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Report of the 2023 Particle Physics Project Prioritization Panel / USA

Decipher Explore llluminate
the New the
Quantum Paradigms Hidden
Realm in Physics Universe
Elucidate the Mysteries Search for Direct Evidence Determine the Nature
of Neutrinos of New Particles of Dark Matter
Reveal the Secrets of Pursue Quantum Imprints  Understand What Drives
the Higgs Boson of New Phenomena Cosmic Evolution

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.

ExBAMEREE

T A R A

National Natural Science Foundation
of China

FE R (11550

1HEYR. EEENKAERKXHAR
Bl 5% 5 B BV A R AR AL B A AR 2 (0] /L
EoMRBEYRABRENAR, F
HNEPNEREASENL, BRR
ERRNERSRENL.



WIMP Ig¥IRBEEFRNSCIE

10—32 7

O€+ LUX (M)

//17 CRESST (Surf)
10—34 ()
ig=e '1’@
N EDELWEISS (Surf)
38

107" \ NEWS-G

: CRESST-III \ DAMA/N"‘
1074 | \‘ DAMIC DAMA/ —0

CDMSIif€ N\ = COSINE

42 DarkSide-50 (S2) ~
107 \ N SuperCDMS

Cross Section [cm?]

25 : \\L\\.—SO
— XENONIT (S2) X EDELWEISS P36 Darks
Outgoing 44 \ D —_
2 10 — XENO
Particle ENON\T
= v-floor g -
Incoming 1074 ke S——— -
Particle
10748
10—50 lll | | lIIlIII | | IIIIIll | | IIIIIII l 1 lllllll 1 (B R E S

0.1 0305 1 3 5 10 30 50 100 300 1000 3000 10*
WIMP mass [GeV/c?]

Credit: SLAC

APPEC Committee Report arXiv:2104.07634




PKMUON

Probing and Knocking with Muons

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
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PKMUON: PKUIRHRYZ FEI8T S FIRSHIIR
arXiv:2402.13483 arXiv:2303.18117
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PKU RPC R&D History

M| "CcMS Bulletin @ .+ Resistive Plate Chamber
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CMS Muon Trigger RPCs
Assembled and tested by PKU (~2002)
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Imaging Results of a 6%6x6¢cm?® Square Lead Block Wrapped in a
12*12+12cm? Iron Shell
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-LiuCM, WenQ G, Zhang ZY, et al. Study of muon
tomographic imaging for high-Z material detection with a
Micromegas-based tracking system[J]. 2020.
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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/Mp X op x F),,

Surrounding tracker layers

The local density of DM is at the order of p ~ 0.3
GeV/em® 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 ~ 1m?. Thus the sensitivity on Dark Mat- One year

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

op ~ 10~ cm?

26



Phase Il: Muon Beam scattered with DM

The estimated rate per second:

YW Y

Y YY

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

Muon beam

Surrounding tracker layers

For Mp = 0.03GeV, L = 1m, and N, ~ 10°/s (e.g., op ~ 1[}_15[31"_[12
CSNS Melody design), and one year 107s.

One year
N = 10" x op x 100/cm?,

Notice the surrounding area Is

Thus the sensitivity on Dark Matter Muon scattering , ,
around 100 cubic centimeters.

cross section for 1 year run will be around
27



) Melody, CIADS, HIAF Chinese Muon beams

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

&) DE SRR HIAF
__ YT — Ny — i HI A & HIAF-U B el S

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~ 106 Up to 5*10°© Up to 5*108 = MRing: 45Tm, superconducting, beam merging
|ntenSity ( /S ) lon-ion merging
- - High-enerdy
Polarization ( % ) >95 >95 50~95 Particle (GeV/u) Intensity (ppp) Est. time density physics
Positron ( % ) <1% NA <1% FAIR 2.7 ZEE (28 5X 101 2025
NICA 4.5 197432+ 4X10° 2022
Repetition (Hz) 1 Uptod Upto 5 FNAL 80 P 6.8%X 103 2028
: 3.0 238U35+ 2X 1012
Teminals 2 1=2 Z HIAF-U 9.1 23892+ 1X1012 2032
25 P 4X10M
Muon Momentum 30 30 Up to 120 iLinac up to 200MeViu
(MeV/c)
Full Beam Spot 10 ~ 30 10 ~ 30 10~30
(mm)

~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

Muon Beam-DM Detectors requirement

Beam Cylindrical/BOX TPC/GEM/RPC ~1m or more
Tracking
NN NN
Muon R e |
| — Vacuum
Beam o ........................................................
ANEIRNE Ty

PID: muon / electron / ect.



Muon DM Beam experiment: Geant4 Simulation

If the scattering angle is large enough, muons may
hit the surrounding detector.

Muon Energy = 1GeV

Events/(0.02)

f—
(=]
"

Mpwn \EX,[100 MeV (%) 1 GeV (%) 10 GeV (%)
0.05 GeV | 84.29 +0.04 74.85 4 0.04 45.93 + 0.05
0.1 GeV | 91.74 +0.03 83.07 4 0.04 58.17 + 0.05
0.2 GeV | 94.35+£0.02 88.16 & 0.03 68.37 = 0.05

f—
=
™

My, =0.05 GeV

(M, =0.1 GeV
0.5 GeV | 95.1740.02 92.16 + 0.03 78.91 «+ 0.04 0 Mo=02 GeV
M. =05 GeV

1 GeV | 95.3440.02 93.88 4 0.02 84.68 + 0.04 A
10 GeV | 95.35 4+ 0.02 95.36 & 0.02 94.06 + 0.02 | My =10 GeV

100 GeV | 95.43 £0.02 95.37 £ 0.02 95.37 £ 0.02

TABLE II. Signal detection efficiency under different assump- ' ' cos6
- tions of DM mass and muon beam energies.
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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
- 0 Can also extend to neutrino experiment using muon decay

31



THANKS

& o8
e, X
€nce and e

Phys. Rev. D 110, 016017
IMPA 38, No. 29n30, 2350154 (2023)

MIP2024-1 , MIP2024 -poster
COUSP2024-1 , COUSP2024-2

https://lyazj.github.io/pkmuon-site/



https://arxiv.org/abs/2402.13483
https://www.worldscientific.com/worldscinet/ijmpa
https://www.worldscientific.com/toc/ijmpa/38/29n30
https://indico.cern.ch/event/1356341/contributions/5821031/attachments/2841489/4967027/20240421_yuxd_MIP_PKMUON.pdf
https://indico.cern.ch/event/1356341/timetable/?view=standard#82-preliminary-progress-of-dar
http://indico-cdex.ep.tsinghua.edu.cn/event/162/overview
http://indico-cdex.ep.tsinghua.edu.cn/event/162/timetable/?view=standard#34-rpc
https://lyazj.github.io/pkmuon-site/

3ackup



NSF2F Incoming Muon

RPC/GEM#RIZS

RPC/GEM#RIZE

EE4 R Dark Matter

RPC/GEMR2$

RPC/GEM#RMIZ3

tH 542 F Outgoing Muon




Future

Interfacing Cosmic Muon or Muon beam

—>Cosmic [ or i beam

u y u " Telescope

—Cosmic ray

EE i
RPC tmosphere
u
ute” . .
Dark Matter CLFV Nuclei Nuclei
PKMUON RpC el
u ﬂ u u l-l- u l Milli Charge Monopole
Larger area
More physics program: RPC or GEM

CLFV, Muon-Nuclei scattering ... being produced



Prelude-1: Muon Tomography

® Cosmic-ray muons can be exploited as tool to probe
the interior of large scale objects: Muographers2023.
® Rich applications on e.g., Meteorology, Archeology

Incoming
muon

® Muon Tomography Algorithms being further developed.. i mos b—"" «— 1~ simpied muon

® Precision measurement of cosmic muons still necessary
(direction, momentum, altitudes:)

Journal of Cosmology and Astroparticle Physics

Seasonal variation of the underground cosmic muon flux
observed at Daya Bay

F.P. An', A.B. Balantekin? H.R. Band?, M. Bishai® S. Blyth>¢, D. Cao’, G.F. Cao®, J. Cao®, Y.L. Chan®,
J.F. Chang® + Show full author list
Published 2 January 2018 - © 2018 IOP Publishing Ltd and Sissa Medialab

Journal of Cosmology and Astroparticle Physics, Volume 2018, January 2018 _] CA P
Citation F.P. An et al JCAP01(2018)001
DOI110.1088/1475-7516/2018/01/001 2018
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https://iopscience.iop.org/article/10.1088/1475-7516/2018/01/001
https://iopscience.iop.org/article/10.1088/1475-7516/2018/01/001
https://indico.cern.ch/event/1203839/timetable/?view=standard
https://link.springer.com/article/10.1140/epjc/s10052-022-10471-1
https://www.nature.com/articles/nature24647
https://link.springer.com/article/10.1007/s41605-020-00179-9

Prelude-2: NA64, DarkShine, LDMX, MMM

® Muon Philic Dark Matter may be possible or necessary!
® Electron/Muons on Target Experiments
® DarkShine i1s ~ LDMX based on Shanghail Synchrotron Radiation Facility

® MMM (M3) I1s 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://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

Prelude-3: exotic Dark Matter

PHYSICAL REVIEW LETTERS 131, 011005 (2023)

Dark Matter Annihilation inside Large-Volume Neutrino Detectors

Owing to their interactions with ordinary matter, a
strongly interacting dark matter component (DMC) would
be trapped readily in the Earth and thermalize with the
surrounding matter. Furthermore, for lighter DM, strong
matter interactions allow Earth-bound DM particles to
distribute more uniformly over the entire volume of the
Earth rather than concentrating near the center. Together,
this can make the DM density near the surface of the Earth
tantalizingly large, up to ~f, x 10> cm™ for DM mass of
1 GeV [8—11]. Despite their large surface abundance, such
thermalized DMCs are almost impossible to detect in
traditional direct detection experiments as they carry a
minuscule amount of kinetic energy ~k7 = 0.03 eV. A

® 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. (K=Y REREH
BRBE, e1EERE RYERE
K H 5 EBHRPES)

As we will see, muon DM
scattering experiment (PKMuon)
depends minorly on DM velocity
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> 7 U(I)LM—L, model

< /' directly couples the second and third lepton generations

e

+  The extension model: interactions with DM candidates
-> M2 beamline at the CERN Super Proton Synchrotron

»

% Incoming muon momentum 160 GeV/c

« Total accumulated statistics: (1.98 + 0.02) x 10! MOT
- Signal process: uN — uNZ',7Z' — invisible

-> No event falling within the expected signal region is i} R
observed

QPLy OFly MMy QPLa 0 C) Z'PRODUCTION

< 90% CL upper limits are set in the (m,, g,) parameter space
of the L, — L, vanilla model, constraining viable mass values
for the explanation of (g — 2), anomaly to 6 — 7 MeV <
<40 MeV, with g, < 6 X 107%.

% New constraints on light thermal DM for values
y > 6 X 107 for m, > 40 MeV

(1 92’}2(”‘!{."”"3’}4

Y=




EXOtic DM PRL 131, 011005 (2023)

-> A new species y that interacts “strongly” with ordinary matter but that makes up only a tiny fraction
J, = P,/ppm < 1 of the total DM mass density

’0

+ Be slowed significantly by scattering with matter in the atmosphere or the Earth before reaching the target,
leading to energy depositions in the detector that are too small to be observed with standard methods

Be trapped readily in the Earth and thermalize with the surrounding matter.

For lighter DM, strong matter interactions allow Earth-bound DM particles to distribute more uniformly over the
entire volume of the Earth rather than concentrating near the center.

e

%

*s

%

- Make the DM density near the surface of the Earth tantalizingly large, up to ~]; x 101> cm™ for DM
mass of 1 GeV
% Ordinary DM density ~ 0.3cm™

-> Almost impossible to detect in traditional direct detection experiments as they carry a minuscule amount of
kinetic energy ~ k7T = 0.03 eV

Exotic DM is slowed down near the Earth, and its density is highly enhanced



Muon DM Beam experiment: Geant4 Simulation

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 foills.
The green surfaces are PCBs. The
yellow lines are muons tracks. The
red curves are electron tracks. The
green lines are photons.

Cylindrical GEM (CGEM) detector structure for BESIII inner tracker system upgrade



Muon DM Beam experiment: Geant4 Simulation
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PKU GEM (Gas Electron Multiplier) R&D Efforts
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