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Muon Scattering Experiment at HIAF-HFRS

PKMu(Probing and Knocking with Muons) Proposed
by Peking University together with HIAF-HFRS from
Institute of Modern Physics, Chinese Academy of
Sciences, China: using 1-10 GeV Muon to probe
new physics beyond the Standard Model
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Microscope: multi-purpose platform

—Cosmic p or g beam arXiv:2503.22956 to appear in MPLA
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https://arxiv.org/abs/2503.22956
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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
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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

Muon Philic Dark Sector

e Muon Philic Dark Matter may be possible or even necessary!
m Lu—Ltr gauged model (Z’, x) quite popular recently

m See the PKMu proposal: Phys.Rev.D 110 (2024) 1, 016017

(see also cosmology constraints)
m LDMX DarkShine; eN —eNZ, Z'—vVv orZ'—xx (dark matter)
m NAG64uy, MMM UN — uNZ’, Z'—v'v or Z’—xX (dark matter)
m  MuonE pheno.) ve — ueZ’, Z'—vv orZ'—xx (dark matter)
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https://arxiv.org/abs/1804.03144
https://doi.org/10.1103/PhysRevD.110.016017
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

More: X17 Anomaly

De-excitation of light nuclei via IPC, an anomaly in the decay of éBe and “He Box opening
Pt A N* = N+ete ) PRL116,042501 (2016) Phys:Rev. G104, 044003/(2021) Some excess is observed beyond the 2¢ local coverage (2.5 o local)
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For a 1-10 GeV muon/electron beam
scatter off electrons in target,

Hypothetical /
the C.O.M energy is ~ 10 MeV! D Uy

Particle paths are
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https://agenda.infn.it/event/46739/attachments/134359/201425/padme_RunIII_LNFSeminar.pdf

1) Direct searches for DM
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Muon Tomography and Muon-DM scattering

Muon Tomography Dark Matter Search
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Phys.Rev.D 110 (2024) 1. 016017



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

Slow Dark matter

Earth bounded Dark Matter: terrestrial density of strongly-coupled relics
PRL. 131 (2023), 011005, PRD 109 (2024), 075027 PRD 103, 115031 (2021)

o Afraction (fD) of strongly interacting dark matter —_—

o can be trapped in the Earth, and distributed more uniformly. s i

o The density (fE) can be large! fE=fDxnD ~ fD*10*15/cm”3 w
Alternative detection techniques needed £ o

- to detect such a large density of slowly moving DM = o

> Superconducting Cloud Chamber (for Milli-charged Particle though) 1t | ]
For slow or frozen DM, no proposal yet! B AR

o — limits on both cross section and fE=fDxnD

Muon//
Muon DM - 0
v g ;:} B \ B Different from XENON/PandaX:
O Buninaew DM Relativistic muon hit quasi-static DM

Muon-DM elastic scattering


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

Events/(0.02)

Muon DM Box experiment: expected results

EEELEE T T III[III T T TTTTIT T T TTTTIT T T TTTTIT
I Pe— Asymptotic CL, expected ; ]
—~10°E : E
10° [ NE E - + 1 std. deviation =
9 | _[OM,,,,=0.005 GeV o C o ]
10 [ DMg:::0.0S GeV - L +2 std.gdewatlon i
| DM =0'1 GeV i =_ q1 0 R s S o =
- M =02 GeV ~ = &F E §
10" |- 0OM,=0.5 GeV s - i
" [IMp,=1GeV e S F i
— (1M ,,,=10 GeV ot - = 107k |
10° Bili?nfmo G‘L"'J ! = - E
- T ” - 1
L H [T (0] B 1
jii® —_ ) l’]" §_‘1o 8§ ..... E
8 | T8 I :
n Yo R : : 1
10 e :
B H E =
e :IIIII I | IIIIIII 1 L 11111l | | IIIIIII 1 1111111 :
i ” ”"” 1072 107" 1 10 102
1041 —_— | 1 | L PR
- -0.5 0 0.5 1 DM mass (GeV)
s o e e In the exotic DM scenario as
« Binned maximum likelihood fits mentioned preViOUS |y, the
» UL determined by CLs method Ilmlt can approach pb 10

* Only take statistical uncertainty into consideration



Current Software and Simulation Status

PKMuon Collaboration PHYSICAL REVIEW D 110, 016017 (2024)

PKMuon Collaboration

) 5 o ) Proposed Peking University muon experiment for muon
AR 3 followers @ China ¢ https://lyazj.github.io/pkmuon-site/ 9 seeson@pku.edu.cn tomography and dark matter search

) Xudong Yu,” Zijian Wang, Cheng-en Liu, Yiqing Feng®, Jinning Li, Xinyue Geng, Yimeng Zhang, Leyun Gao,
() Overview [ Repositories 10 [ Projects @ Packages A People 2 Ruobing Jiang, Youpeng Wu, Chen Zhou®," Qite Li®," Siguang Wang, Yong Ban®, Yajun Mao, and Qiang Li
State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University,

Beijing, 100871, China

Pinned ® (Received 23 March 2024; accepted 24 June 2024: published 19 July 2024)

. A set of new methods are proposed here to directly detect light mass dark matter through its scattering
Lq PKMUON_Gd4sim ' Public Q geomu | Public with abundant atmospheric muons or accelerator beams. A first plan is to use the free cosmic-ray muons
interacting with dark matter in a volume surrounded by tracking detectors, to trace the possible interaction
between dark matter and muons. Secondly, the same device can be interfaced with domestic or international
muon beams. Due to the much larger muon intensity and focused beam, it is anticipated that the detector
can be made further compact, and the resulting sensitivity on dark matter searches will be improved.

Forked from yuxdPKU/PKMUON_G4sim Forked from lyazj/geomu

Geant4-based simulation of PKMUON Geographic Muon Simulation
®C:+ @C++ Furthermore, it may also be possible to measure precisely directional distributions of cosmic-ray muons,
either at mountain or sea level, and the differences may reveal possible information about dark matter
distributed near the Earth. Specifically, methods described here can have advantages over “exotic™ dark
matters that are either muonphilic or slowed down due to some mechanism, and the sensitivity on dark

Q pkmuon-site-src Public g root.easy-debug Public matter and muon scattering cross section can reach as low as microbamn level.
Forked from [yrarzj,"pkrgrniuron:sit}a-rsr; Forked from ')’,agj/r,o,o,tfeas,)"d,e,bqg DOI: 10.1103/PhysRevD.110.016017

source code of PKMUON site Debug CERN ROOT macros in an extremely easy way

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

Current Box Exp. Status

recent report from Cheng-en Liu and Qite Li

Accumulating Data Now

4-station 20cm*20cm RPC for the moment

Petiroc 2A is a 32-channel front-end ASIC
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http://indico-cdex.ep.tsinghua.edu.cn/event/162/timetable/?view=standard#34-rpc
https://indico-tdli.sjtu.edu.cn/event/2635/timetable/?view=standard#35-pkmu

Byproduct: cosmic ray measurements
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Current Beam Exp. Status

Interfacing with a muon beam at e.g. HIAF

Seatte

Muon beam

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

More detectors such as LGAD, Si Strip in plan to be
integrated.
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2) On target experiments for Dark Boson

RPC/GEM (YR, BTFE) FRIR IR AA

S0k [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
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NAG4u recent results
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803

O
O

Z’ and X at PKMU@HFRS

1-10 GeV muon scattered on electrons in target:

C.O.M energy is around 10 MeV!

Sensitive to Lu -Lr Z’ boson at around 1-100 MeV:
m ue —» ueZ, Z’-vv
Also matches the mass range for ATOMKI X17 MeV

0.020 A

E,=10GeV n=4.50

- '/—:,;i“iﬂ/

anomaly
m Je - peX, X—» Vv, et+e-;
m Search for pseudoscalar bosons decaying into e+e—
pairs in the NA64 experiment at the CERN SPS: PRD
104 (2021) 11, L111102 e-N—e-N +a, a — e+ e- i

m See also tensor and scalar options in arXiv:2501.05507

®  ‘the measurements from the two experiments (ATOMKI and MEGII)
remain compatible within 2c” and “A CP-even scalar could serve as
potential solution to the anomalies observed in the Helium and Carbon
data and that will become relevant in case the null result from the
MEG-II search in Beryllium transitions will be confirmed.”
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L111102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L111102
https://arxiv.org/abs/2501.05507
https://arxiv.org/abs/2411.12518

PKMu@HFRS vs. MUonE

e Muon Beam energy: 150 GeV vs. 1-10 GeV PKU joined MUonE recently,
e C.0.M energy for PKMu@HFRS is around 10 MeV 5314 will also perform BSM

o suitable for low mass searches
e Detector Can be more compact

searches there

e muon filter
M2 u beam < Il 1l |D/ u chamber
150 GeVle 51 1l | | y
station #1 #2 #3 #k #N

ECAL
Target k+1
Tarﬁetk P g‘
r 1 module (2 sensors) ‘|‘ e
L I o —
e
| :

s g erz yerd ey RPC/GEM (MR, BTFE) SRR DAJIRES

Sk [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

NAG64 has limited angle acceptance (the beam energy is high as
150GeV), that may be the reason it is not sensitive to Mx>16 MeV 18


https://web.infn.it/MUonE/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L111102
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https://web.infn.it/MUonE/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702

Our roadmap to detect Dark Sector

A compact detector for muon scattering with target electrons or nuclei:
Using RPC+GEM to measure angular direction; Scintillator and absorber for PID

o e e, Z—-vv final state leptons with wide scattered angle
e e — ueX,
o X—VV final state leptons with wide scattered angle
o X—ete- electron energy measurement
e ee — eeX,
o X—VV final state leptons with wide scattered angle
o X—ete- electron energy measurement

- Visible decay e

ARABLARMERE |nyisible decay  ©

1TEEM (very small - X
coupling->very long € A~ 'VV< %
flying distance, thus AA A X A ¢

~invisible), & FI A

REENEEE (2R
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More: Muon Electron Scattering

ne— pe

Quantum
Entanglement

U e

arXiv:2502.07597

e 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.

e Muon electron scattering at lower energy (~GeV) may be
interesting to SM test itself, and Quantum entanglement probe

PRD 107, 116007 (2023):

arXiv:2411.12518

(a) (b)

FIG. 15. The red regions correspond to the values of p and € for
which the final state is entangled at low—< 30 MeV—(a) and
high—< 1 GeV—(b) energies.
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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

PKMu@HFRS Lab/Collaboration
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PKU Muon Detector Development

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

RPC R&D for nuclear physics
CMS GEM upgrade program
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Workshop on Muon Physics at the Intensity and Precision Frontiers (MIP

2024)

19 Apr 2024,02:00 — 22 Apr 2024, 12:20 Asia/Shanghai
Q@ Peking University

2 Chen Zhou (Peking University (CN)), Qiang Li (Peking University (CN)) , Qite Li (Peking University)
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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

Input to the European Strateqy for
Particle Physics 2026

[Indico] Abstract Acceptance notification (#100) D inbox x e U

Indico <noreply-indico-team@cern.ch> Fri 4 Apr, 22:22 (20 hours ago) ¥ “«

to seeson, giang.li, chen.zhou, liqt1985, espp2026.input v

Bg Translate to Chinese (Traditional) X

Dear Qiang Li,

We are pleased to announce that your abstract "Probing and Knocking with Muons" with ID #100 has been accepted as input to the 2026 update process of the European
Strategy for Particle Physics.

Your submission will be made public and it will be further discussed by the Physics Preparatory Groups and the European Strategy Group. It also constitutes important input for
the preparation of the Open Symposium in Venice at the end of June.

Kind regards,

The Strategy Secretariat

Indico :: Call for Abstracts
https://indico.cern.ch/event/1439855/

More from our collaborators:

1.

Leyun Gao

a. Software, CLFV, Quantum
Zijian Wang

a. Dark Z boson

Cheng-en Liu

a. Dark Matter

Jinning Li

a. Interfacing with beam
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https://indico.cern.ch/event/1439855/contributions/6461499/
https://indico.cern.ch/event/1439855/contributions/6461499/

We look forward to one of the first GeV muon beam

and muon scattering experiment in China!
https://github.com/PKMuon
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https://github.com/PKMuon

