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The Electron-Ion Collider (EIC) project

Next-generation high energy nuclear physics facility 

at Brookhaven National Laboratory, New York. 

The only new collider in the world expected to be built 

in the next decade.

QCD first



Quantum entanglement at the EIC?

Still, entanglement is ubiquitous in high energy QCD. 

Quarks and gluons in the hadrons/nuclei are entangled in various ways
Kovner, Kharzeev, Levin, Kutak, Hentschinski, Dumitru, YH,

2506.12889, Qi, Guo, Xiao

2509.05267, Fucilla, YH

2510.23773, Cheng, Han, Trifinopoulos

2511.04537, YH, Schoenleber

2604.11697, Fucilla, YH, Xiao

No mention in the Yellow report

Spin-spin entanglement at the EIC 900+ pages

400+ authors

150+ institutions

2103.05419



Deep Inelastic Scattering



X

Proton can be replaced by nucleus.

Electron and proton (light nuclei) can be polarized

Virtual photon longitudinally/transversely polarized 

Bjorken variable

Photon virtuality

inelasticity 



Ultra-peripheral collisions (UPC)

A nucleus acts as a source of Weizsacker-Williams photons, 

Mimick the photo-production limit of DIS

Have been studied already at the LHC and RHIC
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Dijet (     ) production in ep, eA, UPC

inclusive exclusive (diffractive) 

Larger cross section

More particles produced
No rapidity gap

Smaller cross section

Fewer particles produced
Rapidity gap
Connects to physics of Pomeron



Inclusive quark-antiquark production

Qi, Guo, Xiao, 2506.12889

Bell nonlocality         entanglement

Longitudinal photon: 

Always maximally entangled and 

maximally Bell-nonlocal

Transverse photon:

Spin density matrix in one-gluon exchange



DIS off a heavy nucleus
Multiple gluon exchange --> transverse momentum kick 

Fucilla, YH, Xiao, 2604.11697

Transverse momentum dependent (TMD) gluon PDF

linearly polarized gluon TMD



Entanglement/Bell nonlocality magic

Entanglement and magic strongest at 

Bell nonlocality not much affected

pairs, transverse photon



Exclusive dijet production

Quark-antiquark pair production via color singlet exchange

kt-factorization (Regge limit) 
Nikolaev, Zakharov (1994)  Bartels, Lotter, Wusthoff (1996)

Scattering amplitude purely imaginary

BFKL Pomeron exchange

Collinear factorization (medium energy)
Braun, Ivanov (2005)

Convolution with Generalized Parton Distributions (GPD)



Spin density matrix via Pomeron exchange

Longitudinal case: the same as before

→ maximal entanglement​/Bell nonlocality

Transverse case:

Not symmetric, depends on the 

gluon distribution of the target.



Spin density matrix via Pomeron exchange

Longitudinal case: the same as before

→ maximal entanglement​/Bell nonlocality
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Not symmetric, depends on the 

gluon distribution of the target.



Entanglement = Bell nonlocality in the Regge limit

Fucilla, YH, 2509.05267 

Entanglement (Peres-Horodecki)

Bell nonlocality (Horodecki^3)

Largest two of 



Entanglement = Bell nonlocality in the Regge limit

Fucilla, YH, 2509.05267 

Entanglement (Peres-Horodecki)

Bell nonlocality (Horodecki^3)

Largest two of 

The two conditions become identical.

Entanglement and Bell nonlocality necessary and sufficient!



Bell state at

Everywhere entangled, 

Everywhere Bell-nonlocal

Maximal entanglement/Bell nonlocality 

at one point in phase space

Bell-nonlocal

entangled

entangled & Bell-nonlocal



Collinear factorization for exclusive production

Density matrix depends on 

Generalized Parton Distribution (GPD)

YH, Schoenleber, 2511.04537

GPD

GPD



Spontaneous polarization

Massive quark and antiquark transversely

(normal to the production plane) polarized 

even in unpolarized collisions. 

Interference between real and imaginary parts 

of GPD amplitudes.

Vanishes in the Regge limit (no real part in the amplitude)



Imaginary part of GPD 

amplitudes not suppressed 

by   

Up to 80% polarization from 

leading twist pQCD! 

Realized in low-medium CM 

energies at EIC. 

Giant transverse polarization
YH, Schoenleber, 2511.04537



Ultraperipheral collisions (UPC) at LHC, W=500GeV

Bell nonlocality not everywhere seen

2511.04537 

Bell nonlocality entanglement away from the Regge limit

Everywhere entangled



Entanglement and Bell-nonlocality in DIS
2511.04537 

L/T separation challenging at EIC → mixed density matrix

Pairs almost everywhere 

entangled

Bell nonlocality not 
everywhere seen for 

massive quarks

not entangled



Magic (longitudinal photon)

Maximally entangled everywhere.

Magic vanishes only for Bell states. 



Comment on maximum magic 

Theoretical upper limit

New upper limit when restricted to B=0 

YH, Schonleber, 2511.04537

Liu, Low, Yin (2025)



Magic (transverse+longitudinal)

UPC (LHC)

W=500GeV

DIS (EIC)

The highest value we found ~0.58        

slightly less than

2511.04537 



Observable

Can the quark-level correlation survive?

Fragmentation into heavy baryon and self-

analyzing weak decay

Prediction

In practice, a number of issues: 

spin transfer in hadronization, low branching ratio,

decoherence, etc. 

Ways to reconstruct spin correlation without resorting to weak 
decays? Cheng, Yan (2025)



Conclusions

Quantum entanglement at the EIC: 

novel topic beyond the Yellow report. 

Take advantage of the unique capabilities of EIC

high luminosity, polarization,...

HEP community welcome!
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