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ØQuantum entanglement and non-locality are distinctive features of quantum systems

ØCollider physics: high energy and small size
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Quantum information at collider



ØHigh energy: the scattering involves both the QCD and electroweak interactions

ØNew features:
q Particle spin can not be measured directly
q New degree of freedom for spin-1 particle (Longitudinal mode)
q New features from interactions: parity violation, QCD confinement
q Entanglement beyond the spin space: flavor
q Quantum information and QCD confinement
q ……
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Quantum information at collider

ATLAS and CMS  has observed the spin entanglement of top quark pair

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

ATLAS and CMS  has observed the spin entanglement of top quark pair

CMS: Rept. Prog. Phys. 87 (2024) 117801ATLAS: Nature 633 (2024) 8030, 542-547



Quantum spin entanglement
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ω =
I2 → I2 +Biεi → I2 + B̄iI2 → εi + Cijεi → εj
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The spin correlation of fermion pair can be described by the general density matrix

Ø : the polarization of each particle

Ø :   the spin correlation of top quark pair
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Cij

A separable state can:                                          , Entangled is non-separable

Entanglement can be measured by the concurrence observable

𝜆!: eigenvalues of matrix:
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W. K. Wootters, PRL 80 (1998) 2245
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Entanglement and Bell inequality
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Quantum spin entanglement
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Top quark pair:
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Entangled : D < →1/3, separable : D > →1/3

Y. Afik, J. de Nova, EPJC 136 (2021) 907



Quantum entanglement and nonlocality
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ωWerner(ε) = ε|!0→↑!0|+
1↓ ε

4
Î4

e.g. Werner states in quantum information

Testing Bell inequalities violation is much difficult than entanglement

Bell singlet 



Quantum entanglement of top quark
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Solid: Entanglement
Dashed: Belle inequality violation

Spin-singlet

Spin-triplet

Separable

Y. Afik, J. de Nova, Quantum 6 (2022) 820
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Quantum entanglement at colliders
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Ø Top quark pair

Ø Tau lepton pair

Ø Gauge boson pair

Ø Flavor

Ø Entanglement & NP

How about the light quarks? The spin correlation between 
particles can be measured from 
its decay products



Quantum entanglement of light quarks
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q The quark can not be a free particle due to the QCD confinement:

q The light quark does not decay but instead fragments into a jet of hadrons after produced 
from hard scattering

q How to probe the spin information of light quarks?
The non-perturbative functions: the fragmentation functions
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PDF and FF



Spin information of light quarks
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The spin information of light quarks can transfer to the hadrons: e.g. 
Collins functions 



Example: Collins asymmetry
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COMPASS

The spin transfer effects have been observed! (TMD)
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Dihadron pair production at lepton colldiers

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

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

Ø The maximally entangled Bell state: Bell inequality violation effects
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Bell inequality of light quarks
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CHSH type Bell inequality
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Unpolarized diFF

Transverse polarized diFF

J. C. Collins et al, NPB 420, 565 (1994)
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Dihadron pair production
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B+ = 0, B→ =
2 sin2 !

1 + cos2 !
.

v Current data exhibiting no significant evidence of Bell inequality violation

v The optimal cuts on scattering angle will significantly improve the results

v The light quark pair would be a highly pure spin Bell state

v Combined results: 2.5 𝜎 for 100% correlated systematic uncertainties and 6.7 𝜎 for the 

uncorrelated case

Kun Cheng and Bin Yan, PRL 135 (2025) 011902
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TMD hadron pair production
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Ø The transverse spin correlation between light quarks can also be described by the Collins 
functions under the TMD framework

Kun Cheng, Tao Han, Guanghui Li and Bin Yan, working in progress
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New physics and entangled quarks
Ø The entangled triplet nature of the quark pair in SM: 

Ø is a result of the chiral symmetry of SM (massless quarks)

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

Qing-Hong Cao, Guanghui Li, Xin-Kai Wen and Bin Yan, 2509.18276
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B+ = 0

See Xin-Kai Wen’s talk



Summary
Ø Quantum information studies at colliders have only just begun

Ø Prior work limited to massive particles; massless quark unexplored

Ø We proposed studying entanglement and Bell inequalities in massless quark pair 

via the hadron final states by the fragmentation mechanism

Ø The azimuthal correlations in Belle’s 𝜋!𝜋" dihadron pair could probe Bell 

inequality, with > 5𝜎 significance (uncorrelated systematic uncertainties)

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

spin structures and can be measured in fragmentation hadrons

Thank you! 20

New opportunities in QCD spin physics!



𝝅!𝝅" Dihadron fragmentation functions

21

JAM Collaboration, PRL 132 (2024)  091901 , PRD 109 (2024) 034024 
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JAM Collaboration, PRL 132 (2024)  091901 , PRD 109 (2024) 034024 

𝝅!𝝅" Dihadron fragmentation functions


