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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
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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


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. 4

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 
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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
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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 
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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
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https://web.infn.it/MUonE/


HIRIBIL

@HFRS

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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The under-construction HIAF and CiADS accelerator complex
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The under-construction HIAF and CiADS accelerator complex

21https://indico3.cns.s.u-tokyo.ac.jp/event/320/contributions/3046/attachments/1010/1757/PCM2025_Ong2.pdf 

https://indico3.cns.s.u-tokyo.ac.jp/event/320/contributions/3046/attachments/1010/1757/PCM2025_Ong2.pdf


HIAF  Facility
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HIAF  Muon beam
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Phys.Rev.Accel.Beams 28 (2025) 5, 053401

https://doi.org/10.1103/PhysRevAccelBeams.28.053401
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Modern Physics Letters A (2025) 2530008
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https://doi.org/10.1142/S0217732325300083


              1) Direct searches for DM  
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Muon Tomography
缪子成像

Muon Tomography and Muon-DM scattering 

Dark Matter Search
暗物质寻找
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Phys.Rev.D 110 (2024) 1, 016017

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.016017


     2) On target experiments for Dark Boson  
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PKMu@HIAF  vs.  MUonE

● Muon Beam energy:  150-160 GeV  vs. 1-10 GeV
● C.O.M energy for PKMu@HFRS is around 10 MeV

○ suitable for low mass searches
● Detector Can be more compact

PKU joined MUonE recently, 
and will also perform BSM 
searches there

https://web.infn.it/MUonE/
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PKMu@HIAF  vs.  MuonE  on Dark Boson

Phys.Rev.D 106 (2022) 5, L051702 Preliminary results

More sensitive to 
X boson at MeV region!

https://web.infn.it/MUonE/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702
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Current Software and Simulation Status

https://github.com/PKMuon
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.016017
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Current Box Exp. Status

4-station 20cm*20cm RPC for the moment

Petiroc 2A is a 32-channel front-end ASIC

Timing and X-Y 
position with 
delay-line readout 
method

recent report from Cheng-en Liu and Qite Li

http://indico-cdex.ep.tsinghua.edu.cn/event/162/timetable/?view=standard#34-rpc
https://indico-tdli.sjtu.edu.cn/event/2635/timetable/?view=standard#35-pkmu


 Muon Electron Scattering
● MuonE exploits 160 GeV Muon beam to measure muon 

electron scattering, and a precise determination of the leading 
hadronic contribution to the muon g-2.

● Muon electron scattering at lower energy (~GeV) may be 
interesting to SM test itself, and Quantum entanglement probe 
PRD 107, 116007 (2023):  
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https://web.infn.it/MUonE/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.116007
https://arxiv.org/abs/2502.07597
https://arxiv.org/abs/2411.12518
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Thanks for your attention!
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