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Quantum entanglement measurements — history and today

● C. N. Yang (IJMPA 2015): the first experiment on 
quantum entanglement is the Wu-Shaknov 
Experiment (PR1950) which measures the angular 
correlation of two Compton-scattered photons 
arising from 𝑒+𝑒− annihilation 

● The violation of Bell inequality (PPF1964) was 
demonstrated in 1970s and afterwards using 
entangled photons, confirming the non-locality of 
our universe.

● Alain Aspect, John Clauser and Anton Zeilinger won 
the Nobel Prize in Physics in 2022 for 
demonstrating the potential to investigate and 
control particles (photons) that are in entangled 
states. 2

https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300501?srsltid=AfmBOooUPSstbvYRuZzeZqx2Aivdlx6g2wxifEHyhXso6nED-Xo2MOin
https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136
https://journals.aps.org/ppf/abstract/10.1103/PhysicsPhysiqueFizika.1.195
https://www.nobelprize.org/prizes/physics/2022/summary/
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Quantum entanglement measurements — history and today
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Many measurements with meson/baryon pairs performed  
 PLB 642 (2006) 315 (KLOE)      Phys.Rev.Lett. 99 (2007) 131802 (Belle),      Nature 606 (2022) 64/ Nat Commun 16, 4948 (2025) (BESIII)

Flavor/spin/time/….     entanglement ,  interplay with CP …

https://doi.org/10.1016/j.physletb.2006.09.046
https://doi.org/10.1103/PhysRevLett.99.131802
https://www.nature.com/articles/s41586-022-04624-1
https://www.nature.com/articles/s41467-025-59498-4
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https://www.koushare.com/live/details/44767 

https://agenda.infn.it/event/44563/overview 

https://indico.ihep.ac.cn/event/2438
7/timetable/?view=standard 

https://www.koushare.com/live/details/44767
https://agenda.infn.it/event/44563/overview
https://indico.ihep.ac.cn/event/24387/timetable/?view=standard
https://indico.ihep.ac.cn/event/24387/timetable/?view=standard


7



QE between top quarks, tau leptons and …
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● The ATLAS and CMS Collaborations recently observed quantum entanglement 
involving top quarks at a center-of-mass energy of 13 TeV
○ marking the highest energy measurements of QE

● Recent proposals on vector bosons, and tau leptons
● Less attention has been given to electrons and muons

○ Confined electron pairs (Science309(5744)1116955,2005) 
■ confined in semiconductor quantum dots
■ entangled states were prepared, coherently manipulated

https://www.nature.com/articles/s41586-024-07824-z
https://doi.org/10.1016/j.physletb.2021.136866
https://arxiv.org/abs/2504.01496
https://www.science.org/doi/10.1126/science.1116955


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? (ref)
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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 (ref) 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/2504.00086
https://arxiv.org/abs/2403.14757
https://arxiv.org/abs/2502.19470
https://scipost.org/10.21468/SciPostPhys.3.5.036
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https://arxiv.org/abs/2504.00086 

https://arxiv.org/abs/2504.00086


Debates
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○ the reconstruction of spin correlations from scattering cross-sections 
relies on the bilinear form of the spin correlations, but not all local 
hidden variable models (LHVMs) have such a property.

○ Despite of this, we find that reconstructing spin correlations through 
scattering cross-sections can still exclude a broad class of LHVMs

Eur. Phys. J. C (2024) 84:1195

https://link.springer.com/article/10.1140/epjc/s10052-024-13584-x


Debates (LHVT mimicking, and circular argument)
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https://arxiv.org/abs/2507.15949 

https://arxiv.org/abs/2507.15947 

ππ expectation follows BI, 
while spinspin not. However, 
QE assumption is assumed 
between them.

https://arxiv.org/abs/2507.15949
https://arxiv.org/abs/2507.15947


Debates
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https://indico.cern.ch/event/1460916  

New observables?!
Good for anything?
More BSM sensitivity? 
Probably no!
New future potential?
So interesting!

https://indico.cern.ch/event/1460916
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Bohr/Pauli have already shown that the spin of a free electron is not measurable. 

https://link.springer.com/article/10.1007/BF02186684
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Tao Han

“...EPR 
paradox is 
long gone.  
What we care 
is how to do 
quantum 
information…
at high 
energy…”



Debates
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This mirrors the situation at high-energy colliders, where 
particle spins are not measured directly but inferred from the 
angular distributions of their decay products. We show that, in 
this setup, a test of local realism is not possible. 

Quantum correlations, however, are still present, measurable, and 
informative in high-energy colliders.

https://arxiv.org/abs/2508.10979 

https://arxiv.org/abs/2508.10979
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what is measured is the spin correlations.  In relating spin correlations to 
the density matrix, one needs to use the spin analyzing power.  This is why 
you can't model-independently measure non-zero vs. zero entanglement.

One of the goals of Bell's inequality is to exclude local realism, without making any 
assumptions.  This cannot be done at a collider.  However, once you make an 
assumption, for example that a collider produces a quantum state, then you 
can classify your state as Bell local or Bell nonlocal.  
Or You are measuring Bell nonlocality but not commenting on local realism

All of these quantum studies at colliders are very interesting and very useful, 
they simply require a few assumptions, just like all measurements.

Private communications with ML
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https://journals.aps.org/p
rl/abstract/10.1103/Phys
RevLett.87.242002 

https://linkinghub.elsevier.com/retrieve/pii/S03702
69302020981 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.242002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.242002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.242002
https://linkinghub.elsevier.com/retrieve/pii/S0370269302020981
https://linkinghub.elsevier.com/retrieve/pii/S0370269302020981
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https://arxiv.org/abs/2510.08031 

https://arxiv.org/abs/2510.08031
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Let’s start



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


 Top quark QE in a nutshell
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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”

Peres-Horodecki 
criterion

https://arxiv.org/abs/2003.02280
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CERN EP Seminar 2024/6/25

Fictitious state, 
event based (helicity) 
frame,  beam frame

http://indico.cern.ch/event/1403076/attachments/2883997/5053814/CMSentanglement_Negro_25June202.pdf
https://arxiv.org/abs/2311.09166
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CERN EP Seminar 2024/6/25

http://indico.cern.ch/event/1403076/attachments/2883997/5053814/CMSentanglement_Negro_25June202.pdf
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CERN EP Seminar 2024/6/25

http://indico.cern.ch/event/1403076/attachments/2883997/5053814/CMSentanglement_Negro_25June202.pdf
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QE between qutrits:  H→ VV
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1+8+8+8*8=81

https://agenda.infn.it/event/44563/contributions/251066/attachments/134056/200488/QI_GGI_Lamba-1.pdf


           Method 1:  Quantum Tomography

36

→
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


37https://indico.cern.ch/event/1462029/contributions/6637480/attachments/3132597/5557580/QCD@LHC_PLamba.pdf 

           Method 1:  Quantum Tomography

https://indico.cern.ch/event/1462029/contributions/6637480/attachments/3132597/5557580/QCD@LHC_PLamba.pdf


           Method 1:  Quantum Tomography
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           Method 1:  Quantum Tomography
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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


           Method 1:  Quantum Tomography
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           Method 2:  Polarization Fit
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Giovanni Pelliccioli 

“Maybe better to not make 
strong statement”...

https://indico.cern.ch/event/1583929/contributions/6722584/attachments/3145972/5585109/report.pdf
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Giovanni Pelliccioli 

https://indico.cern.ch/event/1583929/contributions/6722584/attachments/3145972/5585109/report.pdf


Quantum Collisions:  a rich hierarchy of information to explore
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“ It is important to note that there is a whole hierarchy 
of quantum correlations that can be studied. For 
instance, discord is a measure of non-classical 
correlations that can interconnect the components of a 
system even if they are not entangled”

CMS-PAS-TOP-25-001

https://cds.cern.ch/record/2926751


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


QE between free electrons and muons
● None similar experiment has been done with free-traveling electrons as 

measuring the spin of a single traveling electron poses a significant 
challenge due to interference from its orbital motion

● Our proposal: 
○ a first measurement on polarization correlations

■ between charged lepton beams 
○ through joint measurements of their individual polarization-sensitive 

scatterings off two separate targets. 47

https://www.tandfonline.com/doi/abs/10.1080/00107510110102119


Lepton scattering experiment proposal

Primary scattering 
to  generate 
entangled sources 

Secondary scattering 
as a polarimetry

Secondary scattering 
  as a polarimetry 

48

Incoming beam 
polarized or not



Tree-level entanglement in quantum electrodynamics

Møller scattering

Bhabha
scattering

electron-muon scattering
(Mott scattering)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.116007


Controllable Source:   muon on-target experiments
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 Let θe(θ′e)  and θμ(θ′μ) 
denote the polar angles 
of the final state 
electron and muon 
momenta in the lab 
(center of mass) frame

θ′
θ



Controllable Source:  Concurrence, CHSH inequality 
PRL 80 (1998) 2245
PRL 23 (1969) 880
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.80.2245
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.23.880


Controllable Source:   muon on-target experiments
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Controllable Source:   muon on-target experiments
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Controllable Source:   positron on-target experiments
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STCF



Controllable Source:   positron on-target experiments
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Controllable Source:   positron on-target experiments
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A new kind of Wu experiment
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A new kind of Wu experiment
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A new kind of Wu experiment

● The high event rate can help mitigate the decline in resolving 
power associated with low target polarization purities in real-world 
applications

● A simplified state tomography can be performed assuming prior 
knowledge from the primary scattering

● Further studies with polarized muon beam in underway
○ 70% polarized beam at HIAF is possible with 10^5/s
○ muon decay can act as a polarimetry 

59



Proposal Summary
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PKMu (R&D)  & MUonE (ongoing)
PKMu：Muon on target experiment proposed by 
PKU for multi-purpose including cosmic ray, 
dark boson, and quantum entanglement.
HIRIBL：1-10GeV 106−107/s muon beam line 
from the HIAF facility from the imp, cas, China.

MUonE： a Muon Electron scattering 
experiment at CERN exploiting 150-160 
GeV Muon beam, aims at an independent 
and precise determination of the leading 
hadronic contribution to the muon g-2.

HIAF,
Hui
Zhou

MUonE
CERN
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https://arxiv.org/abs/2503.22956
https://arxiv.org/abs/2504.21050
https://web.infn.it/MUonE/


HIRIBIL

@HIRIBL

PKMu(Probing and Knocking with Muons)  Proposed 
by Peking University together with HIAF-HFRS from 
Institute of Modern Physics, Chinese Academy of 
Sciences, China:  using 1-10 GeV Muon to probe 
new physics beyond the Standard Model

Muon Scattering Experiment at HIAF-HIRIBL

References：[1] Phys. Rev. D 110, 016017    [2] arxiv:2410.20323    [3] 
arXiv:2411.12518    [4] Nucl. Instrum. Methods. Phys. Res. A 663 (2012) 22-25
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Thanks for your attention!
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https://arxiv.org/abs/2403.14757 

https://arxiv.org/abs/2403.14757
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Density matrix, Peres-Horodecki criterion ref
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https://indico.ihep.ac.cn/event/22941/contributions/171101/attachments/84810/108296/haozhang.pdf


69

https://indico.cern.ch/event/1462029/contributions/6637480/attachments/3132597/5557580/QCD@LHC_PLamba.pdf 

https://indico.cern.ch/event/1462029/contributions/6637480/attachments/3132597/5557580/QCD@LHC_PLamba.pdf
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CERN EP Seminar 2024/6/25

http://indico.cern.ch/event/1403076/attachments/2883997/5053814/CMSentanglement_Negro_25June202.pdf
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