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»z> Muon and Its discovery

Forces
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é};@ Muon source

Accelerator generation: N
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C&% Broad applications of muon source facility

Electronic Clock

physics. T.D. Lee and C.N
Yang, co-winners of the
Nobel Prize in 1957
predicted  that any
process governec

by the weak Spin-Polarized Detector Positron
Muon Beam
nuclear Detector

Muon

Elemental analysis with

Muon spin rotations muonic X ray

Searching for new physics Muon tomography

Pre-Separator Main-Separatar

1% g 1qi0 11, TQI2 TOI3 D6 T

4 S L

MACE MRPC (not shown) h
MACE Phase-l

RPC/GEM BEEIR. BTE)




C%% Global precision muon physics experiments
RIKEN-RAL Pl

Materials — muSR Lifetime — Fermi constant (Mulan, FAST)
Techniques — LE beams Muon Capture — (Mucap, MuSun, AlCap)
Proton Radius — (mp/d Lamb Shift, CREMA, MuSE)

CLFV - (MEG, mu3e)
JPARC

Materials — muSR
Techniques — LE Beams, Hl beams Muon g-2 (E34)

CLFV — COMET,
TRIUMF
- DeeMee
Decay Parameters M .
uonium
- TWIST Spectroscopy -

Materials - muSR MUSEUM

RCNP

Hl Beams
Facility —
MUSIC

Fermilab
Muon g-2 (E989)
Muon eDM (E989) Courtesy:
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%;_p Institute of Modern Physics

Huizhou Campus

Lanzhou Campus
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5—{% Heavy-lon Research Facility at Lanzhou (HIRFL)

SSC(K=450)

100AMeV (H. 1),110MeV(p) SFC(K=69)

1988 & i (“t%”) 10AMeV (H. 1,17-35MeV(p)1

SSCHMHRH 1401w 19625 B i (“—F") CSRe

T =

20075 & i (“NE")

SFCH M ¥4 300017 CSRYM R4 LT

s

ingirpAtOGT RS
31:1:-1, whi

HIRFL is the highest energy heavy ion accelerator in China



%% Heavy-lon Research Facility at Lanzhou (HIRFL)

: L
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> 20 experimental terminals

> nuclear physics, atomic physics, materials science,

life sciences

> More than 200 users and over 150 experiments annually
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C%% Huizhou Campus
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C%,% The under-construction HIAF and CIADS accelerator complex

Y
8
//. Sheae
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- b ™ |
A Wanshan And™
< LnuﬁmL‘ T CSNs

Location: Huizhou city, Guangdong
province

High-Intensity heavy-ion Accelerator Facility (HIAF):
the world’s most advanced heavy-ion accelerator with
the highest pulsed beam intensity

Two Major National Science and
Technology Infrastructure Projects,

o o
A F "
w2 | S§ [ — PR LT
P e DS (F O
Em b A&

approved by central government in
December 2015.

_ o P \\  Scientific goals:
Total investment: ~ 6.8 billion CNY !__/ i\ 1. Nuclear force
Constructlon perlods E‘\ BRing .‘] 2. Orlgln of heavy elements
_ \ 7/ 3. High-energy high-density physics
HIAF: Dec. 2018 — Dec. 2025 e ;_#;,-’ 4

Space radiation simulation

CiADS: July 2021 — July 2027 ]

T RERRES AR (L
SRS T R ER

-

CiADéiae P s

China-initiative Accelerator-Driven
Subcritical system (CiADS): the world’s first
megawatt-level ADS research facility

~._Scientific goals: to ensure stable, reliable,
: r1 and long-term operation of accelerator,
&4 spallation target, and reactor systems,
Wy laying foundation for future industrial-
scale ADS facility.

,,,,,




Qéé HIAF Facility

Accelerator components

* To explore the limit of nuclear existence
* To study exotic nuclear structure

* Understand the origin of the elements

* To study the properties of High Energy

and Density Matter

Fast extraction: High-intensity pulsed p/ion

1/3s 1/3s

Slow extraction: Quasi-continuous p/ion

18 SRing

|l

o =
::'EEE“

Courtesy He Zhao ﬂﬁ!L “ [ ] ~ ILinac:
1/3s
ILinac BRing SRing
Length / circumference (m) 114 569 2177
Final energy of U (MeV/u) 17 (U%+)/150 835 (U%) 9300 (p) 800 (U%*) 3500 (p)
Max. magnetic rigidity (Tm) 34 15
Max. beam intensity of U (ppp) 28 pnA 2x1011 (1-3)x1013 (0.5-1)x10%? | (1-3)x10%3
Operation mode CW or pulse Fast ramping (12T/s, 3Hz) DC, deceleration
Emittance or Acceptance (H/V, 5/5 200/100, 0.5% 40140, 1.5% (normal mode)
7 mm mrad, dp/p)




Qg% HIAF Facility

= EXxperiment terminals

BIM (Building information model)

HFRS: Radioactive beam line .

High energy
experiment station g

Spectrometer ring
Circumference: 273m
7 Rigidity: 13-15 .

Fast cycle ring
Circumference: 590 m
Rigidity: 34 Tm

‘ Superconducting linac
Low energy nuclear structure

and irradiation terminal




Qéé HIAF Facility

- Experlment terminals

BIM (Building information model)

High energy e
experiment station gée=. @ !

NS 0.835 1.0 x 10"

PR 0.85 1.2 x 10M

F_ast cycle ring 11
C!r(_:u_mference: 590 m 78Kr19+ ]_7 30 X ]_0

2.6 6.0 x 10*!

9.3 2.0 x 10*2

Representative projectile parameters



Length (m) Beam size at Angular Momentung Resolving power Max. Bp
target (mm) acceptance(mrad) acceptance (%) (Tm)
i 5;)553)’ cs1a 191.38 £1/21.5 £30 (X); +25 (Y) £2.0 : A53)(521111 rg?n ) 25
s uperfRS 182.2 £1/42 +40 (X); £20 (V) 25 : A7X52/i115m0?n) 20
Prog.TheEirégEc)Ié}cl).EhSys.2012,0 78.2 +0.5/%0.5 +£40 (X); £50 (Y) +3 (A1x2:6% ?SAfri(r)n) 95
" 31A72'0f3)' 249 86.8 +0.5/+0.5 +40 (X); £40 (Y) +5 : Ay:zg(/f;g&) 8

HFRS and Radioactive beamlines around the world

HFRS—Z& M BESCIA A R Z AR S B IR R R i o=




qﬁé HFRS(HIgh Energy Fragment Separator)




Q% HFRS(High Energy Fragment Separator)

PKIL @Hrrs
| I-'ﬂmr HFW%’
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 Pion decay length
B € Tx[2.6-1078 g N e
o = e = mx [139.6 MeV /c?] Pr [MeV/c] = 0.055 MeV /c [m)

 Pion production at the beam entrance
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C%% Muon source at HIAF

u beam proton  ®Q°T  TEKr!9t
« Muon production momentum [GeV/c] 3.5 1.5 1.0
Muon purit flux intensity [u™/s] 8.2 x 10° 3.5 x 10® 1.8 x 10°
([ J
purity muon purity 2.0% 0.80%  0.60%
~ 9000 X10° -
S F R s () o
> gooo — (@) —— u* flux with proton g [ —— u* flux with proton
n — w* flux with "K' c —— w* flux with 7Kr"®*
dens =3 w* flux with '80%* g w* flux with '80°%*
6000 —
5000 [—
4000 [— 10! j._
3000 |— -
2000 f— i
1000 f—/ 02—
o: | | 1 | | | | | 1 | | 1 1 | 1 | I 1 1 | 1 | 1 1 1 1 [ : | l | | | | 1 1 | 1 | | 1 1 | | 1 | | | | | | | | I
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Pz [MeV/c] Pz [MeV/c]

Muon yield and the corresponding purity for several representative projectiles



C%% Muon source at HIAF

@~ beam proton  *Q°%t  TSKrl9t
« Muon production momentum [GeV/c] 2.3 1.5 1.0
M i flux intensity [~ /s] 3.8 x 10° 4.2 x 10° 1.6 x 10°
* uon puri :
purity muon purity 13% 20% 23%
3
-~ 5000 X10 . 25
a - 2 -
a = : : > _ (b i .
> 4500 — (a) —— w flux with proton £ B —— W flux with proton
C : o 78, 19+ o = . . 78, 19+
4000 |— — w flux with “Kr § 20 1— — i flux with “Kr
= W flux with '°0°%* E B W flux with 0%
3500 — B
3000 £ 15—
2500 E— B
2000 F- 10—
1500 - B
1000 51
5005— B /
0 % 1 | | | | 1 1 | | | | 1 I | | | 1 ] | | | | | 1 | | 1 | 0 | 1 | 1 | | | l | | 1 1 | | 1 | 1 l 1 | 1 1 | | 1 1 1 |
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Pz [MeV/c] Pz [MeV/c]

Muon yield and the corresponding purity for several representative projectiles



%4% Probing and Knocking with Muons

ANFHEF Incoming Muon

RPC
GEM

RPC/GEM#x M 28

RPC/GEM#R2E pe —- pe

Dark Matter
Quantum

BS¥/5 Dark Matter Entanglement

RPC/GEM#R 2%

. &  RPC/GEMZIzE

442 F Outgoing Muon u ” X—>v'v, e M u

X—e+ e-

arXiv:2503.22956



C%% Potential muon experiments with muon @HIAF

Muon Energy = 1GeV

O A first high energy muon scattering experiment in China? 10+

O One of the highest intensity (4e6/s) GeV energy muon around world

O Direct searches for DM
O Searching dark boson

RPC/GEM (BB, BT Rk IR A E;gﬁ%ly
—— E,=2GeV 10d

—— E,=4GeV10d

PKu@HFRS

Mz' (GEV)
_ _ Could be more sensitive to X boson at 1-10 MeV region!
Phys. Rev. D 110, 016017 arXiv:2410.20323 arXiv:2411.12518 .
(to appear soon on arXiv)



s> Potential muon experiments with muon @HIAF

O £ 727

O BiF312

O K x [X13 Parton distribution function
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Q.fﬂb CIADS FaC|I|ty

—HA: 3R A& Fil A i B
2022~2024

- INIRESAE=: 500 MeV (upgrade to 2.GeV)
« INIRES A 5®: 5 mA (upgrade to 10 mA)
“HRLGG D INE: <10 MW
: ‘fﬁ*; ==pulse&CW (gaps for reactor monitor)

’XW

. ZH: RRBERMSE AT
2025-2027

« T1: ADS# ¥, 10MWHEER R %L, Keff 0.75~0.97
e T2: SIHE R EMIGIE LR U

« T3: MERF. HFiElRRin

« T4: ADSHFZ 53 FNEHE R i

o T5: REMXIFEISOL, ZBFRin



cﬂ% CIADS Facility

O CIiADS reactor

» Aresearch facility with 3 months of annual operation

O Terminals at BO5 experimental hall

» High-power target testing terminal (HiTa)

» Nuclear data experiment terminal (NDET)

» Muon Science and Technology application terminal (MuST)
» Multifunctional Material Irradiation Terminal (MIRS)

O Beam supply modes

» CIADS Reactor: ~3 months
» Terminals at BO5 Hall : 8-9 months (single or
multi-terminal operation)

O Beam-splitting methods

» RF + Beam-cutting magnet: ISOL vs B05
» Stripper foil + Bidirectional dipole magnet:
HiTa vs NDET vs MuST+MIRS

BO5 experimental hall

Subcritical
reactor

Xl

FzR%

CiADS7S8E
SRR TR

proton beam

— N- — N0 — N+

1.2

1.0
0:6 \
0.4 / /

0.2
s L~
— 0.0

Fraction of beams

\\_\

T—

P— I

80 100 120 140 160 180 200
Thickness(ug/cm~2)

0 20 40 60



CMD The plan of CIADS muon source (MuST)

OO0 Muon terminal area: ~800 m=

O Construction plan of 2 phases

» Phase | (2025-2028): one target station (0.5 mA, 600 MeV,
CW wave & time-structed beam), two muon beamlines

» Phase 11 (2029-2032): Add one additional target

station and two beamlines, power upgradable to 3 MW

O Current design parameters

Beam : Muon
Dower Target Focusing method intensity (*/s)
Solenoid +
1st phase Graphite quadrupole > 5E7
300 kW | rotating target :
Full solenoid > 5E8
Solenoid +
2"d phase | Liquid lithium quadrupole >1E9
3 MW target _
Full solenoid > 1E10

%/A///W//////‘//y‘;’/f/}"//%/(/-%//i“///%////?’/}’/;ff/34’/%/?{///;//2"
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R AT e 50
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é}% Potential muon experiments at MuST

SciFi (not

®  High-precision tests of rare processes of muon and muonium st
v Searching for charged lepton flavor violation, e | S el

new physics beyond the standard model, CPT test

®m  High-precision measurement of muon spin rotation
MACE MRPC (not shown)

Searching for NEW spin-dependent interaction at long MACE Phase-l

Tang Jian, Sun Yat-sen University

range (mediated by light axion-like particle or light boson) s @
p* :lt?\:er J+
€g.. -8 H e
R’gsgp, 1 1 exp(=r/)\) . . i
VSP(T) = Ry— (ﬁ + ﬁ) , a-r Start signal counter "F.‘L ’ ﬂﬁ,ﬁ B
hgng eXp (_T/A) 7 U i Stop signal v —'\‘\
VVA (T) = 27r , ag-v Electronics p sig 77 /; =

Yan Haiyang, Ningbo University



C%é% Potential mu e conversion experiment at CIADS

0.08 |-
0or | [ POT pulse
The time structure of the beam 008 L n_arrival/decay time (< 1M)
can be realized in CIADS 0os [ h_amval time ( x 490)
R - — — u decay/capture time ( x 400)
0.04 |-
0.03 |-
XiMu2e, & TEKPEIPOTLYN3x10" o [
XYCIADS, & MEKPHIPOTONRAT*10° o1 L L
0.00 L I it Rt eties TP e Py
600 800 1000 1200 1400 1600 1800
time (ns)
Parameters Mu2e-II | Mu2e@CiADS b 3 I S I LS SUAN DU N S
3 vT—>ey
Proton kinetic energy 800 MeV 1000 MeV Z 10¢ - Y Ly 4 ¥ = =i
= 10° ® e n AEO ¥ Y. B L
Proton on target per second | 8 x 10! 4% 10" 2 10° . il T =
=1L ~, Ve Belle
Stopped muon per proton | 9 x 107 ~1x107* g, I "2 351 -
] © -10 ® uN—> e © z.. -
Muon capture efficiency 0.609 0.609 L lon | |on e RME® 27 Feon
= 10 ® L —eee | ° . - :AEG ) -

. [&) 13 : £ SINDRUM SINDRUM II b4 L).:e Vie-C
Geometrical acceptance 0.04 0.04 510.F [ K, = pe icc12 ypeark
Single event sensitivity 3x 10718 ~7x 1071 s o COMET §; 5 i CiADS

L > THE Muz=e

10"k ] COMET{iw =~ g
10 1 ; 1 i 1 ? I i 1 : 1 i 1 : yoice-ll

SES ~ 10-19even more during 2030-2040 1950 1960 1970 1980 1990 2000 2010 20U 2230




Cﬂ% Exploring the lifetime frontler at ClADS

MLLP

heavier (2 10 GeV) —

+— lighter (< 10MeV)

el ,~:" e . e A

Detector

6)//__\\Shielding @ -
LHC coverage
(ATLAS, CMS, LHCb)
] Transverse

Forward
(CODEX-b,

(FASER, SHiP, MATHUSLA, AL3X, ...)
i NA62, ...)

CiADS, HIAF ? SCHEMATIC

+lighter ~ cé, bb, 77 h,t heavier —

Vs

D BESELEMESS
2 BFIWIBAER

3 KA SHERERR /,,,,,;
e . 2

1911.00481 > RAKRANEMEIASERE  © HESAMASHERSEAT 2412.09132
o R RE AT 9 HFKIRE KT



@% Exploring the lifetime frontier at CIADS

107°

1076

1077

1078

1079

Facility | Proton Energy @ Current | Duty factor | POT per year
500/600 MeV @ 0.5 mA 75% 6.6 x 1022
CIADS | 500/600 MeV @ 5 mA 75% 6.6 x 10
2 GeV @ 5 mA 75% 6.6 x 10%
HIAF 9.3 GeV @ 0.024 mA 8.3% 3.9 x 10%

CiADS-BDE, EX® = 600 MeV

E141

— r=0.1
LHCh T
---- r=1m
— 70 decay
—— PB
\“
\\
H
1':
T
100
my [GeV]

CiADS-BDE, E};in' =2 GeV

LHCb

r=0.1m
r=1m
70 decay
7 decay

PB

HIAF-BDE, E};in' = 9.3 GeV

my [GeV]
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wr> SUMMary

Muons as Probes for New Physics

Muons have been an invaluable probe of the Standard Model.
Precision muon searches and searches for muon/electron flavor transitions are indirect probes of new physics:

BNL 2006 | 2
FNAL 2023 }—&—
Experimental avg. —&—

https://arxiv.org/pdf/2407.10913

(new lattice result)

This work
i i
BMW 20
< 1.00 >
White paper
< 5.20 >
1l et 1]
T ~ 1
BaBar 1 o L
o CMD-3
KLOE
Tau
1 ] 1 ] ] ] 1 ] 1
175 180 185 190 195 200 205 210 215

Courtesy: S. C.

a, x 101 — 11659000

Middleton @NuFact 2025

Can create high-intensity, clean, background-free, experimental
environment to probe new physics.

Many experimental searches looking for new physics in the muon
sector or ways to elucidate the apparent g-2 discrepancy will come

online this decade.....

.... the 2020’s are proving to be a very exciting time for muon physics!



physics, QED, QCD, and so on.
. Muon sources at CIADS andH##

riments and applications;
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Q%chk and pick for the beam time structure
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C%é Sensitivity of Muon electron conversion

. R, 3yr@100 kW
. X | | 1 | | ]
[ ]
6.0x10™
®
@ 40x10™} %
Y
| |
‘. .___._—-I-'.
20x10™F = =
N _/
0.0

D. Glenzinski, et al. 1612.08931,1307.1168
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