
Probing and Knocking with Muons
Qiang Li  

Qite Li,  Chen Zhou
On behalf of 

the PKMu Group

Peking University  
2024 Fall

Phys.Rev.D 110 (2024) 1, 016017
arXiv:2410.20323
https://lyazj.github.io/pkmuon-site/categories/activities/  
 1

https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi
https://indico.fnal.gov/event/63406/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.016017
https://arxiv.org/abs/2410.20323
https://lyazj.github.io/pkmuon-site/categories/activities/


2

➔ CMS Muon Trigger RPC:  
assembled and tested at PKU 
at around 2002

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

PKU Muon Detector Development 
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Muon:   a bridge connecting applied and
 fundamental particle physics



4

MIP2024

Several possible 
Chinese Muon beams 

in the near future:
  Melody, 

CIADS, HIAF 

https://indico.cern.ch/event/1356341/
https://indico.ihep.ac.cn/event/20601/
https://indico.ihep.ac.cn/event/20601/timetable/?view=standard#29-ciads-and-its-plan-of-muon
https://indico-tdli.sjtu.edu.cn/event/1465/timetable/?view=standard#51-toward-a-muon-source-in-hia
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缪子散射类型的实验在国际上较为欠缺。  Large potential on muon scattering exp.
(Pre/Mid-CEPC;  Quantum Physics; Muon Scattering)

一方面，1960年代欧美的一些实验（例如Phys. Rev. 137, B266，1965） 等侧重于探测核性质。由于当
时标准模型尚未完整建立，对利用缪子进行带电轻子味道破坏、暗物质等新物理的寻找还不成熟；另
一方面，在近几个世纪，利用缪子对新物理的探索，例如美国的缪子反常磁矩实验、欧洲的缪子反常
衰变的探测如MEG、Mu3e等实验，通常采用的是自由缪子或缪子衰变。直到近年来，CERN的
NA64mu（Phys. Rev. Lett. 132, 211803）和设计中的MuonE等实验才开始重新利用高能缪子
（～160GeV）与靶散射，通过对缪子与核子或电子的散射来对新物理或者重要的标准模型观测量进
行探索。

然而，缪子散射蕴含大量的物理课题有待挖掘，而且不同能量的缪子束流可以对不同的新物理空
间具有敏感性。如下所述，缪子与可能的亲缪子类型暗物质可以发生大角度散射；缪子与电子的散
射可以来探测带电轻子味道破坏的新型玻色子；对GeV缪子与电子散射的精确测量也可以来验证量
子纠缠（Phys. Rev. D 107, 116007 (2023））；缪子与核子的散射则可以探测不同核子的性质，由于质心
系能量相比缪子与静止电子的高，也可以探测更高能标的不同种类的新物理。

https://journals.aps.org/pr/abstract/10.1103/PhysRev.137.B266
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803
https://web.infn.it/MUonE/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.116007
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Muon Philic Dark matter
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● Muon Philic Dark Matter may be possible or necessary!
● Electron/Muons on Target Experiments
● DarkShine is ~ LDMX based on Shanghai Synchrotron Radiation Facility
● MMM (M3) is a US proposed muon-LDMX experiment

○ Intrigued by a proposal based on CERN NA64   
○ “a lower-energy, e.g. 15 GeV, muon beam allows for greater muon track 

curvature and, therefore, a more compact experimental design...”

NA64mu 

https://arxiv.org/abs/1804.03144
https://indico.ihep.ac.cn/event/17768/
https://confluence.slac.stanford.edu/display/MME/Light+Dark+Matter+Experiment
https://lssf.cas.cn/en/facilities-view.jsp?id=ff8080814ff56599014ff599b8550033
https://arxiv.org/abs/1804.03144
https://arxiv.org/abs/1412.1400
https://arxiv.org/pdf/2401.01708.pdf


Exotic Dark Matter concentrated near the Earth
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● A large amount of dark matter is 
concentrated near the Earth, and 
their speed is very low, making it 
difficult to cause recoil signals in 
experiments. (大量暗物质集中在
地球附近，它们的速度很低，很难
在实验中引起足够的反冲信号)

● As we will see,  muon DM 
scattering experiment 
(PKMuon) depends minorly on 
DM velocity

https://doi.org/10.1103/PhysRevLett.131.011005


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


Muon DM Box experiment:  qualitative estimation 
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Notice for high speed muons, it is 
appropriate to treat DM as frozen in 
the detector volume (V ), and the 
estimated rate per second could be: 

One year 

In the exotic DM scenario as 
mentioned previously, the 
limit can approach μb 
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Muon DM Box experiment: Geant4 Simulation 

Cosmic Muon

Different from XENON1T/PandaX: 
Relativistic muon hit quasi-static DM
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Cosθ distribution in air has no obvious 
difference between that in a vacuum. 
Considering cost and technical difficulty, 
vacuuming of the boxes is not necessary 
in Phase I of the project.

Cosθ distributions in Maxwell-Boltzmann 
velocity distribution and a constant velocity 
distribution are similar. Therefore, our 
signal distribution and detection is not 
sensitive to the DM velocity model.

As the DM mass increases, a larger fraction 
occupies the region of large scattering 
angles, resulting a more pronounced 
discrepancy between the signal and 
background.

Muon DM Box experiment: Geant4 Simulation 
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Muon DM Box experiment: expected results 

In the exotic DM scenario as 
mentioned previously, the 
limit can approach μb 



Muon DM Beam experiment: qualitative estimation
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The estimated rate per second: 

Notice the surrounding area can 
be as small as 100 cm^2.

One year 



15

Simulating 1 GeV muon beam hit 
lead plate passing through GEM 
detector:  the inner diameter of our 
CGEM detector is designed to be 
50 mm, which is 5 times the
beam spot.

Orange surfaces are drift 
cathodes. The blue surfaces are 
GEM foils. The green surfaces are 
PCBs. The yellow lines are muons 
tracks. The red curves are 
electron tracks. The green lines 
are photons.

Muon DM Beam experiment: Geant4 Simulation 

Cylindrical GEM (CGEM) detector structure for BESIII inner tracker system upgrade 
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Muon DM Beam experiment: Geant4 Simulation 
If the scattering angle is large enough, muons 
may hit the surrounding detector. 
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Muon DM Beam experiment: Geant4 Simulation 
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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

http://indico-cdex.ep.tsinghua.edu.cn/event/162/timetable/?view=standard#34-rpc


Accumulated Data

● 3+ months data taking since Jan. 
2024

● Effective volume as 50cm*20cm*20cm
● Total effective events as 330548, 

with mean scattering angle as 
0.0252 rad

● The fraction of large angle scatter 
events (θ>0.2rad) is around 1.6%

● There are several events with 
cosθ<0.4

● Data Analysis is ongoing

More results in a recent report 
from Cheng-en Liu and Qite Li 21

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


0

ZLarge angle events 
Many around RPC locations

22

Distance 
between 
skew lines
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● 有效事件147251， θ>0.2rad事件占比
0.37%

● 平均散射角0.0193rad
● 对海平面上次级宇宙线粒子成分进行

模拟：μ, e, pi, p
● 小角度主要为缪子，大角度主要为高

能电子（物理过程检查中）
● 部分理解了大角度散射的来源
● 为改善缪子探寻暗物质的探测下限，

需进行对高能电子的本底事件排除
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Interfacing with a muon beam at e.g. HIAF 

Current Beam Exp. Status

Cylindrical GEM (CGEM) 
detector structure for BESIII 
inner tracker system upgrade 
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Current Beam Exp. Status
惠州大科学装置高精
度物理实验调研报告

Research report on 
high-precision physics 
experiments at Huizhou 
Big Science Facility

To appear soonGood PID 
performance
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NuFact 2024 is the 25th in the series of yearly international workshops which started in 1999 and which had 
previously been called the International Workshop on Neutrino Factories.

https://indico.fnal.gov/event/63406/
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Goodman, Maury C. 17 Oct 2024, 03:02
American experimental particle physicist at the Argonne National Laboratory. He earned his undergraduate degree at the Massachusetts 
Institute of Technology (1972) and his PhD (1979) at the University of Illinois, Urbana-Champaign under the supervision of Albert 
Wattenberg.      
APS fellow 2008,  served for seven years as Leader of the ANL-HEP Neutrino Group. He has been Deputy 
Spokesperson of the LBNE collaboration (2010 to present). 

Dear Qiang,

Review of Nufact2024-01
C. Zhou, Q. Li and Q. Li for the PKMu collaboration,
“Probing and Knocking with Muons for Dark Matter and others”

This is an interesting paper.  It presents an idea with which I wasn’t familiar; i.e. looking for large angle muon 
scattering as an indication of Dark Matter-muon interactions...

I would be surprised if this was the first suggestion of using large angle muon scattering to 
constrain Dark Matter.  But it may be the case.

Several previous large detectors which measure muons would be sensitive to this, but may not have 
calculated limits.

https://en.wikipedia.org/wiki/Argonne_National_Laboratory
https://en.wikipedia.org/wiki/Massachusetts_Institute_of_Technology
https://en.wikipedia.org/wiki/Massachusetts_Institute_of_Technology
https://en.wikipedia.org/wiki/University_of_Illinois,_Urbana-Champaign
https://en.wikipedia.org/wiki/Albert_Wattenberg
https://en.wikipedia.org/wiki/Albert_Wattenberg
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Muography Workshop 2024   November 4–7, 2024, US

https://web.cvent.com/event/e1c94370-1e43-4ff5-a25a-c6b992afe6a9/summary
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Probing and Knocking with Muons

https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi


CLFV physics
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ref1   ref2

https://indico.ihep.ac.cn/event/18269/contributions/136136/attachments/69981/84234/CLFV%20Experiments.pdf
https://indico.physics.lbl.gov/event/2778/contributions/8648/attachments/4309/5836/290e_lfv_s24.pdf


CLFV searches
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Searching with different channels (tau, mu related)
can give us a better understanding of 
the characteristics of new physics



CLFV searches
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MEGII

https://indico.cern.ch/event/1356341/contributions/5844400/attachments/2841451/4966934/MEG-MIP2024.pdf


A new yet economic CLFV experiment?

33

In CLFV 
Z’ model

● There might be more terms, with large cancellation 
● No exp on μ→eμμ;      No exclusive limit on λeμλμμ



 Muon-Electron Threshold Scan
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Muon-electron collider                                      Muon-on-target   
  CLFV                                                         muon-electron scattering

● μ+  e- → Z’→ e+ e-,   μ+ μ-   Charged Lepton Flavor Violation
● Resonant production Enhancement
● X=16.7 MeV Anomaly
● Connecting e-mu collider and muon beam experiments

specific beam energy 
leads to 
specific phase space 

https://arxiv.org/abs/2302.02203
https://arxiv.org/abs/2405.09417
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501


 Muon-Electron Threshold Scan

35s/t–channel diagrams;  on/off-resonance;   outgoing angle~0.001 rad



         Prospected Results by counting 
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First ever exclusive 
limit on λeμλμμ；

Challenge and 
opportunity on 
multi-muon readout

Cosmic Muon or
>O(30 GeV) beam

https://arxiv.org/pdf/2405.09417


Geant4 Simulation
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● Muon can lose energy while 
propagating in material, 
before hitting with electron

● A plugin to interface MG with 
Geant4 efficiently

3 hits6 hits



Geant4 Simulation
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Cluster hits to 3 tracks

Background 
processes after 
preselection (hits, 
tracks reco)



Geant4 Simulation
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Geant4 Simulation

40
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https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi


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):  

42

https://web.infn.it/MUonE/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.116007


LHC experiments at CERN observe quantum entanglement at 
the highest energy yet
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SUSY2024

https://home.cern/news/press-release/physics/lhc-experiments-cern-observe-quantum-entanglement-highest-energy-yet
https://home.cern/news/press-release/physics/lhc-experiments-cern-observe-quantum-entanglement-highest-energy-yet
https://indico.cern.ch/event/1354279/contributions/5714378/attachments/2873703/5032375/SUSY24_Barr_Entanglement_and_collider_physics.pdf
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Tao Han  2024/10/15

https://indico.cern.ch/event/1460916/contributions/6150725/attachments/2948029/5181251/2024.CERN.pdf
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ref

https://conference.ippp.dur.ac.uk/event/1300/timetable/?view=standard#27-sakurai-prospects-for-quant
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arXiv:2410.23343 

https://arxiv.org/abs/2410.23343


Muon Electron Scattering for QE
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1GeV 
Muon



Muon Electron Scattering for QE
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https://arxiv.org/abs/2410.08303 

https://arxiv.org/abs/2410.08303


QE criterion ref  ref2
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https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.116007


Simulated QE results
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Simulated QE results

51
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Flavor Changing Dark X
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● Muon electron (mu+ e-) annihilation into missing energy signal
● Similar proposal (ERC supported POKER) for e+e- annihilation

○ Phys. Rev. D 88 (2013), 114015
○ Phys.Rev.D 104 (2021) 9, L091701
○ Exp results with NA64

● Muon beam energy can be lowered down 
○ If X mass is small enough

● Can be interpreted as Br(mu->e+X) for low mass X
○ and compared with TWIST

● To be implemented within G4
○ Our own implementation
○ Or using DMG4

μ+

 e-

https://poker.ge.infn.it/en/news/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.114015
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091701
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L031103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052020
https://www.sciencedirect.com/science/article/pii/S001046552400122X?via%3Dihub


Muon’s two body ‘decay’
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● Lepton family number violation by searching for 𝜇→𝑒  𝑋0 
● Previous limit from the Twist Collaboration: Phys. Rev. D 91, 

052020 (2015)
● We are aiming at muon on target searches (works also for X0 

heavier than muon).
○ Require Calorimeter to veto backgrounds
○ Can also be put under flavor changing Dark Matter

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052020


Muon nuclei scattering
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● Various scattering experiment to 
measure nuclei structure
○ JLAB 12-24 GeV electron 

scattering
○ CERN COMPASS and 

AMBER muon project
● With 0.1-1 GeV Muon beam, 

we may measure 
independently
○ Nuclei (charge) form factor
○ Coherent Weak scattering
○ …

https://www.jlab.org/physics/GeV/status
https://wwwcompass.cern.ch/
https://www.home.cern/news/news/physics/meet-amber


Muon nuclei scattering for weak mixing angle and neutron skin?
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However, need polarized muon beams?
These electron beam energy ~ 1 GeV

Low energy muon may give new ways (coherent) to 
probe weak distribution?

QWeak

https://indico.cern.ch/event/1400714/contributions/6107397/attachments/2932969/5150964/Maas_2024_EPIC_CalaSerena.pdf
https://indico.mitp.uni-mainz.de/event/250/contributions/3741/attachments/2868/3271/NicolaCargioli.pdf
https://indico.mitp.uni-mainz.de/event/250/timetable/?view=standard#3-nuclear-weak-charges-and-neu
https://www.nature.com/articles/s41586-018-0096-0


Muon nuclei scattering
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● Rare Muon Nuclei scattering processes to be measured 
and explored.

● Verify Geant4 Simulation Tool
● Sensitive to various BSM, including 

○ the Zprime CLFV, 
○ or DM decays into visible signals

https://arxiv.org/pdf/2401.12573


Dark Matter from Muon nuclei scattering
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● Exploration of the Muon g−2 and Light Dark Matter 
explanations in NA64 with the CERN SPS high energy 
muon beam

● Our limit may be weak than NA64mu.  
● Can still be used to verity Geant4 Simulation Tool

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


Milli-Charged Particle Searches
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● Heavy millicharged particles may be 
produced from the atmosphere when high 
energy cosmic rays collide with nuclei
○ Theoretical predictions here 

● Can be detected at PKMu detectors 
○ PID and optimization to be done.

Also from meson decay

https://indico.cern.ch/event/1109611/contributions/4771666/attachments/2445284/4191468/Yu-Dai_Tsai_MCP_MM.pdf
https://arxiv.org/abs/2406.01668


Muon Bundle from Cosmic Ray
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● Multi-muon bundles in cosmic ray showers detected, 
e.g., with the DELPHI detector at LEP
○ Could be sensitive to heavy ion elements in CR

● With large area PKMu detectors, it is possible to 
detector muon bundles and trace back to the origin 
points in the atmosphere (~O(10) km )

● Again, challenges and opportunities to read out 
muli-muons!

https://www.sciencedirect.com/science/article/pii/S0927650507000916
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PID;  
Momentum



  Melody, CIADS, HIAF Muon beams
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Melody:   approved and the first Chinese Muon beam will be built in 5 years. 

~30 MeV,  ~100 MeV,              ~1GeV

https://indico.ihep.ac.cn/event/20601/
https://indico.ihep.ac.cn/event/20601/timetable/?view=standard#29-ciads-and-its-plan-of-muon
https://indico-tdli.sjtu.edu.cn/event/1465/timetable/?view=standard#51-toward-a-muon-source-in-hia
http://csns.ihep.cas.cn/ywdt/202311/t20231116_763353.html




64MIP2024-1

https://indico.cern.ch/event/1356341/contributions/5821031/attachments/2841489/4967027/20240421_yuxd_MIP_PKMUON.pdf


65MIP2024-1

l

l

https://indico.cern.ch/event/1356341/contributions/5821031/attachments/2841489/4967027/20240421_yuxd_MIP_PKMUON.pdf

