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 Einestein-Polosky-Rosen Paradox (1935):
A and B are produced in a way that their physical property like momentum and position are entangled: 
measuring �� will determine ��, and simultaneously �� can also be determined! Incompatible with 
uncertainty principle!

Spooky action!

Phys. Rev. 47, 777 (1935)

Entanglement measurement history

https://journals.aps.org/pr/abstract/10.1103/PhysRev.47.777
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 Wu-Shaknov Experiment (1950)

The Little-Known Origin Story behind the 2022 Nobel Prize in Physics
In 1949 physicist Chien-Shiung Wu devised an experiment that documented evidence of 
entanglement. Her findings have been hidden in plain sight for more than 70 years
Sientific American

One first touch to free lepton 
quantum entanglement!

Entanglement measurement history

Phys. Rev. 77, 136 (1950)

https://www.scientificamerican.com/article/the-little-known-origin-story-behind-the-2022-nobel-prize-in-physics/
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 Formulation of Bell Inequalities

Figure source (1982@CERN)

Physics Physique Fizika 1, 195 (1964)

Philosophical Reflections and Syntheses 199–217 (1971)

Phys. Rev. D 10, 526 (1974)

Phys. Rev. Lett. 88, 040404 (2022)

Entanglement measurement history

https://en.wikipedia.org/wiki/John_Stewart_Bell
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Quantum Mechanical description of physical reality is incompatible with HVT
Quantum Mechanics is a non-local theory!

Entanglement measurement history
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 �� QE discovery @LHC
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Entanglement measurement history

Nature 633, 542–547 (2024) Rep. Prog. Phys. 87 117801 (2024)

https://www.nature.com/articles/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
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Plenty of two-qubit and two-qutrit systems!

Higgs decay: generator of entangled particles

Entangled singlet state

Higgs boson in entanglement generation
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 The vector boson fusion (VBF) process dominants

Higgs production at muon colliders
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Entanglement observables

 Negativity: the 
absolute sum of 
the negative 
eigenvalues of a 
partially 
transposed density 
matrix

 Concurrence: an entanglement 
witness used generally

 Expectation value of Bell operator
 � = Tr �� 

Derived via density matrix!Phys. Rev. D 34, 373 (1986)



 The CGLMP inequality for spin-1 biparticle systems

 Spin density matrix (SDM)

Local theory predicts:
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 Gell-Mann Parameterization

 Irreducible Tensor Parameterization

 � → ��: A spin-1 biparticle system

Phys. Rev. D 107, 016012 (2023)

JHEP 10 211 (2024)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.016012
https://link.springer.com/article/10.1007/JHEP10(2024)211
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 � → ��: Coordinations

JHEP 10 211 (2024)

https://link.springer.com/article/10.1007/JHEP10(2024)211
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Phys. Rev. D 107, 016012 (2023)

 Differential Cross section: 푍푍 → ℓ1
+ℓ1

−ℓ2
+ℓ2

− (parent particle’s rest frame)

JHEP 10 211 (2024)

 Statistical average over events gives the polarization and correlation coefficient

 � → ��: Spin density matrix reconstruction

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.016012
https://link.springer.com/article/10.1007/JHEP10(2024)211


HZZ Quantum Entanglement at Lepton Colliders 13Apr 8, 2025 @GGI, Italy

 �+�−VBS → � → 4ℓ Events
MG5@LO

 On-shell and off-shell bosons are 
identified based on the invariant mass of 
the lepton pairs.

 Almost background free (right figure).

 � → ��: Simulation results for muon colliders

JHEP 10 211 (2024)

https://link.springer.com/article/10.1007/JHEP10(2024)211
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The expectation value of �3 as a function of the off-shell Z mass ��
∗

Towards large ��, fewer 
events, thus large uncertainty.

 �+�−VBS → � → 4ℓ Events

 � → ��: Simulation results for muon colliders

JHEP 10 211 (2024)

https://link.springer.com/article/10.1007/JHEP10(2024)211
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 Entanglement criteria:

 � → ��: Simulation results for muon colliders

JHEP 10 211 (2024)

https://link.springer.com/article/10.1007/JHEP10(2024)211
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 � → ��: Simulation results for CEPC

Phys. Rev. D 111, 036008 (2025)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.016012


 Quantum mechanics is non-local
 No local hidden variable theory is compatible with 

quantum theory
 Higgs decay can provide maximally entangled bipartite 

system
 Quantum entanglement is still present at extremely 

relativistic environment
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Thanks for your attention!

Summary
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 A quick glace: poster on free lepton entanglement
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 A quick glace: poster on free lepton entanglement
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Only 9 entries are non-zero!

 � → ��: Spin density matrix
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 � → ��: Spin density matrix
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 A quick glace: poster on free lepton entanglement


