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Magnetic Dipole Moment

Electric Dipole Moment

P,C,T-even P,T-odd (CP-odd)



3Quantum theory of the electron (1928)

• In a non-relativistic limit of the Dirac equation:

• From this, g = 2 for a point-like fermion.
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Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences 117 (778): 610. 



Magnetic moment of electron
Phys. Rev. 74, 250 (1948)

gS > 2 !



5Quantum corrections
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Anomalous magnetic moment (g-2)
• The Lande’s g factor is 2 in tree level (Dirac equation)

• In quantum field theory, g factor gets corrections:

g = 2 ( 1 + a)

Anomalous magnetic 
moment a=(g-2)/2



7Breakdown of SM contributionsIntro HVP to (g � 2)µ HLbL to (g � 2)µ Conclusions

White Paper (2020): (g � 2)µ, experiment vs SM

Contribution Value ⇥1011

HVP LO (e+e�) 6931(40)
HVP NLO (e+e�) �98.3(7)
HVP NNLO (e+e�) 12.4(1)
HVP LO (lattice , udsc) 7116(184)
HLbL (phenomenology) 92(19)
HLbL NLO (phenomenology) 2(1)
HLbL (lattice, uds) 79(35)
HLbL (phenomenology + lattice) 90(17)

QED 116 584 718.931(104)
Electroweak 153.6(1.0)
HVP (e+e�, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)

Total SM Value 116 591 810(43)
Experiment (E821) 116 592 089(63)
Difference: �aµ := aexp

µ � aSM
µ 279(76)

The “white paper”, Phys. Rep. 887, 1 (2020)
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8Breakdown of hadronic SM contributionsIntro HVP to (g � 2)µ HLbL to (g � 2)µ Conclusions

White Paper (2020): (g � 2)µ, experiment vs SM

Contribution Value ⇥1011

HVP LO (e+e�) 6931(40)
HVP NLO (e+e�) �98.3(7)
HVP NNLO (e+e�) 12.4(1)
HVP LO (lattice , udsc) 7116(184)
HLbL (phenomenology) 92(19)
HLbL NLO (phenomenology) 2(1)
HLbL (lattice, uds) 79(35)
HLbL (phenomenology + lattice) 90(17)

QED 116 584 718.931(104)
Electroweak 153.6(1.0)
HVP (e+e�, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)

Total SM Value 116 591 810(43)
Experiment (E821) 116 592 089(63)
Difference: �aµ := aexp

µ � aSM
µ 279(76)

The “white paper”, Phys. Rep. 887, 1 (2020)
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9The muon g-2 anomaly

aµExp = 11 659 209.1 ± 6.3  x 10-10 (540ppb)

aµSM = 11 659 181.0 ± 4.3  x 10-10 (320ppb)

Δ aµ= aµExp - aµSM = 27.9 ±7.6 x 10-10 (650ppb)
[3.7σ]

Phys. Rev. D73, 072003 (2006)

Phys. Rep. 887, 1 (2020)

Relative
uncertainty

(2400ppb)

ppb = parts per billion (10-9)



10Breakdown of contributions

[x10-10]

Numbers from T. Aoyama, et al., 
arXiv:2006.04822 (2020) 
(to be published in Phys. Rep.)

Anomaly as big as the weak contributions if BSM

Anomaly
~2400 ppb



11Breakdown of contributions

[x10-10]

Numbers from T. Aoyama, et al., 
arXiv:2006.04822 (2020) 
(to be published in Phys. Rep.)

Anomaly as big as the weak contributions if BSM

Anomaly

Super-precisely tested by electron g-2
The most precisely-calculated physical quantity to date
10th order QED (0.20 ppb) [Aoyama, Kinoshita, Nio]

g-2 (0.24 ppb) [Gabrielse et al.]

Fine structure constant a (0.08 ppb) [L. Morel et al.]

~2400 ppb



12Breakdown of contributions

[x10-10]

Numbers from T. Aoyama, et al., 
arXiv:2006.04822 (2020) 
(to be published in Phys. Rep.)

Anomaly as big as the weak contributions if BSM

Anomaly

Super-precisely tested by electron g-2
The most precisely-calculated physical quantity to date
10th order QED (0.20 ppb) [Aoyama, Kinoshita, Nio]

g-2 (0.24 ppb) [Gabrielse et al.]

Fine structure constant a (0.08 ppb) [L. Morel et al.]

Calculated from e+e-àhadrons data
Large experimental database [340 ppb]

Calculated from 
Electro-Weak 
parameters

Precisely measured 
and tested [9 ppb]

~2400 ppb
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The muon g-2 theory initiative
A group of 170 experts came to a consensus on a single value
of muon g-2 in the standard model.

2017 workshop in Fermilab
2018 workshop in Mainz
2019 workshop in Seattle
2020à2021 workshop in KEK

The white paper
Phys. Rep. 887 (2020) 1-166

(Submitted 15 June 

Accepted 29 July
Published 14 Aug)

Physics Reports 887 (2020) 1–166

Contents lists available at ScienceDirect

Physics Reports

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

The anomalousmagneticmoment of themuon in the Standard
Model
T. Aoyama 1,2,3, N. Asmussen 4, M. Benayoun 5, J. Bijnens 6, T. Blum 7,8,
M. Bruno 9, I. Caprini 10, C.M. Carloni Calame 11, M. Cè 9,12,13, G. Colangelo 14,⇤,
F. Curciarello 15,16, H. Czyª 17, I. Danilkin 12, M. Davier 18,⇤, C.T.H. Davies 19,
M. Della Morte 20, S.I. Eidelman 21,22,⇤, A.X. El-Khadra 23,24,⇤, A. Gérardin 25,
D. Giusti 26,27, M. Golterman 28, Steven Gottlieb 29, V. Gülpers 30, F. Hagelstein 14,
M. Hayakawa 31,2, G. Herdoíza 32, D.W. Hertzog 33, A. Hoecker 34,
M. Hoferichter 14,35,⇤, B.-L. Hoid 36, R.J. Hudspith 12,13, F. Ignatov 21,
T. Izubuchi 37,8, F. Jegerlehner 38, L. Jin 7,8, A. Keshavarzi 39, T. Kinoshita 40,41,
B. Kubis 36, A. Kupich 21, A. Kup±¢ 42,43, L. Laub 14, C. Lehner 26,37,⇤, L. Lellouch 25,
I. Logashenko 21, B. Malaescu 5, K. Maltman 44,45, M.K. Marinkovi¢ 46,47,
P. Masjuan 48,49, A.S. Meyer 37, H.B. Meyer 12,13, T. Mibe 1,⇤, K. Miura 12,13,3,
S.E. Müller 50, M. Nio 2,51, D. Nomura 52,53, A. Nyffeler 12,⇤, V. Pascalutsa 12,
M. Passera 54, E. Perez del Rio 55, S. Peris 48,49, A. Portelli 30, M. Procura 56,
C.F. Redmer 12, B.L. Roberts 57,⇤, P. Sánchez-Puertas 49, S. Serednyakov 21,
B. Shwartz 21, S. Simula 27, D. Stöckinger 58, H. Stöckinger-Kim 58, P. Stoffer 59,
T. Teubner 60,⇤, R. Van de Water 24, M. Vanderhaeghen 12,13, G. Venanzoni 61,
G. von Hippel 12, H. Wittig 12,13, Z. Zhang 18, M.N. Achasov 21, A. Bashir 62,
N. Cardoso 47, B. Chakraborty 63, E.-H. Chao 12, J. Charles 25, A. Crivellin 64,65,
O. Deineka 12, A. Denig 12,13, C. DeTar 66, C.A. Dominguez 67, A.E. Dorokhov 68,
V.P. Druzhinin 21, G. Eichmann 69,47, M. Fael 70, C.S. Fischer 71, E. Gámiz 72,
Z. Gelzer 23, J.R. Green 9, S. Guellati-Khelifa 73, D. Hatton 19,
N. Hermansson-Truedsson 14, S. Holz 36, B. Hörz 74, M. Knecht 25, J. Koponen 1,
A.S. Kronfeld 24, J. Laiho 75, S. Leupold 42, P.B. Mackenzie 24, W.J. Marciano 37,
C. McNeile 76, D. Mohler 12,13, J. Monnard 14, E.T. Neil 77, A.V. Nesterenko 68,
K. Ottnad 12, V. Pauk 12, A.E. Radzhabov 78, E. de Rafael 25, K. Raya 79, A. Risch 12,
A. Rodríguez-Sánchez 6, P. Roig 80, T. San José 12,13, E.P. Solodov 21, R. Sugar 81,
K. Yu. Todyshev 21, A. Vainshtein 82, A. Vaquero Avilés-Casco 66, E. Weil 71,
J. Wilhelm 12, R. Williams 71, A.S. Zhevlakov 78

1 Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
2 Nishina Center, RIKEN, Wako 351-0198, Japan
3 Kobayashi–Maskawa Institute for the Origin of Particles and the Universe (KMI), Nagoya University, Nagoya 464-8602, Japan
4 School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom
5 LPNHE, Sorbonne Université, Université de Paris, CNRS/IN2P3, Paris, France

⇤ Corresponding authors.
E-mail address: MUON-GM2-THEORY-SC@fnal.gov (G. Colangelo, M. Davier, S.I. Eidelman, A.X. El-Khadra, M. Hoferichter, C. Lehner, T. Mibe, A.

Nyffeler, B.L. Roberts, T. Teubner).

https://doi.org/10.1016/j.physrep.2020.07.006
0370-1573/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).



14Muon g-2 anomaly

International collaboration 
formed since 2017

Previous: BNL (1997-2006)
Continuation: Fermilab (2018-)

Next generation:  J-PARC (2025-)

Theory

Experiment

Continuation Next generation

White paper arXiv:2006.04822
(released on June 11, 2020)
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18IJCLab, Université Paris-Saclay and CNRS/IN2P3, 91405 Orsay, France

19SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom
20IMADA and CP3-Origins, University of Southern Denmark, Odense, Denmark

21Budker Institute of Nuclear Physics, 11 Lavrentyev St., and Novosibirsk State University, 2 Pirogova St., Novosibirsk 630090, Russia
22Lebedev Physical Institute, 53 Leninskiy Pr., Moscow 119333, Russia

1

ar
X

iv
:2

00
6.

04
82

2v
1 

 [h
ep

-p
h]

  8
 Ju

n 
20

20
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The previous values confirmed
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   Implication of deviation 

from the standard model 

(1999)

2020
More than 20 years

?

>4,000 
citations

https://muon-gm2-theory.illinois.edu/

Experimental value is larger than the 
theory prediction by more than 3s.

https://muon-gm2-theory.illinois.edu/


15Power of g-2 constraints
Eur. Phys. J. C 78, 256 (2018)

Without g-2 anomaly Including g-2 anomaly

33

Input: LHC 13 TeV (36/fb), muon g-2, PICO, XENON1T, PandaX-II, 

ILC

HL-LHC, FCC-hh, etc.

Eur. Phys. J. C (2018) 78:256
SUSY pMSSM11

DM mechanisms

Tanabe, ILC summer camp 2020



Three steps of g-2 measurement
1. Prepare a polarized 

muon beam.

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

3. Measure decay positron

16
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17muon g-2 and EDM measurements
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BNL E821 approach
γ=30 (P=3 GeV/c)

J-PARC approach
E = 0 at any γ

J-PARC E34

general form of spin precession vector:

BNL & FNAL E989
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- p. 18/62
B. L.  Roberts,  Fermilab , 3 September 2008 - p. 18/68

Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

Pions

-π

p=3.1GeV/c

Experimental Technique

B
!

• Muon polarization
• Muon storage ring
• injection & kicking
• focus with  Electric Quadrupoles
• 24 electron calorimeters R=711.2cm

d=9cm

(1.45T)

Electric Quadrupoles

xc ≈ 77 mm
b ≈ 10 mrad

B·dl ≈ 0.1 Tm

xc

R

R b

Target

narrow bunch of 
protons

~µ

Slide by Lee Roberts

BNL & FNAL
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Previous experiment: BNL E824
Ongoing experiment: Fermilab E989

Photo courtesy of Fermilab E989

B= 1.45 T

14m

µ+ (3 GeV)



20Why Fermilab?

• BNL limited by statistics (540 ppb 
on 9 x 109 detected e+)

• E989 goal: Factor of 21 more 
statistics (2 x 1011 detected e+)

Fermilab advantages
• Long beam line to collect π+→μ+

• Much reduced amount of p, π in 
ring

• 4x higher fill frequency than BNL 

16 bunches/1.4 sec

Pion Production Target

J. Price, mu EDM WS at PSI, Feb 2020



21History of Fermilab muon g-2

Oct 23 Kim Siang Khaw I Fermilab Muon g-2 experiment

History of Fermilab Muon g-2 (2009 - present)

�10

Assembly of the magnet 
(2014-2015) 

Passive shimming 
(2015-2016)

Transportation of 
magnet to FNAL (2013)

Full installation (2017)

Courtesy of Kim Siang Khaw

Oct 23 Kim Siang Khaw I Fermilab Muon g-2 experiment

History of Fermilab Muon g-2 (2009 - present)

�9

Assembly of the magnet 
(2014-2015) 

Passive shimming 
(2015-2016)

Transportation of 
magnet to FNAL (2013)

Oct 2015 à Sep 2016

Oct 23 Kim Siang Khaw I Fermilab Muon g-2 experiment

History of Fermilab Muon g-2 (2009 - present)

�9

Assembly of the magnet 
(2014-2015) 

Passive shimming 
(2015-2016)

Transportation of 
magnet to FNAL (2013)

Oct 2015 à Sep 2016



22Time distribution of decay positrons

Calorimeters (x24)
Tracker (x2, partial coverage)

e+ e+

J. Price, Snowmass DM WS, Sep 2020.

µ+



23Fermilab g-2 experiment (E989)
has completed three data runs

Kim Siang Khaw on Dec 10, 2020

• Announcement of the first results from Run 1 on April 8 
midnight (Japan time).

• KEK online seminar by Prof. Lee Roberts on April 19 9:30.



24Conventional muon beam

proton π+ μ+

pion

production
decay

emittance
~1000π mm・mrad

Strong focusing

Muon loss

BG π contamination



25Muon beam at J-PARC

Reaccelerated
thermal muon

proton π+ μ+

pion

production
decay

cooling μ+

emittance
~1000π mm・mrad

emittance
1π mm・mrad

Strong focusing

Muon loss

BG π contamination

Free from any of these



surface muon thermal muon
3.4 MeV
27 MeV/c

0.05

30 meV
2.3 keV/c
0.4

E
p

Δp/p

Ionization Laser 
(122 nm, 355 nm)

Mu production
target

Electrodes(Soa) LINAC

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

Mu
(µ+e-)

µ+ µ+

H-line

Re-accelerated thermal muon
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Muon g-2/EDM experiment at J-PARC
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Features:
• Low emittance muon beam (1/1000)
• No strong focusing (1/1000) & good injection eff. (x10)
• Compact storage ring (1/20) 
• Tracking detector with large acceptance
• Completely new method (different from BNL/FNAL)

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



28Muon storage magnet and detector

Cryogenics

e+ tracking
detector

2900 m
m

Muon
storage
orbit

Iron yoke

Super conducting coils

666 mm

M. Abe et. al., Nuclear Inst. and Methods in Physics Research A 890, 51 (2018)

Calculated average field uniformity

25 ppb/line

Good field region
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Expected results
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30Systematic uncertainties

?

系統誤差の比較
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先行実験（実績） 継続実験（目標） 本研究（見積）

※ Upper limit due to MC statistics

※

Significant improvements over the previous method
BNL (achieved) Fermilab (goal) J-PARC (estimated)
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31Comparison of g-2 experiments

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

Completed                Running In preparation
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J-PARC

proton
muon
neutron



Proposed experimental site (H-line)

33

Parking lot

muon
production
target

spallation neutron
source

g-2/EDM
storage magnet

muon linac

H-Line

MuSEUM
DeeMe

Material and Life science Facility in J-PARC

New Electric

Power substation

N. Kawamura et al., PTEP 2018, 113G01 (2018)
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1.9 ppb

Beamline construction (2020)

First beam
scheduled
in 2021

PTEP 2013,103C01
PTEP 2014,091C01
PTEP 2020,123C01

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

PRAB 19, 040101 (2016)
PRAB 21, 050101 (2018)
PRAB 23, 022804 (2020)
PRAB 24, 033403 (2021)

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

NIMA 890, 51 (2018)
IEEE TAS, 29, 9000904 (2019)

The collaboration received a new Grant-in-Aids for 6 years (2020-2025) for construction of detector 
system and other key components.

0％Design completed

Design
completed

To be
evaluated
in 2021

Under evaluation
with e-beam

Summary of technical design

https://ieeexplore.ieee.org/document/9153019
https://www.jsps.go.jp/j-grantsinaid/25_tokusui/data/kadai_shinki_02/r02_e109_mibe.pdf
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T. Yamazaki

Construction of surface 
muon beamline 

2020.10.20

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

proton beam

surface
muon
beam

to g-2/EDM
area

muon
production
target

HS3

HSEP1

HB2
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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

Production of thermal energy muon

Photo by S. Kamal

surface 
muon beam

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

8 mm

P. Bakule et al., PTEP 103C0 (2013)

G. Beer et al., PTEP 091C01 (2014)

J. Beare et al., PTEP 123C01 (2020)

36

Muonium (µ+e-)
30 meV

○ no laser-ablation

● w/ laser-ablated 

holes

Efficiency

3 x10-3/µ
(laser region 5mm x 50mm)

Data taken at TRIUMF

µ+ (4 MeV)
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Setting up the Mu ionization experiment
In collaboration with RIIS Okayama-U

KEK, Tsukuba Campus

MCP

244nm laser

electric
bend

magnetic
bend

Mu production 
target

Successfully demonstrated ionization of hydrogen atoms
Transported to J-PARC MLF S-line in December 2020
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Demonstration of muon RF acceleration
J-PARC MLF D2 area, October 2017 Slide by M. Otani
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Demonstration of muon RF acceleration
J-PARC MLF D2 area, October 2017 Slide by M. Otani

Phys. Rev. AB 21, 050101 (2018)

Beam bunch distributionTOF distribution

Phys. Rev. AB 23, 022804 (2020)
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Muon LINAC
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IH-DTL prototype
DAW bridge

Simulated spin direction 
and momentum

DLS cavity for

super KEKB

Si-pixel beam monitor

Test of radiation hardness



41Muon beam injection and storage
• Horizontal injection + kicker
• (BNL E821, FNAL E989)

• 3D spiral injection + kicker
• (J-PARC E34)

Injection efficiency : 3-5%(*)

(*) PRD73,072003 (2006)

Injection efficiency : ~85%
H. Iinuma et al., Nucl. Instr. And Methods. A 832, 51 (2016)



42Positron 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

𝝁ା

𝒆ା

Population

Sensitivity per e+

Total sensitivity

JINST 15 P04027 (2020)

Charge distribution Efficiency

Test results with positron beam at Tohoku U

IEEE, TNS 67, 2089 (2020)
New frontend ASIC

Test module



43Experimental site for g-2/EDM

New
 extension bldg.

Present Plan

The J-PARC center taskforce endorsed the plan and construction procedure (Jan 2020).

N
ew

 electric pow
er station 

(com
pleted in 2019)

Materials and Life science Facility (MLF)



44Preparation for construction in 2020

☑ Geotehcnical survey

MLF

☑ Pardal removal of trees

☑ Survey of buried cultural properZes (nothing found)
☑ Design of re-
roudng of the 

control cables

☑ Ground level survey 

The extension building is ready for the final design and construction.

H-line extension

building for g–2/EDM

Layout of utilities and experiment

LIN
AC

Storage

ring

m
uon

source

transmission

muon microscope

Air circulaSon

and cooling facility

☑ Electric sub-stadon (2019)
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2020 2021 2022 2023 2024 2025 2026

KEK

Budget

Surface 

muon

Bldg. and 

facility

Muon 

source

LINAC

InjecJon and 
storage

Storage 

magnet

Detector

DAQ and 

computing

Analysis

Proposed Schedule by the collaboration

★ Beam at H1 area

★ Ionization test @S2

★ 1 MeV acceleration@S2

★ Completion of
electron injection test

★ Mass production ready

Co
m

m
iss

io
ni

ng

Da
ta

 ta
ki

ng

★ Completion

★ 4.5 MeV@ H2
★ 10 MeV 

★ Install
★ B-field probe
ready

★ Ready

★ 210 MeV 

★ muon injection

★ Shimming done

★ Installation

★ Analysis environment ready

★ Beam at H2 area

★ Ionization test at H2

★ Analysis software ready

Data 
taking

First 
result

★ Final design

Funding requested to MEXT

4519/3/2021
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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, E. Won

Publication committee
 chair: S. Eidelman

Y. Kondo

Surface muon beam
  leader: T. Yamazaki, N. Kawamura

K. Ishida
Ultra-slow muon
  leader: K. Ishida, G. Marshall

M. Otani

LINAC
  leader: Y. Kondo, M. Otani

DAQ and computing
  leader: Y. Sato, S. Lee

T. Suehara T. Yamanaka
Analysis
  leader: T. Yamanaka

Injection and storage
  leader: H. Iinuma

H. Iinuma
Storage magnet, field 
measurements

T. Kume
Detector
  leader: T. Yoshioka

Y. Sato

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

(K. Hayasaka) 46

The collaboration

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

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



g-2/EDM
TµS

MuSEUM
DeeMe

2021/3/25

J-PARC Muon Science Facility (MUSE)

g-2 thory initiative

Mu 1S-2S
S2

Proton
（3 GeV）

to the neutron spallation target

muon
production

target

Construction

Construction

Operation

第２実験ホール 第１実験ホール

Operation

Operation

Operation

Operation



J-PARC Muon Science Facility (MUSE)



49Summary
• Muon g-2 (and also EDM) provides excellent sensitivities to new 

physics models via quantum loops.

• BNL experiment (1998-2004)
– More than 3σ larger than the SM prediction

• Fermilab experiment (2018-)
– 8 x BNL statistics collected
– First results to be announced on April 8 midnight (KEK online 

seminar on April 19 9:30)

• J-PARC experiment (2025-)
– New method (complementary to magic gamma experiments)
– Aiming for data taking from 2025


