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Features of Muon

Standard Model of Elementary Particles
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https://www.nature.com/articles/s41586-024-08543-1

Design of MACE detector system

Electromagnetic calorimeter (ECal)

MIXE Elemental Analysis: asteroid samples,
cultural relics, pharmaceutical samples,
industrial applications, etc.

Csi(T)  PMT

Science:

Microchan
plate (MCP)
accelerator
Pixelated timing counter V. MCP detects e position

(pTC) . Surface muon stop in target — muonium VI e* annihilates on MCP
M " ing t t 1. M diffuse into vacuum & convert to M VII. ECal detects 2 back-to-back annihilation y
uon stoppin targe i, D e s s e ASTEROID SAMPLES

’ _ Triple coincidence:

Cylindrical drift chamber IV. CDC detects M!chel e~ track i > MMS + MCP + ECal
iati (CDCH) V.  Transport atomic e* to MCP (conserving 1 ——
Radiative decay counter transverse position) el A"
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Nuclear/Atomic Physics(strong-field
QED test, nuclear structure, high-precision

Particle Physics (MEG, Mu3e, Mu2e, COMET,
MACE, anomalous magnetic moment, electric

dipole moment, etc.) spectroscopy, elemental Analysis);

Muography; Biophysics; Chemistry;

Catalyzed Fusion

Condensed Matter Physics (Magnetic
materials, superconductors,
semiconductors;quantum spin liquid , etc.) d+t > a+n+17.6McV
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Various

/) Yang, co-winners of the
Nobel Prize in 1957,
redicted that any

2
process  governed
by the weak
\ nuclear

HSR is a collection of methods that uses the
muon spin to look at structural and dynamical

0
muons become stuck aparticles (helium nuclei)
to helium nuclei
% %
processes in the bulk of a material on an

Sticking
b ap particles (muonic helium atoms)
atomic scale.
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Precession Asymmetry

(spin interaction) (positron detection)
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Neutron scattering [0
Mossbauer |
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Fluctuation rate, s

@A local quantum magnetic probe (no need to search reciprocal space)
eUnique & wide time scale (complementary to NMR/neutron scattering)

eVery weak effects (small moment magnetism ~ 10-3 pz/Atom)

eRandom & inhomogeneous magnetism (e.g. spin glasses, quantum spin liquid)
eShort range order (where neutron scattering is not sensitive)

®Full polarization in zero field (independent of temperature, unique measurements without disturbance of
the system)

eSingle particle detection (with extremely high sensitivity) Coutesy of Ziwen Pan
@No sample restrictions (in choice of materials to be studied)
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a Continuous N\ Dulsed )

€ One Y & one e* ® One U bunch & multi e*

v High time resolution O(0.1 ns) X Low time resolution O(100 ns)
v' Sensitive to fast relaxing signals v' Sensitive to slow relaxing signals
X Coincidence background v No coincidence background

v 0 - 10 ps or shorter v () - 32 s or longer

e’ detector

e’ detector

Muon
bunches

Coutesy of Ziwen Pan
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:-;ITIII-:] Fermilab RAL  PSI | SHINE ]

® CW muon
® Pulsed muon

Guangzhou, July 14, 2026

ICSNSI {HIAFICiADS] \ -

=4 RCNP

Coutesy of Liangwen Chen



Beam Surface
Beam ye Beam Power
ode Facility Energy (kW) Muon Flux
(MeV) (s
Jparc 3000 1000 107
Pulsed | | |
ISIS 800 160 106
PSI 590 1200 103
CW RCNP 400 0.4 10°
TRIUMEF 520 75 100
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The needs and the trends

1. Higher intensity 2. New facility

Future high-precision experiments and LEu > Several muon experiments and applications

applications call for an intensity of 10°~10"u/s have been proposed in China

High Energy Physics - Experiment 30:
antesen ot ) 1 Publications related to
Science Case for the new High-Intensity Muon Beams HIMB at PSI %
M. Aiba, A. Amato, A. Antognini, S. Ban, N. Berger, L. Caminada, R. Chislett, P. Crivelli, A. Crivellin, G. Dal Maso, S. Davidson, M. 4 m u o n SO u rce | n C h | n a:
Hoferichter, R. Iwai, T. Iwamoto, K. Kirch, A. Knecht, U. Langenegger, A. M. Lombardi, H. Luetkens, F. Meier Aeschbacher, T. Mori, J. 2
Nuber, W. Ootani, A. Papa, T. Prokscha, F. Renga, S. Ritt, M. Sakurai, Z. Salman, P. Schmidt-Wellenburg, A. Schéning, A. Signer, A. Soter, 204

L. Stingelin, Y. Uchiyama, F. Wauters

. . .
increases rapidly in the

In April 2021, scientists active in muon physics met to discuss and work out the physics case for the new High-Intensity Muon Beams (HIMB) project at 164
last decade

PSI that could deliver of order 1010\,5’1 surface muons to experiments. Ideas and concrete proposals were further substantiated over the following
months and assembled in the present document. The high intensities will allow for completely new experiments with considerable discovery potential and
unique sensitivities. The physics case is outstanding and extremely rich, ranging from fundamental particle physics via chemistry to condensed matter
research and applications in energy research and elemental analysis. In all these fields, HIMB will ensure that the facilities SuS and CHRISP on PSl's 104
High Intensity Proton Accelerator complex HIPA remain world-leading, despite the competition of muon facilities elsewhere.

Comments: 116 pages, 42 figures
Subjects:  High Energy Physics - Experiment (hep-ex); Materials Science (cond-mat.mitrl-sci); High Energy Physics - Phenomenology (hep-ph)
Cite as: arXiv:2111.05788 [hep-ex]

(or arXiv:2111.05788v1 [hep-ex] for this version)

https://doi.org/10.48550/arXiv.2111.05788 @
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T T T 1
G G b %
L % B %

New technologies are needed (high-power > Efforts are underway to develop muon
accelerator, new target solution, high-efficiency facilities at CSNS,HiAF,CiADS and SHINE

collection, cooling/acceleration, new detector) > Soon, we will see first muon beam in China
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Original particle Accelerator——X-ray tube E-Static
Acceleration

Accelerating
e field

VAR
RF

g 5 ot Sttt

Principle of RF acceleration Acceleration
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Accelerator Types

Accelerating cavity
-_-. .-f.

@ high frequency (3000 MHz) a.c voltage

Focusing
magnet

; {Diagram: resourcefulphysics org)

particle beam

Acceleration times

. Once Multi Multi
Focising magnet static static time-varying
Energy constraint length and gradient radius and B field radius and B field
highest energy ~GeV = 1GeV 7 TeV
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concept

Applications
“brainstorm”

"Tritium”
Fuel Breed
Waste transm
Irradiation
Isotopes
Muon beam

Adv: High peak

OECD(2002):
Best choice for high
current CW beam

Adv: CW+high current
limit: loss, tech matunity

Adv: CW current
limit: Current e L.
limit: 10% DF 5-10 mA
2.4 mA 2 mA
20~30s 40~70s 80~90s 90~00s 00 to now ]
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2001 2003 2005 2007 2009 2011 2013 2015

2017 2019 2021 2023

CERNCOURIER | ety smeeae™

Physics~ | Technology~ | Community~ Infocus  Magazine

ACCELERATORS | NEwS
High-power linac shows for driven

Chinals superconducting proton accelerator is designed to drive a future subcritical reactor for

nuclear-energy generation.

Jobs | w| Q

STRONG INTERACTIONS | NEWS
Odderon discovered

An analysis by TOTEM and DO researchers
shows the existence of a long-predicted three:
gluon state.

FLAVOUR PRYSICS | NEWS
LHCh observes four new tetraquarks
The collaboration has used Run 2 data toadd
new exofic states to the tally of tetraquarks
previously discovered in B —J/};K* decaysin
2016,

APPLICATIONS | NEWS
lodine aerosol production could
accelerate Arctic melting

Studies at CERN's CLOUD experiment reveal
that part-per-trillion-by-volume iodine levels in
marine regions lead to rapid formation of iodic
acid particles

2021 10mA CW beam commessionin
world leading, Mileston in high current Acceleration
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100pC, 1.5kA
0.4um-rad, 0.01%HEE]

High repetition muon source ~ Laser driven Muon Source
@ SHINE @ SULF

High energy muon source @ HIAF MUST @ CiADS

Guangzhou, July 14, 2026



Muon Beam Facilities in China

ors Beam Energy Beam Power Surface Muon

Beam mode Facility (MeV) (kW) Flux (s)
CSNS 1600 20 105~107

SHINE 8000 (e’) 106

Pulsed | | |

SULF - - 102~103

HIAF 3500 ~10 106
CW CiADS 600 300~3000 108~1010
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Muon Beam Facilities in China

»MELODY @ CSNS
> High repetition muon source @ SHINE

> Laser driven Muon Source @ SULF

»High Energy Muon Source @ HIAF
»MUST @CIADS
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MELODY @ CSNS

® Scientific goals: First Muon Source in China, for multidisciplinary applications
® Design goals: Proton power 20 kW/1Hz, muon intensity from 105u*/s to 107u*/s

International Review
On Physics Design

MELODY Parameters

Review of MELODY

Parameter Value
Proton Energy (GeV) 1.6
Proton Power (kW) 20

Muon Intensity (p+t/s) 105~107

Polarization >90%

Muon Momentum 27
(MeV/c)
Beam spot (mm) 10~100
Momentum dispersion o
(dp/p) 6%
Detector Unitis 1584
Counting rate
(Mevents/h) 38
Asymmetry 0.3

Guangzhou, July 14, 2026

Applications

muSR: superconductors, condensed
matter, magnetic material ...

MIXE: elementary analysis, heritage
study, Lithium batteries...

Coutesy of Yu Bao



Status of MELODY

* Experimental hall will be
completed in July, 2026.

* Devices installation will
start in August 2026.

* Key components have
been demonstrated.

Prototype of the
radiation-hard magnet

e Construction of experimental hall
and the Wein Filter

Coutesy of Yu Bao
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Muon Beam Facilities in China

»MELODY @ CS

» High repetltlon muon source @ SHINE
> Laser driven Muon Source @ SULF
»High Energy Muon Source @ HIAF
>»MUST @CiADS

Guangzhou, July 14, 2026



10°

—
o
©

Muons intensity [u*/pulse]

—r
<

-
(=]
o

—
=)
N

—h

Muon Density vs Pulse Rate High-repetition-rate pulsed beam

LALLM UL LR | LR L | LI B R B ] L B R R 10~40“S (25~100kHZ)

protons or
electrons

muons

time

Continupus
sourcé

Pulse rate [pulse/s]

Guangzhou, July 14, 2026



* Injector commissioning finished @ 2024 & L1
commissioning finished @ 2025

« FEL-IIl commissioning expected in Aug-Sep
2026 (tight beam window)

Kill two birds with one stone !

a5 f:’“’;:.‘:"%“%"#? SN

I.m

350m

RRSE
100pC, 1.5kA
0.4um-rad, 0.01%AEET

i{("" ‘q
& //? siom

SHINE
Muography with
High-energy muons

Muon yield @
measurement

Tm /\
L)

&

Top view

60 cm

Coutesy of Kim Siang Khaw
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Muon Beam Facilities in China

»MELODY @ CS
> High r'epe'(:fftfom muon source @ SHINE
» Laser driven Muon Source @ SULF

»High Energy Muon Source @ HIAF
>»MUST @CIADS
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Laser driven Muon Source @ SULF

€ Implemented the globally first laser-driven muon generation experiment at Shanghai SULF
(Xi-he Laser Facility)
@ Confirm muon production in experiments with an innovative identification strategy
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Laser driven Muon Source @ SULF

» This work clarifies that laser-generated mu-ons reported to-date mainly stem from photo-/electro-production
channels involving pion-decay processes.
» The muon production yield can reach 0.01 p/e. High-polarization mu-ons with a yield up to ~1000/s are

anticipated by virtue of state-of-the-art ultra-short ultra-intense laser techniques.
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Coutesy of Feng Zhang
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Muon Beam Facilities in China

>»MELODY @ CS

»High r'epe'(:fftfom muon source @ SHINE

»Laser driven Muon Source @ SULF
>High Energy Muon Source @ HIAF
>»MUST @CiADS
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Muon beam@HIAF-HIRIBL

Muon

Projectile Intensit Momentu
(p'/s) m(GeV/c)

BKr* 1.8x10° 1.0
18Q°* 3.5x10° 1.5

Proton 8.2x10° 3.5

33
Coutesy of Liangwen Chen
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* Pion production at the beam entrance

Pre-Separator Main-Separator

beam By By ]
A o Production t
Muon transport
ST TS direction
2 450 [
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Coutesy of Liangwen Chen
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 Muon yield and the corresponding purity

Pre-Separator Main-Separator
D2 TQ4 TQ5 D3 i .
sl T2 T8 o Exit of the beam
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Muon transport
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. @ Production target
B Pro
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Coutesy of Liangwen Chen
Guangzhou, July 14, 2026 337




Probing and Knocking with Muons

* One of the highest intensity (4e6/s) GeV energy muon around world
* Direct searches for DM

e Searching dark boson

RPC/GEM 0 (R BT

Credit: Prof. Qite Li

Prof. Qiang Li

IR INVSRES

PKu@HIRIBL
Prof. Chen Zhou Phys. Rev. D 110, 016017

J.Phys.G 52 (2025) 7, 075002

Int.J.Mod.Phys.A 40 (2025) 35, 2550164

Guangzhou, July 14, 2026
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DREAMuS: Dark matter REsearch with Advanced Muon Source

« Dark matter ( ) from a flavor-violating Z' or  scalar particle
3 GeV muon interaction with 22cm lead target
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LUNE :Low-energy mUon-Nucleon scattering Experiment

Phase-I: demonstration phase (< 10 M CNY)
Phase-ll: full operation phase
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CANTON-u : Coherent Anomalous magNetic momenT ObservatioN with muon

* A next-generation muon g—2 experiment targeting sub-0.1 ppm precision — the first
proposal to surpass the Fermilab record (0.13 ppm)

* By prioritizing negative muons, 1t offers both precision SM test and probe to unique
CPT symmetry sensitivity.

Segment

u - bunch
|| CERNBNUFNALg-2 J-PARC g-2 HIAF g-2 (CANTON-p) HFRS (HIRIBL)
Muon 2-4 GeV (HIAF)
1 GeVi
momentum 51 GeV/c Sd0 Mevic 10-20 GeV (HIAF-U)
Magnet Full-ring magnet Full-ring magnet Sector magnet Edge
focus
Storage B-field & E-field B-field Edge B-field
+.
Precision #2014 pp () u*:0.46 ppm > 0.1ppm (2)  u~/u*: 0.1 ppm = 0.05 ppm

=1 0.7 ppm (BNL)

" Polarized proton
arXiv: 2512.11486 Credit: Dr. Ce Zhang (for B-field calibration)
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Muon tomography @HIAF %;%

Accelerator-based muon tomography

* resolve sub-millimeter-sized bubbles
within a 13-centimeter-thick titanium block

« identify centimeter-length cracks within a
meter-scale water tank

P |

-5

-10 ‘\ , 3

e ,L . “ P
-15 -10 -5 0 \ 5 10 15

BHZ1mm, 0.5mmz=5iE

wv
=

gm1mm, HKE10cm/5cmiE

x10-5
3.0

\{ HIRIBL: energy spread

%y <X2%

\&» Two operation mode:

41 Fast exfra¢tién jand slow
// extraction

-40 =20 0 20 40
X(mm)

: gEm2mm, <E10cm/5cmE
iangwen Chen

e 3 g —plie—
1/3s

Ll : - .q!' |
— oY oA

outesy o

Guangzhou, July 14, 2026 42



Muon Beam Facilities in China

MELODY @ CSNS
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High Energy Muon Source @ H
>MUST @CiADS
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MUST @ CiADS

Conceptual Layout:

Each of the two tandem target feeds two
muon beamlines, approximately mirror-
symmetric to each other

To deliver muon beams to 5 terminals, with
the intensity varies from 107/s~1010/s

O Plan with two phases:

R1:

~30
Phase T Tg‘l' a up to 30MeV/c
2025~2029  (MuT-a) 103p/s L1: to

@0.5mA 90MeV/c
R2: to

0
Phase II Tg"' b up to L
2029~2032  (MuT-b)  10'u/s@ L2: to Muography/MI

USR/MACE

MIXE/uCF

HSR/MACE

SmA 120MeV/c XE
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Design of muon beamline
Three dipoles to avoid a direct line-of-
sight to the target
Solenoid + QM focus surface muon
beam into ®30mm for uSR experiments
Intensity: ~1.6E7 p*/s @0.5mA,
Polarization~96.5%, Background rate <
0.1%, Momentum~28.5+0.8MeV
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Conceptual layout
of 4 beamlines
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Muon beamlines
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Design of muon beamline
Full solenoid focusing for high-intensity
surface/decay muons.
Aperture of ®300mm to be cost-
effective
An overall efficiency of ~1.2% and ~3E8
u*/s surface muons at 0.5mA

Phase I, Line L1

L=l F.J

Conceptual layout
of 4 beamlines
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slant angle of 10°, effective thickness of 2 cm

a:2ma Current(mA) Temperature Thermal Deformation
Tctr}r::;-;‘l;rc '?'Ssle\:ag:mvitl;e:ts(von-Mises) Stress (oc) Stress (M Pa) (m m)
F 1392.6 Unit: MPa
1207.3 Time: 1 0.5 622 <8.8 0.50
12020 5 :;Z;SM“ 1.0 1096.4 <14.9 0.64
19.841 2.0 1359.3 <23.8 0.79
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5.6689
2.8345

| 1106.7
1011.4
916.1

§ 820.8

I 725.5

630.2
534.9
(K]

lant angle of 20°, effective thickness of 1 cm
dR Remt  PRVRME SRR SRR WACWEE AR WK
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05 244 74836 514 040 541.79 7.11 0.28
1 488 90366 909 051 617.37 11.70 0.35
Compact structure (#400mm) can operate well under a 2 976 110972 1535 065 71189 18.07 043
— — 1463 _ 125996 2038 _ Q74 - _ J7459_ _ 2267 _ _ 0353
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Target design of MUST

> LiCILIid Lithium target 0 Benefits T

s yum_lzer (4)

1 1 1 1

> 5 mA proton beam > High power resistance A
> Muon beam~1010 pu+/s » More muons and compactness FEE
> Lower irradiation and background R
Conceptual design L e
Conditioning Section Downstream Target . o
of the Lithium Loop or Dump Lithium VS Carbon: Energy spectrum Lithium VS Carbon: radioactivity

1E13 T T T T T T T T

1012

N

—=— Lithium target | 3
—e— Graphite target

—_

@

—_

Do
T

1011

Nozzle

—_

m

—

—
T

1010

1E10 F

Flux (particle/s/[MeV/c])

Residual dose rate (uSv/h)

— B ken
E——— 10° —— p*_Lithium
Muon Muon — u*_Graphite o b
: : n*_Lithium 1
Capture Solenoid Capture Solenoid - =*_Graphite ]
e*_Lithium ] 1E8 F 3
e*_Graphite
vt 1E7 L L L L 1 1 ! 1
PI‘Ot(}n Beam F]‘ee-surface 0 20 40 60 80 100 120 140 160 180 200 0 100 200 300 400 500 600 700
Lithium Sheet Momentum (MeV/c) Cooling time(h)

Guangzhou, July 14, 2026



> The emittance will increase significantly after the beam penetrating
the target: from ~1 mmemrad to ~30 mmemrad

> A combination of collimators and quadrupole magnets is used to
control the beam envelope and suppress beam loss

> After optimization, the beam loss along the whole line is well below 10
W/m

> Collimators were designed
to work at 3-MW-proton
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®  High-precision tests of rare processes of muon and muonium

+a— —-at +a— +,— + -
ute™ - pTet, (uTeT - efeT, (uWTeT - yy
Cylindrical drift i) Magnet  Calorimeter (EMC)

chamber (CDC)

v
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Experiments like Mu2e, COMET, MEG, Mu3e...

-

o
o
-

Searching for charged lepton flavor violation,

new physics beyond the standard model, CPT test MACE MRPC (not shown)

MACE Phase-l
Sun Yat-sen University

®  High-precision measurement of muon spin rotation

Muon

Searching for NEW spin-dependent interaction at long Wt counter

range (mediated by light axion-like particle or light boson)

Positron
counter

Start signal

eg.. Vip(r) = h2gsgp(i N i)GXP(—T’/)\)

g-r
8rm “Ar  r? r
V A('r) — thgA eXp (_r/)\) O_—’ . ,6’ Nlngbo UniverSity, Electronics Stop signal
' 2m r IMP, CAS
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Superconductor

Muon orbits with

Ne(10+) ot transition-edge

a much smaller @ ’:. calorimeter for
vP

distance to charge center X-ray measurement

Precision test of strong filed QED, and looking for the fifth interaction in muonic atom!

® uSR experiment for condensate matter study

One powerful probe for experimental studies of quantum critical behavior, high-temperature superconductor, magnetic

material... [Domestic: Fudan University, Shanghai Jiao Tong University, USTC...]

B Elemental analysis and new muon tomography technology with muon induced X-ray

Detector

Muonic X-ray

@ Track boundary ~/ ‘:\ collimator

(= |: Object

Negative muon beam

University of South China

Step2 Step3
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= Conceptual design of a general-purpose uSR
spectrometer

® Objective performance

Function
Beam time structure
Beam spot size at sample
Temperature environment
Longitudinal magnetic field
Zero-field environment
Transverse magnetic field
Detector time resolution
Muon spin polarization degree
Beam electron background ratio
Muon energy range
Sample size
Sample thickness
Time measurement range

Muon count rate at sample

Guangzhou, July 14, 2026

Objective performance
Continuous (complement and synergy with Melody in China)
3 -5mm (FWHM)
2.0 K- 300 K (CCR & He-4 flow); 20 mK — 10 K (DR)
0- 0.5 T (uniformity better than 100 ppm over 10 mm range)
<50mG=5%x10"°T
0- 0.4 T (muon spin rotation with 70°)
<300 ps
>95%
<1%
Surface muon
¢ <10 mm
~> 250 mg/cm?
10 ps
5x10* - 1x10° Hz

Cooperated with Ziwen Pan, USTC




Michel electron magnetic spectrometer (MMS) Electromagnetic calorimeter (ECAL)

Iron yoke T ™

Tiled timing  Cylindrical drift Csl (TI) PMT

counter (TTC) chamber (CDC)

Iron yoke

Transport
solenoid

Target

) Microchannel
Electrostatic Collimator plate (MCP)

accelerator

Beam pipe

Coutesy of Jian Tang
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Upper limits
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Hydrogen Atom Muonic Hydrogen Atom TES superconducting X-ray detector 5.2 eV @6 keV

| = real data
} fitting curve
») } SE=5.2eV ~
( | 150 4 quum: 0.972 .' -
Mite)
Proton ' s
| 5
1‘ = 05880 58‘9[) SEIlDEI 5910
Bohr Radius ~ 0.529 A Bohr Radius = 0.529 A /207 = | E (eV)
Electron Mass = 0.511 MeV/c? Muon Mass =~ 105.7 MeV/c? Crystal X_ray deteCtor and the reSOI Ution iS 6 . 1 eV @1 1 keV
| ‘ s Measurement
. = Vo?gt Fit Se Ka, ; 7
» Muonic atoms + X-ray detector i 958
» Testing strong field QED effects e T

» Study of nuclear properties, including
nuclear charge radius and Zemach radius as

III(U I1180 11200 11220 11240

well as magnetic momentum distribution

Energy of x-rays (eV)

Caojie Shao et al., Spectrochimica Acta Part B 231, 107256 (2025)
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Experiment Hall of CiADS

» The conceptual design of the muon beamlines has been completed.

» Development of the targets, the proton beam collimators, the muon beamline components and
the MuSR spectrometer is ongoing, and good progress has been achieved.

» Civil engineering design has been finalized. The building will be completed in 2026.
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>

Muon Science and Applications

Muon Beam Facilities around the world

> Muon Beam Facilities in China

»Summary & Pospective future
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> As the scientific demands are increasing, the muon beam facilities are in
rapidly development in China. Both pulsed and cw muon beams with
low and high energy are under construction, i.e CSNS, SHINE, SULF,
HIAF and CiADS. The first muon beams will be delivered from 2026 to
2028, with muon beam flux from 105 to 108 /s.

> Both particle physics and condensed matter physics experiments are
proposed based on these facilities, like DUNE, MACE, uSR, MIXE, uCF.

> It is a growing society of Muon Science and Application in China. We

will see a perspective future of Muon beams. Welcome to join this new
emerging era.
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Thank you !
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