
Spooky action at a distance!
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ref

Quantum mechanics is nonlocal

https://indico.cern.ch/event/1462807/contributions/6158793/attachments/2953777/5193017/2024-KPS-QEinHEP.pdf


Quantum entanglement tests
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● As reviewed by C. N. Yang, the first experiment on quantum
entanglement is the Wu-Shaknov Experiment published in 1950 
in which the angular correlation of two Compton scattered photons 
arising from 𝑒+𝑒− annihilation are measured.

● The violation of Bell inequality was demonstrated in 1970s using 
entangled photons, confirming the non-locality of our universe.

● Alain Aspect, John Clauser and Anton Zeilinger won Nobel Prize in 
Physics in 2022 for demonstrating the potential to investigate and 
control particles (photons) that are in entangled states

 Wu-Shaknov Experiment Clauser’s photon entanglement experiment

https://inspirehep.net/literature/1389797
https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136


Quantum entanglement at high energy
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Nature volume 633, pages 542–547 (2024)

https://www.nature.com/articles/s41586-024-07824-z


Why QE at high energy?
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● Understand quantum nature & seek for BSM effects.
● Particle scattering/decay of unstable particles provide a natural laboratory

○ the momenta of observed particles are essentially commuting observables. Therefore, there is 
always some hidden variable theory that can explain the observed momentum data

○ However, one can focus on spin correlation emerges in different phase-space region
● It is plausible that quantum mechanics undergoes modifications at some 

short distance scales to achieve compatibility with gravity. Such modifications 
could, in principle, be (only) detected by measuring Bell-type observables 
or through quantum process tomography (ref)

● offers the potential to uncover new insights into quantum field theory.

https://scipost.org/10.21468/SciPostPhys.3.5.036 

https://arxiv.org/abs/2502.19470
https://scipost.org/10.21468/SciPostPhys.3.5.036


Top quark
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BR(t→Wb)~100% + weak interaction is 
maximally parity-violating 
 → correlations are observable!

Phys.Rev.D81:
074024,2010

Phys. Rev. Lett. 112 (2014)  182001

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.074024
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.074024
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.182001


(Quantum) Top quark beyond spin correlations
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Eur. Phys. J. Plus (2021) 136 (March 2020) → first analysis of top quark pair
production from the quantum information point of view: “bipartite qubit system”

https://arxiv.org/abs/2003.02280


Density matrix, Peres-Horodecki criterion ref
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https://indico.ihep.ac.cn/event/22941/contributions/171101/attachments/84810/108296/haozhang.pdf


Top quark Entanglement Discovery
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Nature volume 633, pages 542–547 (2024)

https://www.nature.com/articles/s41586-024-07824-z


Top quark Entanglement Discovery
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Rep. Prog. Phys. 87 (2024) 117801
Phys. Rev. D 110 (2024) 112016

top2024

https://doi.org/10.1088/1361-6633/ad7e4d
https://doi.org/10.1103/PhysRevD.110.112016
https://indico.cern.ch/event/1368706/contributions/6012498/attachments/2935616/5156170/CMSentanglement_Negro_TOP2024.pdf


QE between Triplets:  H→ VV
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Quantum Tomography
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→
Notice that the theoretical form of the density matrix 
imposes strong constraints on the various coefficients:
this assumption can be relaxed though

Integral → events summed

More details in 
PRD 107 (2023) 1, 016012
JHEP 10 (2024) 211
PRD 111 (2025) 3, 036008

https://doi.org/10.1103/PhysRevD.107.016012
https://doi.org/10.1007/JHEP10(2024)211
https://doi.org/10.1103/PhysRevD.111.036008


Quantum Tomography in Operation
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Quantum Tomography → Bell Inequality
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Quantum Tomography → Entanglement Criteria
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The theoretical form of the density matrix imposes 
strong constraints and leads to a entanglement criteria

SUSY2024

https://indico.cern.ch/event/1354279/timetable/?view=standard#4-entanglement-and-collider-ph


Prospects@LHC, MuC, CEPC
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● The numerical analysis shows that with a luminosity of 𝐿 =300  fb−1 entanglement can 
be probed at >3 𝜎 level. For 𝐿=3  ab−1 (HL-LHC) entanglement can be probed beyond 
the 5 𝜎 level, while the sensitivity to Bell inequalities violation is at the 4.5 𝜎 level.

● At Muon Collider, Quantum entanglement can be probed up to 4σ of significance with 
lower MZ2 cut or 2σ ∼ 3σ with higher MZ2 cut, using either one of the correlation 
coefficients C2,1,2,−1 and C2,2,2,−2. The significance of the violation of Bell 
inequality can be obtained up to 2σ.

https://doi.org/10.1103/PhysRevD.107.016012
https://doi.org/10.1007/JHEP10(2024)211
https://doi.org/10.1103/PhysRevD.111.036008


Quantum Collisions:  more funs
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● Three-partite entanglement
○ 3-body Decay: Phys.Rev.Lett. 132 (2024) 15, 151602;  arXiv:2502.19470

○ 2 to 3 process (ttZ):  arXiv:2404.03292

● Quantum Process Tomography (operating initial particles’ flavor and spin)
○ arXiv:2412.01892

concurrence triangle

https://doi.org/10.1103/PhysRevLett.132.151602
https://arxiv.org/abs/2502.19470
https://arxiv.org/abs/2404.03292
https://arxiv.org/abs/2412.01892


Quantum  Process Tomography:   one further step
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● Spin and flavour measurements in collider experiments as a quantum instrument
● Choi matrix, which completely determines input-output transitions, can be both 

theoretically computed and experimentally reconstructed  
● Polarized Beam collisions,  or,   

lepton scattering on polarized target experiments (see next)ref

https://conference-indico.kek.jp/event/278/contributions/6412/attachments/4329/6925/2025_02_19_K_Sakurai_KEKPH%20Kazuki%20Sakurai.pdf

