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It should be noted that the negative NLO contribution results
in an anticorrelation between its uncertainty and the uncer-
tainty from the LO contribution, consequently resulting in a
slight reduction in the overall uncertainty that has been
incorporated into Eq. (3.34).
The hadronic LbL contributions, although small compared

to the hadronic vacuum polarization sector, have, in the past,
beendetermined throughmodel-dependent approaches.These
are based on meson exchanges, the large Nc limit, ChPT
estimates, short distance constraints from the operator product
expansion, andpQCD.Over time, several different approaches
to evaluating ahad;LbLμ have been attempted, resulting in good
agreement for the leading Nc (π0 exchange) contribution, but
differing for subleading effects. A commonly quoted deter-
mination of the LbL contribution is the “Glasgow consensus”
estimate of ahad;LbLμ ðGlasgow consensusÞ ¼ ð10.5 $ 2.6Þ ×
10−10 [101] (alternatively, see [102–105]). However, recent
works [106–108] have reevaluated the contribution toahad;LbLμ

due to axial exchanges, where it has been found that this
contribution has, in the past, been overestimated due to an
incorrect assumption that the form factors for the axial meson
contribution are symmetric under the exchange of two photon
momenta [106]. Under this assumption, the determination in
[102] previously found the axial vector contribution to be
ahad;LbL;axialμ ¼ð2.2$ 0.5Þ×10−10. Correcting this reduces this
contribution to ahad;LbL;axialμ ¼ð0.8$ 0.3Þ×10−10 [106,107].
Applying this adjustment to theGlasgow consensus result, the
estimate in [108] finds

ahad;LbLμ ¼ ð9.8 $ 2.6Þ × 10−10; ð3:35Þ

which is the chosen estimate for ahad;LbLμ in this work. This
result is notably lower than the previously accepted LbL
estimates and will incur an overall downward shift on aSMμ . It
is, however, still within the original uncertainties when
comparing with the original Glasgow consensus estimate.
Alternatively, it should be noted that the estimate of
ahad;LbLμ ¼ ð10.2 $ 3.9Þ × 10−10 [108,109], which is a result
that is independent of the Glasgow consensus estimate,
could be employed here. In addition, the recent work [105]
has provided an estimate for the next-to-leading order
hadronic LbL contribution. It has found ahad;NLO-LbLμ ¼
ð0.3 $ 0.2Þ × 10−10, which does not alter the hadronic
LbL contribution significantly, but is taken into account
in the full SM prediction given below.
Much work has also been directed at the possibility of a

model independent calculation of ahad;LbLμ to further consoli-
date the SM prediction of aμ. One approach involves the
measurement of transition form factors by KLOE-2 and
BESIII, which can be expected to constrain the leading
pseudoscalar-pole (π0, η; η0) contribution to a precision of
approximately 15% [108]. Alternatively, the pion transition
formfactor (π0 → γ%γ%) canbecalculated on the lattice for the
same purpose [110]. New efforts into the prospects of

determining ahad;LbLμ using dispersive approaches are also
very promising [111–116], where the dispersion relations are
formulated to calculate either thegeneral hadronicLbL tensor
or to calculate ahad;LbLμ directly. These approaches will allow
for the determination of the hadronic LbL contributions from
experimental data and, at the very least, will invoke stringent
constraints on future estimates. Last, there has been huge
progress in developingmethods for a direct lattice simulation
of ahad;LbLμ [110,117–123]. With a proof of principle already
well established, an estimate of approximately 10% accuracy
seems possible in the near future. Considering these develop-
ments and the efforts of the Muon g − 2 Theory Initiative
[124] to promote the collaborative work of many different
groups, the determination of ahad;LbLμ on the level of the
Glasgowconsensuswill, at thevery least, be consolidated and
a reduction of the uncertainty seems highly probable on the
time scales of the new g − 2 experiments.
Following Eq. (3.31), the sum of all the sectors of the SM

results in a total value of the anomalous magnetic moment
of the muon of

aSMμ ¼ ð11659182.04 $ 3.56Þ × 10−10; ð3:36Þ
where the uncertainty is determined from the uncertainties
of the individual SM contributions added in quadrature.
Comparing this with the current experimental measurement
given in Eq. (1.1) results in a deviation of

Δaμ ¼ ð27.06 $ 7.26Þ × 10−10; ð3:37Þ
corresponding to a 3.7σ discrepancy. This result is compared
with other determinations of aSMμ in Fig. 25. In particular, a
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FIG. 25. A comparison of recent andprevious evaluations ofaSMμ .
The analyses listed in chronological order are DHMZ10 [84], JS11
[85], HLMNT11 [9], FJ17 [79], and DHMZ17 [78]. The prediction
from this work is listed as KNT18, which defines the uncertainty
band that other analyses are compared to. The current uncertainty
on the experimental measurement [1–4] is given by the light blue
band. The light grey band represents the hypothetical situation of
the new experimental measurement at Fermilab yielding the same
mean value for aexpμ as the BNL measurement, but achieving the
projected fourfold improvement in its uncertainty [5].
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A. Keshavarzi, D. Nomura, T. Teubner, Phys. Rev. D 97, 114025 (2018)

Note that electron g-2 is consistent with the SM.



Comparison of experiments
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muon g-2 and EDM measurements
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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
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• Muon polarization
• Muon storage ring
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Injection

Injection efficiency 3-5%

kick



Kicker
Storing the Muon Beam: The Fast Muon Kicker

•Muons enter 77 mm outside ideal closed orbit with radius 7112 mm

•Muons cross ideal orbit at 90�, angle o↵ by 77 mm/7112 mm ⇡ 11 mrads

) Reduce B by ⇡ 300 Gauss over 4 metres for 149 ns at 100 Hz, 10% homogeneity

• Kicker steers muons onto stored orbit with ⇡ 50 kV, 5000 Amp pulse

Muon g-2 Experiment at Fermilab, D. Kawall SchwingerFest 2018 UCLA, Dec 4th, 2018 13
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Electric quadrupolesStoring the Muon Beam: Vertical Focusing Electric Quadrupoles

• Use electric quadrupoles for linear restoring force in vertical

• Uniform quadrupole field leads to simple harmonic motion about closed orbit

x = xe + Ax cos
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V=~24 kV
n =~0.14



Beam distribution at storage

30 mm
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Storage magnet



Magnet Reassembly at Fermilab June 2014 - June 2015
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Measurement of magnetic field

works superimposed on a schematic representation of the
time and width of the muon bunch as it passes the location
of a single kicker section. While a square-wave current
pulse—bracketing the injected bunch and turning off com-
pletely before the next revolution—would be ideal, the
actual pulse waveform acts both positively and negatively
on the bunch during the first five turns in the ring. The
injection efficiency is estimated to be 3–5%. Even at this
modest efficiency, direct muon injection is a significant
improvement compared to pion injection, not only in stor-
age efficiency, but also because of the reduction of the
hadronic flash.

The magnetic field produced by a prototype kicker was
measured [20] using a magnetometer based on the Faraday
effect. The main magnetic field, and the transient field
following the kicker pulse, were measured to a few percent.
Excellent agreement was obtained between OPERA and
measurement for the field at the peak of the current pulse,
and for the residual magnetic field, see Fig. 11. The resid-
ual magnetic field 30 !s after the main pulse contributes
less than 0.1 ppm to the integrated magnetic field seen by
the muon beam.

G. Field measurement instrumentation

Precision measurements of the magnetic field are made
using the free-induction decay (FID) of nuclear magnetic
resonance (NMR) of protons in water [22]. The various
NMR probes are calibrated with respect to an absolute
calibration probe, which is a spherical sample of water
[see Fig. 12(a)]. The functionality of the NMR measure-
ment system and the reliability of the absolute calibration
probe were established in a wide bore superconducting
magnet. The very same equipment was used to calibrate
the field in a muonium microwave experiment at Los
Alamos National Laboratory [12], where the Zeeman ef-
fect in the ground state was measured to obtain the muon
magnetic moment. The suite of NMR probes used in E821
includes:

(i) A calibration probe with a spherical water sample
[Fig. 12(a)], that provides an absolute calibration
between the NMR frequency for a proton in a water
sample to that of a free proton [23]. This calibration
probe is employed at a plunging station located at a
region inside the storage ring, where special em-
phasis was put on achieving high homogeneity of
the field.

(ii) A plunging probe [Fig. 12(b)], which can be in-
serted into the vacuum in the plunging station at
positions matching those of the trolley probe array.
The plunging probe is used to transfer calibration
from the absolute calibration probe to the trolley
probes.

(iii) A set of 378 fixed probes placed above and below
the storage-ring volume in the walls of the vacuum

chamber. These probes have a cylindrical water
sample oriented with its axis along the tangential
direction [Fig. 12(c)]. They continuously monitor
the field during data taking.

(iv) Seventeen probes mounted inside a trolley that can
be pulled through the storage ring to measure the
field (Fig. 13). The probes on board the trolley are
identical in design and shape to the fixed probes
(Fig. 12(c)).

Initially the trolley and fixed probes contained a water
sample. Over the course of the experiment, between run
periods, the water samples in many of the probes were

FIG. 12. Schematics of different NMR probes. (a) Absolute
probe featuring a 10 mm diameter spherical sample of water.
This probe was the same one used in Ref. [12] to determine the
muon-to-proton magnetic moment ratio. (b) Plunging probe,
which can be inserted into the vacuum at a specially shimmed
region of the storage ring to transfer the calibration to the trolley
probes. A spherical water sample is enclosed inside the coil Ls.
(c) The standard probes used in the trolley and as fixed probes.
The resonant circuit is formed by the two coils with inductances
Ls and Lp and a capacitance Cs made by the Al housing and a
metal electrode. A cylindrical water plus CuSO4 sample of
approximately 10 mm length is used.
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Mapping the magnetic field

• Most precise technique: NMR probes, which return B field 
strength in terms of precession frequency of a proton 

• E.g: pulsed NMR 
• π/2 RF pulse is used to rotate a proton spin 
• detect the free induction decay using a pick up coil around the sample
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strength in terms of precession frequency of a proton 
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• π/2 RF pulse is used to rotate a proton spin 
• detect the free induction decay using a pick up coil around the sample
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Field mapping trolley



Magnetic field distribution along the muon beam orbit
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The ± 1 ppm uniformity in the average field 
is obtained with special shimming tools.

We can shim the

dipole,
quadrupole
sextupole
independently

0.5 ppm 
contours



Positron detectors

Pb/SciFi calorimeter
Lead alloy (52%)
Scintillation fiber (38%)
Epoxy (10%)

Energy resolution 7% at 1.9 GeV



Time distribution of e+ (BNL E821)
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Corrections to !a: Pitch and Electric Field Correction

• Corrections to !a determined by calorimeter required because:

(1) Not all muons at magic momentum ) not on center orbit ) see net electric field

(2) Vertical betatron motion: muons pitching up/down out of horizontal plane
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E-Field Correction

• E-field correction needs momentum distribution: from fast-rotation (de-bunching) analysis,
straw tracking chambers, muon beam fiber monitors

• For BNL: electric field correction ⇡ +0.47± 0.05 ppm

• Pitch correction: needs muon distribution: from straw tracking chambers

• For BNL: pitch correction ⇡ +0.27± 0.04 ppm

Corrections verified from detailed spin tracking analysis using complete relativistic equa-
tions, actual discontinuous quad geometry, actual magnetic field distributions, ...
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Pitch and E-field corrections

+0.47 � 0.05 ppm+0.27 � 0.04 ppm 



Relating measurements to g-2
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• muon spin precession

• proton spin precession

• muon magnetic moment

Magnetic moment ratio

direct using Dn
+ theory 

LAMPF(1999)

540 ppb (BNL)
140 ppb
(Fermilab/J-PARC)
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It should be noted that the negative NLO contribution results
in an anticorrelation between its uncertainty and the uncer-
tainty from the LO contribution, consequently resulting in a
slight reduction in the overall uncertainty that has been
incorporated into Eq. (3.34).
The hadronic LbL contributions, although small compared

to the hadronic vacuum polarization sector, have, in the past,
beendetermined throughmodel-dependent approaches.These
are based on meson exchanges, the large Nc limit, ChPT
estimates, short distance constraints from the operator product
expansion, andpQCD.Over time, several different approaches
to evaluating ahad;LbLμ have been attempted, resulting in good
agreement for the leading Nc (π0 exchange) contribution, but
differing for subleading effects. A commonly quoted deter-
mination of the LbL contribution is the “Glasgow consensus”
estimate of ahad;LbLμ ðGlasgow consensusÞ ¼ ð10.5 $ 2.6Þ ×
10−10 [101] (alternatively, see [102–105]). However, recent
works [106–108] have reevaluated the contribution toahad;LbLμ

due to axial exchanges, where it has been found that this
contribution has, in the past, been overestimated due to an
incorrect assumption that the form factors for the axial meson
contribution are symmetric under the exchange of two photon
momenta [106]. Under this assumption, the determination in
[102] previously found the axial vector contribution to be
ahad;LbL;axialμ ¼ð2.2$ 0.5Þ×10−10. Correcting this reduces this
contribution to ahad;LbL;axialμ ¼ð0.8$ 0.3Þ×10−10 [106,107].
Applying this adjustment to theGlasgow consensus result, the
estimate in [108] finds

ahad;LbLμ ¼ ð9.8 $ 2.6Þ × 10−10; ð3:35Þ

which is the chosen estimate for ahad;LbLμ in this work. This
result is notably lower than the previously accepted LbL
estimates and will incur an overall downward shift on aSMμ . It
is, however, still within the original uncertainties when
comparing with the original Glasgow consensus estimate.
Alternatively, it should be noted that the estimate of
ahad;LbLμ ¼ ð10.2 $ 3.9Þ × 10−10 [108,109], which is a result
that is independent of the Glasgow consensus estimate,
could be employed here. In addition, the recent work [105]
has provided an estimate for the next-to-leading order
hadronic LbL contribution. It has found ahad;NLO-LbLμ ¼
ð0.3 $ 0.2Þ × 10−10, which does not alter the hadronic
LbL contribution significantly, but is taken into account
in the full SM prediction given below.
Much work has also been directed at the possibility of a

model independent calculation of ahad;LbLμ to further consoli-
date the SM prediction of aμ. One approach involves the
measurement of transition form factors by KLOE-2 and
BESIII, which can be expected to constrain the leading
pseudoscalar-pole (π0, η; η0) contribution to a precision of
approximately 15% [108]. Alternatively, the pion transition
formfactor (π0 → γ%γ%) canbecalculated on the lattice for the
same purpose [110]. New efforts into the prospects of

determining ahad;LbLμ using dispersive approaches are also
very promising [111–116], where the dispersion relations are
formulated to calculate either thegeneral hadronicLbL tensor
or to calculate ahad;LbLμ directly. These approaches will allow
for the determination of the hadronic LbL contributions from
experimental data and, at the very least, will invoke stringent
constraints on future estimates. Last, there has been huge
progress in developingmethods for a direct lattice simulation
of ahad;LbLμ [110,117–123]. With a proof of principle already
well established, an estimate of approximately 10% accuracy
seems possible in the near future. Considering these develop-
ments and the efforts of the Muon g − 2 Theory Initiative
[124] to promote the collaborative work of many different
groups, the determination of ahad;LbLμ on the level of the
Glasgowconsensuswill, at thevery least, be consolidated and
a reduction of the uncertainty seems highly probable on the
time scales of the new g − 2 experiments.
Following Eq. (3.31), the sum of all the sectors of the SM

results in a total value of the anomalous magnetic moment
of the muon of

aSMμ ¼ ð11659182.04 $ 3.56Þ × 10−10; ð3:36Þ
where the uncertainty is determined from the uncertainties
of the individual SM contributions added in quadrature.
Comparing this with the current experimental measurement
given in Eq. (1.1) results in a deviation of

Δaμ ¼ ð27.06 $ 7.26Þ × 10−10; ð3:37Þ
corresponding to a 3.7σ discrepancy. This result is compared
with other determinations of aSMμ in Fig. 25. In particular, a
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FIG. 25. A comparison of recent andprevious evaluations ofaSMμ .
The analyses listed in chronological order are DHMZ10 [84], JS11
[85], HLMNT11 [9], FJ17 [79], and DHMZ17 [78]. The prediction
from this work is listed as KNT18, which defines the uncertainty
band that other analyses are compared to. The current uncertainty
on the experimental measurement [1–4] is given by the light blue
band. The light grey band represents the hypothetical situation of
the new experimental measurement at Fermilab yielding the same
mean value for aexpμ as the BNL measurement, but achieving the
projected fourfold improvement in its uncertainty [5].

MUON g − 2 AND αðM2
ZÞ: A NEW DATA-BASED ANALYSIS PHYS. REV. D 97, 114025 (2018)

114025-23

Result of BNL E821 experiment
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E821 2004

A. Keshavarzi, D. Nomura, T. Teubner, Phys. Rev. D 97, 114025 (2018)

stat. 460 ppb
syst. 280 ppb

Phys. Rev. D 73
072003 (2006) 



Why Fermilab? Statistics!

) Brookhaven statistics limited:
a
BNL
µ

= 0.001 165 920 89 (54)stat (33)sys

• BNL ±540 ppb uncertainty on aµ,
9⇥ 109 events

) Fermilab goal 2⇥ 1011, factor 21

Fermilab Advantages:

• Long decay channel for ⇡ ) µ

• Reduced ⇡ and p in ring

• Factor 20 reduction in hadronic flash

) 4⇥ higher fill frequency than BNL

• Muons per fill about the same

) 21 times more detected e
+
, 2⇥ 1011

Muon g-2 Experiment at Fermilab, D. Kawall SchwingerFest 2018 UCLA, Dec 4th, 2018 11

21 times more detected e+



28

Estimated systematic uncertainties wa
Systematic Uncertainty Goals on Muon Precession Measurement !a

• Implemented new calorimeters, trackers, new techniques to reduce uncertainties factor 2.6

•Main issues: muons underkicked, momentum of stored muon above pmagic, fixes planned

• Stored muon flux below design value, fixed planned

Muon g-2 Experiment at Fermilab, D. Kawall SchwingerFest 2018 UCLA, Dec 4th, 2018 21



Estimated systematic uncertainties wpSystematic Uncertainty Goals on B Field Measurement !p

• Implemented new electronics, new probes, new techniques reduce uncertainties factor 2.5

•Main issue: magnet wasn’t insulated, field not as stable as we’d like

Muon g-2 Experiment at Fermilab, D. Kawall SchwingerFest 2018 UCLA, Dec 4th, 2018 36
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CERNCOURIER
I N T E R N A T I O N A L  J O U R N A L  O F  H I G H - E N E R G Y  P H Y S I C S

Muon g-2 moves 
on to a new life

CP VIOLATION
Meeting honours 
50 years of a 
major discovery 
p32

NEW RESULTS
FROM AMS

Evidence for a new
source of positrons p6

Celebrations of
60 years of 
science for peace 
p28

CERN60
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Fermilab E989 experiment

Photo courtesy of Fermilab E989

B= 1.45 T

14m

µ+ (3 GeV)



Boston University College of Arts & Sciences

Muon beam line

 10

Image from D. Stratakis

Slide by Nam Tran



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

33

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



Boston University College of Arts & Sciences

Mapping the magnetic field

• Map the magnetic field inside the ring every 3 days 
• Fixed probes for continuously monitoring

 17

Slide by Nam Tran, FPCP 2019 (May 6)



Storage Ring Magnet: Centerpiece of the Experiment

• 682 tons, 4 coils⇥24 windings⇥5200 Amps/winding, 72 poles, B=1.4513 T

• B⇥gap ⇡ µ0I ) 1.45 T⇥ 0.2 m ⇡ 4⇡ ⇥ 10�7 ⇥ 48⇥ 5200 Amps,
�B

B
⇡ ��gap

gap
• Oct 2015-Aug 2016: adjustments of pole gaps, tilts, 8000+ fine iron laminations

• B uniformity at ± 20 ppm level (RMS) , gap uniform at 4 micron level over 45 m

Muon g-2 Experiment at Fermilab, D. Kawall SchwingerFest 2018 UCLA, Dec 4th, 2018 25



Boston University College of Arts & Sciences

Beam profile measurement

• Two tracker stations for monitoring

 19

Muon
storage 
region

Top down view

Muon view

Slide by Nam Tran, FPCP 2019 (May 6)



Boston University College of Arts & Sciences

Data taking progress
• Finished first physics run, Run 1, in July 2018 

• Field uniformity 2x better than BNL 
• 1.75×1010 positrons collected, ~ 2x BNL stats 

• 1.4x BNL after data quality cut, δωa(stat) ~ 350 ppb 
• analysis in progress 

• Half way through the Run 2 
• Improvements: muon flux, kicker strength, overall stability, …

 20

Slide by Nam Tran, FPCP 2019 (May 6)



Slide by Nam Tran, FPCP 2019 (May 6)



• BNL/FNAL major systematics (on ωa)

39

Systematic uncertainties

Source BNL (ppm) FNAL goal 
(ppm)

Gain changes 0.12 0.02

Lost muons 0.09 0.02

Pile up 0.08 0.04

CBO 0.07 0.04

E and pitch 0.05 0.03

Total 0.18 0.07

All related with 
beam quality and 
characteristics.

Largely 
suppressed
if emittance of 
muon beam is 
small.
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Thermal muonium
production,
Ionization laser

Muon storage
magnet(3 T)

MLF muon experimental
facility (H-line)

Positron tracking
detector

Proton beam (3 GeV)

Surface muon (4 MeV)

Ultra-slow muon (25 meV)

Reaccelerated muon(212 MeV)

3D spiral injection
Muon LINAC

Muon g-2/EDM
experiment
at J-PARC

Features:
• Low emittance muon beam (1/100 of BNL)
• No strong focusing (1/1000) & good injection eff. (x10)
• Compact storage ring (1/20) 
• Tracking detector with large acceptance
• Completely different from BNL/FNAL method



Conventional muon beam
proton π+ μ+

pion
production

decay

emittance
~1000π mm�mrad

Strong collimation
Strong focusing
Muon loss
BG π contamination

41



Muon beam at J-PARC

Reaccelerated
thermal muon

proton π+ μ+

pion
production

decay

cooling μ+

emittance
~1000π mm�mrad

emittance
1π mm�mrad

Strong collimation
Strong focusing
Muon loss
BG π contamination

Free from any of these

42
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Experimental sequence
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40ms (25 Hz)

~1μs

40 μs

Surface
muon beam
(28 MeV/c)

Thermal
muonium
(3keV/c)

Ultra-slow muon
(3keV/c)

Acceleration + injection
(300 MeV/c)

Storage and detection
(300 MeV/c)

~1ns

~3ns

laser ionization

μ+àe+

μ+

μ+

Mu

μ+
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Expected time spectrum of e+ in µàe+nn decay 
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Comparison of experiments

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



Expected uncertaintiesPTEP 2019 , 053C02 M. Abe et al.

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 β⃗ × E⃗ 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

19/22
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Bird’s eye photo in Feb. 2008 48



Proposed experimental site

49

Parking lot

muon
production
target

sparation 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



H-line being constructed!

50

Photo by T. Yamazaki

To g-2/EDM

DeeMe
MuSEUM(Mu-HFS)
Mu 1S-2S



H-line being constructed!

51

Photo by T. Yamazaki
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Production target

(20 mm)

3 GeV proton beam

( 333 uA)

Surface muon beam 

(28 MeV/c)
Muonium Production 

(300 K ~ 25 meV⇒2.3 keV/c)

Silicon
Tracker

66 cm

Super Precision Storage Magnet

(3T, ~1ppm local precision)

Resonant Laser Ionization of Muonium (~106 µ+/s)

Δ(g-2)  =   0.1 ppm

ΔEDM  = 10-21 e�cm
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surface 
muon beam

Muonium
(µ+e-)

Silica aerogel
�SiO2, 30 mg/cc�

8 mm

� no hole
� w/ holes

P. Bakule et al., PTEP 103C0 (2013)
G. Beer et al., PTEP 091C01 (2014)

Efficiency (measured) 

3 x10-3/µ
(laser region 5mm x 50mm)

Production of thermal energy 
muonium

Laser-ablated holes

Data taken at TRIUMF



Laser ionization of muonium
J-PARC MLF U-line laser system �RIKEN+KEK�1Sà2Pàunbound

efficiency (calculated) 73% @100uJ



Laser ionization of muonium
J-PARC MLF U-line laser system �RIKEN+KEK�1Sà2Pàunbound

efficiency (calculated) 73% @100uJ
~20% @10uJ (Current) 55

Lyman-α

8.4μJ (after LiF)
(design goal: 100μJ)

Current bottleneck
(ceramic crystal for 
x10 aplification)



Laser ionization of muonium (Plan B)

56

2S

Slide by S. Uetake (Muonium WS in Osaka, Dec. 2018)

244 nm  

244 nm



Muon LINAC
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RF acceleration of Mu- for the first time!

58

J-PARC MLF D2 area, October 2017 Slide by M. Otani
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J-PARC MLF D2 area, October 2017 Slide by M. Otani

S. Bae et al.,Phys. Rev. AB 21, 050101 (2018).

RF acceleration of Mu- for the first time!



Q-magnets

RFQ IH

Next step: re-acceleration to 1 MeV

Mu
production Beam 

diagnostics
detectors

J-PARC MLF
Experimental Hall

SolenoidBeam
Blocker

H1 area

(M
uSEUM/D

eeMe)

Bend
magnet

Q-m
agnets

blocke
r

surface muon (4 MeV)

accelerated muon (25meVà1.3 MeV)

60

Initial
Accel.



First measurement of beam bunch 
structure of accelerated Mu-

time of flight with a remainder of 3.09 [ns]
1.5- 1- 0.5- 0 0.5 1 1.5
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 0.05 ns± RMS= 0.72 °133
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Y. Sue (Nagoya)

Time modulo of RF period [ns]

fRF=324 MHz
25 Hz

Detector

90 keV
5.6 keVMu-

Preliminary
MLF D2 area

Nagoya, KEK, 
JAEA, Ibaraki, 
Tokyo
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An accelerating structure (IH-DTL cavity)
to 1.3 MeV

Mar 2017, Photo by M. Otani

Design: M. Otani et al., Phys. Rev. AB 19, 040101 (2016)



Muon 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)63



Testing spiral injection with electron beam

64

Beam track

Mirror

Injection hole

Reflection from 
chamber wall

Master thesis, M. A. Rehman (2017)

Injection angle was changed from 47 to 44 deg.



Muon storage magnet and detector

65

Cryogenics

e+ tracking
detector

2900 m
m

Muon storage orbit

Iron yoke

Super conducting coils

666 mm

Drawn by Hitachi Co.

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



Average magnetic field

good field region

25 ppb/line
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B-field shimming test with the MuSEUM
magnet (1.7 T) at J-PARC



No shim�
2015/05/19!

3!

!  860 ppm p-p�

in 50 cm DSV �

Field shimming by iron arrays

After shimming #3�
2015/05/19!

!  Measured by single probe system 
!  Spheroid : r=100 mm, z=300 mm�

22! 68

After shimming

Before shimming

Plots by K. Sasaki

B(μT)

azim
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r = 140 mm

B(μT)
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400 ppm

0.4 ppm

-600 ppm

-0.5 ppm



Cross calibration of B-field probes

69ANL, March 27 2018

J-PARC
Probe

Fermilab
Probe



70

Cross calibration between J-PARC and 
US NMR probes at ANL (Jan 14- 2019)

J-PARC
probe

US
probe

MRI magnet

Movable stage

Initial results reported in 
H. Yamaguchi et al.,  IEEE Trans. on Appl. Sup., 29 9000904 (2019)



• Requirements
– Detection of e+ (100<E<300 MeV)

– Reconstruction of momentum 
vector

– Stability over rate changes
�1.4 MHz à 14 kHz�

• Specifications
– Sensor: p-on-n single-sided strip

– Number of vanes: 40 

– Number of sensors : 640

– Number of strips : 655,360

– Area of sensors : 6.24 m2

Positron tracking detector

71

¼ vane

φ590 mm

75
0 

m
m

200 mm



Positron tracking detector

72

Si-stripsensors

Assembly (Kyushu + KEK)

Test module (Kyushu + KEK)

Great help from ATLAS and Belle II group at KEK



Typical event positron track
in a 5 ns time window



Track finding at low rate (0.6 track/ns�

74

Y. Sato



Track finding at high rate (6 track/ns�

75

Y. Sato



Reconstruction efficiency
8. DETECTOR AND RECONSTRUCTION 35
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Figure 27: Track finding efficiency as a function of positron energy in different conditions on
the positron track rate (left) and track finding efficiency respect to the sample of track rate of
0.06 tracks/ns (right). The detector with 48 vanes are used and the effect of readout ASIC is consid-
ered.

and fitting separately the different energy-sorted time histograms, one can increase the
statistical power of the data and reduce the sensitivity to a change in efficiency vs time. In
that case, an energy-sorted histogram having a rate-changing efficiency would only look like
a varying slow term, which can be removed by the ratio analysis or the spin-flip technique.
This presumes that any track-assigned momentum – once found and fitted – does not depend
on any rate-related background; it seems to be a good working assumption.

We studied energy-sorted counting method and estimated statistical uncertainty. To demonstrate it,
histograms of the number of positrons are separated into several energy bins. Each histograms are
fitted and the resulting uncertainties on ωa are combined statistically. Figure 28 shows this result. As
increasing the number of energy bins, the statistical uncertainty on ωa is reduced. We are going to
adopt this method as an alternative counting method (see Section 12.1.5 of TDR).

8.7 Number of vanes

Recommendation-36: It was not clear to the committee that the number of vanes in
the proposed detector configuration was optimized. Given the high cost of the tracker, a
value engineering exercise should be carried out. There are many other implications besides
costs; e.g., heat load, data load, current draw.

We have reviewed the number of vanes in various aspects since the focused review. Figure 29 shows the
estimated track finding efficiency as a function of the number of vanes. In terms of track reconstruction
efficiency, we need at least 24 vanes to have efficiency above 80% in the highest pileup condition. We
would like to realize 48 vanes at which more than 90% efficiency is expected even in the highest pileup
condition. Other quantities for 48-vane detector are summarized in Table 5 and they are manageable.

Design of 48-vane detector has been started and potential issues were identified (weight and mechanical
support of thin vanes). We build 24 vanes first to gain experiences. Then, we will extend to 48 vanes
to complete the detector construction.

Responses to recommendations given by the focused review committee, Dec. 2017

Yamanaka + Sato

76

used for
g-2 analysis



Status of R&D
and remaining milestones
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0 1
0

2
0

3
0

4
0   

5
0   

6
0   

7
0   

8
0   

9
0  

1
0

0 Status

Remaining milestones

Beamline & Facility
Done

Under construction

Muon Source
(1) Hi-power laser

(2) ionization test

�����������
(3) Demonstration of low

emittance acceleration

High Precision Magnet Done

Beam Transport Done

Detector
Done

Under construction

Level of

R&D achievements (%)



Technically-driven schedule and cost

78

Assumption : Major construction fund becomes available in JFY201X

component production assembly installation comissioning physics run

F1 F2 F3 F4 F1   F2   F3   F4   F1   F2   F3   F4   F1   F2   F3   F4   F1   F2   F3   F4   F1   F2   F3   F4   

Beamline & Facility

12.7 Oku

Muon Source

3.3 Oku

���	�	���

�����
�

High Precision Magnet

17.0 Oku

Beam Transport

1.0 Oku

Detector

4.3 Oku

Data taking

(3.8 Oku)

JFY2020 JFY2021 JFY2022
Calendar Year CY2020 CY2021 CY2022

JFY2023 JFY2024 JFY2025
Month

CY2023 CY2024 CY2025
Japanese Fiscal Year



Relating measurements to g-2
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aµ =

!a
!p

!a
!p

� µµ

µp
<latexit sha1_base64="iJ/tSH4jPoXcobZRldwEJQsLKLA="></latexit>
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• muon spin precession

• proton spin precession

• muon magnetic moment

Magnetic moment ratio

direct using Dn
+ theory 

LAMPF(1999)

540 ppb (BNL)
140 ppb
(Fermilab/J-PARC)

�

✓
µµ

µp

◆
= 120 ppb (30 ppb)

<latexit sha1_base64="abhMc2vrHrKbDWVo76i/JDet9Js="></latexit>



Relating measurements to g-2
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!a =
e

mµ
aµB
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!p = µpB
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• muon spin precession

• proton spin precession

• muon magnetic moment µe = ge
e

2me
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8 ppb
120 ppb (using µµ/µp)
22 ppb (using Dn + theory)

0.3 ppt
540 ppb (BNL)
140 ppb
(Fermilab/J-PARC)



Energy spectrum of muonium
From K. Jungmann
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HFS (spin flip transition)

1S-2S
(spin non-flip)



Muon g-2 and muonium spectroscopy 
experiments
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g-2

Mu HFS Mu 1S-2S
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!a
!p

!a
!p

� µµ

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

aµ =
!a

!p

µp

µe

mµ

me

ge
2

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

inspired by
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Zeeman Splitting

n12+n34= DnHFS
n12-n34 µµµ/µp µmµ/mp

µ+
e-

µ+
e-

DnHFS ≈ 4463 MHz

DnHFS: Mu Hyperfine Structure
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Muonium Hyperfine Structure

Breit-Rabi diagram

Magnetic Field (T)

K. Shimomura



nHFS(exp) 4463.302 765 (53) MHz [12 ppb]

nHFS(theory) 4463.302 868 (271) MHz [61 ppb]
nHFS(QED) 4463.302 720 (253) (98) (3) MHz

(mµ/me) (QED) (a)
nHFS(weak)                      -65 Hz
nHFS(had. v.p.)               232 (1) Hz
nHFS(had. h.o.)                   5 (2) Hz

Experiment:

Theory:
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Most Precise Test of Bound State QED

Progress: PRA 86 (2012) 024501, PRL 112 (2014) 173004, PRD 89 (2014) 014034
QED calculation: Effort for 10 Hz accuracy in progress (by Eides et al.)

µµ/µp = 3.18334524(37) [120ppb]
mµ/me = 206.768277(24) [120ppb]

LAMPF Experiment (1999)

K. Shimomura



Improvement of statistics at J-PARC
d(Dn) 

10.9 ppbStatistics

4.4 ppbKr Density/Pressure

1.0 ppb

RF power 0.96 ppb

Muon stopping

d(µµ/µp)

107 ppbStatistics

Magnetic field 56 ppb

Kr Density/Pressure 11 ppb

RF power 9.6 ppb

Muon stopping 13 ppb

LAMPF Experiment

LAMPF:  DC 107/s
total 1013

J-PARC/MUSE: Pulsed 1x108/s
H-Line                     total 2x1015

x200
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Sy
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• magnetic field accuracy & uniformity
• pressure dependence (longer cavity lower pressure)
• muon stopping distribution measurement
• RF power stability

MuSEUM Improvements:

Statistics:

Systematics:

K. Shimomura



1.4 ppm p-p→0.27 ppm p-p (2017→2018)

2019/6/6

MRI Magnet for High-Field Experiment
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64 Hz / 9.7 days

0.003 ppm /h

18 ppb→5.9 ppb (2017→2018)

Spheroid : r=100 mm, z=300 mm

Second-hand 2.9 T MRI magnet CW-NMR Field Monitoring System

Long Term Stability
Field Homogeneity (after shimming)

Muonium WS Osaka

Sasaki, Yamaguchi , T. Tanaka



RF Cavity for High Field Experiment

2019/6/6 87

TM110

TM210

Input

Monitor

Monitor

Input

two transitions
two resonance modes

-40

-20

0

20

40

0 1.0 2.0
B(T)

En
er
gy
(G
Hz
)

Tuning
Tuning

MWS simulation

3D CAD

Test Cavity
Q Value

Modes Q (measured) Q (simulation)

TM110 11,300 29,700

TM210 8,050 28,900

Muonium WS Osaka

K.S. Tanaka, Seo



Mu 1S-2S (Mu-MASS@PSI)

||Paolo Crivelli 10.12.2018

Mu-MASS vs RAL(1999) - New essential developments 

Continuous wave laser spectroscopy vs pulsed
Improved muonium source (higher yield + lower temperature)

Crivelli Part B1 Mu-MASS

6 Feasibility
To estimate the expected signal rate Monte-Carlo (MC) simulations, validated by the Ps spectroscopy

data collected by the PI and the previous M studies [28, 33, 47], of the atoms’ trajectories with numerical
integration of the Bloch equations including photo-ionization and the AC Stark e↵ect [48] show that the
expected line width for a CW experiment is approaching the 145 kHz natural line width of the 1S-2S
transition in muonium. The main source of broadening is due to the mean finite interaction time of
the atoms with the laser beam. The expected number of detected events and projected systematic and
statistical uncertainty for both phases are summarized below and compared with the RAL experiment.

RAL (1999) Mu-MASS Phase1 Mu-MASS Phase2
µ+ beam intensity 3500 ⇥ 50 Hz 5000 s�1 > 9000 s�1

µ+ beam energy 4 MeV 5 keV 5 keV
Temperature M atoms 300 K 100 K 100 K
Total number of 2S events 99 1900 (10 d) > 7000 (40 d)
Spectroscopy Pulsed laser CW (25 W) CW (50 W)
Experimental linewidth 20 MHz 750 kHz 300 kHz
Laser chirping 10 MHz 0 kHz 0 kHz
Residual Doppler shift uncert. 3.4 MHz 0 kHz 0 kHz
2nd-order Doppler shift uncert. 44 kHz 15 kHz 1 kHz (corrected)
Frequency calibration uncert. 0.8 MHz < 1 kHz < 1 kHz
Background events 2.8 events/day 1.6 events/day 1.6 events/day
Statistical uncertainty 9.1 MHz <100 kHz 10 kHz
Total uncertainty 9.8 MHz <100 kHz (linewidth/10) 10 kHz (linewidth/30)

7 Risk management
The risk associated with combining di↵erent components into one instrument is always a potential

problem in a large project. This will be mitigated by developing and testing the components separately,
and gradually combining them one-by-one with testing and obtaining publishable results at each stage. As
described in Sec.5, two phases are foreseen. In Phase 1 all readily available technology will be used. To limit
the risks, excitation and detection systems will be tested with H/D beams before the beamtime at the LEM.
In Phase 2, a longer beamtime will be requested to collect enough statistics and correct for the systematic
e↵ects. The knowledge acquired in Phase 1 will serve for optimization of the di↵erent components and the
measurement method in order to maximize the signal rate minizing the risk. To reduce this even further
di↵erent strategies will be pursued. The signal rate will be increased by upgrading the laser system, by
improving the M source and by employing a higher luminosity µ+ beam (a close collaboration with the
PSI muon group and the ETHZ group of Prof. K. Kirch is already ongoing [41]).

8 Work plan and resources
This grant application of 2’000’000 e over 5 years covers the salary of 3 PostDocs (PD) (3+2+3 years)

and 2 PhD students (3+3 years) and all the funding required to build and run the experiment. It allows
creating a strong group to perform the proposed measurements and to gather the collaborators that o↵ered
their expertise to participate in the experiment.

Milestones 1 year 2 year 3 year 4 year 5 year
Lasers development [PI, PD1,YOST]

Detectors development [PI, PD2, LEM]

Tests with H/D beam [PI, PD1,2, PhD1]

Beamtime at LEM (+setup) [PI, PD1,2, PhD1,2,LEM]

Phase1 data analysis and publications [PI, PD1,2,3 PhD1,2]

Laser upgrade [PI, PD1, PhD2, YOST]

Phase 2 beam time (+ setup) [PI, PD1,3, PhD2, LEM, PSI, KIRCH]

Data analysis and publications [PI, PD3, PhD2]

New M targets and beamline [PI, PD1,2,3, PhD1,2, PSI, KIRCH]

6



Mu 1S-2S (Mu-MASS@PSI)

||Paolo Crivelli 10.12.2018

Summary 

▪ Mu-MASS aims at improving 3 orders of magnitude on 
our current knowledge of the 1S-2S of Muonium 

▪ Feasibility builds on expertise acquired during the last  
decade: Ps CW laser spectroscopy, cryogenic 
muonium 
 production, high precision detectors development. 

▪ Project funded by European Research Council: start  
 beginning of 2019.  

▪ First results expected in 2020-2021.



Mu 1S-2S at J-PARC
Proposal in preparation



ELECTRIC DIPOLE MOMENT



Dipole moments
• A pair of spatially separated (electric,magnetic) 

charges

+Q

-Q
d

Electric dipole moment Particle’s electric
dipole moment

92

spins
+Q

-Q



Quantum theory of the electron (1928)
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences 117 (778): 610. 



Purcell and Ramsey’s letter (1950)
E.M. Purcell and N.F. Ramsey       Phys. Rev. 78 (1950)

• EDM not yet tested
• Ignored due to parity 

violation (Wu’s P-violation 
experiment was in 1956)

• Possible existence is purely an 
experimental matter



Ramsey Prize of $5,000 for the first person, or group 

to discover non zero EDM of any particle.

Slide by T. Fukuyama

Norman Ramsey���2011�11������	
�



After 60 years of original proposal…

Workshop photo, Lepton Moments 2010, Capecod, MA



Particle dipole moments
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Magnetic Dipole Moment

Electric Dipole Moment

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



Scales of CPV sources and EDM
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Slide from EDM talk
by A. Ritz



Spin precession in E and B field
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Spin precession vector in static E and B fields (                                 )

β ⋅

B = 0,


β ⋅

E = 0

Anomalous magnetic moment EDM

courtesy
G. Onderwater

Fukuyama, Silenko, 
arXiv:1308.1580 
(reference therein)

EDM introduces vertical component in spin precession

β

aμ = (g-2)/2



Spin precession in E and B field
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Spin precession vector in static E and B fields (                                 )

β ⋅

B = 0,


β ⋅

E = 0

Anomalous magnetic moment EDM

courtesy
G. Onderwater

Fukuyama, Silenko, 
arXiv:1308.1580 
(reference therein)

But, it is a tiny : ωh/ωa ~(hβ/2aμ) < ~10-5

β

aμ = (g-2)/2



Three experimental approaches
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β ⋅
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E = 0
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,

-
.γ=30 (P=3 GeV/c)

(BNL E821,FNAL)

E = 0 at any γ
(J-PARC E34)


ω = −

e
m
η
2


β ×

B+

E
c

#
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&

'
(

(1) Magic momentum (g-2 + EDM)

(2) Zero E-field (g-2 + EDM)

(3) Spin frozen (EDM only)
Er = aμBcβγ2

to kill g-2 precession



Three experimental approaches
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(1) Magic momentum (g-2 + EDM)

(2) Zero E-field (g-2 + EDM)

(3) Spin frozen (EDM only)
Er = aμBcβγ2

to kill g-2 precession
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Oscillation with g-2 frequency. Amplitude constrained by g-2

No constraint in amplitude by g-2àBetter sensitivity



The Experiment at BNL

B. Lee Roberts -tau2012-Nagoya – 21 
September  2012

- p. 103

Scintillator
paddles

Calorimeter

Trace back straw chambers
(partial coverage, 1/24 of ring)



BNL E821 trace-back results
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N++N-

(g-2)
Vertical 
angle

∝
e
m
ηβ
4aµ

ω

dμ+ = [-0.04 � 1.6(stat) � 0.14(syst) ] x 10-19 ecm

Trace back system 
à Direct measurement of vertical decay angle



E821 EDM results
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Counting
method

Traceback method :
• Better systematic control than counting methods.
• Statistically limited (partial coverage in the ring)

Counting
method



E821 : systematic uncertainties
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Acceptance / CBO coupled with path length difference 
(incoming vs outgoing decay)



• Initially suggested by Yannis Semertizidis, PRL 93, 052001 (2004)

• Muon spin precesses solely by EDM (cf. pEDM experiment)

• Statistical sensitivity:
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Future prospect: spin frozen technique
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Apply radial E-field 
to eliminate this term Er =

aµβcB
1− (1+ aµ )β

2

= 0

σ dµ( ) = h
2c(γτ )(βB)A N



• J-PARC LOI 22, A. Silenko et al. (2003)
• B = 0.25 T
• E = 2 MV/m
• R = 7 m
• NP2 = 5 x 1016 (assume PRISM FFAG)
• sensitivity σ(dμ)=8x10-25 ecm
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Spin-frozen EDM experiment at J-PARC

Time (μsec)

(N
up

–N
do

w
n)

/ (
N

up
+ 

N
do

w
n)



• A. Adelmann, et al., J. 
Phys. G, 37 085001 
(2010)

• p = 125 MeV/c
• B = 1 T
• E = 0.64 MV/m
• R = 0.42 m
• N = 2x 105/s
• sensitivity 

σ(dμ)=5x10-23 ecm / 
year
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Spin-frozen EDM at PSI



Summary
• Muon offers rich physics cases to study beyond the 

standard model in quantum loops.

• BNL muon g-2 results
– More than 3s deviation from the SM.

• Fermilab muon g-2 experiment is taking physics run.
• J-PARC muon g-2/EDM experiment is in preparation 

with completely different method.

• Many new results will come in next 10 years.
110


