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Muon: Advancing Discovery

BREAKTi-IROUGH COMMITTEE PRIZES LAUREATES RULES

ANFHEZF Incoming Muon

LAUREATES

RPC/GEMIFNIZ§
Fermilab

RPC/GEMIZ 2%
2026 Breakthrough Prize in Fundamental Physics
For multi-decade, groundbreaking contributions to the
measurement of the muon's anomalous magnetic BE#¥ /R Dark Matter
moment, pushing the boundaries of experimental
precision and igniting a new era in the quest for physics

beyond the Standard Model.

The prizewinners are the living co-authors of the
publications that reported the results from the
measurement campaigns at CERN, BNL, and Fermilab.
The names are listed below.

RPC/GEMIRMIZ

RPC/GEMIZNI28
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Many Demands, Few Factories !
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Proton-driven Muon Sources

Pulsed Sources

~40 ms (25 Hz) |_

protons| |«

time

 Good statistics as many p arrive at a
time (large # of detectors)

 Time resolution limited by time
between pulses (long)
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Muon Density vs Pulse Rate
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Continuous Sources

20 ns 20 ns 20 ns

protons muon

time

« (Good time resolution, only limited
by electronics.

 Muon rate limited by pile-up,
resulting in less statistics.

PSI




High-repetition Pulsed Beam

Typical measurement duration: ~5to 10 7,

Pulsed Sources Continuous Sources

~40 ms (25 Hz)

Muon Density vs Pulse Rate

protons

20 ns 20 ns 20 ns

protons || || || || || || || || || || muon
10° time time

* Higher duty cycle with relatively low muon count per bunch
= Fewer muons per bunch reduces pile-up
= Rate is compensated by more frequent bunches

« Sufficient interval between bunches
= Background can decay between pulses.
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Fixed Field Alternating Gradient Resonant extraction Laser neutralization @

(FFAG) Synchrotron @ J-PARC Mu2e @FNAL 30 ns/ ORNL
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Alternative Drivers: Electron

Secondary Beams From Laser Wakefield Acceleration
Electron Accelerators Muon Production

Contents lists available at ScienceDirect

= PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 12, 111301 (2009)

Physica B

journal homepage: www.elsevier.com/locate/physb

Dimuon production by laser-wakefield accelerated electrons

A. L Titov,"** B. Kéimpfer,l’4 and H. Takabe’

Compact muon source with electron accelerator for a mobile uSR facility

K. Nagamine *>“* H. Miyadera¢, A. Jason¢9, R. Seki ®
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nature physics PHYSICAL REVIEW ACCELERATORS AND BEAMS 28, 103401 (2025)

Article https://doi.org/10.1038/s41567-025-02872-2 B e L LA
instruments C E B A F @J L A B Proof-of-principle demonstration ()f Measurement of directional muon beams generated

muon production with anultrashort at the Berkeley Lab Laser Accelerator

1 1 G ev, 50 I'I A high.intensity laser Davide Terzani®,"" Stanimir Kisyov ) Stephen Greenberg,l’2 Luc Le Pottier®,'?
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Accelerator FaCilitieS Leser o Anthony J. Gonsalves®,' Jeroen van Tilborg®,' Carl B. Schroeder®,'
! Eric Esarey,l and Cameron G. R. Geddes®'
Marco Battaglieri 1 Andrea Bianconi 23, Mariangela Bondi 4 Raffaella De Vital, Ant /j
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Advantage ?
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‘‘‘‘‘ *1 Gas cell O I
a
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Compact, portable, low-cost

Muon EDM

Physica B 404 (2009) 1024-1027

Contents lists available at ScienceDirect

Physica B

journal homepage: www.elsevier.com/locate/physb

Towards a dedicated high-intensity muon facility

R. Cywinski®**, A.E. Bungau?, M.W. Poole®, S. Smith®, P. Dalmas de Reotier ¢, R. Barlow 9,
R. Edgecock®, PJ.C. King®, J.S. Lord ¢, F.L. Pratt®, K.N. Clausen, T. Shirokaf

2 School of Applied Sciences, University of Huddersfield, Huddersfield HD1 3DH, UK

b ASTeC, STFC Daresbury Laboratory, Warrington, Cheshire WA4 4AD, UK

€ CEA/INAC, 17, rue des Martyrs, 38054 Grenoble cedex 9, France

9 School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK
€ ISIS Facility, STFC Rutherford Appleton Laboratory, Chilton, Didcot 0X11 0QX, UK

f paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Scil SciPost Phys. Proc. 5, 009 (2021)

Muonium-antimuonium conversion

Lorenz Willmann® and Klaus Jungmann

Van Swinderen Institute, University of Groningen, 9747 AA, Groningen, The Netherlands

* L.Willmann@rug.nl

PAUL SCHERRER INSTITUT

—~ Review of Particle Physics at PSI
LJ__ doi:10.21468 /SciPostPhysProc.5

that the threshold for double pion production is ~600 MeV, the
second alternative affords higher muon production rates and,
therefore, represents the preferred choice.

Proton driver frequency: The 50 Hz pulsed operation of ISIS is
sub-optimal for uSR studies. Typically, time resolved spectra are
collected over no more than 32us (i.e. ~15 muon lifetimes),
giving an effective duty cycle of only 0.16%. While advantageous
for some types of experiments (e.g. those involving pulsed sample
environments), the 50 Hz operation is generally inefficient: ideally
a muon-source proton driver should operate at ~25kHz.

TH

M grows in time to a maximum at 27, (see Figure 9.5). Thus the ratio of M to M decays
grows with t2. In case of a multiple coincidence, as in MACS, this implies that the potential
M signal/background increased. Therefore a new experiment should be considered, e.g., in
connection with the muon source of a muon collider, provided high muon beam quality, i.e. a
narrow 4 momentum band at subsurface u* momentum. We note that for such an improved
experiment beam repetition rates of up to several 10 kHz with u* bunches of up to & us length
would be ideal.

With a new experiment, from the viewpoint of signal to background ratio, an improved value
for Gyz; by at least 2 orders of magnitude should be possible, i.e., 4 orders of magnitude in
the conversion probability. At such sensitivity there would be strong constraints for the devel-
opment of models beyond standard theory [5-8].

IOP PUBLISHING JOURNAL OF PHYSICS G: NUCLEAR AND PARTICLE PHYSICS

doi:10.1088/0954-3899/37/8/085001

J. Phys. G: Nucl. Part. Phys. 37 (2010) 085001 (7pp)

Compact storage ring to search for the muon electric
dipole moment

A Adelmannl, K Kirchl'z, CJG Onderwater> and T Schietinger1

I Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
2 Eidgenossische Technische Hochschule Ziirich, CH-8093 Ziirich, Switzerland

3 Kernfysisch Versneller Instituut and University of Groningen, NL-9747AA Groningen,
The Netherlands

J. Phys. G: Nucl. Part. Phys. 37 (2010) 085001 A Adelmann et al

of the difference between the measured anomalous magnetic moment and its SM prediction.
[t would furthermore test various SM extensions, in particular those that do not respect lepton
universality.

In view of the possible advent of new, more powerful pulsed muon sources, the same
experimental scheme can be realized but with considerably more muons per bunch being
injected into the ring. It appears realistic to expect accelerators with on the order of 100 kHz
repetition rates and more than 10* muons stored per bunch. The statistical sensitivity of the
described approach would then reach down to a few times 1072 ¢ cm. Although systematic
issues at this level of precision have been discussed in some detail in [19], more detailed
studies would be needed.




How Do We Start ?

Muon Density vs Pulse Rate High-repetition-rate pulsed beam
10 ~ 40 us (25 ~ 100 kHz)

protons or
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hanghai

gh Repetitio -rate XFEL and

xtreme Light Facility
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Shaft #1

Jointly Developed by

« Shanghai Advanced
Research Institute, CAS

« Shanghai Tech. Univ.
FEAL W L BESEARMR

SHANGHAI ADVANCED RESEARCH INSTITUTE, CHINESE ACADEMY OF SCIENCES

SHINE

SHANGHAI HIGH REPETITION RATE XFEL
AND EXTREME LIGHT FACILITY

MXSIEEHRBFHARE

E#M AT

ShanghaiTech University

| )j; Shanghai Synchrotron |
—' rxaaiaiion rFaciiity
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Design Parameters

e 8 GeV CW SCRF
electron linac

* 1 MHz repetition rate
* 100 pC / bunch

Only 4 km From TDLI !
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Proton-on-target vs Electron-on-target

wH/
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https://proceedings.jacow.org/ipac2023/pdf/TUPA087.pdf

High-rep. Electron-driven

Surface Muon Production Scheme

* Optimized the production target, and performed beamline simulation in g4beamline.

« Considering capture and transport, expect 3 X 10° surface p+/s at beamline exit.

1000

200 1 ¢=30 100 an: 6.40 mm 60 y Mean: -2.68 mm
| _ S: 25.62 mm - 50
2000 : T : 0 P 80 500- ] 0 500 40
A .  [—c¢ — o) _w ; s
1750 ] E i — Al — Mo i EXperimental Solenoid6 é ° § ° + B \% ’ )
—~ | | |=— ] — W | 100+ 0 8 20 20
8 1500 | ‘ : — Fe : 200+ 20 o i 10 o 10
A - ‘ : : -3001— : ~1000+— : : ~1000— . .
.E -+ . | | . . 200 0 200 200 0 200 -200 0 200
e 8 19250 - | | | Wien Filter X [mm] X [mm] y [mm]
s | | Dipole3 Solenoid4
| |
% 2 1000 - l | Parameters Value
T.© : Solenoid3 Solenoid2 x/x' (rms) 25.6 mm/221 mrad
3 3 750+ : y/y' (rms) 26.0 mm/246 mrad
S= : , Mean momentum 27.6 MeV/c
(3 500- \ : Ap/p 3.69%
— x| ! Polarization (before Wien filter) 97%
250 ! - Polarization (after Wien filter) 88%
l s Bl ut rate (all) 3.1 x 10° pt/s
; g S ol R it —_— ut rate (¢30 mm) 47 x 10° pt/s
— cc— 1 1 R — — -
|

100 150
Distance along the beam [mm]

200

Electron beam
8 GeV, 100 pC (6.25%108 /bunch)

Phys. Rev. Accel. Beams, 28, 083401 (2025)

@50 kHz repetition rate

(1/20) of SHINE capability

So far no experimental validation on the production scheme and surface muon yield !



Beam Test 2026 @ FEL-II

«——S38m 5 100m <30ms,
25 T1EH EFI -\/T 3ET{EH
FEl _\/
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S e g T R S 1 5 e g T
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—_——H —
100pC, 1.5kA =3

0.4um-rad, 0.01%8ER]

Injector commissioning finished @ 2024 & L1
commissioning finished @ 2025

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

Kill two birds with one stone!

B .PE I
Muography with
High-energy muons
Muon vyield @
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1m \ ' -
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= Pb S
Electron.beam
3GeV,50pC Top view
60 cm

~ electrons @ 50 Hz




Muon Yield Measurement

* As a first step towards beamline construction
* Synergy between beam, radiation and detector (We)
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(Wenzhen Xu, SHINE)
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Detector Design & Feasibility Study
(Jia Cheng’s Poster)

Mechanical Design
(Qisheng Tang, SHINE)
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Accelerator Muography @) Lrigem
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Detector Design & Feasibility Study
(Jiangtao’s Poster)
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Summary

* The demand for muon beams is growing across a wide range of physics programmes .
» Electron-driven muon production offers a complementary and modular approach.
» SHINE provides a unique opportunity to demonstrate this concept at scale.

» Test beam at SHINE shaft #2 is expected in Aug-Sep 2026, with: muon yield
measurement and muography.

B /ESHINEZ TR LN & 2025.11.28]
The First Workshop on SHINE Muon Source and Its Applications (SMS 2025)

20 Jan 25: Shaft#2 Visit 28 Nov 25: The 1st SMS Workshop 23 Apr 26: SMS Team @ SSRF

Let's discuss potential applications and opportunities for collaboration!



2023

2025

2026

2030s

- - 14th International Particle Accelerator Conference,Venice, Italy JACoW Publishing
e m o n s ra I O n o e e c ro n - r I ve n ISBN: 978-3-95450-231-8 ISSN: 2673-5490 doi: 10.18429/JACoW-IPAC2023-TUPA087

S u rfa ce M uon P ro d u Cti on s C h eme A PULSED MUON Sggé{ng]z)A;Iig é)}}:\IL% ;I;g(l)ll-{REPETITION-RATE

D emon St rati on Of t h e E I e ct ron- d rive n PHYSICAL REVIEW ACCELERATORS AND BEAMS 28, 083401 (2025)
S u rfa ce M u o n Bea m I i n e Simulation studies of a high-repetition-rate electron-driven surface muon

beamline at SHINE

E nd -to - e n d SI m u Iatl o n StUd Ies Fangchao Liu ,1’* Yusuke Takeuchi ,1’* Si Chen ,2 Siyuan Chen ,1 Kim Siang Khaw ,I’T
Meng Lyu,1 Ziwen Pan®,’ Dong Wamg,2 Jiangtao Wang,1 Liang Wang,1 and Wenzhen Xu®’
T a r g et o pti m iz ati o n lTsung-Dao Lee Institute and Schooé ZZHZZ);iz;.YO ;1;1;101,4.22(222my, Shanghai Jiao Tong University,

2Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China
- = = = 3State Key Laboratory of Particle Detection and Electronics,
ea m I n e o p I m Iza I o n University of Science and Technology of China, Hefei 230026, China

® (Received 19 March 2025; accepted 16 July 2025; published 18 August 2025)

Experimental Validation of Surface Muon Production Scheme

§ Aug - 2026 : Test beam at SHINE shaft #2

* 3 GeV, 50 pC electron beam @ 50 Hz preparation is ongoing
Nov 2026

* Demonstration of the feasibility of electron-driven surface muon
production (10* muons/s equivalent) based on beam test result.

i Project approval, funding, construction...

Poster @ IPAC23

Poster @ IPAC25
PRAB paper

Poster @ IPAC26
Publication
(planned)
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Material selection

Pion distributions

Simulation Setup ‘j:: ‘ i — o Along the beam (2):
R (g4beamline) S e | ' | — "t * Peak = slightly below z,,_,
Q | | .
L £ % | * Depth of EM shower maximum
= 0 1250 -
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S 3 E,: incident beam energy
Q=0 _ , RS
SRt e e X,: radiation length
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Distance along the beam [mm]
1400 - i
. | From the surface (X):
X CE * The number of pions near surface contributing to
» g é e surface muon is important
2‘(”% o007 i e Medium-Z materials (e.g., Fe, Cu) show highest
3 GeV 33 6°°‘/f number
e beam ), 4001 « Copper is considered to be the optimal choice
200 => good thermal conductivity (~400 W/mK)
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Cu target optimization

Simulation Setup
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* <2.5mm:
Insufficient development of
electron shower (too close to
target surface)

* >2.5mm:
The number of pions resulting in
surface muons is reduced (too far
from target surface)

* No significant gain is expected in length
over 200 mm.
* Consistent with the pion distribution

Results
* Optimal beam position:
2.5 mm from target surface
* Optimal target length: 200 mm



Particle yields from Cu target

Full simulation with gdbeamline for beamline design

23

* Total muon yield: ~10* per bunch (below 300 MeV/c) ool

* Surface muon yield: 2x10° per bunch (25-30 MeV/c range)
* Expected intensity: 1x10% p*/s at 50 kHz operation

* Momentum distribution
characteristics: 108-
 Two distinct peaks
were observed:
* Pion decay: ~30
MeV/c
 Kaon decay: ~23
MeV/c
* Broad energy
distribution,

NN
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3 400 T 2000
£ 0 S 0
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-500{= " ea -500-
e 200 .
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-300 -200 100 0 100 200 300 -300 200 100 0 100 200 300
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(c) - - 1750
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n‘ . ) 0.75
200 " . " _I'"- ., 1750
/ L g el 1500
b’ PRl 1500 0.50]
Er— - n
IJ 1001 or e 1250
" T 1250 0.257
. = =1
.= N 1000
E 0. 1000 o 0.00
>\ - " I.
750
-0.25
-100- : 750
=y =2
i 500  —0.501 500
-] ~200 "4 "
. . 250 -0.75 250
L . »
_300 T T = T - T T _1.00‘
-300 -200 100 0 100 200 300 0 5 10 15 20 25 30
X [mm] Momentum [MeV/c]
Parameters Value

J

2

25-30 MeV/c

|

50

100 150 200 250

Momentum [MeV/c]

300

Mean Momentum Py / Momentum Spread op 22.9 MeV/c / 5.5 MeV/c

Horizontal Position < z >/ Width o,

Horizontal Divergence < z’ >/ Width o

Horizontal RMS Emittance

Vertical Position < y >/ Width o,

Vertical Divergence < y' >/ Width a,

Vertical RMS Emittance

Mean Polarization

-45.2 mm / 73.7 mm

-14.6 mrad / 696.7 mrad

3814 m ¢cm mrad

-0.1 mm / 67.5 mm

-1.2 mm / 696.9 mrad

3180 m cm mrad

-0.63

Similar to those of existing facilities.



Surface muon beamline design

Experimental

Ares Solenoid6

h@ Solenoid5

....."I.[\\‘II"'
Wien Filt

Dipole3 Solenoid4

Solenoid3

Dipole2

Solenoid1

1000

Solenoid?2

Electron beam
8 GeV, 100 pC (6.25%x108 /bunch)

- — p=somm |[}100 s s > y Moan: 2.8 50
200.- : 25. . y : 26.03 mm
80 500 - 500 40
~ 100- - 40 =
E o » E o 0E O 50
" 100 0 X o 20
~500- ~500-
—200- 20 10 ) 10
-300 . . -1000 . . —1000 . .
-200 0 200 —200 0 200 —200 0 200
X [mm] X [mm] y [mm]
Parameters Value
x/x" (rms) 25.6 mm/221 mrad
a. . Dipolel y/y' (rms) 26.0 mm/246 mrad
Mean momentum 27.6 MeV/c
Ap/p 3.69%
‘\ Polarization (before Wien filter) 97%
Capture Polarization (after Wien filter) 88%
solenoid U N 6 . 1+
,\\ u™ rate (all) 3.1 x 10° pt/s
> ut rate (¢30 mm) 4.7 x 10° pt/s
Cu
Target @50 kHz repetition rate

(1/20) of SHINE capability




Positron background

Many positrons! -
=> Conventional way (Wien filter) may not be sufficient. os{ | ol :
A ) may 2 1311 ns ToF difference
3 061 ~ 100 ns
= After
= 1 3rd dipole
> L
= 0 50 100 150 200 250 300 350 400
E Time [ns]
O High-intensity positron beam?
)
ia Afternoon
E Septum magnet session
O
S
(O
al e ———
l Kicker magnet
l
l
I Experimental
100 T T T T T I Area I
| . . .
. - IS 1RSSR | ' Dedicated fast kicker scheme could solve this
Momentum [MeV/c] \

\ ! (e.g. SHINE, Euro XFEL)

-—_ e - - - - - -
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Det 116 (Far/Scint 2)
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E3Rk=107bunch (8179 @100 Hz)



19 7
) At d A T

TSUNG-DAO LEE INSTITUTE

BT R Gt )5 5

R S — e— ———— SSIM Index vs number of Events
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N —C N 1.00 A
N B —i - 10 o e .
e B g SSIM(Structure Similarity Index Measure)
S [t _—
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& -2
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A ) (0.90 gt e e e e e e et
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0.80 - ] ® SSIM Index
(le+04, 0.78) -==-y=0.90
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0.]0 0.'2 0?4 0?6 0j8 1.'0
Number of Events 1e6

E3R=10Fbunch (8179 @100 Hz)
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