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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
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Lepton g-2
• Contributions to lepton g-2 can be written as
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Cx : Coupling strength
Λ : Mass Scale

Much larger contributions
to muon than electron.
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The white paper
Phys. Rep. 887 (2020) 1-166

(Submitted 15 June 
Accepted 29 July

Published 14 Aug)

A group of world experts come together aiming for a precise 
determination of muon g-2 in the standard model.

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

Muon g-2 theory initiative workshop (hosted by KEK)
June 28 – July 2nd, 2021 https://www-conf.kek.jp/muong-2theory/



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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[370 ppb]
parts per billion = 10-9
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Standard

Current status of muon g-2

The FNAL run 1 result
(1) Confirmed previous BNL result 
(2) Deviation from the SM became 4.2σ (was 3.7σ)

PRL 126, 141801 (2021)
Phys. Rev. D 103, 072002 (2021)
Phys. Rev. AB 24, 044002 (2021)
Phys. Rev. A 103, 042208 (2021)

Anomalous magnetic moment (aµx109 -1165900)



9Hadronic vacuum polarization
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Lattice Q
CD

Next workshop : Sep. 5-9, 2022 at U. of Edinburgh

e+e-data

Future inputs 
from

Belle II (e+e-)
MUonE (µ+e-) …

Ccrosscheck of 
the results from 
lattice groups is 
in progress.
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Electron g-2 (ae) and fine structure constant
Nature 588, 61 (2020)

LKB2020

Dae = ae (exp) – ae(Berkeley2018) = -8.8± 3.6 x 10-13 (-2.5s)
Dae = ae (exp) – ae(LKB2020) =   4.6± 3.0 x 10-13 (+1.6s)
Dae(scaled from Daµ) = Daµ(exp-SM) x (me/mµ)2 = 0.6

Translation of tension in a into ae

Fine structure constant

Berkeley2018

LKB2011

Harvard2008
ànew exp. 
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Three steps of g-2 & EDM measurement

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



12Spin precession of muon
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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
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BNL E821 experiment(1997-2001)

Photo courtesy of BNL E821

B= 1.45 T

14m

µ+ (3 GeV)

Muon storage ring

Positron
detectors

e+



Fermilab muon g-2 experiment (2018-)

14Photo courtesy of Fermilab E989

B= 1.45 T

14m

µ+ (3 GeV)



15FNAL g-2 : outlook

Muons : Experimental Summary                                                                              Lepton Photon : 10/01/22 : 16

Next FNAL measurements

Exp-SM discrepancy: 2150 ± 350 (expt) ± 370 (theory) ppb (with BNL measurement)
Discrepancy is of comparable size to the SM EWK contribution to g-2.

Run-2/3 is now being analysed : should reduce statistical uncertainty by ~ 2 and 
so get uncertainty: 215 (stat.) ⨁ 100 (sys.) ~ 240 ppb (vs 460 ppb Run-1)

With final dataset (Run 1-6) expect stat. to be approx. same as syst i.e.100 ⨁ 100 ppb

Run-2/3 is now 
being analysed
(240 ppb)

460 ppb

Goal
21xBNL
(140 ppb)

Based on Mark Lancaster’s slide
(LP2021)



16Why new experiment?

G. Venanzoni,  SIF, 16  Sett 2020AVG

Updated g-2 history (April 8 2021)

Muon G-2 FNAL data
Exp. Average

G. Venanzoni,  CERN Seminar, 8  April  2021
71

Dominated by the magic gamma experiments (BNL+FNAL).
àIndependent measurements are important.

theory experiments

G. Venanozoni (Apr 2021)

BNL

CERN



17Conventional muon beam

proton π+ μ+

pion
production

decay

emittance
~1000π mm・mrad

Strong focusing
Muon loss
BG π contamination

Source of systematic
uncertainties



18Muon 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

Source of systematic
uncertainties



µ+ (210 MeV)

µ+ (25 meV)

µ+(4 MeV)

Muon g-2/EDM experiment at J-PARC

0.66 m

muon storage magnet

J-PARC (MLF)
proton
(3 GeV)

Goals:
g-2     450 ppb (~ BNL/FNAL run 1)
EDM 1.5 x 10-21 e・cm (x70 better)



20Muon 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., 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

µ+ 
(300 MeV)



s]µ) [aTime (modulo T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

U
p-

do
w

n 
as

ym
m

et
ry

0.06-

0.04-

0.02-

0

0.02

0.04

0.06
3-10´

1110´ = 5.7+e = 50%  N+µP
 < 275 MeV+e200 MeV < E
cm× e-2010´ = 1 µd

s]µTime [
0 5 10 15 20 25 30

 c
ou

nt
s 

/ 5
 n

s
+

D
ec

ay
 e

710

810

910
1110´ = 5.7+e = 50%  N+µP

 < 275 MeV+e200 MeV < E

21

Simultaneous measurements: g-2, EDM

w


ω = −

e
m

aµ

B+η

2


β ×

B( )#

$%
&

'(

e+ decay time (µsec)

∝
ED

M

Mod(e+ decay time, Tg-2) (µsec)

Expected time spectrum of e+ in µàe+nn decay 



22Comparison of g-2 experiments

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

Completed                Running In preparation
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g-2 and muonium experiments

g-2

Mu HFS Mu 1S-2S
mµ

µµ mµ

⌫34 � ⌫12 / µµ

µp
<latexit sha1_base64="y2p4JW4y0ZVtmmQwLgmQkDrttQs="></latexit>

g-2
aµ =

!a
!p

!a
!p

� µµ

µp
<latexit sha1_base64="iJ/tSH4jPoXcobZRldwEJQsLKLA="></latexit>
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µp

µe

mµ

me
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2

<latexit sha1_base64="kb/lJy5V+BtpBlKG0BxuhMVZqAU="></latexit>

8 ppb 0.3 ppt120 ppb120 ppb

Mu-MASS(PSI), new exp.(J-PARC)

muonium muonium

Three quantities are mutually correlated.
Closing a triangle with new experiments will establish ultimate precision.

MuSEUM(J-PARC)

Fermilab E989
J-PARC g-2/EDM (preparation)

Ongoing
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g-2 and muonium experiments

g-2

Mu HFS Mu 1S-2S

g-2

MuSEUM(J-PARC) Mu-MASS(PSI), new exp.(J-PARC)

Fermilab E989
J-PARC g-2/EDM (preparation)

at J-PARC

Lead by S. Uetake (Okayama)

Lead by K. Shimomura (IMSS/KEK)

Ongoing

In preparation
Three independent experiments 
have launched at J-PARC for 
improved measurements.

Po
sit

ro
n d

et
ec

to
r

NM
R 

pr
ob

es

M
uonium

 production

and ionizationTechnical
synergies
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Experimental areas for experiments

S2 area 
for muon cooling tests
and Mu 1S-2S
Beam delivered in Jan 2022

H1 area 
for Mu-HFS
(MuSEUM)
Beam delivered in Jan 2022Extension 

for g-2/EDM
to be constructed in FY2022



26Mu ionization via 1S-2S:
a demonstrator of muon source

2022/3/3 共鳴初観測成功

2022/3/23 12

2022/3/3
初観測成功時の写真

244 nmパルス光入射の様子

Slide by Yamamoto, JPS 2022



27Intended schedule and milestone
2021 2022 2023 2024 2025 2026 2027 and 

beyond

KEK
Budget

Surface 
muon

Bldg. and 
facility

Muon 
source
LINAC

Injection and 
storage

Storage 
magnet

Detector

DAQ and 
computing

Analysis

Co
m

m
is

si
on

in
g

Da
ta

 ta
ki

ng

★ 4.3 MeV@ H2

★muon injection

★ Ionization test at H2

★Mass production ready

★ 80keV acceleration@S2

★ Ionization test @S2

★ Final design

★ fabrication complete
★ 210 MeV 

★ B-field probe
ready

★ Install

★ Shimming done

★ Completion of
electron injection test

★ Beam at H1 area ★ Beam at H2 area

★ Completion

★ Installation★ Quoter vane prototype

★ Tracking software ready
★ Analysis software ready

★ Ready

★ small DAQ system
operation test

★ grid service open
★ common computing
resource usage start



28Busy with preparations …



29Summary
• 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-)
– Run 1 data confirmed the BNL results. More data to come.

• J-PARC experiment (2027-)
– New method (complementary to magic gamma experiments)
– Starting related experiments with muonium
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Beamline construction (2020)

First beam
scheduled
in 2022

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.

Design completed

Design
completed

To be
evaluated
in 2022

Under evaluation
with e-beam

Nishikawa
Award (2017)

AAPPS C.N. Yang 
Award (2021)

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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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
g-2/EDM
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  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) 33

The collaboration

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



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

Muonium : a bound state of µ+ and e-

Cooling+LINAC à The world-first muon accelerator



Experimental sequence
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40ms (25 Hz)

~1μs

40 μs

Surface
muon beam
(4 MeV)

Thermal
muonium
(25 meV)

Ionization
(25 meV)

Acceleration + injection
(210 MeV)

Storage and detection
(210 MeV)

~1ns

~3ns

laser ionization

μ+àe+

μ+

μ+

Mu

μ+

co
ol

in
g

Time
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T. Yamazaki

Construction of surface 
muon beamline (H-line)

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)

38

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
Mu ionization will be tested at J-PARC MLF S-line from Jan 2022



40Muon LINAC developments
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IH-DTL test cavity DAW cold model



41

41

Demonstration of RF acceleration with Mu- ions
J-PARC MLF D2 area, October 2017 Slide by M. Otani
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Demonstration of RF acceleration with Mu- ions
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)



43Muon 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)
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Sprial Injection Test Experiment
with electron beam

Ibaraki U, KEK, U. Tokyo
KEK Tsukuba campus

E= 80 keV (p= 296 keV/c)



45Spiral Injection Test Experiment
with electron beam

Electrons successfully injected. 
Next step: demonstration of storage by a pulsed kicker



Magnet shimming test
Superconducting magnet (1.7 T)

Field uniformity: 0.454 ppm (peak-to-peak)
on the surface of sphere r=15 cm

iron sheet

shim tray
azimuth angle (rad)

po
la

r a
ng

le
 (r

ad
)

60ppb/line



Cross-calibration of absolute probe

47

• Absolute probes from Fermilab g-2 and J-PARC are 
compared in the magnet at ANL for cross 
calibration.

• Data taking completed at B=1.45 T (Fermilab) and 
1.7 T (MuSEUM). Planned another data taking at 
3.0 T (J-PARC).

• Supported by the US-Japan cooperative program 
(2017-2020), P. Winter (US-PI), K. Sasaki (JP-PI)



48Positron 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

JINST 15 P04027 (2020)

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

Basic performance test

Full-scale prototype of the frontend board
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Table 5. Summary of statistics and uncertainties.

Estimation

Total number of muons in the storage magnet 5.2 × 1012

Total number of reconstructed e+ in the energy window [200, 275 MeV] 5.7 × 1011

Effective analyzing power 0.42
Statistical uncertainty on ωa [ppb] 450
Uncertainties on aµ [ppb] 450 (stat.)

< 70 (syst.)
Uncertainties on EDM [10−21 e·cm] 1.5 (stat.)

0.36 (syst.)

Table 6. Estimated systmatic uncertainties on aµ.

Anomalous spin precession (ωa) Magnetic field (ωp)

Source Estimation (ppb) Source Estimation (ppb)

Timing shift < 36 Absolute calibration 25
Pitch effect 13 Calibration of mapping probe 20
Electric field 10 Position of mapping probe 45
Delayed positrons 0.8 Field decay < 10
Diffential decay 1.5 Eddy current from kicker 0.1
Quadratic sum < 40 Quadratic sum 56

After the ωa and ωp are extracted from the experimental data, aµ is obtained from Eq. (8). Table 5
summarizes statistics and uncertainties for 2.2×107 seconds of data taking. The estimated statistical
uncertainty on ωa is 450 ppb, while the statistical uncertainty on ωp will be negligibly small. Thus,
the statistical uncertainty of aµ would be 450 ppb.

Systematic uncertainties on ωa are estimated as follows. A timing shift due to pile-up of hits in the
tracking detector is estimated as less than 36 ppb in the detector simulation by taking into account
time responses of readout electronics. A correction for a pitch angle is not necessary in the case
of muon storage in a perfect weak magnetic focusing field [58]. A difference in the actual field
distribution from the perfect case leads to a systematic uncertainty of 13 ppb, which is estimated
from a precision spin-tracking simulation of muon beam storage. Residual electric fields modify
ωa through the #β × #E term. With 1 mV/cm monitoring resolution for an E-field, the error on ωa is
10 ppb. Other effects, such as distortion of the time distribution due to high-energy positrons hitting
the detector at delayed timing and differential decay due to the momentum spread of the muon beam,
are of the order of 1 ppb. In the ωp measurement, absolute calibration of the standard probe has an
uncertainty of 25 ppb. The positioning resolution of the field mapping probe at the calibration point
and the muon storage region leads to 20 ppb and 45 ppb uncertainties, respectively. Other effects,
such as field decay and eddy currents from the kicker, are less than 10 ppb. Table 6 summarizes
systematic uncertainties on aµ. We estimate that the combined systematic uncertainty on aµ is less
than 70 ppb.

A muon EDM will produce muon spin precession out of the horizontal plane that is defined by
the ideal muon orbit. This can be seen from Eq. (7) where the second term is the EDM term, which
is perpendicular to the aµ term. Due to the fact that the EDM term generates vertical motion of the
spin, one can extract the EDM term from the oscillation of the up and down asymmetry AUD(t) in
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Pitch effect 13 Calibration of mapping probe 20
Electric field 10 Position of mapping probe 45
Delayed positrons 0.8 Field decay < 10
Diffential decay 1.5 Eddy current from kicker 0.1
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After the ωa and ωp are extracted from the experimental data, aµ is obtained from Eq. (8). Table 5
summarizes statistics and uncertainties for 2.2×107 seconds of data taking. The estimated statistical
uncertainty on ωa is 450 ppb, while the statistical uncertainty on ωp will be negligibly small. Thus,
the statistical uncertainty of aµ would be 450 ppb.

Systematic uncertainties on ωa are estimated as follows. A timing shift due to pile-up of hits in the
tracking detector is estimated as less than 36 ppb in the detector simulation by taking into account
time responses of readout electronics. A correction for a pitch angle is not necessary in the case
of muon storage in a perfect weak magnetic focusing field [58]. A difference in the actual field
distribution from the perfect case leads to a systematic uncertainty of 13 ppb, which is estimated
from a precision spin-tracking simulation of muon beam storage. Residual electric fields modify
ωa through the #β × #E term. With 1 mV/cm monitoring resolution for an E-field, the error on ωa is
10 ppb. Other effects, such as distortion of the time distribution due to high-energy positrons hitting
the detector at delayed timing and differential decay due to the momentum spread of the muon beam,
are of the order of 1 ppb. In the ωp measurement, absolute calibration of the standard probe has an
uncertainty of 25 ppb. The positioning resolution of the field mapping probe at the calibration point
and the muon storage region leads to 20 ppb and 45 ppb uncertainties, respectively. Other effects,
such as field decay and eddy currents from the kicker, are less than 10 ppb. Table 6 summarizes
systematic uncertainties on aµ. We estimate that the combined systematic uncertainty on aµ is less
than 70 ppb.

A muon EDM will produce muon spin precession out of the horizontal plane that is defined by
the ideal muon orbit. This can be seen from Eq. (7) where the second term is the EDM term, which
is perpendicular to the aµ term. Due to the fact that the EDM term generates vertical motion of the
spin, one can extract the EDM term from the oscillation of the up and down asymmetry AUD(t) in
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Estimated systematic uncertainties on aµ

Summary of statistical uncertainties



Very weak magnetic focusing
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Weak focusing B-field 
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Vertical position

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

• 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.

• Also very powerful to suppress the 
“pitch effect” on g-2 (~10 ppb).
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51Particle dipole moment

Magnetic Dipole Moment

Electric Dipole Moment

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



52Muon EDM
EDM(dµ) vs aµ (model independent relation)

A. Crivellin et al., PRD 98, 113002 (2018)

J-PARC
FNAL

Current upper limit
dµ < 10-19 e・cm (BNL E821)

PSI

Complex representation of the 
dipole moment operator:

J-PARC and FNAL explore scenarios 
of the phase region (70-90 deg.)

Future plan at PSI to push down to 
10 deg.

<latexit sha1_base64="GbWyBCUJuneG0/ll4qVxk/jT3nQ="></latexit>
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53EDM and radial magnetic field

E = Y + T
= -甁で鷗]

B ' = 唁 城
で弐傾十成 +知側

が 1應
Indi stringustable



54EDM and radial magnetic field
Slide from Joe Price (muEDM workshop at PSI)



55Muon storage with magnetic 
focusing

E = Y + T
= -甁で鷗]

B ' = 唁 城
で弐傾十成 +知側

が 1應
Indi stringustable

Magnetic foousing
B a成城

→ →だ= BoatBert Bf no

球げ 或.

Beam will
find Itself at

BT 。 position

A. Silenko, arXiv:1705.10859

https://arxiv.org/abs/1705.10859


g-2/EDM
TµS

MuSEUM
DeeMe

2022/5/13

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

第２実験ホール 第１実験ホール



57Experimenter’s view of charged leptons

electron muon tau
Yield / cross 
sections

Avogadro 
number NA
~1023

108/sec à
1011/sec (future)

Pion production 
O(10 mb)

5x1010 tau pairs 
for 50 ab-1

(Belle II goal)
Tau production 
~1nb @Belle II

Lifetime, cτ
(dominant 
decay)

infinity 2.2 μs, 660 m
(leptonic 100%)

0.3 ps, 87 μm
(hadronic 65%
leptonic 35%)

Natural 
polarization

none 100%
(at birth)

none

Self analyzing? none yes yes only for 
leptonic decays



58Precision of physical quantities
electron muon tau

Mass

Relative precision

0.510 998 946 1 
(31) MeV
6 ppb

105.658 374 5 
(24) MeV
23 ppb

1776.86 (12) 
MeV
68 ppm

Anomalous 
magnetic 
moment (g-2)

115 965 218.091 (26)
x 10-10

0.2 ppb

116 592 061(41) 
x 10-10

350 ppb

>0.052 and
< 0.013 (95% CL)
10(?)

Electric dipole 
moment (EDM)

< 1.1 x 10-29

ecm (90% CL)
< 1.8 x 10-19

ecm (95% CL)
< 0.45 x 10-16

ecm (95% CL)

cLFV BR limits --- O(10-13) O(10-8)

11/43000 280

11/207 17

with mass scaling

quadratic

linear


