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| Evidence for the existence of dark matter

 Galaxy rotation curves (1933/1970s) Bullet Cluster

Observations
_from starlight

Velocity
. (km s-1)

Expected from
the visible disk

B 10,000 20,000 30,000 40,000

~ Distance (light years)

) ) Credit: x-ray: NASA/CXC/CfA/M. Markevitch et al.; optical:
Credit: Mario De Leo. CC BY-SA 4.0. NASA/STScl, Magellan/U. Arizona/D. Clowe et al.; lensing map:
NASA/STScl ESO WFI, Magellan/U. Arizona/D. Clowe et al.

« Gravitational lensing, microwave background radiation
« Normal matter:dark matter.dark energy = 5:27:68 3



Report of the 2023 Particle Physics Project Prioritization Panel / USA

llluminate
the
Hidden
Universe

Determine the Nature
of Dark Matter

Understand What Drives
Cosmic Evolution
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Determine the Nature of Dark Matter. The gravitational evidence for dark matter is over-
whelming. We have many ideas for what dark matter could be, with a handful of particularly
compelling candidates with viable cosmological histories. The number of strong candi-
dates inspires a multifaceted campaign to determine the nature of dark matter, leveraging
underground facilities, quantum sensors, telescopes, and accelerator-based probes.
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Direct detection experiment of WIMP dark matter
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PKMu

Probing and Knocking with Muons e

arXiv:2303.18117 [hep-ph] accpted by International Journal of Modern Physics A
arXiv:2402.13483 [hep-ex] accpted by Phys. Rev. D 110, 016017

PHYSICAL REVIEW D

covering particles, fields, gravitation, and cosmology

Highlights Recent Accepted Collections Authors Referees Search Press About

Proposed Peking University muon experiment for muon
tomography and dark matter search

Xudong Yu, Zijian Wang, Cheng-en Liu, Yiging Feng, Jinning Li, Xinyue Geng, Yimeng Zhang, Leyun Gao,
Ruobing Jiang, Youpeng Wu, Chen Zhou, Qite Li. Siguang Wang, Yong Ban, Yajun Mao, and Qiang Li
Phys. Rev. D 110, 016017 — Published 19 July 2024




l Why we consider using muons to detect dark matter

1. Few groups have studied the reaction
between muons and dark matter.

« 2. The muon is the second-generation
lepton of the Standard Model.

- -
-

_________________________________________

very rare in the universe.

4. Experimental conditions: Detection of
cosmic ray muons experience /Future
muon sources in China.

Surrounding tracker layers



Prelude: NAG64, DarkShine, LDMX, MMM

® Muon Philic Dark Matter may be possible or necessary! (arXiv: 1804.03144)

® Some Electron/Muons on Target Experiments

® DarkShine i1s ~ LDMX based on Shanghail Synchrotron Radiation Facility

® MMM (M3) is a US proposed muon-LDMX experiment

O Intrigued by a proposal based on CERN NA64

O “a lower-energy, e.g. 15 GeV, muon beam allows for greater muon track curvature and,

therefore, a more compact experimental design...”
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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

Phase I. Muon Tomography for Muon-DM scattering

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:

_________

pV/MD A AT X FH?

Surrounding tracker layers

The local density of DM is at the order of p ~ 0.3
GeV/cm® and with a typical velocity of v = 300 km/s.
While F), is the muon flux ~ 1/60/s/cm? at the sea level.

For Dark Matter mass Mp ~ 0.1 GeV, and detector box
volume as V' ~ 1 m®. Thus the sensitivity on Dark Mat- One year

ter Muon scattering cross section for 1 year run will be
around

op ~ 10~ %cm?
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Muon Tomography
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Geant4 simulation results for muon
scattering with 1m thick air or DM
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https://arxiv.org/abs/2303.18117
https://arxiv.org/abs/2402.13483

PKU RPC R&D History

The Compact Muon Solenoid Experiment
| CMS Bulletin @  Resistive Plate Chamber

t’&% | CERN CH- L2 GENEVA 23 Swatmeriand
T N — e — R. Santonico(in 1980s)

« Large Area ~ m2
« Good Time Solution~1ns

« Acceptable Spatial Resolution |g
— ~3mm ~1cm |

r WSS

CMS Muon Trigger RPCs
Assembled and tested by PKU (~2002)

YE=1 yoke squpped wath CSCRPC package The MEL3 CSC s now cover the BPC outer nng snd
(supee ring) :nd RE1 3 RPC's (omter mmg) becce commplete the Srat Mucs soates ez YE-1. 5
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High resolution RPC R&D (2012~2013)

Innovatively combine the large-area glass RPC with the
delay-line readout technology. 2 TDC/1 dim

Spatial resolution of muons. 0.3~0.4 mm (o) Y
V PET 100um
— HV graphite electrode

/ — Float Glass = = N T 1
"+~ _— 2mm Spacer -

: v — Float Glass o LYY LYY Y LYY Y L VYL o
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Readout Strips
LC Delay Line
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Qi-Te, Li, et a/ Chinese Physics C 37 (2013)016002. %
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3D Imaging Test(2013~2014) PKU prototype muon tomography System
4 X-Y readout RPC Boxs, distance 285mm Using only 20 TDC channels
Active area 203mm=*203mm m -

Tk
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Using this RPC with high position resolution to build a cosmic ray
muon imaging system to detect the incident and outgoing trajectory
vectors of cosmic ray muons can measure a very small scattering
deflection angle of <5 mrad (0.3°) and reconstruct the material
distribution information in the sensitive area.




Imaging Results of a 6x6x6cms Square Lead Block Wrapped In a

12*12x12cm? lron Shell
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Bl 4RPCs Muon tomography for Dark Matter search (2023 - 2024)

e 20cm-50cm-20cm
* Petiroc 2A ASIC DAQ by USTC "
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ll Run1 Muon Scattering data

* Jan. 2024 - May. 2024
* data accumulated 92 days In air

* sensitive volume
e 50x20x20 cm?

cos(0)
* 330548 valid events ) Mp—
* mean scaterring angle 0.0252 rad Pl
 1.6% 6>0.2rad E
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Growing PKMuon Software Framework

Collaborate on GitHub Organize geometry modularly and extensibly

(O & https://github.com/PKMuon

github.com/PKM

PKMuon Collaboration @ Files PKMUON_2024 / config / rpc.yaml
PK on Collaboration
: Code Blame 166 lines (143 loc) - 2.88 KB
=t ¥ main - Q
A3 4 followers @ China @ hups:/flyazj.github.io/pkmuon-site/ [ seeson@pku.edu.cn

9 rpc_electrode_pair_1:

(i) Overview [l Repositories 8 [ Projects @ Packages A People 2 i SRl rorstlon
EETeh | components: [rpc_electrode_pair_box, [x, 188 deg]]
material_schema.yam

Pinned aa
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EH PKMUON_G4sim  Putli _ _up
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> include
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>
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CMakeLists.txt 97 material: rpc_gas

106 solid: bottom_up

CryMuGps.mac 101
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ll Run1——Preliminary comparison between
experiment and simulation

distribution of scattering angle

* Simulated the scattering angle distribution of
COSMIC ray muons.

— Experiment
—— Simulation

[PRELIMINARY]

relative events

107"

* The experimental results differ significantly 102
from the simulated muon scattering results at
large scattering angles. e

10*
* Where do large-angle scatterings come from?
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ll Run1 Muon Scattering data

Large Muon Scattering points on
RPC and sensitive area

Z Events(6>0.2 rad)
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Bl Run1——Scattering angles within the ROI

there are still events at large angles.

147,251 valid events
* 0 > 0.2 rad accounting for 0.37%.

* The average scattering angle is 0.0193 rad. distribution of scattering angle
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Run1——-Detailed simulation

Simulation of the composition of secondary
cosmic ray particles at sea level: u, e, 1T, p

The small angle is mainly for muons, and the
large angle is mainly for high-energy electron

partially understand the source of large-angle
scattering

To improve the detection limit of muon search
for dark matter, it is necessary to exclude
background events of high-energy electrons
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RUN1 summary

* We have proposed a novel method for searching for dark -
matter using muon scattering.

* We conducted a 3-month test of muon scattering using
a RPC-based muon scattering imaging system and
obtained the scattering angle distribution.

* Using GEANT4, we constructed a muon scattering
detection system with the same dimensions, materials,
and spacing settings, and simulated the scattering angle
distribution of cosmic ray scattering in air for this system.

* The experimental results showed a significantly higher
number of events at large scattering angles than
expected from the muon scattering simulation. Even after
filtering events within the ROI, there were still excesses.

* Further analysis revealed that small-angle scatterings
were mostly muons, while large-angle scatterings were
mostly electrons.

* The data is still under analysis, and the results will be
published soon. Please stay tuned.




Jl - Possible Reasons for the differences between
experimental results and simulation results:

« Muon multiple scattering events

 Influence of low-energy muons

 Influence of components other than muons in
cosmic rays

« There may be events where multiple muons or other
particles enter the detection system

« The physical processes used in GEANT4 simulation
may deviate from the simulation of large-angle
scattering of muons in reality

« A further understanding of the scattering of muons
in materials and space may be needed.
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ll Future experiments

1. Upgrade the detection system to vacuum chamber
mode to eliminate air interference.

2. Use AT-TPC to eliminate the influence of multiple
scattering and locate the reaction point.

3. Large angle acceptance

4. PID
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Future

Interfacing Cosmic Muon or Muon beam

—>Cosmic i or L beam

y 1 u u Telescope

—Cosmic ray

RPC Atmosphere

ute”

Dark Matter CLFV Nuclei Nuclei
" PKNMUON RPC g
’1 u M M l+ ” l Milli Charge Monopole
Larger area
More physics program: RPC or GEM
CLFV, Muon-Nuclei scattering ... being produced

CLFV arXiv: 2407.05831



Highlights, byproducts

® Muon dark matter detection step by step

® Full scale Detector R & D & Applications
® TPC/ AT-TPC protential use on cosmic ray u or i beam dark matter
scattering measurement

® Muon tomography applications
O Cosmic muon manipulation
® HEP Muon experiment with Chinese Muon beam
O More possibilities with Muon on target
® A route towards Muon collisions
O Can also extend to neutrino experiment using muon decay

28



T H A N KS AFFEZF Incoming Muon

Ref:

PKMu for DM
[1] Phys. Rev. D 110, 016017
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® Phase I:
O Muon Tomography using RPC/GEM
O Probing dark with Cosmic Muons
® Phase II:
o PKMu + Chinese Muon beams (CSNS, HIAF)
® Phase llI:

o Muon On Target using Chinese Muon beams
e Invisible u+ N — u+ dark
e Visible u+ N — u+ di-leptons
e Muon Electron Threshold Scan: CLFV Z', LFV DM
e Others: trident, laser-assisted decay




Phase I. Muon Tomography for Muon-DM scattering

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:

_________

pV/MD A AT X FH?

Surrounding tracker layers

The local density of DM is at the order of p ~ 0.3
GeV/cm® and with a typical velocity of v = 300 km/s.
While F), is the muon flux ~ 1/60/s/cm? at the sea level.

For Dark Matter mass Mp ~ 0.1 GeV, and detector box
volume as V' ~ 1 m®. Thus the sensitivity on Dark Mat- One year

ter Muon scattering cross section for 1 year run will be
around

op ~ 10~ %cm?

32



] Melody, CIADS, HIAF Chinese Muon beams

Melody @CSNS: approved and the first
Chinese Muon beam will be bullt in 5 years.

f R SR (MR R HIAF

Proton Up to 100 U P to 100 Nuclear matter Muon research
Power (kW) = BRing-N: 34Tm, 569m, 3Hz Hypernuclei p
Pulse width (ns) 130 to 10 500 130 to 10 = SRing: 17(25)Tm, 270.5m, accumulation/compression
= BRing-S: 86Tm, 3Hz, superconducting
Muon 105~ 10Q¢6 U p to 5*106¢ U p to 5*10° = MRing: 45Tm, superconducting, beam merging
intensity (/s )
Polarization ( % ) >95 >95 50~95 Particle (GeV/u) Intensity (ppp)  Est. time
Positron ( % ) <1% NA <1% FAIR 27 U 5X 101 2025
NICA 4.5 197 A 32+ 4X10° 2022
Repetition (Hz) 1 Upto5 Upto5 FNAL 80 P 6.8% 1013 2028
: 3.0 23835+ 2% 1012
Teminals 2 1~2 2 HIAF-U 91 2380 1X1012 2032
25 p 4X 101
Muon Momentum 30 30 Up to 120 iLinac up to 200MeV/u
(MeVic)
Full Beam Spot 10 ~ 30 10 ~ 30 10~30
(mm)

~30 MeV, ~100 MeV (2028) ~1GeV (2026)



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

Phase II: Muon Beam scattered with DM

Scattered-out muons

e

YW Y

W
I
I

Ti
1
I

Y YY

Muon beam

Surrounding tracker layers

For Mp = 0.03GeV, L = 1m, and N, ~ 10°/s (e.g.,
CSNS Melody design), and one year 107s.
N = 10" x op x 100/cm?,

Thus the sensitivity on Dark Matter Muon scattering
cross section for 1 year run will be around

The estimated rate per second:

dN/dt = N, X op x L x p/Mp,

op ~ 10~ °cm?

One year

Notice the surrounding area Is
around 100 cubic centimeters.

34



