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2History of accelerator technology

Muon acceleration

J-PARC
2024

2028



Experimental particle physics with muon

Muons first accelerated in 2024 
祝「μ 加速元年」
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The most precisely calculated physical quantity to date

4

Anomalous magnetic moment : g-2



Strength of the magnet (g-2)  is 
determined by ALL particles and 

interactions

EM force Strong
force

Weak
force

New force
New particles

+ +

+

?
uncertainty 4 parts in 107
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Theoretical prediction



5Breakdown of g-2 contributions

Quantum electro dynamics (QED)

Quantum Chromo Dynamics
(QCD)

Weak interaction (EW)

・・・

・・・
・・・

muon g-2
＠CERN(1970’s~)

muon g-2
＠BNL (1990’s~)

electron g-2, atomic spectroscopy 
(1960’s~)



6Muon g-2 theory initiative
An initiative formed in 2017 by a group of experts on muon g-2 theory 
towards the precision prediction of muon g-2

Seventh workshop at KEK 
(Sep 9-13, 2024)

https://conference-indico.kek.jp/event/257/

Thank you very much for many participants from
Liverpool!

https://conference-indico.kek.jp/event/257/


7Standard model theory prediction 
is work in progress

BMW-DMZ ’24 vs g − 2 measurement

175 180 185 190 195 200 205 210 215

aµ ⇥1010 − 11659000

Tau

KLOE

CMD-3

BaBar

White paper

BMW ’20

This work

Experimental avg.

FNAL 2023

BNL 2006

0.9σ

4.0σ

5.2σ

Indicates standard model confirmed to 0.37 ppm !

(Fine print: result should be confirmed by others. . . )

Laurent Lellouch g − 2 @ KEK, 7th TI workshop, September 11, 2024

BMWc + DHMZ, arXiv:2407.10913 

See review slides by Martin Hoferichter in Exploring BSM physics with muons (Sep. 30, 2024)

https://conference-indico.kek.jp/event/268/contributions/5572/attachments/3771/5189/Talk_hoferichter%20Martin%20Hoferichter.pdf


8Status of muon g-2

muon g-2

Phys. Rev. Lett. 126, 
141801 (2021).

J-PARC will independently test BNL+FNAL results.

Currently, under scrutiny
by new e+e- data and lattice QCD

?

?

Phys. Rev. Lett. 131, 
161802 (2023)

There will be lots of inputs to come on SM predictions.
Check out slides : https://conference-indico.kek.jp/event/257/

White paper will be updated before the FNAL final result (early 2025)

https://conference-indico.kek.jp/event/257/


9School on muon dipole moments



10School on muon dipole moments
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Experimental steps

1. Prepare a polarized muon 
beam.

2. Store in a magnetic field           
(muon’s spin precesses)

3. Measure decay positron

π+ μ+νμ

spin 0

neutrino： left handed
helicity：−１ helicity：−１

μ+

e+

spin

μ+

B

spin



12muon g-2 and EDM measurements
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In uniform magnetic field, muon spin rotates ahead of momentum 
due to g-2 = 0
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BNL/FNAL approach

γ=30 (P=3 GeV/c)
J-PARC approach

 E = 0 at any γ

J-PARC E34

Spin precession vector w.r.t momentum :

BNL & FNAL E989

g-2 precession 
in B-field

g-2 precession in 
motional B-field

EDM precession



13FNAL g-2 experiment

Science TV show cosmic front (NHK, Nov. 23, 2023)
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FNAL E989 experiment (2018- 2023)

Photo courtesy of Fermilab E989

B= 1.45 T

+ (3 GeV)

Completed data taking in 2023
Final results expected in 2025

1   2   3   4   5  6   7   8  9
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66 cm
1/20

Smaller than 
BNL/FNAL 

magnet

Independent test of muon g-2 :
New experiment at J-PARC



16Conventional muon beam

proton π+ μ+

pion
production

decay

emittance
~1000π mm・mrad

Strong focusing
Muon loss
BG π contamination

Source of systematic
uncertainties



17Muon beam at J-PARC

Reaccelerated
thermal muon

proton π+ μ+

pion
production

decay

co
o

lin
g

μ+

emittance
~1000π mm・mrad

emittance
1π mm・mrad

Strong focusing
Muon loss
BG π contamination

Free from any of these

Source of systematic
uncertainties
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Constructed in 2021

J-PARC muon g-2/EDM experiment
J-PARC MLF

The only experiment to check FNAL/BNL g-2 results

Excellent sensitivity to muon EDM about 100 times better than the 

previous limit (sensitivity : 1.5 E-21 ecm )

Prog. Theor. Exp. Phys. 2019, 053C02

Features:
• Low emittance muon beam (1/1000)
• No strong focusing (1/1000) & good injection eff. (x10)
• Compact storage ring (1/20) 



19Very weak magnetic focusing

Weak focusing B-field 

B
ra

d
ia

l

Vertical position

• FNAL/BNL g-2 exps use electric weak 
focusing (n ~0.1)

• We adopt Very weak magnetic focusing
• Bill Morse, Yannis Semertizdis (2010)
• Field index n = 1E-4 (1ppm/cm)

• Vertical position of muon beam will be self-
adjusted to find Br = 0

→ no systematics associated with Bradial

• Also very powerful to suppress the “pitch 
effect” on g-2 (~10 ppb).
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surface muon thermal muon
4 MeV

   30 MeV/c
  0.05

30 meV
2.3 keV/c
0.4

E
p

Δp/p

Ionization Laser 

Mu production
target

Electrodes(Soa) LINAC

accelerated muon
212  MeV
300  MeV/c
4x10-4

Mu
(+e-)

+ +

H-line

Acceleration of thermal muons

Muonium : a bound state of + and e-
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Comparison of two similarly patterned 68 mm targets, one-side vs 
two-sides ablated

Warped Not warped

U-line Target 3 produced in May 2019 New target

☺

23

Muon
Beam
4 MeV
（before cooling）

8 mm 21

Muonium (+e-)
30 meV（after cooling)

+

Silica aerogel with 
laser-ablated holes
（SiO2, 30 mg/cc）

○ 穴加工なし
● 穴加工あり

Muon cooling

Experiments at TRIUMF
（2011, 2013, 2018）ColdmuonHot muon

Electron will be removed by
Laser resonant ionization by irradiating
Laser beam (122nm+355nm)
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Collaboration board (CB)

Chair: Seonho Choi

Executive board (EB)

Spokesperson: T. Mibe

Subgroups Interface coordinators Committees

Speakers committee

 chair: K.Ishida

Publication committee
 chair: B. Shwartz

Y. Kondo

Surface muon beam

  leader: T. Yamazaki, N. Kawamura

K. Ishida

Ultra-slow muon

  leader: K. Ishida

M. Otani

LINAC

  leader: M. Otani

DAQ and computing

  leader: Y. Sato

T. Suehara T. Yamanaka

Analysis

  leader: T. Yamanaka

Injection and storage

  leader: H. Iinuma

H. Iinuma

Storage magnet, field measurements

  leader: K. Sasaki

T. Kume

Detector

  leader: T. Yoshioka

Y. Sato

114 members from Canada, China, Czech, France, 
India, Japan, Korea, Netherlands, Russia, USA

The collaboration

Domestic institutes：
Kyushu, Nagoya, Tohoku, Niigata, Toyama 
C, Tokyo, Ibaraki, RIKEN, JAEA, etc.

KEK: IPNS, IMSS, ACC, CRY, MEC, CRC

physics analysis
 T. Yamanaka, S. Ogawa

Working groups

Tamaki Yoshioka
(Kyushu)

, Y. Sato

2024.3 Shanghai Jiao Tong 
University
2024.6 Iwate University

The 28th collaboration meeting at J-PARC, June 26-28, 2024
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J-PARC

proton
muon
neutron

LINAC
(400 MeV)

Rapid Cycle
Synchrotron
(3 GeV)

Main Ring
(30 GeV)

Hadron exp. Hall

Materials and Life science
experimental Facility 

(MLF)

neutrino

Beam power 1MW
Rep. Rate 25 Hz

Neutrino exp. facility

kaon

g-2/EDM

COMET

Muonium



Experimental 
area (S2)

Surface muon
beam

Demonstration of muon cooling and acceleration



3次元
らせん
入射

Demonstration of this part at S2 area

Demonstration of cooling and acceleration



26Muon cooling demonstration
J-PARC S2 area

Laser ablated silica aerogel

4 MeV 30 meV

244 nm



27Muon cooling demonstration

Signal of
Cold muon

Laser injection
time

M
C

P

Electrostatic 
acceleration 

(10 kV)

Electric bend
(energy filter)

Magnetic 
bend

(momentum filter)

MCP

Time (including an arbitrary offset) (ns)

4 x 10-3 / pulse

244 nm

Surface
muon arrival

4 MeV 30 meV



Experimental setup

σx = 24 mm
σy = 13 mm

Incoming muon
beam profile (data)

Cooling
30 meV

Acceleration
100 keV

Diagnosis

RF frequency: 324 MHz
RF power:         2.6 kW
RF pulse width: 40 s
Acceleration energy: 100 keV

RFQ acceptance
(simulation)

ε = 1 π mm mrad

Incoming
muon
4 MeV

224 ns



Simulation
Incoming surface muon After acceleration

εx = 170 π mm mrad

εy = 130 π mm mrad

εx = 0.27 π mm mrad

εy = 0.15 π mm mrad

cooling
by ~10-3



Surface
muon
beam
4 MeV

Muonium production
 (30 meV Mu← 4 MeV)

Ionization laser (244nm)
(30 meV Mu -> +)

Extraction (5.7 keV ← 30 meV)

deflector (x,y,x’,y’ tuning)RFQ (90 keV ← 5.7 keV)Diagnosis 
(Q doublet, Dipole, MCP)

Experimental setup: Source & RFQ



Experimental setup: Diagnosis

RFQ acceleration cavity

Bending magnet

MCP

Cold muon

μ+



Results: time of flight

2 x 10-3 /pulse
(consistent with
~100% acceleration
efficiency)



33Results: beam emittance: Q-scan

Stronger

Focusing

(vertical)

0.7 T/m 1.6 T/m 2.0 T/m

Quadrupole



34Results: beam emittance: Q-scan

εx = 0.85 ±0.25(stat) +0.22
−0.13(syst) [π mm mrad]

εy = 0.32 ±0.03(stat) +0.05
−0.02 (syst) [π mm mrad] 

horizontal vertical

Emittance reduction by ~10-3

The birth of low-emittance muon beam



35Next step: Acceleration to 4 MeV

Acceleration by RFQ
(5 keV → 0.34 MeV)

Cooling
(30 meV)

Acceleration by IH-DTL
(0.34→4.3 MeV)

Muon
(4 MeV)

Mu production chamber
(available)

J-PARC LINAC
RFQ (available)

IH-DTL
(fabricated and evaluated in FY2022)

H2 area FY2025-2026



36Further acceleration to 210 MeV

Disk Load Structure (DLS) (from 40 MeV to 210 MeV) 
Disk And Washer (DAW)
(from 4 MeV to 40 MeV)

3次元
らせん
入射



37Start-to-end simulation

Y. Takeuchi
Simulated beam in the muon LINAC



38Start-to-end simulation

Y. Takeuchi
Simulated beam in the muon LINAC



39Muon storage magnet and detector

e+ tracking
detector

29
0

0
 m

m
Muon
storage
orbit

Su
p

er co
n

d
uctin

g
 co

ils

M. Abe et. al., NIM A 890, 51 (2018)

Calculated average field uniformity

25 ppb/line

Good field region

250 ppb/line

FNAL Run 1 PRA 103, 042208 (2021) 

B= 3 T

+ 
(300 MeV)



40Positron tracking detector

Particles to be Measured

• Target particles : positrons from muon decay in 3T solenoidal B-field

– Muon beam momentum : 300 MeV/c

– The positron with higher momentum has better sensitivity on the muon 
g-2.

• Silicon strip detectors are radially placed to efficiently detect circular tracks.

13

66 cm

3T

𝝁+

𝒆+

Population

Sensitivity per e+

Total sensitivity

IEEE, TNS 67, 2089 (2020)
JINST 15 P04027 (2020)

~200 mm

Si strip sensors

Test with prototype boards



41Intended schedule

2024
2022→2025

総額2.2億円

2022
R4

2023
R5

2024
R6

2025
R7

2026
R8

2027
R9

2028~
203X

Beaml
ine

Bldg. & 
facility

Source, 
LINAC, 
storage

Detect
or

★4.3 Me@H2

C
om

m
is

si
o

ni
n

g,
 d

at
a 

ta
ki

ng

positron tracker
magnetic field monitors

source

LINAC

Storage

Construction

cooling@H2 ★

Installat ion ★

relocation

procurement

engineering
design

★80 keV@S2

★cooling @S2

MEXT funding

2017→2021

History
2009 proposal
2015 TDR
2016 IPNS focused review
2016 SAC (priority #3)
2019 KEK-IPNS stage-2, KEK-IMSS stage-2
2024 MEXT funding (construction)



42Muon acceleration and future colliders
KEK IPNS workshop, Nov. 2, 2023
https://kds.kek.jp/event/48168/

R. Kitano

+ -  or +e- ?

Prog Theor Exp Phys (2022)

μTRISTAN
μ+e-/μ+μ+ collider with 1TeV μ+ beam.

30GeV e- / 1TeV μ+ : Higgs factory, √s=346GeV

1TeV μ+ / 1TeV μ+ : new physics search, √s=2TeV

https://doi.org/10.1093/ptep/ptac05


43Comparison of muon beam phase space

Normal muon beam
1

Ionization cooling 
(proposed for Muon Collider)

10-2

Cooling at J-PARC

10-4

Caveat: only for +

(not applicable for -)

Muon cooling
There is a rather matured(?) technology only works for μ+.

[K.Nagamine et al. 1995]Ultracold muon technology

This has been the key technology for the 

J-PARC muon g-2 experiment.
Mibe-san’s slide

Looks like there is a good chance of realizing a low-emittance μ+ beam!

ultra-cold muon is here.

J-PARC
cooling



44Quotes

We are open to any possible applications of this 
technology in the future

The annihilations of the initial particles into a 
photon and/or a Z boson, or a Higgs boson are 

absent for a µ+e– or µ+µ+ collider.

This will profit the development of muon-beam 
technology and use. 

International Muon 
Collider study leader

Daniel Schulte
(CERN)

John Ellis 
(CERN/KCL)

a µ+e– or µ+µ+ collider!

More in the cern courier article (July 5, 2024)

Ryuichiro Kitano
(KEK)

what do you say?

https://cerncourier.com/a/muons-cooled-and-accelerated-in-japan/


45Transmission muon microscope
Slide by Y. Nagatani



46Drive-thru cargo scanning

Cosmic muonsEnergy Flux
(/cm2/s)

Resolut
ion

Inspectio
n time

Cosmic
muon

0~1,000 
GeV

(continuous)

10-2 30cm 10 min

Accelerated
muon

2 GeV 
± 1%

104 1 cm
a few 10 

sec

sweep

Detection of heavy materials (nuclear fuel, weapon, etc)
with muon transmission image

Proposal approved in JST K-program (2024-2029)



47History of accelerator technology

Muon acceleration

J-PARC
2024

2028

?



48Summary
• A new experiment to measure muon g-2 and EDM is under preparation.

• Cooling & acceleration of positive muon
• Compact storage ring

• April 2024, we succeeded in the first ever demonstration of muon acceleration.

• Construction of the experiment is in progress. Expected year of data taking from 
2028.

• Wide range of applications are anticipated.

cooling acceleration storage 
& measurement



Systematic uncertainties on EDM
T. Yoshioka, T. Yamanaka

Weak focusing B-field 



50Comparison of g-2 experiments

Prog. Theor. Exp. Phys. 2019, 053C02 (2019)

Completed                Running           In preparation



Expected uncertainties

Prog. Theor. Exp. Phys. 2019, 053C02 (2019)



52EDM and radial magnetic field

• Radial magnetic field can be a major 
source of systematics on EDM since the 
g-2 term mixes to the EDM term. ( )





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
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g-2
precession

EDM
precession

>>

plot from Joe Price (muEDM workshop at PSI)

B
ra

di
al

/B
 [

p
p

m
]

EDM



56Construction of surface 
muon beamline (H-line)

Prog. Theor. Exp. Phys. 2018, 113G01

proton beam

to g-2/EDM
area

HS3

HSEP1

HB2

surface
muon
beam



57First beam to H1 area (Jan 15, 2022)
Beam profile

Time (s) 

e+
 f

ro
m

 m
u

o
n

 d
ec

ay

7 x 107/sec@p=28 MeV/c, 730kW 
→ consistent with expectationProg. Theor. Exp. Phys. 2018, 113G01

proton beam

to g-2/EDM
area

surface
muon
beam

Beam
delivery
point

σx = 44 mm
σy = 24 mm



58H-line extension

Prog. Theor. Exp. Phys. 2018, 113G01

proton beam

surface
muon
beam

Beam
delivered
(Jan, 2022)

proton beam

g-2/EDM

surface
muon
beam

muon cooling

RFQ

IH-DTL

Ex
te

n
si

o
n

HBB2

Before After(end of 2024)

Acceleration
to 4.3 MeV



59Extension of H-line

Prog. Theor. Exp. Phys. 2018, 113G01

proton beam

g-2/EDM

surface
muon
beam

muon cooling

RFQ

IH-DTL
Ex

te
n

si
o

n

Assembled radiation shields for extension (Oct 15, 2022)
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Comparison of two similarly patterned 68 mm targets, one-side vs 
two-sides ablated

Warped Not warped

U-line Target 3 produced in May 2019 New target

☺

23

Muon
Beam
4 MeV
（before cooling）

8 mm 60

Muonium (+e-)
30 meV（after cooling)

+

Silica aerogel with 
laser-ablated holes
（SiO2, 30 mg/cc）

○ 穴加工なし
● 穴加工あり

Muon cooling

Experiments at TRIUMF
（2011, 2013, 2018）ColdmuonHot muon

Electron will be removed by
Laser resonant ionization by irradiating
Laser beam (122nm+355nm)
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