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U.S. - based Electron-Ion Collider

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

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

https://www.bnl.gov/eic/
See the talk by Elke
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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?

U.S. - based Electron-Ion Collider
See the talk by Elke

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

A new era to explore the emergent phenomena of QCD!
The project: passed CD-1, preparing for CD-2 (Preliminary design, baseline scope, cost and schedule) 

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

… …

2018
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QCD and Strong Interaction

q Understanding where did we come from? Global Time: 

q Understanding the visible world at 3ºK – what are we made of?

NO quarks and gluons can be seen in isolation!§ How to understand the emergence and properties of 

nucleon and nuclei (elements of the periodic table) in 

terms of elements of the modern periodic table?

§ How does the glue bind us all?

q Nuclear Femtography (0.1 – 10 fm) 

Search for answers to these questions at a Fermi scale!
Facilities – CEBAF, EIC, …    

QCD at high temperature, high densities, phase transition, …

Facilities – Relativistic heavy ion collisions: SPS, RHIC, the LHC, … 
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QCD at a Fermi Scale – Nuclear Femtography
q QCD – Color Confinement:

o Do not see any quarks and gluons in isolation
o The structure of nucleons and nuclei – emergent properties of QCD 

Color Confinement Asymptotic freedom

Probing
scale

Q (GeV)

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

Regime where
PQCD
works

beautifully!

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

o The most interesting, rich, and complex regime of the theory!
o All emergent phenomena depend on the scale at which we probe them!

q QCD – Asymptotic Freedom:

o Force becomes weaker at a shorter-distance – chance to have perturbatively controllable “Probes” 

o Hadronic scales are non-perturbative – cross section with identified hadron is NOT perturbatively calculable 
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Structure of Nucleons and Nuclei

Atomic

structure

Quantum orbits

q Hadron’s partonic structure:

§ Fundamentally different from atomic structure!

§ Quarks and gluons are moving relativisticaly, 

§ No localized charge and mass centers & color is fully entangled!

§ Partonic structure  =  “Quantum Probabilities”:   hP, S|O( , , Aµ)|P, Si Brown-Muck

B+(ub̄)

B-meson

BUT, None of these matrix elements is a direct physical observable, No quark and gluon can be seen in isolation!

BUT, Any cross sections with identified hadron(s) are non-perturbative!
Need to separate the physics at different momentum scales!

q Need a probe to “see” quarks and gluons indirectly!

§ High energy scattering with a large momentum transfer:  

Time-dilationBoost

<latexit sha1_base64="scZf/v6Vs7ygU0RWSijbLV5sdG0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUTAalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJr1sr1ah5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4A2DeM7Q==</latexit>p

Hard probe:   t ~ 1/Q  to catch the fluctuation! Momentum fraction

x = k+/p+
<latexit sha1_base64="UlOZr8EqQXCHBZuH5Xa1nuMr8xQ=">AAACKHicbZDLSgMxFIYzXmu9VV26CRZBsJaZUtSNWHDjsoXeoDMtmTSdhslkhiQjlqGP48ZXcSOiSLc+iWk7oLYeCPn4/3NIzu9GjEplmhNjZXVtfWMzs5Xd3tnd288dHDZlGAtMGjhkoWi7SBJGOWkoqhhpR4KgwGWk5fp3U7/1QISkIa+rUUScAHmcDihGSku93K3fPYc38DHSly1pAGvQ9jyYtRniHiPQ717YYoYFu/Cj9uqp2svlzaI5K7gMVgp5kFa1l3uz+yGOA8IVZkjKjmVGykmQUBQzMs7asSQRwj7ySEcjRwGRTjJbdAxPtdKHg1DowxWcqb8nEhRIOQpc3RkgNZSL3lT8z+vEanDtJJRHsSIczx8axAyqEE5Tg30qCFZspAFhQfVfIR4igbDS2WZ1CNbiysvQLBWty2K5Vs5XSmkcGXAMTsAZsMAVqIB7UAUNgMETeAHv4MN4Nl6NT2Myb10x0pkj8KeMr2++16QA</latexit>

k+ = xp+ ⇠ Q � hk�i, hkT i

<latexit sha1_base64="g6Mac9qWsCS4h/Hfv0/soIgSom0=">AAACGHicbZDLSgMxFIYz9VbHW9Wlm2ARKmqdKUXdCAU3Liv0Bp3pkEkzbZjMhSQjlqGP4cZXceNCEbfd+Tam7Sy09UDCz/efQ3J+N2ZUSMP41nIrq2vrG/lNfWt7Z3evsH/QElHCMWniiEW84yJBGA1JU1LJSCfmBAUuI23Xv5v67UfCBY3ChhzFxA7QIKQexUgq5BQu/Z4VJPAWlvze2Tn0exfqchqnuoXimEdPGTem3FDcKRSNsjEruCzMTBRBVnWnMLH6EU4CEkrMkBBd04ilnSIuKWZkrFuJIDHCPhqQrpIhCoiw09liY3iiSB96EVcnlHBGf0+kKBBiFLiqM0ByKBa9KfzP6ybSu7FTGsaJJCGeP+QlDMoITlOCfcoJlmykBMKcqr9CPEQcYamy1FUI5uLKy6JVKZtX5epDtVirZHHkwRE4BiVggmtQA/egDpoAg2fwCt7Bh/aivWmf2te8NadlM4fgT2mTH1r6m4o=</latexit>

kµ = (k+, k�, kT ) ⇡ (k+, 0�, 0T )

<latexit sha1_base64="OKqJhwQbNOzDracV9vlPfcGf9dw=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupM6Uoi4LbtwIrdgHdIaSSTNtaJIZkoxQhvoRbvwVNy4UcSu4829Mp7PQ1gOBc8+5l5t7gphRpR3n21paXlldWy9sFDe3tnd27b39looSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Grqt++JVDQSd3ocE5+jgaAhxUgbqWefNqA3GED37BZ6inJDUk9yGPJJMasrjvOQKTekNenZJafsZICLxM1JCeSo9+wvrx/hhBOhMUNKdV0n1n6KpKaYEbMiUSRGeIQGpGuoQJwoP82umsBjo/RhGEnzhIaZ+nsiRVypMQ9MJ0d6qOa9qfif1010eOmnVMSJJgLPFoUJgzqC04hgn0qCNRsbgrCk5q8QD5FEWJsgiyYEd/7kRdKqlN3zcrVRLdUqeRwFcAiOwAlwwQWogWtQB02AwSN4Bq/gzXqyXqx362PWumTlMwfgD6zPH1f2nG4=</latexit>

Q � 1/R ⇠ 1/fm ⇠ 200 MeV
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Theoretical Approaches – “controllable” approximations 
q Perturbative QCD Factorization – Approximation at Feynman diagram level:

e p

�DIS(x,Q
2) =

2p

e
xP, kT

bT

kT
xp

bT

kT
xp

Power corrections
Approximation

Factorization
Theory

Parton-distribution
“Structure”

Ä
1 O
QR
æ ö

+ ç ÷
è ø⇡

Hard-part
Probe

1/Q !

Leading power non-perturbative physics are universal and factorizable!

q Effective field theory (EFT) – Approximation at the Lagrangian level:
Soft-collinear effective theory (SCET), Non-relativistic QCD (NRQCD), Heavy quark EFT, chiral EFT(s), …

q Lattice QCD – Approximation mainly due to computer power:
Hadron spectroscopy, phase shift, nuclear structure, hadron structure (with pQCD factorization), …  

q Other approaches:
Light-cone perturbation theory, Dyson-Schwinger Equations (DSE), Constituent quark models, 
AdS/CFT correspondence, …
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QCD Factorization Works to the Precision
q Data sets for Global Fits: q Kinematic Coverage:

q Fit Quality:
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Unprecedent Success of QCD and Standard Model

SM: Electroweak processes + QCD perturbation theory + PDFs works!
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3D Hadron Structure – Need probes with two scales
q Single-scale hard probe is too “localized”:

bT

kT
xp

1/Q

o Confined transverse motion: kT ~ 1/fm <<  Q

o It pins down the particle nature of quarks and gluons
o But, not very sensitive to the detailed structure of hadron ~ fm

o Transverse spatial position:          bT ~ fm >> 1/Q

Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

Hard scale:           To localize the probe – factorization 
particle nature of quarks/gluons

Q1

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

Q2

q Need new type of “Hard Probes” – Physical observables with TWO Scales:

q New challenge:
QCD Factorization for observables with two scales!
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Classical Two-Scale Observable – Drell-Yan PT-distribution
q Challenge to separate “true” hadron structure from “collision effects”: 

o Drell-Yan type (W/Z, H0):  Q >> qT (two scales)
o Parton shower develops when hadron is broken
o Parton kT probed at the hard collision is NOT the same 

as “confined motion” in a hadron
o The difference is encoded in QCD evolution
o Two-scale evolution is different from DGLAP!

 Tk
 Tk

0

 T

 P'

q

 P

Two-scale evolution is often 
Non-perturbative!

Shower

Not sensitive 
to the structure 
other than PDFs! 

Berger, Qiu PRD67 (2003) 034026 

q Structure information could be easily washed out in high energy collisions:
e.g., Higgs production at the LHC:

f(xb, kT , µ, ⇣b)

<latexit sha1_base64="9/MsrOlFvte7fxagbW0Nw8LP36s=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKpSSSEHdFdy4rNAXNCFMppN26GQSZiZiDXXjr7hxoYhb/8Kdf+OkzUJbD1w4nHMv997jx4xKZVnfRmFldW19o7hZ2tre2d0z9w86MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXH15nfvSNC0oi31CQmboiGnAYUI6UlzzwKKveeXx17raoTJlXngSjk+Wew5Jllq2bNAJeJnZMyyNH0zC9nEOEkJFxhhqTs21as3BQJRTEj05KTSBIjPEZD0teUo5BIN519MIWnWhnAIBK6uIIz9fdEikIpJ6GvO0OkRnLRy8T/vH6igks3pTxOFOF4vihIGFQRzOKAAyoIVmyiCcKC6lshHiGBsNKhZSHYiy8vk855za7Xrm7r5UYtj6MIjsEJqAAbXIAGuAFN0AYYPIJn8ArejCfjxXg3PuatBSOfOQR/YHz+ACi1lV4=</latexit>

F.T.
d�(Q, qT )

dydqT
=

Z 1

0

dbT

2⇡
bTJ0(qT bT )H(Q,µ)f(xa, bT , µ, ⇣a)f(xb, bT , µ, ⇣b) +O

✓
q
2
T

Q2

◆

<latexit sha1_base64="q8lWHuRjdoEcrXkBCWSOjt0MKuM="></latexit>
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QCD & Hadron Structure needs Lepton-Hadron Collider

q Hadrons are produced in hadron-hadron collisions:

§ Partonic structure 
§ Emergence of hadrons
§ Heavy ion target or beam(s) 

Also at the LHC

q Hadrons are produced in lepton-hadron collisions:

Also at COMPASS &  future EIC

§ Colliding hadron can be broken 
or stay intact! 

§ Imaging partonic structure
§ Emergence of hadrons 
§ Heavy ion target or beam

Ideal facility for hadron structure!

q Hadrons are produced from the energy in e+e- collisions:

§ No hadron to start with
§ Emergence of hadrons
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Many Complementary Probes at One Facility
q The new generation of “Rutherford” experiment: 

Two-scale observables are natural 
at lepton-hadron facility!

² A controlled “probe” – virtual photon

² Can either break or not break the hadron 

² Inclusive events:    e+p/A à e’+X
Detect only the scattered lepton in the detector

(Modern Rutherford experiment!)
q

X
P

² Semi-Inclusive events:    e+p/A à e’+h(p,K,p,jet)+X
Detect the scattered lepton in coincidence with identified hadrons/jets

(Initial hadron is broken – confined motion! – cleaner than h-h collisions)

P
q

X
P

h

² Exclusive events: e+p/A à e’+ p’/A’+ h(p,K,p,jet)
Detect every things including scattered proton/nucleus (or its fragments)

(Initial hadron is NOT broken – tomography! – almost impossible for h-h collisions)

<latexit sha1_base64="RmXRvQPwRqlzAznKl0DiCWwqlac=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuCOox4MVjBPOAZA29k9lkyMzuOjMrhJCf8OJBEa/+jjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFWUNGotYtQPUTPCINQw3grUTxVAGgrWC0c3Mbz0xpXkc3ZtxwnyJg4iHnKKxUrs7QCnx4aJXLLlldw6ySryMlCBDvVf86vZjmkoWGSpQ647nJsafoDKcCjYtdFPNEqQjHLCOpRFKpv3J/N4pObNKn4SxshUZMld/T0xQaj2Wge2UaIZ62ZuJ/3md1ITX/oRHSWpYRBeLwlQQE5PZ86TPFaNGjC1Bqri9ldAhKqTGRlSwIXjLL6+SZqXsXZYrd9VSrZrFkYcTOIVz8OAKanALdWgABQHP8ApvzqPz4rw7H4vWnJPNHMMfOJ8/oiiPqg==</latexit>

�⇤
<latexit sha1_base64="cH+RgP2JyPgLiic0/HbCd62pn3s=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q90dYCDwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtfFNmDGZpJZKslwUpxxZheavoyHTlFg+dQQTzdytiIyxxsS6gEouhGD15XXSrlWDq2rtvl5p1PM4inAG53AJAVxDA+6gCS0g8AjP8ApvnvJevHfvY9la8PKZU/gD7/MHhP+PDg==</latexit>�
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“See” 3D Hadron Structure at a Lepton-Hadron Facility 
q Two-scale observables are natural in lepton-hadron collisions:

Parton’s confined motion encoded 
into TMDs (too many of them?)  

SIDIS:  Q>>PT

² Semi-inclusive DIS:

+ …

Two scales, two planes, 
Angular modulation, …

See also talk by Cédric 

² Exclusive DIS:

+ …

DVCS: Q2 >> |t|

Parton’s spatial imaging from Fourier 
transform of GPDs’ t-dependence

Imaging the glue only at EIC

Heavy quarkonium:  Q2+M2 >> |t|

Imaging gluons

J/Ψ, Φ, …

Imaging quarks

+ …

DVEM: Q2 >> |t|

t=(p1-p2)2

None of these processes is 
sensitive to x-dependence 

of GPDs!

Propose a new type of 
processes
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US-EIC – can do what HERA could not do
q Quantum imaging:

² HERA discovered: 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
Luminosity!

q Quantum interference & entanglement:
² US-EIC:  Highly polarized beams – Origin of hadron property: Spin, …          

Direct  access to chromo-quantum interference!

�(Q,~s) / + + + · · ·

2

p,~s k

 t ⇠ 1/Q

Quantum interference T (3)(x, x) /�(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 (nuclei as femtometer size detectors!),
– “a new controllable knob” – Atomic weight of nuclei

Wave nature of quark/gluon field
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US EIC – Deliverables & Opportunities

Why existing facilities, even with upgrades, 
cannot do the same?

Minimize the overlap, go beyond the Yellow Report!

o Emergence of hadrons

o Hadron properties: 
mass, spin, …

o Hadron’s 3D partonic structure:
confined motion, spatial distribution, 
color correlation, fluctuation,

saturation, …
o Quantum correlation between 

hadron properties and parton dynamics, …
o Hadron spectroscopy, XYZ, …

…

arXiv:2103.05419

See also talks by 
Elke, Robert, Cédric
Yuri, and Carlos
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Who ordered the hadron mass scale?
q Nucleon mass – dominates the mass of visible world:

Higgs mechanism is far from enough!!! Fig. 2.1 NAS Report

Input

q Hadron mass from lattice QCD calculation:

How to “see” the role of quarks and gluons, and their dynamics in generating these?
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The Origin of Proton Mass – An Open Question 

q Three-pronged approach to explore the origin of hadron mass

² Lattice QCD

² Mass decomposition – roles of the constituents

² Model calculation – approximated analytical approach

Bag model:

§ Minimize                 : Mp ⇠ 4

R
⇠ 4

0.88fm
⇠ 912MeVKq + Tb

§ Bag energy (bag constant B): Tb =
4

3
⇡R3 B

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

14-16 January 2021, Argonne National Lab

(> 200 participants!)

A true international effort!
A focused INT workshop has been planned

https://indico.phy.anl.gov/event/2/
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Mass of Nucleon in QCD

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

P

Nucleon mass: Gluon quantum effect  +  Chiral symmetry breaking!

Trace of the QCD energy-momentum tensor:

T↵
↵ =

�(g)

2g
Fµ⌫,aF a

µ⌫ +
X

q=u,d,s

mq(1 + �m) q q

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

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

hP |T↵
↵(0)|P i = 2P 2 = 2M2

n

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

hT↵
↵i =

hP |T↵
↵(0)|P i
2P 0

=
M2

n

P 0

In the nucleon’s rest frame, 

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

Mn = hT↵
↵i|at reest

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

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

<latexit sha1_base64="85+Osl3gs2C+LGhyXz6b21rUqfQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6aJT65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCG3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ66LqXVUv72uVei2PowgncArn4ME11OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/ANxbjOI=</latexit>

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

Mn =
X

f=q,g

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

�����
cm

§ Decompose the RHS into a sum of several gauge invariant terms
§ Decomposition is not unique, since only the sum is a physical observable
§ Usefulness – Each term can be related to physical observables with controllable approximations 
§ Individual contribution to the nucleon mass – physical interpretation of each term (?)

q Ji’s decomposition:
Tµ⌫ = Tµ⌫ + dTµ⌫Let 

<latexit sha1_base64="eXIJEzyHwAuEx3zLxMimcFzlhZU="></latexit>

dTµ⌫ =
1

4
gµ⌫T↵

↵With                                                       and
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Tµ⌫ , dTµ⌫ Renormalized separately, in different Lorentz representations
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Tµ⌫ = Tµ⌫ � 1

4
gµ⌫T↵

↵

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

Mn =
X

f=q,g

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

�����
cm

Quark Energy Gluon Energy Quark Mass

Trace Anomaly 

Relativistic motion Quantum fluctuationχ Symmetry Breaking 

= Mq +Mg +Mm +Ma
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q Decomposition of “energy”-operator of EMT:
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Mass of Nucleon in QCD

q Physics interpretation:
Quark Energy            : 

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

hT 00
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Quark Mass              :  

Trace Anomaly         : 

Gluon Energy            : 
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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 
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Access the trace anomaly
Indirectly?

Or by experiment?
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Mass of Nucleon in QCD

q Other decompositions: EPJC78 (2018),  JHEP09 (2020) PRD102 (2020) 

Without separate EMT into traceless piece – mixing of terms via renormalizations

C.L., EPJC78 (2018) q Compare to Ji’s decomposition:

Matter of interpretations!   Key is how can we measure each term with controllable approximations!
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Extract the Trace Anomaly from Experiments

q Holographic approach: Boussarie & Hatta et al, 
Phys.Rev.D 101 (2020) 11, 114004) 

d�

dt
=

↵em

4(W 2 �M2
p )

2
⌃pol⌃spin

���hP |~✏ · ~J(0)|P 0pi
���
2

How to calculate the scattering amplitude?  

hP |~✏ · ~J(q)|P 0pi = (2⇡)4�4(P + q � P 0 � p)hP |~✏ · ~J(0)|P 0pi

Y. Hatta, D.L. Yang (1801.02163) – gauge/string duality:

Trace Anomaly

Gluon from
Traceless Tμν

Dilaton field– 5D gravitational constant

�tot =

Z tmax

tmin

d�

dt
dt
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Extract the Trace Anomaly from Experiments
q Lepton production at high Q2 – Need EIC: Boussarie & Hatta et al, 

Phys.Rev.D 101 (2020) 11, 114004) 

High Q2 allows to use OPE

Large Sl-p can still be near threshold:
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How does the Spin of the Nucleon Arise?
q An incomplete story:

Jaffe-Manohar, 90, Ji, 96, …

Orbital Angular 
Momentum

of 
quarks and gluons

Little known

Proton Spin

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

Quark helicity
Best known 

⇠ 30%

q What the EIC could do/help – EIC Yellow Report: Room for “L”

Gluon helicity
Start to know

⇠ 40%(with RHIC data)

See the talk by Elke
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Semi-Inclusive DIS (SIDIS)

q Process: e(k) +N(p) �! e0(k0) + h(Ph) +X

Q � PhT & ⇤QCD Localized probe sensitive to parton’s transverse motion

In the photon-hadron frame (one-photon approximation): PhT ⇡ 0

TMD fragmentation

Soft factors

TMD parton distribution

+O

✓
hk2i

Q2
,
hp2i

Q2

◆

q QCD Factorization:

§ Low PhT – TMD factorization:

§ High PhT – Collinear factorization:
�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q,Ph?,↵s)⌦ �f ⌦Df!h +O

✓
1

Ph?
,
1

Q

◆

§ PhT Integrated - Collinear factorization:
�SIDIS(Q, xB , zh) = H̃(Q,↵s)⌦ �f ⌦Df!h +O

✓
1

Q

◆

�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q)⌦ �f (x, k?)⌦Df!h(z, p?)⌦ S(ks?) +O


Ph?
Q

�
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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)
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b? ⇠ 1
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• 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:
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q Polarized SIDIS: 
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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
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TMDs:  Explore the Flavor-Spin-Motion Correlation

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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QED Contribution to SIDIS

q Collision induced QED radiation: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

P
q

X
P

h
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xB ! x̂B 2 [xB , 1]

<latexit sha1_base64="cw6NbxeZye+ONiNQM/CEYtwWXr4=">AAACD3icbVDLSsNAFJ34rPEVdekmWJQKUpJS1GXRjcsW7AOaGCbTaTt08mDmRltC/sCNv+LGhSJu3brzb5w+Ftp64MKZc+5l7j1+zJkEy/rWlpZXVtfWcxv65tb2zq6xt9+QUSIIrZOIR6LlY0k5C2kdGHDaigXFgc9p0x9cj/3mPRWSReEtjGLqBrgXsi4jGJTkGSeFoXd1VrsrnToQ6QWnjyEdZkpyHliHjl+1TJmekbeK1gTmIrFnJI9mqHrGl9OJSBLQEAjHUrZtKwY3xQIY4TTTnUTSGJMB7tG2oiEOqHTTyT2ZeayUjtmNhKoQzIn6eyLFgZSjwFedAYa+nPfG4n9eO4HupZuyME6AhmT6UTfhJkTmOByzwwQlwEeKYCKY2tUkfSwwARWhrkKw509eJI1S0T4vlmvlfKU0iyOHDtERKiAbXaAKukFVVEcEPaJn9IretCftRXvXPqatS9ps5gD9gfb5A6FDmyI=</latexit>

(xB , Q
2) ! (x̂B , bQ2)

<latexit sha1_base64="/lrAmgxgJDCfJ78lC9iVs65D4Zw=">AAAB73icbVDLTgJBEOz1ifhCPXqZSEw8kV1C1COJF4+QyCOBlcwOvTBhdnaZmTUhhJ/w4kFjvPo73vwbB9iDgpV0UqnqTndXkAiujet+OxubW9s7u7m9/P7B4dFx4eS0qeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dxvPaHSPJYPZpKgH9GB5CFn1Fip3RU4JvXHcq9QdEvuAmSdeBkpQoZar/DV7ccsjVAaJqjWHc9NjD+lynAmcJbvphoTykZ0gB1LJY1Q+9PFvTNyaZU+CWNlSxqyUH9PTGmk9SQKbGdEzVCvenPxP6+TmvDWn3KZpAYlWy4KU0FMTObPkz5XyIyYWEKZ4vZWwoZUUWZsRHkbgrf68jpplkvedalSrxSr5SyOHJzDBVyBBzdQhXuoQQMYCHiGV3hzxs6L8+58LFs3nGzmDP7A+fwBNE2PYg==</latexit>

 Q2

§ Prevents a well-defined “photon-hadron” frame
§ Radiation is IR sensitive as
§ Create uncertainty to the angular modulations, needed to separate TMDs
§ … 

<latexit sha1_base64="LzX1q/E47AS2ipsVf5ChcDRj1Mk=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXdaYUdVlw47IF+4B2KJk004bmMSR3hDL0M9y4UMStX+POvzFtZ6GtBwKHc+4l95woEdyC7397G5tb2zu7hb3i/sHh0XHp5LRtdWooa1EttOlGxDLBFWsBB8G6iWFERoJ1osn93O88MWO5Vo8wTVgoyUjxmFMCTurJAbtu4j5o7A9KZb/iL4DXSZCTMsrRGJS++kNNU8kUUEGs7QV+AmFGDHAq2KzYTy1LCJ2QEes5qohkNswWJ8/wpVOGONbGPQV4of7eyIi0diojNykJjO2qNxf/83opxHdhxlWSAlN0+VGcCuwizvPjITeMgpg6Qqjh7lZMx8QQCq6loishWI28TtrVSnBTqTVr5Xo1r6OAztEFukIBukV19IAaqIUo0ugZvaI3D7wX7937WI5uePnOGfoD7/MHz+2QQQ==</latexit>

me/Q ! 0

q QED factorization of collision induced radiation: 
<latexit sha1_base64="7t0shu7Z3Srz9B8g10vvQGRQBnI=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahIpSkFHVZcOPOFuwDmhgm00k7dDIJMxOhhGzc+CtuXCji1n9w5984bbPQ1gP3cjjnXmbu8WNGpbKsb6Owsrq2vlHcLG1t7+zumfsHHRklApM2jlgkej6ShFFO2ooqRnqxICj0Gen64+up330gQtKI36lJTNwQDTkNKEZKS555fJ46GDF4m1WcQCCchh6551na0u3MM8tW1ZoBLhM7J2WQo+mZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nV2RwVOtDGAQCV1cwZn6eyNFoZST0NeTIVIjuehNxf+8fqKCKzelPE4U4Xj+UJAwqCI4jQQOqCBYsYkmCAuq/wrxCOkwlA6upEOwF09eJp1a1b6o1lv1cqOWx1EER+AEVIANLkED3IAmaAMMHsEzeAVvxpPxYrwbH/PRgpHvHII/MD5/AOtZmC0=</latexit>

+O(
mn

e

Qn
)

§ 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]

<latexit sha1_base64="LzX1q/E47AS2ipsVf5ChcDRj1Mk=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXdaYUdVlw47IF+4B2KJk004bmMSR3hDL0M9y4UMStX+POvzFtZ6GtBwKHc+4l95woEdyC7397G5tb2zu7hb3i/sHh0XHp5LRtdWooa1EttOlGxDLBFWsBB8G6iWFERoJ1osn93O88MWO5Vo8wTVgoyUjxmFMCTurJAbtu4j5o7A9KZb/iL4DXSZCTMsrRGJS++kNNU8kUUEGs7QV+AmFGDHAq2KzYTy1LCJ2QEes5qohkNswWJ8/wpVOGONbGPQV4of7eyIi0diojNykJjO2qNxf/83opxHdhxlWSAlN0+VGcCuwizvPjITeMgpg6Qqjh7lZMx8QQCq6loishWI28TtrVSnBTqTVr5Xo1r6OAztEFukIBukV19IAaqIUo0ugZvaI3D7wX7937WI5uePnOGfoD7/MHz+2QQQ==</latexit>

me/Q ! 0

<latexit sha1_base64="c5ct7iI7JcuEMS8qr0mM9YCqp9E=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE81aQU9Vjw4rEF0xbaUDbbabt0dxN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelHCmjed9OxubW9s7u4W94v7B4dFx6eS0peNUUQxozGPViYhGziQGhhmOnUQhERHHdjS5n/vtJ1SaxfLRTBMMBRlJNmSUGCsFoo/XzX6p7FW8Bdx14uekDDka/dJXbxDTVKA0lBOtu76XmDAjyjDKcVbspRoTQidkhF1LJRGow2xx7My9tMrAHcbKljTuQv09kRGh9VREtlMQM9ar3lz8z+umZngXZkwmqUFJl4uGKXdN7M4/dwdMITV8agmhitlbXTomilBj8ynaEPzVl9dJq1rxbyq1Zq1cr+ZxFOAcLuAKfLiFOjxAAwKgwOAZXuHNkc6L8+58LFs3nHzmDP7A+fwBVk6OVg==</latexit>

me/Q
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QED Contribution to SIDIS

q Two-step approach to SIDIS: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

<latexit sha1_base64="EKkM9EiL7AwkMh0AUqVUTcT2sl4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgpakFHVZcOOygn1AE8pkOmkHJ5M4cyO2ofgrblwo4tb/cOffOG2z0NYDFw7n3Mu99/gxZwps+9vILS2vrK7l1wsbm1vbO+buXlNFiSS0QSIeybaPFeVM0AYw4LQdS4pDn9OWf3c18VsPVCoWiVsYxtQLcV+wgBEMWuqaB+4AQ3o/LrmP7NQdUcAnZ3HXLNplewprkTgZKaIM9a755fYikoRUAOFYqY5jx+ClWAIjnI4LbqJojMkd7tOOpgKHVHnp9PqxdayVnhVEUpcAa6r+nkhxqNQw9HVniGGg5r2J+J/XSSC49FIm4gSoILNFQcItiKxJFFaPSUqADzXBRDJ9q0UGWGICOrCCDsGZf3mRNCtl57xcvakWa5Usjjw6REeohBx0gWroGtVRAxE0Qs/oFb0ZT8aL8W58zFpzRjazj/7A+PwB6vCU1Q==</latexit>

q̂(⇠, ⇣)� p
<latexit sha1_base64="QBOU8OLH1v3bcbAhL7aqhJdGyo8=">AAACCnicbZDLSsNAFIZPvNZ6i7p0M1oEVyUpRV0W3LhsoTdoaplMJu3QyYWZiVJC1258FTcuFHHrE7jzbZy0QbT1h4Gf75zDmfO7MWdSWdaXsbK6tr6xWdgqbu/s7u2bB4dtGSWC0BaJeCS6LpaUs5C2FFOcdmNBceBy2nHH11m9c0eFZFHYVJOY9gM8DJnPCFYaDcwT5555dIRVWp/eVgZN5HCOflgjY2bJKlszoWVj56YEueoD89PxIpIENFSEYyl7thWrfoqFYoTTadFJJI0xGeMh7Wkb4oDKfjo7ZYrONPGQHwn9QoVm9PdEigMpJ4GrOwOsRnKxlsH/ar1E+Vf9lIVxomhI5ov8hCMVoSwX5DFBieITbTARTP8VkREWmCidXlGHYC+evGzalbJ9Ua42qqVaJY+jAMdwCudgwyXU4Abq0AICD/AEL/BqPBrPxpvxPm9dMfKZI/gj4+MbzeCaSg==</latexit>

bP 2
T ⌧ bQ2

<latexit sha1_base64="C6NVpfhEGrenCmlSsnd+n/mDFeU=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oEV2WmFHVZcOOyhd6gM5ZMJtOGJpkhyShl6N6Nr+LGhSJufQF3vo2Ztoi2/hD4+c45nJw/SBhV2nG+rLX1jc2t7cJOcXdv/+DQPjruqDiVmLRxzGLZC5AijArS1lQz0kskQTxgpBuMr/N6945IRWPR0pOE+BwNBY0oRtqggV3y7mlIRkhnjeltddCCnqIc/sBmDu2yU3FmgqvGXZgyWKgxsD+9MMYpJ0JjhpTqu06i/QxJTTEj06KXKpIgPEZD0jdWIE6Un81umcIzQ0IYxdI8oeGM/p7IEFdqwgPTyZEeqeVaDv+r9VMdXfkZFUmqicDzRVHKoI5hHgwMqSRYs4kxCEtq/grxCEmEtYmvaEJwl09eNZ1qxb2o1Jq1cr26iKMATkEJnAMXXII6uAEN0AYYPIAn8AJerUfr2Xqz3ueta9Zi5gT8kfXxDavQmsU=</latexit>

bP 2
T ⇠ bQ2

1) In “virtual-photon” frame, defined by  

§ TMD factorization when

§ CO factorization when

§ Matching to get the        -distribution  
<latexit sha1_base64="l8gtmhBO+o/zZkJi+KcEkqTNLO8=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1GPAi8cIeUGyhtnZ3mTI7IOZWUNY8h9ePCji1X/x5t84SfagiQUNRVU33V1eIrjStv1tbWxube/sFvaK+weHR8elk9O2ilPJsMViEcuuRxUKHmFLcy2wm0ikoSew443v5n7nCaXicdTU0wTdkA4jHnBGtZEe+xPu44jqrDEbNMmgVLYr9gJknTg5KUOOxqD01fdjloYYaSaoUj3HTrSbUak5Ezgr9lOFCWVjOsSeoRENUbnZ4uoZuTSKT4JYmoo0Wai/JzIaKjUNPdMZUj1Sq95c/M/rpTq4dTMeJanGiC0XBakgOibzCIjPJTItpoZQJrm5lbARlZRpE1TRhOCsvrxO2tWKc12pPdTK9WoeRwHO4QKuwIEbqMM9NKAFDCQ8wyu8WRPrxXq3PpatG1Y+cwZ/YH3+AFU4klw=</latexit>

bPT

2) Lorentz transformation from the “virtual-photon” 
frame to any experimentally defined frame 
– lepton-hadron Lab frame, Breit frame (xB,Q2), …

One-photon approximation

QED contribution (not correction) can be
systematically improved order-by-order in power a!
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Exclusive lepton-hadron – Spatial Imaging
q Elastic e-p scattering – Electric charge distribution:

Proton 
EM Charge 

radius!

Proton

Neutronq Spatial quark/gluon density distributions – imaging:  

+ +

GPD

+ …

J/Ψ, Φ, …

DVCS: Q2 >> |t| DVEM: Q2 >> |t| EHMP: Q2 >> |t|

t=(p1-p2)2

g-GPD

q No color nucleon elastic form factor!
No proton color charge radius! P P 0

Sensitive to total 
momentum of the 

exchanged pair
Not 

the relative momentum –
x-dependence!
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Exclusive lepton-hadron – Spatial Imaging
q New-type of exclusive processes: Qiu & Yu at QCD Evolution

§ Hard scale is not given by a point like virtual photon
§ Hard scale is given by invariant mass of a final-state pair
§ Both the invariant mass and PT (or angle) are 

sensitive to x-dependence of GPDs

arXiv:2109.xxxxx

QCD Factorization: 
<latexit sha1_base64="5UlkohPGIT07jdGb9J761UWNwHY=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4KjNa1I0g6MKFiwq2Cp1huJOmY2gyMyQZoUznQ9z4K25cKOLGheDfmE670NYDgZNz7r3JPUHCmdK2/W2V5uYXFpfKy5WV1bX1jermVlvFqSS0RWIey7sAFOUsoi3NNKd3iaQgAk5vg/75yL99oFKxOLrRg4R6AsKI9RgBbSS/ejhM/MxNmH+TD/EpLm4hCAGFgN0wxO6VGdcFY0iBr88vcr9as+t2ATxLnAmpoQmafvXT7cYkFTTShINSHcdOtJeB1IxwmlfcVNEESB9C2jE0AkGVlxXL5XjPKF3ci6U5kcaF+rsjA6HUQASmUoC+V9PeSPzP66S6d+JlLEpSTSMyfqiXcqxjPEoKd5mkRPOBIUAkM3/F5B4kEG3yrJgQnOmVZ0n7oO4c1RvXjdrZwSSOMtpBu2gfOegYnaFL1EQtRNAjekav6M16sl6sd+tjXFqyJj3b6A+srx8ORKFI</latexit>

|p⇡T | = |p�T | � ⇤QCD

<latexit sha1_base64="VVP+WwB+j8xVwMPHfdBQF4F7hdY=">AAACFnicbVDLSgMxFM3UV62vqks3wSJWpGWmFHVTKLhx2YJ9QKctmTSdhiYzIckIpdOvcOOvuHGhiFtx59+YPhbaeuBeDufcS3KPJxhV2ra/rcTa+sbmVnI7tbO7t3+QPjyqqzCSmNRwyELZ9JAijAakpqlmpCkkQdxjpOENb6d+44FIRcPgXo8EaXPkB7RPMdJG6qZz1U6hlBVdV9BL033EObroFKDr+zDWMSzB2LhOTpwbNe6mM3bengGuEmdBMmCBSjf95fZCHHESaMyQUi3HFro9RlJTzMgk5UaKCISHyCctQwPEiWqPZ2dN4JlRerAfSlOBhjP198YYcaVG3DOTHOmBWvam4n9eK9L9m/aYBiLSJMDzh/oRgzqE04xgj0qCNRsZgrCk5q8QD5BEWJskUyYEZ/nkVVIv5J2rfLFazJQLiziS4AScgixwwDUogztQATWAwSN4Bq/gzXqyXqx362M+mrAWO8fgD6zPH/hOnLI=</latexit>

Q2 = (p⇡ + p�)
2 � |t| = |(p1 � p0)2|

H
2

γ

p'

qp

q
π 1

γ

p

<latexit sha1_base64="g9+rDPY7EXWd92fTvxVbQjnnlgg="></latexit>

M /

X
C(x, ⇠, Q2, p⇡T )⌦ �⇡(z)⌦H(x, ⇠, t)

q Numerical estimates:

<latexit sha1_base64="pPw8ld38bg0Y4G1614zovB5ieeI="></latexit>

⇥
h
|M[H̃]

++|2 + |M[H̃]
+�|2 + |M[H]

++|2 + |M[H]
+�|2

i
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Exclusive lepton-hadron – Spatial Imaging
q New-type of exclusive processes: Qiu & Yu at QCD Evolution

§ Hard scale is not given by a point like virtual photon
§ Hard scale is given by invariant mass of a final-state pair
§ Both the invariant mass and PT (or angle) are 

sensitive to x-dependence of GPDs

arXiv:2109.xxxxx

QCD Factorization: 

q Numerical estimates:

<latexit sha1_base64="5UlkohPGIT07jdGb9J761UWNwHY=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4KjNa1I0g6MKFiwq2Cp1huJOmY2gyMyQZoUznQ9z4K25cKOLGheDfmE670NYDgZNz7r3JPUHCmdK2/W2V5uYXFpfKy5WV1bX1jermVlvFqSS0RWIey7sAFOUsoi3NNKd3iaQgAk5vg/75yL99oFKxOLrRg4R6AsKI9RgBbSS/ejhM/MxNmH+TD/EpLm4hCAGFgN0wxO6VGdcFY0iBr88vcr9as+t2ATxLnAmpoQmafvXT7cYkFTTShINSHcdOtJeB1IxwmlfcVNEESB9C2jE0AkGVlxXL5XjPKF3ci6U5kcaF+rsjA6HUQASmUoC+V9PeSPzP66S6d+JlLEpSTSMyfqiXcqxjPEoKd5mkRPOBIUAkM3/F5B4kEG3yrJgQnOmVZ0n7oO4c1RvXjdrZwSSOMtpBu2gfOegYnaFL1EQtRNAjekav6M16sl6sd+tjXFqyJj3b6A+srx8ORKFI</latexit>

|p⇡T | = |p�T | � ⇤QCD

<latexit sha1_base64="VVP+WwB+j8xVwMPHfdBQF4F7hdY=">AAACFnicbVDLSgMxFM3UV62vqks3wSJWpGWmFHVTKLhx2YJ9QKctmTSdhiYzIckIpdOvcOOvuHGhiFtx59+YPhbaeuBeDufcS3KPJxhV2ra/rcTa+sbmVnI7tbO7t3+QPjyqqzCSmNRwyELZ9JAijAakpqlmpCkkQdxjpOENb6d+44FIRcPgXo8EaXPkB7RPMdJG6qZz1U6hlBVdV9BL033EObroFKDr+zDWMSzB2LhOTpwbNe6mM3bengGuEmdBMmCBSjf95fZCHHESaMyQUi3HFro9RlJTzMgk5UaKCISHyCctQwPEiWqPZ2dN4JlRerAfSlOBhjP198YYcaVG3DOTHOmBWvam4n9eK9L9m/aYBiLSJMDzh/oRgzqE04xgj0qCNRsZgrCk5q8QD5BEWJskUyYEZ/nkVVIv5J2rfLFazJQLiziS4AScgixwwDUogztQATWAwSN4Bq/gzXqyXqx362M+mrAWO8fgD6zPH/hOnLI=</latexit>

Q2 = (p⇡ + p�)
2 � |t| = |(p1 � p0)2|

H
2

γ

p'

qp

q
π 1

γ

p

<latexit sha1_base64="pPw8ld38bg0Y4G1614zovB5ieeI="></latexit>

⇥
h
|M[H̃]

++|2 + |M[H̃]
+�|2 + |M[H]

++|2 + |M[H]
+�|2

i

<latexit sha1_base64="g9+rDPY7EXWd92fTvxVbQjnnlgg="></latexit>

M /

X
C(x, ⇠, Q2, p⇡T )⌦ �⇡(z)⌦H(x, ⇠, t)
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Spatial Imaging of Gluon Density

q “Seeing” the glue at EIC:

t-dep

J/Ψ, Φ, …

Only possible at EIC!

F.T.

Proton radius of 
gluons (x)!

How far does glue 
density spread?

How fast does 
glue density fall?
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Emergent Properties of Dense Gluons

² What are the emergent properties of dense systems of gluons, 

when the occupation number is ~ O(1)?

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

. d
en

sit
y

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

. d
en

sit
y

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)

vs.

q Another HERA discovery:

q Impact of color entanglement enhanced at small-x:

e p
bT

kT
xp

bT

kT
xpDIS

tots ! Ä + + …xP, kT

<latexit sha1_base64="wCh8xRlmwM3OMgxKUPnSKkR/aiQ=">AAAB/HicbVBNT8JAEJ3iF+JXlaOXjcQEL9gSoh5JvHgTEvlIoJDtssCG7bbZ3ZqQBv+KFw8a49Uf4s1/4wI9KPiSSV7em8nMPD/iTGnH+bYyG5tb2zvZ3dze/sHhkX180lRhLAltkJCHsu1jRTkTtKGZ5rQdSYoDn9OWP7md+61HKhULxYOeRtQL8EiwISNYG6lv55MuwRzdz4r1vuqJy3pPXPTtglNyFkDrxE1JAVLU+vZXdxCSOKBCE46V6rhOpL0ES80Ip7NcN1Y0wmSCR7RjqMABVV6yOH6Gzo0yQMNQmhIaLdTfEwkOlJoGvukMsB6rVW8u/ud1Yj288RImolhTQZaLhjFHOkTzJNCASUo0nxqCiWTmVkTGWGKiTV45E4K7+vI6aZZL7lWpXK8UqpU0jiycwhkUwYVrqMId1KABBKbwDK/wZj1ZL9a79bFszVjpTB7+wPr8AVYMk+E=</latexit>

O(Qn
s /Q

n)=
X

f

Ĉf ⌦ �f +O
�
Q2

s/Q
2
�
+O

�
Q4

s/Q
4
�
+ ...

Color entangled or correlated 

between two active partons
Q2

s / parton density

Saturation is a part of QCD, 
where to find it?Saturation of gluons

= Color Glass Condensate (CGC)

q Saturation:

When                    , every term is equally important, and

counting single parton is meaningless

<latexit sha1_base64="yXKLZm7mE1RHr2lhKAzLgBUb5tE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjwmYBIxWcLsZDYZMo9lZlYIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj7pGJVqQttEcaUfImwoZ5K2LbOcPiSaYhFx2o0mt3O/+0S1YUre22lCQ4FHksWMYOukx9bAoL5hArUG5Ypf9RdA6yTISQVyNAflr/5QkVRQaQnHxvQCP7FhhrVlhNNZqZ8ammAywSPac1RiQU2YLS6eoQunDFGstCtp0UL9PZFhYcxURK5TYDs2q95c/M/rpTa+CTMmk9RSSZaL4pQjq9D8fTRkmhLLp45gopm7FZEx1phYF1LJhRCsvrxOOrVqcFWtteqVRj2PowhncA6XEMA1NOAOmtAGAhKe4RXePOO9eO/ex7K14OUzp/AH3ucPnXqQMA==</latexit>

Qs ⇠ Q

Need new and coherent degree of freedom
More of the wave nature of the glue!

Part of QCD
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Internal Nuclear Landscape

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

q A simple, but fundamental, question:

“A” “B”
Need localized hard probes – “see” more particle nature of the “glue”

q But, a hard probe at small-x is NOT necessarily localized:

In c.m. frame

Longitudinal probing size  
>  Lorentz contracted nucleon  

if  1

xp
> 2R

m

p
or x < 0.1

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

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 Another simple, and fundamental, question:
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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 !
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Summary and Outlook

Thanks!

q QCD’s another defining property, “Confinement”, makes the QCD and its 

emergent phenomena extremely rich, opening up a new femto-science

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

the next frontier of the Standard Model!

q QCD has been very successful in describing the short-distance dynamics owing to 
its “Asymptotic Freedom”, a defining property of QCD

q EIC is a ultimate QCD machine and a facility, capable of discovering and 

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