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The Wu-Shaknov experiment (1949)
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Two photons linearly polarized at right angles.
The Angular Correlation of Scattered
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. 5 early as 1946, J. A. Wheeler! proposed an experiment to
Maximally entangled Bell state m[[;' ) pmﬂﬂfﬂn o pair Hmﬂwlf' at the rwo quanta
emitted in the annihilation of a positron-electron pair, with zero

relative angular momentum, are polarized at right angles to

each other. This suggestion involves coincidence measurements

of the scattering of both the annihilation photons at various

azimuths, The detailed theoretical investigations were reported



Quantum entanglement at the LHC

ptt 1o 90 doye (o4 aLas ¢en | LHC experiments at CERN observe
/8=13TeV, 140 fb'
SCPTEMBER 25,2026 | 4MINREAD e quantum entanglement at the
‘Spooky Action at a Distance’ ha | highest
] gnest energy yet
Observed in Quarks fOI’ the Fll’st % 05 T T T é. The results open up 2 new perspective on the complex world of quantum physics
= £ -0af
Time P S S SEPTEMBER 2004
Physicists report the first observations of quantum B 04
. . ' | | —-— Limit (Powheg + Herwig?)
entanglement in top and anti-top quarks, the heaviest == Limit (Powheg + Pythia8)
known fundamental particles and their antimatter 05 e 7 Lneory Unceriainty
counterparts, inside the Large Hadron Collider ® ® Powheg + Pythia8 (hva)
I Powheg + Herwig7 (hvq)
8Y DAN GARISTO & RATURE MAGAZINE 5
L CMS 36310 (13 TeV) ez 00
T T

T T T Mass Range [GeV]
/¥ POWHEGv2 + HERWIG+++n, / g

I/l MG5_aMCGNLO(FxFx) + PYTHIAS + 1 / s
/' POWHEGv2+ PYTHIAS + 1, / jf

[/ MC stat.

/11/7 MC Stat. @ Syst.

— Entanglement boundary
t Data extr. with PH+P8

L I  Quantum Observables for Collider Physics

m(tt) < 400 GeV n "

Apr 20-24, 2026

-0.491:38%8  —+—e—— CERN

Europe/Zurich timezone

-0.480:0%58  ——e— Overview

| ‘ Please note that registration for this workshop is restricted to invited participants only; general

| L
-0.60 055 -050 045 0.4  (a|l for Abstracts applications for attendance are not being accepted at this time.

The ATLAS detector, parnt of the Large Hadieon Collider, 8118 300 1y oy v werreres gyrwermey
It measures various peoperties of igh-encegy particles. Max

o Brica/CERN Timetable The workshop aims at gathering theorists and experimentalists interested in measuring quantum



Entanglement in ¢ production at the LHC

Angular correlation of leptons in their
respective rest frames
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And at RHIC, BESIII, Belle-ll, FCC,...
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Preliminaries

Classical bit: 0Qor 1

) =al0y +b]1) e+ =1

Qubit: Superposition of 0 and 1

Elementary particles (electron, quark, photon, proton...) are qubits/qutrits
A two-qubit system can be entangled
1) =10)|1)  not entangled (separable)

W) = —(|0)[1) = [1)]0))  entangled (Bell state)

5l
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Spin density matrix

At colliders, qubit pairs are produced millons of times with different spin states
— mixed states described by the density matrix

1 1 :
p= §|(](]>{{)[)| + §|11>{11} mixed, not entangled
]
p = 5(|Ul>({}1| — [01)(10| — |10)(01| + |10%(10]) = |¥~)(¥~|  pure, entangled

Most general density matrix for 2-qubit systems (15 unknown parameters)

| =
p=7(I®I+B%" I+ BI® o + C%0° ® 0*)



Peres-Horodecki criterion

The two qubits are entangled if and only if the partially transposed density matrix

T

pl = (]l ®17 + B0 ®17 + By1 ® (¢°)7 + Cpp0® ® (Jb)T)

W | =

has a negative eigenvalue )\min < () not entangled

M;|GeV|

Density matrix calculable in perturbation theory
Entanglement is an observable.

entangled



Bell-nonlocality

Bell-Clauser-Horne-Shimony-Holt (CHSH) inequality

niCij(ny +nj) + nyCij(ny —nj)| < 2
This is violated for certain choices of n’s if the largest two
eigenvalues of CTC satisfy
Horodecki, Horodecki, Horodecki (1995) separable (not entangled)

(1 + po > 1 — "Bell nonlocality’ entangled

Bell
nonlocality

In general, Bell nonlocality requires deeper
quantum correlation than entanglement




Dijet (17 ) production in ep, eA, UPC

inclusive exclusive (diffractive)

"Pomeron' exchange

)
Larger cross section Smaller cross section
Messier environment Cleaner environment
Qi, Guo, Xiao, 2506.12889 Fucilla, YH, 2509.05267

Fucilla, YH, Xiao, 2604.11697 YH, Schoenleber, 2511.04537



Inclusive quark-antiquark production in DIS

Spin density matrix in one-gluon exchange Qi, Guo, Xiao, 2506.12889
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féé v ) _,,.// K
! ! Entangled .-

Longitudinal photon:
Always maximally entangled and
maximally violates Bell-CHSH inequality

Transverse photon:

Bell nonlocality ( entanglement



Exclusive dijet, the Regge limit

Longitudinal case: the same as before
— maximal entanglement/Bell nonlocality

Transverse case:

Chun O 0
() C:"J' C:'k
0 Cir Chi

Density matrix depends on the (G)TMD
gluon distribution of the target.

Fucilla, YH, 2509.05267
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Exclusive dijet, the Regge limit

Fucilla, YH, 2509.05267

Longitudinal case: the same as before ~ 40 ome?
CL =— N 122k (Ty + 1),

nn

— maximal entanglement/Bell nonlocality :
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Entanglement = Bell nonlocality in the Regge limit
Fucilla, YH, 2509.05267

Entanglement (Peres-Horodecki)

Ay = /(0L — CF)? +(Ch,+ CL)? — 1+ CL,

ax(Aq, Aq) =0
Ao =/(CL +CL)2 +(CL, — CL)2 —1-CL,

Bell nonlocality (Horodecki*3)

Largest two of C2,,

1 <2
< HLt 2 S G2, +C}, + Gl + C3 £ \/(CL + G, — G = C2)” +4(CorCo + CieCn)”

2



Entanglement = Bell nonlocality in the Regge limit
Fucilla, YH, 2509.05267

Entanglement (Peres-Horodecki)

Al—\/( +(CT +CF)2—-1+CFL
max( A, Ag) =0

)y (' 70

Bell nonlocality (Horodecki*3)

Ay = \/(CT +OT)2 4 (CT —CT)2—1-CF,

Largest two of C2,,

<

) (), -_/-' 0 ?

The two conditions become identical.
Entanglement and Bell nonlocality necessary and sufficient



entangled
entangled & Bell-nonlocal
Bell-nonlocal

/ Bell state at k) = +/Q2%/4 + m?

Everywhere entangled,
Everywhere Bell-nonlocal

Maximal entanglement/Bell nonlocality
at one point in phase space




Spin density matrix in collinear factorization + GPD
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YH, Schoenleber, 2511.04537
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Entanglement and Bell-nonlocality in DIS
2511.04537

L/T separation challenging at EIC — mixed density matrix not entangled

‘4

Q = 10 GeV, W = 30 GeV

Pairs almost everywhere
entangled

Bell nonlocality not
everywhere seen for
massive quarks




Quantum tomography

Quantum tomography

Article Talk

From Wikipedia, the free encyclopedia

Read

¥, 3 languages

Edit View history

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.[']”

All 15 unknowns of the density
matrix for ttbar pairs determined by
the CMS collaboration!
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Self-analyzing weak decays?

How does quark-level entanglement survive in observables?

Fragmentation into heavy baryons and their weak decay

7.0% 11%
b y Ab —— X +p™ + g,
6.4% 3.5%
—— A —— A+p +,,
2.8% 64% _
S A —p+7,

Suppression factor by 10™* ~ 107°, too high price to pay for exclusive
production whose cross section is in the picoban range.

Only works for massive quarks.



Single and dihadron fragmentation functions

Measure angular correlations resulting from Collins FF in the CM frame

Op

B I
Qpr

- C*"" sin ¢p SIn (bp/ -+ C% cos (bp COS (bp/

cos(¢pp + ¢pr)

In e+e- annihilation, C’mj ~ _Oyy



Dihadron TMD FF

ciJ R kj
v~ D"z ¢, Py, R) + 775, ¢, Pn, R)
. g Einj Lhihsa/ Eijk‘
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Quantum tomography at the EIC

Fucilla, Guo, YH, 2609.32800

Hi A H{iGy
T —&\-4 ————— il —/ Complete reconstruction of the spin
( C . . .
C:m Cmy' T2 density matrix possible at the EIC

|

I !

| __C_:y_a;_____g_gy{ I\ C_y_zz New class of observables sensitive
! to TMD and GPD of the target.

Ll
1G1

\ Density matrix --> QIS observables
G



Exotic Collins asymmetry of D, B-mesons at the EIC
Fucilla, Guo, YH, 2609.32800

C™ singpsinppr + CYY cos dp cos @ pr

At this point

cos(¢p + ¢pr) :
==) COSQp COS @ pr




Conclusions

Quantum entanglement at the EIC: novel topic beyond the NAS & Yellow report.

Initial polarization(s) makes entanglement pattern richer.

Cheng, Han, Trifinopoulos 2510.23773

YH, Martinez-Fernandez, 2608.05330 (Compton)
Cao, Guo, YH, Schoenleber, 2608.18030 (Bethe-Heitler)

Final state entanglement sensitive to initial state proton structure
Quantum tomography meets nucleon tomography,

Appeal to broader audiences far beyond the EIC community.
Entanglement is a common language of nuclear/particle physics
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