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J_The PKMu Initiative: Probing and Knocking with Muons Yy
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- Core Goal: A comprehensive muon-scattering experiment program to
explore intresting and new physics.

= « Our Strategy — gl#ilnnovation, RiEAgility, and E&/JHigh Impact

« Phase I: Use cosmic-ray muons + self-developed high-precision RPC/GEM detectors

« Phase lI: Transition to high-intensity muon beams at Chinese facilities
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PKMu Research Landscape:

Innovative and Affordable Muon Scattering Experiment
Mod. Phys. Lett. A 40, 2530008 (2025)

Chin. Sci. Bull. 71, 894 (2026)
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Phys. Rev. D 110, 016017 Int. J. Mod. Phys. A 40, 2550164

Phys. Rev. Lett. 136, 151001
Phys. Rev. D 113, 072008 J. Phys. G: Nucl. Part. Phys. 52 075002 4



| Evidence for the Existence of Dark Matter

Galaxy rotation curve: Observed vs. predicted mismatch.(1933/1970s)
Bullet Cluster: Dark matter in galaxy collision.

Observations
 from starlight

Velocity
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Credit;: Mario De Leo. CC BY-SA 4.0.

Gravitational lensing, microwave background radiation,

Normal Matter : Dark Matter : Dark Energy = 5: 27 : 68

Credit: x-ray: NASA/CXC/CfA/M. Markevitch et al.; optical:
NASA/STScl, Magellan/U. Arizona/D. Clowe et al.; lensing map:
NASA/STScl ESO WFI, Magellan/U. Arizona/D. Clowe et al.



Jl Direct Search for Dark Matter (WIMPs)
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Incoming

13 December 2024 Nature News:
First sighting of ‘neutrino fog’ sparks excitement

— but is it bad news for dark matter?

Phys. Rev. Lett. 133, 191001 (2024). && Phys. Rev. Lett. 133, 191002 (2024).

N | :
Credit: LZ Experiment Phys. Rev. Lett. 135, 011802 (2025)



ll Using Muons to Probe Dark Matter

Muon-dark matter interactions remain understudied. Muons are second-generation leptons
in the Standard Model. Free muons are short-lived/rare in the universe.
1. Passive Waiting to Active Knocking: Enhanced sensitivity to light-mass dark matter

2. Cosmic Muon from Background to SIGNAL: Complementary approaches

Outgoing
Particle

Incoming
Particle

Surrounding tracker layers

If DM scatters muons, the observable is the deflection
angle 7

Credit: LZ Expefiment -



PHYSICAL REVIEW D Phys. Rev. D 110, 016017(2024)

covering particles, fields, gravitation, and cosmology
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ll PKMu Cosmic Ray Tomography System(2025)
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4 layers of glass RPC with LC delay-line readout

« Active area 28x28 cm?

« vertical spacing 20-50-20 cm

« Single RPC spatial resolution ¢ = 0.5-0.7 mm

« 63-day continuous physics run: 1.18 million

effective events recorded




ll Scattering Angle Distribution in ROI Area
« Analyzed angular distribution within detector’ s sensitive volume

(-200 mMmm<z<200 mm)

« Large-angle scattering events persist after selection
Y-Z plane(8 > 0.1 rad)
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Simulation of Cosmic Rays at Sea Level(All-Particle Composition)

. . distribution of scattering angle 6
Simulated particle components at ik
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Simulation of Cosmic Rays at Sea Level(All-Particle Composition)

Simulated particle components at

—f Observed —— MC_all_particle
Sea Ievel : IJ’ e’ C 101 + 1 std. deviation MC_pu (35.1% + 5.2%)
MC_e (562.5% + 2.5%) == MC_other (12.3% + 0.2%)

MC 1 GeV DM-u scattering anglej

Small-angle scattering dominated
by muons

relative events
(]
&

Large-angle scattering primarily
from electrons and photons

el

L I L 1 1 1 1 '} 1
+ 1 std. deviation

1 1 1 1 I 1 1 1 L | 1 1
= [it (constant)

1 1 1 1 I 1 1 1 1 I 1 1 ] 1 I 1 ] 1
1.2 | =@= observed/MC Ratio

Q L Constant = 0.999 + 0.007
Possible discrepancies between e SR —=]
measured particle composition 8 0gs
and simulation results. 005 01 015 02 025 03 035 04 045 05

0 (rad)

12



1 lllllili I II|IIII| I IIIIIIIA ! IIIIIII.

ll PKMu cosmic ray DM search

> At the 95% confidence level, the
limit reaches 1.62 x 10-17 cm?

> for 1 GeV slow DM,
demonstrating sensitivity limit to
light muon-coupled slow DM.

----- Asympiotlc CL, expected
-+ Asymptotlc CL, observed
- + 1 std: deviation
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> the first limit from direct muon- 10

DM scattering measurement.
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> New DM search method = U R I

107 107" 1 10 107

Mpy (GeV)

» Projection: 1 m3 detector + 1
year exposure + full angular FIG. 4: Expected and observed 95% CL upper limits on
range — 4-5 orders Of the DM-muon interaction cross section versus Mpy. he

itude i t green and yellow bands represent the 1o and 20 regions,
magnitudae improvemen respectively. 13



Phys. Rev. Lett. 136, 151001 Take-Home Message

v] Precision sea-level electron fraction (A~2%)
v First direct cosmic-ray muon-DM scattering limit

(1.6 x 100 Y cm? @ 1 GeV)

v] Deep understanding of secondary backgrounds

v] Cosmic Muon from Background to SIGNAL

—Cheng-en Liu’ s Poster
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Can help us detect
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By tracking more than 1 million muon
scattering events from secondary cosmic
rays, researchers place new constraints on
how dark matter might interact with
ordinary matter. Read the paperin
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“Noise” Becomes Signal: Secondary Particle Signatures in Muography
J. Appl. Phys. 139, 014903 (2026) 3¢sEIEARILERIH
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Geant4 Simulation version 1
RPCO

https://github.com/PKMuon RPCL

RPC2
RPC3 I

RPC1
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Simulation run0: Cosmic rays generated by CRY, with o .
particles produced immediately above the top of RPCO x—z distribution of PoCA pair
CRY: https://doi.org/10.1109/nssmic.2007.4437209 simulating air scattering




I J. Appl. Phys. 139, 014903 (2026)

i
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simulation run1:A large-area material simulating the roof
effect is placed above the detection system, with particles
generated at the top of this "roof."
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| PUMA: BB ST R arXiv:2512.19747  (SHEHESARIERIFTIE)

Problem: PoCA-based MST has poor spatial resolution for mm-scale PLMA image of a gear

object g
Projection-shifted MUon transMission tomogrAghy (PuUMA) e —

Unlike conventional approaches that rely on scattering-angle . "

measurements to locate scattering points, PUMA constructs
transmission tracks by connecting hit positions in upstream and
downstream detectors. The material-induced angular deflection is e
then projected as a detectable shift in an imaging plane. This S -
approach allows millimeter-resolution cosmic-ray imaging with as @
few as two detectors
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\A profound paradigm shift:
give muon tomography back to the muon.
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| B3 LB FRIR arXiv: 2607.10403 BFBFRE). BFE (W)

Primary galactic rays strike regolith
and produce secondaries
secondary mesons: pions kaons

detector |

Muon comes mostly from TE—=p+v,
(channel near 100%)
Tt has ct=7.8 m

Primary CR penetration ~0.1 m to 1
m, which corresponds to pion
generation depth

Therefore most charged pions come
out of the surface undecayed

These pions subsequently decay into
muons, vastly increasing muon flux at
a height
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PKMu The Next Phase
From Cosmic Rays to Accelerator Beams
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Phys. Rev. Lett. 136, 151001
Phys. Rev. D 113, 072008 J. Phys. G: Nucl. Part. Phys. 52 075002 26
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Muon Beam world wide From Xu Yu / Liangwen Chen

Accelerator generation:
. .y
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PHYSICAL REVIEW ACCELERATORS AND BEAMS 28, 053401 (2025)

PKMu Proposed by Peking University together
with HIAF-HIRIBL from Institute of Modern Physics,

Feasibility study of the GeV-energy muon source based Chinese Academy of Sciences, China:
on the High Intensity Heavy-lon Accelerator Facility
Yu Xu®,'? Xuehenzga*Zhang,l‘z’g' Yuhong Yu,"** Pei Yu,"? Li Deng®,'? Jiajia Zhai®,"? using ~ GeV Muon to pro be new physics beyond

Liangwen Chen(E’,1 He Zhao®,1’2’3 Lina Shoang,l’2‘3 Guodong Shen,l’z’3 Ziwen Pan®,4
Qite Li®,° Chen Zhou,® Qiang Li® Lei Yang,"** and Zhiyu Sun®'?* the Standard Model
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PKMu (R&D) a MUonE (ongoing)

PKMu : Muon on target experiment proposed by MUonE:a Muon Electron scattering exp at
PKU for multi-purpose including cosmic ray, CERN exploiting a 150-160 GeV 107-10%/s

dark boson, and guantum entanglement. beam, aims at an indepepdent and precise
determination of the leading hadronic

HIRIBL1'1 OGeV 106_10718 muon beam ]ine Contribution to the muon 9_2

from the HIAF facility from the imp, cas, China.
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PKMu: Probing and Knocking with Muons

« A comprehensive muon scattering program from Peking University
« PRL 2026: First direct cosmic-ray muon-DM scattering limit + precision cosmic-ray composition.
Technologies outcomes: Sub-mm RPC(2D readout), PUMA, secondary-particle imaging, NAMT

« Future beam program: Dark Matter Dark bosons, CLFV, quantum entanglement...

- BAENDRERNFREALSESIFEFNYIEER, REFRFEFENNEZRFRL
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