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Quantum information at collider

»Quantum entanglement and non-locality are distinctive features of quantum systems
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Quantum information at collider

»High energy: the scattering involves both the QCD and electroweak interactions

The results open up a new perspective on the
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complex world of quantum physics

ATLAS and CMS has observed the spin entanglement of top quark pair
Rept. Prog. Phys. 87 (2024) 117801

Nature 633, 542 (2024)
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Quantum information at collider

»High energy: the scattering involves both the QCD and electroweak interactions

The results open up a new perspective on the
complex world of quantum physics

Typical entanglement
experiment with photons LHC
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»New features:

U Particle spin can not be measured directly

U New degree of freedom for spin-1 particle (Longitudinal mode)

U New features from interactions: parity violation, QCD confinement
U Entanglement beyond the spin space: flavor

U Quantum information and QCD confinement

Quantum information in high-energy physics is an emerging and rapidly growing
field at the intersection of particle physics and quantum theory



Quantum spin entanglement

The spin correlation of fermion pair can be described by the general density matrix

L ®Ix+ Bijo; @ I, + Bil, ® 0, + Cj50; @ 0
B 4

0

» B,;, B; :the polarization of each particle

> Cij . the spin correlation of fermion pair
_ A B :
A separable state can: paB = Z PwPyw @ Py, , Entangled is non-separable

Entanglement can be measured by the concurrence observable

C(p):max((),)\l—)\g—)\g—)\4) 0 SC(IO) S 1
Seperable Maximal -
A;: eigenvalues of matrix: NG, p= (02 ® 02)p* (02 ® 07)

W. K. Wootters, PRL 80 (1998) 2245



Bell inequality

Bell (CHSH) inequality: A, ==+1, B,=*1

‘<A1B1> + <A132> + <A2§1> . <A2B2> S 9 [Clauser et al, PRL 23, 880 (1969)]

A

A=d-6, B=ad-6, (ABy=a-C-b

B
Bell inequality is violated iff we can find four directions 51’1,2, 51,2 so that

al-c.(zl—62)+52-c-(61+32)‘ > 2

Fix some direction a ,, 51,2 Scan d, ,, b; , to maximize
=2/ +c}>2
e.g. \/§|Cm + Cyy| > 2 Blp] ci +c5 >

c12, 022 are the largest two eigenvalue of CC.



Quantum entanglement at colliders

» Top quark pair

» Tau lepton pair

» Gauge boson pair

> Flavor

» Entanglement & NP

The spin correlation between
particles can be measured from

its decay products
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I How about the stable particles,
e.g. light quarks and photons?



Spin Analyzer in particle physics

» Unstable particles, decay products carry spin information
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Spin analyzing power

» How about light quark and gluon?

String Interactions
Bose-Einstein & Fermi-Dirac
® Primary Hadrons
™ Secondary Hadrons
B Hadronic Reinteractions
(*: incoming Knes are crossed)

Hadronization hides spin information?

From PYTHIA 8.3 8



Spin Analyzer in particle physics

» Spin from nonperturbative QCD: PDFs and FFs

Hadron :::::/

Parton distribution func;i;)ﬁ =<\
describes the probability of
finding a quark or gluon

TMD factorization
Leading Q‘uark TMDFFs O—v Hadron Spin @ Quark Spin

Quark Polarization
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J. Datta et al, PRL 134 (2025) 111902

Parton ::::'—

Fragmentation functio;l Tt
describes the probability of
producing a specific hadron.

Collinear factorization
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Transverse spin of quark: The interference between the different helicity statgs



Dihadron pair production at lepton colldiers

» The transverse spin correlation between light quarks: chiral-odd interference
dihadron fragmentations (collinear factorization)

» Light quark pair are 100% correlated in the central scattering region

. 9 .9
Cii = diag( sin® © sin” © 1)

1+cos20’ 1+ cos2O’
» The maximally entangled Bell state: Bell inequality violation effects

Kun Cheng and Bin Yan, PRL 135 (2025) 011902 10



Bell inequality of light quarks

M
Jet2 ¢2 4 B o Z
J. C. Collins et al, NPB 420, 565 (1994) m \
Unpolarized diFF

<S¢

do — Ry, . =
2 27
E quiI(zl,Ml)Dg(z;g,Mg) ’?gp/abe Jetl
q

dz1dzed M1d Madp1d oo

= Ohard

+ % ; eng’q(zh M) H (22, M) (B— cos(gr + ¢2) — By cos(¢ — ¢2))]

Transverse polarized diFF

2sin” © _ 2(cos(¢1 +¢2))  Aio

Bi = me + ny B_|_ = 0, B_

T 1+cos2O B-= A, A

% B, =0 isaresult of the chiral symmetry of SM (massless quarks)

¢ New spin structure B, # 0 from chiral symmetry breaking interactions: dipole
couplings

Q.-H. Cao, G. Li, X. K. Wen and B. Yan, Rept. Prog. Phys. 89 (2026) 080501

2 174, <,q
% CHSH type Bell inequality  |B| > V2 g, = %Z"Zeqibgziﬁ;g%(zizﬁ)'
q%q ’ ’

Kun Cheng and Bin Yan, PRL 135 (2025) 011902
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Dihadron pair production

Purity : Tr(p?)[%]
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¢ The optimal cuts on scattering angle will significantly improve the results
¢ The light quark pair would be a highly pure spin Bell state
¢ Combined results: 2.5 ¢ for 100% correlated systematic uncertainties and

6.7 o for the uncorrelated case
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Quantum information of photon pair

» The quark fragmentation method can be extended to the photon pair production

[——]

photon pair state (linear polarized): M
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L. R. Kasday, J. D. Ullman, and C.-S. Wu, Il Nuovo Cimento B (1971-1996) 25, 633 (1975). |5



Quantum information of photon pair

» Virtual-photon splitting as a polarimeter g

B —
» The virtual photon should be described by a qutrit state € (a:) Va2

+ O(6:)

» For nearly on-shell photons, the longitudinal contributions are suppressed, we can use an
effective two-qubit description

» The splitting process

1 9 _
—16q2 Ly = D(z, q2)5>\>\/ + H(z,q“) [COS(qu) (0z)an + sin(2¢) (ay)»\/}
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K. Cheng, T. Han, G. Li, B. Yan, 2606.30759
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Spin analyzing power

» Spin analyzing power from splitting
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» The electron has a larger spin analyzing power
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Quantum information of photon pair

> Bell variable:

do D(z1,q%?)D(z2,43) o 2
40,40, X q%qg Ohard |1 + Qg lgs X (B_ cos 2(¢1 + ¢2) + B4 cos 2(¢1 _ ¢2)> .
K2 K22 o
71,22 — 1 42 — 2sin” 0
Uiz = g By = Cop + Cyy By =0, B_=

» Backgrounds:

2

» Cuts: Lepton angle, energy, Photon virtuality, scattering angle and AR
|cos 6| < 0.9, E; > 0.1 GeV,mee < 0.5 GeV,m,, <1 GeV,AR > 107"

16



Quantum information of photon pair

> Bell variable:

do D(Zla(I%)D(zZaqg) 21,22
10,40, X o Ohard |1 + ajl722 X (B_ cos 2(¢1 + ¢2) + By cos2(¢p1 — ¢2)> .
3 O_ [ I [ I [ [ il I ]
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2.5-_ [ - § 1275 . B_ — 5
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Q  f .
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Ceut
» Low virtuality sample is well described by the effective two-qubit approximation

» Belle variable will be enhanced in the central scattering region

» CHSH type Bell inequality violation @ Belle: 7.3 o for ¢, = 0.3 17



Quantum spin entanglement and new physics
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The hint of the toponium contributions from the entanglement
measurements
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Quantum spin entanglement and new physics
~ ATLAS-CONF-2025-008
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New physics and entangled quarks

» The entangled triplet nature of the quark pair in SM:

do B 2 a .
dz1dzod M1dModg1doo = Ohard ;qu1(zl,M1)D1(Z2,M2)
1 _

+ 2 Zeng’q(zh M) H (2, M) (B_ cos(¢1 + ¢9) — B, cos(¢p1 — ¢2))]

q
B:l: = C:E.CB :|: ny
2sin’ © sin2 O sin? ©
By =0, B_ = . Oy =di y — ;1
aF 1+COS2@ ] lag<1+0082@ 1+C082@ )

» B, =0 is aresult of the chiral symmetry of SM (massless quarks)

» New spin structure from chiral symmetry breaking interactions: dipole couplings

Qing-Hong Cao, Guanghui Li, Xin-Kai Wen and Bin Yan, Rept. Prog. Phys. 89 (2026) 080501
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New physics and entangled quarks

» Chiral symmetry breaking effects:

L
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New physics and fragmentation hadrons

» The chiral symmetry breaking effects:

Ay = 2(cos(¢1 £ ¢2))

zj Q2H:(z1, My)Hy' (29, M3) B
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Summary

» Quantum information studies at colliders have only just begun

» Prior work limited to massive particles; massless quark unexplored

» Hadron fragmentation enables entanglement and Bell tests for massless quarks,
while an analogous strategy can be extended to photon pairs
» Bell-inequality violation for massless quarks and photons could be observed with

> 50 significance

» The chiral symmetry breaking effects from dipole interactions can induce new

spin structures and can be measured in fragmentation hadrons

New opportunities in QCD spin physics!

Thank you!
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