):  
<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)
p

p′

pπ

q1

q2

x

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

§ Factorization:

[suppressing pion DA factor]
<latexit sha1_base64="OnCGF/18SfsYLxevNU+gWq6er/o="></latexit>

M (t, ⇠, qT ) =

Z 1

�1
dxF (x, ⇠, t;µ) · C (x, ⇠; qT /µ) +O (⇤QCD/qT )

<latexit sha1_base64="owiJfrg4xMd4yCRKA1/dwfUrjeY="></latexit>

d�

dt d⇠ dqT
⇠ |M (t, ⇠, qT )|2

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

Qiu & Yu
JHEP 08 (2022) 103
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The “Origin” of Hadron Properties – the x-Moments of GPDs

q Form Factors of QCD energy-momentum tensor: Ji, PRL78, 1997

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

Related to pressure 
& stress force inside hadron

• Conserved current:

• Sum over flavor:

• Constraints:

q/g carry total hadron momentum

q/g carry total hadron spin

Unconstrained/largely unknown

3D tomography
Relation to “GFF”

x-moments
of GPDs!

Need to know the x-dependence of GPDs to construct the proper moments
and the “origin” of hadron properties – New observables for the EIC!

q Connection to GPD moments:

Angular momentum sum rule:
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Properties of Dense Systems of Gluons – Nonlinear Dynamics of QCD?

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

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

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

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

q Understanding the Glue that binds us all:
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Gluon Saturation – Color Glass Condensate
q Run away gluon density at small-x?

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

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

QS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax
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Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

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

QS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax
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• At Qs:   gluon emission balanced by recombination

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

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

QED – photon in a positronium:
Q2 d

dQ2
x��(x,Q

2) ⇡ ↵em

⇡


�2

3
x��(x,Q

2)

+

Z 1

x

dx0

x0 x
0[�e+(x

0, Q2) + �e�(x
0, Q2)]

�

Q2 d

dQ2
xG(x,Q2) ⇡ ↵sNc

⇡

Z 1

x

dx0

x0 x
0G(x0, Q2) ² At very small-x, proton is “black”, 

positronium is still transparent!

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

In the dipole model: ∂N(x, k2)

∂ ln(1/x)
= αs KBFKL ⊗N(x, k2)− αs

�
N(x, k2)

�2 BK Equation
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What a nucleus look like if we only see quarks and gluons?

q Need hard probes to “see” quarks and gluons at small-x!
      But, a hard probe at small-x is NOT necessarily “localized”:

In c.m. frame

Longitudinal probing size  
  >  Lorentz contracted nucleon  
      if  1

xp
> 2R

m

p
or x < 0.1

A hard probe at small-x can interact with multiple 
nucleons (partons from multiple nucleons) at the 
same impact parameter coherently

“A” “B”

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

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

EIC can tell !

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

q A simple, and fundamental, question:

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

Will the nuclear shadowing continue to fall as x decreases?

Color localized
Inside nucleons

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

Nucleus as a 
bigger proton EIC can 

tell !

EIC White Paper
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Realization of the Electron-Ion Collider:

q EIC project is moving from R&D and design into the construction phase in 2026 (CD3A, CD3B):

Note:  Fermilab DUNE at LBNF still does not have CD2 approval – more than 10 years after CD1, many CD3#, …
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Summary and Outlook

Thanks!

q US-EIC, to be constructed at BNL, is sitting at a sweet spot for rich QCD dynamics, capable of 

taking us to the next frontier of QCD and the Standard Model!

q CEBAF (luminosity) & EIC are two complementary QCD machines, capable of discovering and exploring 

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

q We have a right theory for the String Force – QCD, but, unprecedented challenges

§ QCD has been very successful in describing the short-distance dynamics, in particular, phenomena at the LHC  
§ Challenges to understand the emergent phenomena of QCD:

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

– Role in BSM searches, …
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Theoretical Approaches – Approximations:
q Perturbative QCD Factorization: 

– Approximation at Feynman diagram level

Soft-collinear effective theory (SCET), Non-relativistic QCD (NRQCD), Heavy quark EFT, chiral EFT(s), …

q Effective field theory (EFT): 
– Approximation at the Lagrangian level 

q Lattice QCD: 
– Approximation for finite lattice spacing, finite box, lightest quark masses, … with Euclidean time formulation
   (removable with increased computational cost)

Hadron structure, hadron spectroscopy, nuclear structure, phase shift, … 

q Other approaches: 
Light-cone perturbation theory, Dyson-Schwinger Equations (DSE), Constituent quark models, 
AdS/CFT correspondence, …

e p

Power corrections
Approximation

!"!
"#
 

+  
 

bT

kT
xp

bT

kT
xp

Factorization
Theory

Parton-distribution
“Structure”

Hard-part
Probe
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q Event-based analysis – replacing the histogram approach?

● Avoid histograms and minimize systematic 
uncertainties 

● Avoid unfolding and use direct simulation 
at the event level

Optimize physics parameters               extraction of QCFs

Physics Vertex 
Level Events

Simulated
Events

Detector 
simulation

Event level 
comparison

Experimental
Events ?

Can we compare real vs synthetic events?

From Cross Sections to Quantum Correlation Functions (PDFs, TMDs, GPDs, …)

Why?

Eur. Phys. J. C 
(2020) 80:1046
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q Femtoscale Imaging of Nuclei using Exascale Platforms:

NP:     ANL, JLab, ODU, VT
ASCR: FASTMath, RAPIDs

Exp Events (PMD):
• DIS:
         1 particle inclusive
• SIDIS:
         2 particle inclusive
• SDHEP:
         3 particle exclusive 

Generated Events:
Many templates from trial 
QCFs & trusted theory

Idealized 
Theory 
Events

Detector 
model

Event level 
Discriminator

Experimental
Events

Optimize QCF parameters

Parameter 
Generator

Parameters

Trial QCF 
model

Trial PMD

MCMC

Event-level QCF inference framework

Simulated
 Events

Noise

Module 1

Module 2
Module 3

Module 4

(or pixelated images)

PMD: Particle Momentum Distribution - Observables  
QCF: Quantum Correlation Functions:  PDFs, TMDs, GPDs, …

Inference:
Optimized QCFs or pixelated 
images in trusted phase space

New regimes:
Go beyond the trusted phase 
space

Pixelating hadron in terms of probabilities to find quarks and gluons 
in slices of the momentum fraction x

From Cross Sections to Quantum Correlation Functions (PDFs, TMDs, GPDs, …)


