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Scientific goals of EIC

Finding 1: An EIC can uniquely address three profound questions about nucleons-
protons—and how they are assembled to form the nucle1 of atoms:

e How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?
e What are the emergent properties of dense systems of gluons?
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Tomography
(TMD, GPD)




Parton distribution function

Q2 =10 GeV2
dz~

u(@) = [ e (Pla(—=" /2)y (=" /2)| P)

Number distribution of up quarks
with momentum fraction I inside the proton

QCD factorization 0 = 0g & g(:l?l) & g(.’lig)

-

Higgs production -

p

fL

Universality of PDF—the same function can be used for different processes.
Fundamental to the predictive power of pQCD



Multi-dimensional tomography

The nucleon is much more complicated!
Partons also have transverse momentum k|
and are spread in impact parameter space B’l

Transverse momentum dependent distribution (TMD)
3D tomography

Generalized parton distribution (GPD)  3p tomography

’UJ(SU, b_]_, k?_]_) Wigner distribution 5D tomography



Semi-inclusive DIS

Tag one hadron species _
with fixed transverse momentum P,

When P is small, TMD factorization

Collins, Soper, Sterman; Ji, Ma, Yuan;...

do
dP,

=<1 & Fle byl & Dz o)

TMD PDF TMD FF
Open up a new class of observables where pQCD is applicable.
Provides a vivid picture of hadron structure in momentum space

Variety of novel phenomena due to intrinsic transverse momentum
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TMD becoming precision science

Hadronic tensor, fully factorized form

hard part
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TMD global analysis

Talk by Granger

Moos, Scimemi, et al_,
JHEP 11 (2025)
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Universality up to a sign

Sivers function for the transversely polarized nucleon

—

k1

e
/

The same function, but with

opposite signs in DIS and Drell-Yan. DIS

(Collins, 2002)

(I(.‘I‘, ITL) = q(=, “‘l‘) £ S:i X ELflT(I’ \All)

- Single spin asymmetry

Drell-Yan

EIC will probe gluon Sivers function for the first time.
(connection to QCD odderon)



Generalized parton distributions

Non-forward A — P’ — P generalization of PDF

/ P (P S B(0)y ()| PS)

oMY A

= H, (2, N)a(P' S W u(PS) + E,(z, A)a(P'S") Y u(PS)

2m
1
First moment = electromagnetic form factors / (l.’ITHq(.'IT, 1, t) =
-1

Fourier transform

Fi(t)

A 2
- parton distribution in impact parameter space Hq(.‘l’., t=—-A))— H, (] bL)

Ji sum rule for the nucleon spin 1

1
Jog = 5[[] dzx(Hyg(z) + Eq4(z))
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Talks by Jevons, Lee

Deeply Virtual Compton Scattering (DVCS)
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QCD factorization of Compton amplitudes 3,
dr {5 80
™/ oy
A / £ + ic ( )
L& 1-¢
EIC offers an unprecedented kinematical coverage of DVCS p P
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Talks by Tanaka, Gao, Freese, Yang, Liu

Gravitational form factors

1
Second moment of GPDs / d;];g;Hq(;z:, 1) = 43(1‘) -} 772D"(t)
=9

Form factors of the QCD energy momentum tensor
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Experimental study of GFFs?

Elemag form factors: 70+ years of history, still highly active, several future experiments

Gravitational form factors: Just the beginning, we can make history!

Direct measurement impossible:
Graviton exchange enormously suppressed below the Planck energy

'\

G do 5 §° Gn ~ 1/Mp
— ~ G
Mp ~ 1019 GeV

dt

But theorists are bad losers...



Accessing GFFs at JLab and EIC

DVCS

quark GPD

1 graviton ~

Talks by Mamo, Singh

Heavy vector meson production
near threshold

1+1=2

2 photons or 2 gluons
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Proton spin




The proton spin problem

The proton has spin %.

The proton is not an elementary particle.

1 1 |
‘ 5 — §AE —+ AG —+ Lq —+ Lg Jaffe-Manohar sum rule
1
— 5&2 + LL” 4 Jq Ji sum rule

AY = 0.25 ~ (.3 reasonably well constrained from polarized DIS

17



1
AG:/O dzAG(x) from polarized pp

A major achievement of the RHIC spin program!

1
/ drAG(x, Q* = 10GeV?) = 0.20F-% DSSV
0

.05

0.2
/ dzAG(z, Q* = 10GeV?) = 0.17 + 0.06 NNPDF
0

05

1
f drAG(z,Q% = 10GeV?) = 0.23 £ 0.03  JAM
.

A5

Huge uncertainty from the small-x region = EIC

Renewed interest in the small-x resummation for helicity PDFs
Kovchegoy, Sievert, Pitonyak (2015) + many works



Helicity pQCD precision frontier

16 AZ(Q) /AZ(Qp)

4-loop evolution of AY
De Florian, Vogelsang (2019)
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NNLO jet production in polarized DIS
Borsa, de Florian, Pedron (2020)
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3-loop Wilson coefficients for g1(z)

Blumlein, Marquard, Schneider, Schonwald (2022) 25<p_ <50 GeV
0.5~ "m

4-loop small-x anomalous dimension
Borden, Kovchegov (2023)

NNLO polarized SIDIS 2 ol
Bonino, Gehrmann, Lockner, Schonwald (2024,2025)
Goyal, Lee, Moch, Pathak, Rana, Ravindran (2024,2025)

NNNLO polarized SIDIS

| (s=510 GeV
Dong, Fan, Gao, Li, Shao, Zhou, Zhu (2026) 0.5 °
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NNLO global analysis for helicity PDF

Bertone, Chiefa, Nocera (2024)
Borsa, de Florian, Sassot, Stratmann, Vogelsang (2024)

Q% =10 GeV’ -

TABLE 1. Partial and total x* obtained in the fits

Total DIS SIDIS pp-jets pp-pions pp-W

NLO 627.2 302.7 127.6 111.1 63.5 22.3
NNLO 607.5 294.3 122.9 104.0 66.0 20.3
Data points 673 368 114 91 78 22

of the integrals. Remarkably, when combining the two
contributions according to their role for the proton spin,
one finds a result approaching 1/2 toward lower in.




An elephant in the room: Orbital angular momentum

P
L]

No experimental measurement of OAM so far
Spin sum rule cannot be complete

without understanding OAM

Helicity is not a conserved quantity.
Even if OAM is zero at one scale,

it is nonzero at other scales.

Can EIC access OAM information?

1
SAY + AG + L7+ L

de Florian, Vogensang (2019)

NNLO  (Qp=1 GeV) _--]
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Longitudinal double spin asymmetry in exclusive dijet production
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Bhattacharya, Boussarie, YH (2022,2024);
Kovchegov, Manley (2024)
Zardo Becker, et al. 2608.25120

Talk by Manley
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Sensitive to the gluon OAM at small-x
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— Total
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- Spin-orbit correlation
— Total

2404.04209



Talks by Zurek, Kelleher, Schnell, Surrow

Transverse Single Spin Asymmetry (SSA)
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Global analysis of SSA
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At the moment, the only viable way to generate
0O(10%) asymmetry seems to be twist-3 FFs
convoluted with the transversity distribution.

- Constraints on the nucleon tensor charge.
connection to nucleon Electric Dipole Moment

Cammarota, Gamberg, Kang, Miller, Pitonyak,
Prokudin, Rogers, Sato (2020)

Simultaneous fit of

e+e- (BELLE, BaBar, BESIII)

SIDIS (COMPASS, HERMES, Jlab) < input from EIC in future
Drell-Yan (COMPASS, STAR)

pp (STAR, PHENIX, BRAHMS)
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BSM physics from spin asymmetries at the EIC

Weinberg operator contribution to proton EDM from polarized DIS

a ROy
fave S, By Fr, YH, 2012.01865

Beam/target spin asymmetries ET}} — eX epT — eX

Re[C, ] =v/TeV?

— Constraints on SMEFT parameters relevant to EDMs

]
o
.

Boughezal, de Florian, Petriello, Vogelsang 2301.02304
Yu, Dawson 2609.38535

Rel% (ImT%)
=
(=]

—0.1 ==

(14, 7)1

Electron ¢ — 2 and EDM from e 'p — X
with flavor-changing axion-like particle (ALP)

Davoudiasl, Marcarelli, Neil, 2402.17821
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ZEUS
0.8

G|UOH SaturatIOﬂ - —— ZEUSNLOQCDfit Q’=10 GeV’
0.7 a (M2)=0.118
' ot. error xu,
Rapid rise of the gluon distribution at = << 1 0.6 “
: CTEQ 6M
Gluon density eventually saturates due to unitarity. ol MRST2M1
Gribov, Levin, Ryskin (1980); Mueller, Qiu (1986) xg(x 0.05)
0.3
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Low Encrgy 0.
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10° 107> 10
Cil o
Density

Crrovws

The ultimate state of matter at high energy
— Color Glass Condensate (CGC).

High Energy

High density, weakly coupled gluon matter which allows
perturbative QCD approaches Mclerran, Venugopalan (1993)



Has saturation been observed at HERA, RHIC, LHC?
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EIC: Dream machine for gluon saturation
CGC characterized by one hard momentum scale, the saturation momentum
Enhanced in a large nucleus (23 oL f‘l 1/3

EIC energy lower than HERA, yet the saturation momentum larger
Electron scattering : less initial state effects

............ EIC Vs;,5 = 90 GeV (eAu)

| perturbative regime >

0 05 1 15 2 25
A2 Q2 (GeV?)

QcD



Towards NLO global analysis at small-x

Unambiguous discovery of gluon saturation likely
requires NLO global analysis of many observables

NLO computations, NLL BK-JIMWLK evolution,

initial state, event generators,...

Observable

Forward hadrons, p+A
Dihadrons, dijets, p+A
Photon-tagged, p+A
Heavy-meson pairs, p+A
Dijets, dihadrons, e+A
Hadrons, jets, TFR, e+A

Energy correlators, e+A

Fixed order
NLO

LO, real NLO
LO

LO

NLO

NLO

LO

Small-x evolution
rcBK, NLO BK

rcBK

BK-type

large-Nc dipoles
kin. constr. JIMWLK
rcBK

rcBK

Sudakov, threshold
threshold resummed
Sudakov + NP
Sudakov, showers
Sudakov with mass
double + single logs
Sudakov, threshold

none (NEC)

Hadronization
collinear FF
collinear FF

FF, none (y+jet)
heavy-quark FF
TMD FF

FF, fracture fns

none (sum rule)

Talks by Mehtar-Tani, Tiwari, Yao, Lempert, Chu

Data

RHIC, LHC

U.S. DEPARTMENT

Y3 of ENERGY

STAR, ATLAS (FoCal)

PHENIX, ALICE (FoCal)

LHCb

EIC

HERA, EIC

EIC

Salazar, talk at DNP2026



Quantum tomography

Quantum tomography X 3 languages -

Article Talk Read Edit View history

From Wikipedia, the free encyclopedia

Quantum tomography or quantum state tomography is the process by which a quantum state is reconstructed using
measurements on an ensemble of identical quantum states.['! The source of these states may be any device or system which



Voir en francals

Quantum entanglement at the LHC  LHc experiments at CERN observe

guantum entanglement at the
S 1 for 20 days .
i it ® highest energy yet
SEPTEMBER 25,2024 | 4 MIN READ The results open up a new perspective on the complex world of quantum physics

‘Spooky Action at a Distance’ |Article SEPTEMBER, 2024
O_bserved in Quarks for the Fir | Observation of quantumentanglementwith
Time top quarksatthe ATLAS detector

Physicists report the first observations of quai

entanglement in top and anti-top quarks, the | mpsseioai0msnsisozeomass  TheATLAS Collsboration=
Riscarhvisd: 18 Mo 20023

known fundamental particles and their antim
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Entanglement is ubiquitous

Positronium decay into two photons Top-antitop pair production at the LHC
8 t d

'Y f'\,rr.f

™

g t q

Elementary particles with spin (photon, electron, quark, proton,...) are qubits/qutrits
When produced in pairs, they can be entangled in quantum mechanical sense.

Complete characterization of two-qubit states: spin density matrix
1 ~ a ., i b o~ b wab _a — b
pzl([-;{:l—l—B::r RI+B°I®c’ +C%0" @ 0°)

Entanglement, Bell's inequality, etc., encoded in the density matrix.



Spin-spin entanglement at the EIC

2506.12889, Qi, Guo, Xiao
2509.05267, Fucilla, YH

Compute the spin density matrix of quark-antiquark pairs 2510.23773, Cheng, Han, Trifinopoulos

produced in electron-proton scattering. 2511.04537, YH, Schoenleber
2604.11697, Fucilla, YH, Xiao

/0.5

- Density matrix depends on TMDs and GPDs.

~

=00

o™ Initial state nucleon structure affects final state entanglement



Quantum tomography at the EIC

Fucilla, Guo, YH, 2609.32800

Quantum tomography: Experimental reconstruction of the complete density matrix
Possible with the help of Collins and dihadron fragmentation functions

Gy

b
e
S
3,
R

-
P

Maximal entanglement of heavy quarks
modifies Collins asymmetry

cos(¢p + ¢') — cos ¢p cos ¢’




3-qubit entanglement in Bethe-Heitler

Cao, Guo, YH, Schoenleber, 2608.18030

Nuisance in DVCS turned into a factory of genuine tripartite entanglement

p_y The GHZ state The W state
S

Z, |+++)+]|——)
'__,-“' E‘ ]
I3 ﬁ
iy -
_'ib ¥ 3m'4l .

i

Vs [GeV]

EIC will produce GHZ and W-states by the thousands!



Conclusions

*EIC opens the era of precision QCD study of nucleon and nuclear structures
in the next >30 years

* Significant challenges ahead for both theorists, including lattice QCD, and
experimentalist

* Interdisciplinary connections: BSM, QIS, low energy hadron/nuclear,...

* Many more talks during the meeting!
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