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● 对第二代带电轻子缪子的研究及应用相对较少，其科学和应用潜力巨大。

● 欧洲核子研究中心 EMC、NA64 和MUonE等实验利用高能缪子与靶散射

○ 核性质、散射截面测量；新物理探寻 ...
● 缪子散射蕴含大量的物理课题有待挖掘

○ 不同能量的缪子束互补

○ New Ideas?!

● 中国之前没有开展的 缪子物理实验。近年来条件有了很大 变化: 
○ 中国散裂中子源升级启动  -> Melody
○ 国家“十二五”重大科学工程项目“强流加速器装置(HIAF)”建设重离子加速器；          

■ 2025-2026年验收，第一条中国高能  (1-10 GeV) 缪子束流？   机遇！

○ “十四五” “加速器驱动嬗变系统(CiADS)” 建设连续流直线质子加速器

世界范围内的缪子散射、打靶实验

https://en.wikipedia.org/wiki/European_Muon_Collaboration
https://wuli.iphy.ac.cn/en/article/pdf/preview/10.7693/wl20210406.pdf


        欧洲核子研究中心近年 缪子散射实验arXiv:1911.01498 

与质子、核子、电子散射

https://arxiv.org/abs/1911.01498


                缪子与核散射 : NA64µ 寻找新物理  PRL132, 211803 (2024)

百米长度，多种探测器，磁场测量缪子动量，电磁量能器作为靶，后端HCAL作veto

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803


缪子与电子散射: MUonE 精密测量SM
https://web.infn.it/MUonE/  

轻靶，无磁场，良好的径迹探测器，电磁量能器/末端缪子探测器提供PID。
模块化，每模块约1米长。

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


缪子(与电子)散射

量子
纠缠

重靶材料
中的原子轨道
电子加速效应

周边的亲缪型暗物质
伴随产生的
暗玻色等新粒子

宇宙射线
或
缪子束流
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● 简介

● 例1:  寻找亲缪子型暗物质

● 例2:  寻找暗玻色子  
● 例3:  级联散射、量子纠缠

● 更多可能

● 展望
some parts still in progress and results 
may be preliminary
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➔ CMS Muon Trigger RPC:  
assembled and tested at PKU 
at around 2002

➔ RPC R&D for nuclear physics
➔ CMS GEM upgrade program

北大缪子探测器研发



HIRIBL

参考文献：[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

@HIRIBL

PKMu(Probing and Knocking with Muons)：由北京大学物理学院技术物理

系、核物理与核技术全国重点实验室原创提出的缪子散射实验合作项目，旨在

结合缪子散射成像技术与前沿物理研究，通过对缪子散射的测量研究核物理、

标准模型和超出标准模型的新物理。

HIRIBL：中国科学院近代物理研究所 建设的强流重离子加速器(HIAF)可加速

从质子到铀的重离子。放射性次级束流分离器(HIRIBL)是HIAF上重要装置，可

传输动量高达 7.5 GeV/c 的π/μ粒子。研究表明，基于该装置，可获得流强可达

106−107/s的GeV能量缪子束流，动量展宽约4%，束斑直径约10cm。

基于HIAF-HIRIBL装置的缪子散射实验

https://link.aps.org/doi/10.1103/PhysRevD.110.016017
https://arxiv.org/abs/2410.20323
https://arxiv.org/abs/2411.12518
https://www.sciencedirect.com/science/article/abs/pii/S0168900211018912
https://arxiv.org/abs/2503.22956
https://arxiv.org/abs/2504.21050


HIAF-HIRIBL高能缪子束流
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Phys.Rev.Accel.Beams 28 (2025) 5, 053401

PID among muon, pion and 
electron are important for muon 
beam experiment.

https://doi.org/10.1103/PhysRevAccelBeams.28.053401


  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 exp at 
CERN exploiting a 150-160 GeV 107−108/s 
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/
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Rich Physics via Probing and Knocking with Muons
Cosmic muons (Local lab) or muon beams (HIAF, CERN…)
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Detector 
Legos

Tracking:
RPC, GEM,
SStrip, LGAD

PID, veto:
Scintillator 
Absorber

Readouts:
delay line,  2D,
multi-leptons

Quantum
Corre-
lations
       

arXiv: 2507.23458;  arXiv:2507.03914, PRD 110, 016017 (2024); JPG52 (2025) 075002; 
PRD 111, 116018 (2025), arXiv:2507.23458,  MPLA 40 (2025) 24, 2530008

 

https://arxiv.org/abs/2507.23458
https://arxiv.org/abs/2507.03914
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.016017
https://iopscience.iop.org/article/10.1088/1361-6471/ade733
https://journals.aps.org/prd/abstract/10.1103/m9z9-1jpd
https://arxiv.org/abs/2507.23458
https://www.worldscientific.com/doi/10.1142/S0217732325300083
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Detector 
Legos

Tracking:
RPC, GEM,
SStrip, LGAD

PID, veto:
Scintillator 
Absorber

Readouts:
delay line,  2D,
multi-leptons

Flexibility, 
multi-purpose

Mimicking one-station MUonE

Economical RPC/GEM 
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Detector 
Legos

Interfacing 
with HIAF 
beams

or for
secondary 
scattering

Flexibility, 
multi-purpose

e/μ

e

e/μ

e

e

e

e/μ
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● 简介

● 例1:  寻找亲缪子型暗物质

● 例2:  寻找暗玻色子  
● 例3:  级联散射、量子纠缠

● 更多可能

● 展望



Light Dark Matter 需要更大的  Dark Sector

16

Minimal scenarios with light (sub-GeV) dark matter whose relic density is 
obtained from thermal freeze-out must include new light mediators. In particular, 
a very well-motivated case is that of a new “dark” massive vector gauge boson 
mediator.    JHEP03(2018)084  Granada19  LDMX2024

https://link.springer.com/article/10.1007/JHEP03(2018)084
https://indico.cern.ch/event/808335/contributions/3365089/attachments/1845345/3027396/Summary-DM-DS-Granada.pdf
https://indico.global/event/805/contributions/23755/attachments/11142/16481/Pascadlo_DPF_Pheno_2024.pdf


寻找轻暗物质、暗玻色子的轻子打靶实验
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● Muon Philic Dark Matter may be possible or even necessary!
■ 𝐿𝜇 −𝐿𝜏 gauged model   (χ,  Z’) 

○ 1)  寻找亲缪子的轻暗物质
■ PKMu_DM:  PRD 110 (2024) 1, 016017, arXiv:2507.23458

○ 2)  寻找暗玻色子  (see also cosmology constraints)
■ LDMX,DarkShine;      eN → eNZ’,    Z’→ν ̄ν  or Z’→χχ (dark matter)     
■ NA64μ, MMM             μN → μNZ’,    Z’→ν ̄ν  or Z’→χχ (dark matter)
■ MuonE (pheno.)              μe → μeZ’,     Z’→ν ̄ν   or Z’→χχ (dark matter)

https://arxiv.org/abs/1804.03144
https://doi.org/10.1103/PhysRevD.110.016017
https://arxiv.org/abs/2507.23458
https://link.springer.com/article/10.1007/JHEP01(2021)107
https://confluence.slac.stanford.edu/display/MME/Light+Dark+Matter+Experiment
https://indico.ihep.ac.cn/event/17768/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803
https://arxiv.org/abs/1804.03144
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702


             1) 寻找亲缪子的轻暗物质  
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Dark Matter

RPC
GEM

PRD 110 (2024) 1, 016017, arXiv:2507.23458

https://doi.org/10.1103/PhysRevD.110.016017
https://arxiv.org/abs/2507.23458


Muon Tomography
缪子成像

缪子成像  与 亲缪子暗物质的寻找

Dark Matter Search
暗物质寻找

19

Phys.Rev.D 110 (2024) 1, 016017

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


慢暗物质：   子弹↔猎物
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● Earth bounded Dark Matter: terrestrial density of strongly-coupled relics
PRL. 131 (2023), 011005,     PRD 109 (2024), 075027     PRD 103, 115031 (2021)

○ A fraction (fD) of strongly interacting dark matter 
○ can be trapped in the Earth, and distributed more uniformly. 
○ The density (fE) can be large!  fE=fD×nD ~ fD*10^15/cm^3

● Alternative detection techniques needed 
○ to detect such a large density of slowly moving DM
○ Superconducting Cloud Chamber (for Milli-charged Particle though)

● For slow or frozen DM,  no proposal yet! 
○ → limits on both cross section and fE=fD×nD 

Different from XENON/PandaX:
 Relativistic muon hit quasi-static DM

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.011005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.075027
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.115031
https://arxiv.org/abs/2502.16437
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软件开发 及 模拟研究

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


22

基于大气缪子的本地实验的预期结果

In the exotic DM scenario as 
mentioned previously, the 
limit can approach μb 
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       基于大气缪子的本地实验的进展：

4-station 28 cm*28 cm RPC for the moment
A spatial Resolution of 0.7 mm
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

arXiv:2507.23458 
submitted to PRL

https://indico-tdli.sjtu.edu.cn/event/2635/timetable/?view=standard#35-pkmu
https://arxiv.org/abs/2507.23458


附加产品: 宇宙射线次级成分精细测量
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arXiv:2507.23458 submitted to PRL

During a 63-day campaign from February 12, 2025, 1.18 million cosmic ray 
scattering events were recorded and analyzed. The scattering angle 
observable is sensitive to the cosmic ray component fractions!

https://arxiv.org/abs/2507.23458
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束流实验进展  Jinning Li@MIP2025

A prototype detection system@HIRIBL for muon 
beam condition monitoring, detector testing, and 
preliminary experiments (scattering, tomography)
    - Beam profile and divergence
    - Beam particle identification

-  Mass difference: ToF, dE
        -  Different physical processes: dE

PID based on the product of likelihoods of 3 variables: 
(ToF / energy deposition / square residual of linear track)
Over 70% muon\pion efficiency in this preliminary version. 
Upgrade: detailed simulation, delicate detectors (ECal/RICH…)

10cm-thick Pb
Plastic scintillators

3 GeV/c muons and pions (simplified simulation: 4% 
momentum spread; equal numbers of muons and pions) 

https://indico.ihep.ac.cn/event/24109/timetable/?view=standard#51-rpc-scintillator-hybrid-det
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● 简介

● 例1:  寻找亲缪子型暗物质

● 例2:  寻找暗玻色子  
● 例3:  级联散射、量子纠缠

● 更多可能

● 展望



                         2) 寻找暗玻色子
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X→ν ̄ν, 
X→e+ e-

 

Dark 
Boson
       

 

MUonE-like but for 1-10 
GeV Muon beam



NA64μ recent results

28

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803
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PKMu@HIRIBL for Dark Z boson 

Ebeam
=4GeV

Ebeam=
10GeV
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PKMu@HIRIBL for Dark Z boson 
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PKMu@HIRIBL for Dark Z boson 

Ebeam
=4GeV

Ebeam=
10GeV
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PKMu@HIRIBL 

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

More sensitive to 
X boson at MeV region!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702
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● 简介

● 例1:  寻找亲缪子型暗物质

● 例2:  寻找暗玻色子  
● 例3:  级联散射、量子纠缠

● 更多可能

● 展望



缪子电子散射

● 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):  

34arXiv:2502.07597 arXiv:2411.12518

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


量子纠缠简介

● 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. 35

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/


高能量前沿的量子纠缠研究

36

● 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


自由电子、缪子之间的量子纠缠
● 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. 37

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


级联散射构想

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



A new kind of Wu experiment

39



A new kind of Wu experiment
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A new kind of Wu experiment

41
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● 简介

● 例1:  寻找亲缪子型暗物质
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基于本地实验室的电子缪子‘对撞’

43

● Muon Electron Collisions can 
be observed at a Lab,  
~10-100 events/day?

● Non-trivial combination of 
detector legos

● Benefit development of 
multi-lepton readouts

● Precise measurements of 
cosmic rays

● Trace of high energy particles 
from environment such as 
lightning storm 



Atoms as Electron Accelerators
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Atom 
Electron
Motion

arXiv:2504.00100, PRL134 (2025) 6, 061802, PRL132 (2024) 26, 261801
● Due to Heisenberg's uncertainty principle, atomic electrons 

localized around the nucleus can be accelerated to 
relativistic momentum (~O(10) MeV). 

● In fixed-target experiments, atoms can effectively act as 
electron accelerators, increasing the centre-of-mass energy 
in collisions with beam particles.

● This effect at high energy is still to be observed. 
● And then can be applied to material science, new physics 

searches, etc.

https://arxiv.org/abs/2504.00100
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.261801


Flavor Changing DM

45

● Dark matter interacting with 
one muon and one 
electron.

● Rates can be enhanced via 
resonance production of 
mu+ and e-.

● PID, veto may be crucial for 
detector degin.
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● 简介

● 例1:  寻找亲缪子型暗物质

● 例2:  寻找暗玻色子  
● 例3:  级联散射、量子纠缠

● 更多可能

● 展望
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Exploring the potential of 
Muons and Muon Scattering
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Together we build for the potential future

PKMu (抛砖引玉)
DREAMuS 
LUNE
CANTON-mu
…
MACE
…



                缪子与核散射 : MMM 寻找新物理  JHEP 09 (2018) 153

https://doi.org/10.1007/JHEP09(2018)153

