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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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Fig. 14 Simulated time distribution of reconstructed positrons (left) and the up-down

asymmery as a function of time modulo of the g � 2 period (right). The solid curve is the

fit to simulated data.

A major source of systematic uncertainty on EDM is detector misalignment with respect to

the plane of the muon storage. The alignment resolution is estimated as 0.36⇥ 10�21 e · cm

from the resolution of the alignment monitor system made with optical frequency comb

technology. E↵ects of axial electric field and radial magnetic field [58] are both less than

10�24 e · cm, thus negligibly small.

10. Summary

A new method of measuring aµ and EDM of the muon is described. The experiment utilizes

a low-emittance muon beam prepared by reaccelerating thermal-energy muons created from

laser-resonant ionization of muonium atoms. The low emittance muon beam allows use of

very weak magnetic focusing and the selected low muon momentum (300 MeV/c) leads to

the use of a compact magnetic storage ring, instead of the strong electric focusing at the

magic momentum (3 GeV/c) used by the previous and ongoing g � 2 experiments. A novel

three-dimensional spiral injection method with a pulsed magnetic kick is adopted to store

the muon beam in the storage ring e�ciently. The experiment reconstructs positron tracks

from muons decaying during their storage with a tracking detector consisting of silicon-strip

sensors.

This experiment intends to reach statistical uncertainties for aµ of 450 ppb and for muon

EDM of 1.5⇥ 10�21 e · cm, for an acquisition time of 2.2⇥ 107 seconds. The statistical pre-

cision is comparable to that of the BNL experiment. The EDM sensitivity is about two

orders of magnitude higher than the BNL limit. Present estimates of systematic uncertain-

ties on aµ and EDM are factors of seven and four smaller than the statistical uncertainties,

respectively. This experiment with statistically limited sensitivity will test the 3� deviation

on g � 2 reported by the BNL experiment with significantly di↵erent and improved system-

atic uncertainties and will search for new sources of T-violation in the muon EDM with

unprecedented sensitivity.
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Figure 1.1: Conceptual representation of the muon g − 2/EDM experiment at J-PARC MLF.

by statistics. The result, with the most recent and sensitive from E821 at Brookhaven National

Laboratory (BNL), is not described by the Standard Model of particle physics, with a ∼3 sigma

deviation, suggesting the need for physics beyond the Standard Model. Muon g − 2 is a fundamental

observable of elementary particle and it is valuable to improve upon its measurement and also to

perform the experiment using different approaches. Any comprehensive theory of particle physics must

describe muon g − 2. We have proposed the J-PARC experiment to make a completely independent

measurement of muon g − 2, with completely different experimental issues and systematics. We also

aim to improve the g − 2 uncertainty from the BNL experiment by a factor 5. We note that a g − 2

experiment is going forward at Fermilab using, in general, the same technique as at BNL, with 3.1 GeV

muons and plans to transport the 14 m storage ring from BNL to Fermilab [4]. They also aim to

reach a sensitivity of 0.14 ppm on g − 2.

We note here that the lower energy beam for the J-PARC experiment will allow us to frequently

reverse the muon spins. This will be a powerful tool to cancel difficult systematics such as pile-up

which can change detection efficiency versus time. This spin reversal is not available to the Fermilab

experiment, and has not been used before in previous g − 2 experiments. We also note that the spin

reversal is beneficial in reducing the systematic uncertainties in the EDM measurement.

Muon g-2/EDM Experiment, Technical Design Report, Jan 12, 2016
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• BNL/Fermilab : ("# − %
&'(%) = 0���γ(��
γ)����

ICEPP symposium

EDMg-2BNL

��� arXiv:1901.03047

J-PARC muon g-2/EDM�����

• BNL/Fermilab : ������	���������



! = − $
% &'( 	−	 &' 	−	

1
+, 	− 1

-⃗	×	0
1 +	32 -⃗	×	( +	01

&' 	≡ 	
6	 − 2
2

J-PARC muon g-2/EDM �� 2019/2/20

4

10 Chapter 1. Overview

Resonant Laser Ioniza.on of Muonium 

Graphite target 

 (20 mm)�

3 GeV proton beam 

 ( 333 uA)�

Surface muon beam  

(28 MeV/c)�

Muonium Produc.on  

(300 K ~ 25 meV�2.3 keV/c)�

Silicon 
Tracker 

66 cm 

Super Precision Storage Magnet 

(3T, ~1ppm local precision)�

Figure 1.1: Conceptual representation of the muon g − 2/EDM experiment at J-PARC MLF.

by statistics. The result, with the most recent and sensitive from E821 at Brookhaven National

Laboratory (BNL), is not described by the Standard Model of particle physics, with a ∼3 sigma

deviation, suggesting the need for physics beyond the Standard Model. Muon g − 2 is a fundamental

observable of elementary particle and it is valuable to improve upon its measurement and also to

perform the experiment using different approaches. Any comprehensive theory of particle physics must

describe muon g − 2. We have proposed the J-PARC experiment to make a completely independent

measurement of muon g − 2, with completely different experimental issues and systematics. We also

aim to improve the g − 2 uncertainty from the BNL experiment by a factor 5. We note that a g − 2

experiment is going forward at Fermilab using, in general, the same technique as at BNL, with 3.1 GeV

muons and plans to transport the 14 m storage ring from BNL to Fermilab [4]. They also aim to

reach a sensitivity of 0.14 ppm on g − 2.

We note here that the lower energy beam for the J-PARC experiment will allow us to frequently

reverse the muon spins. This will be a powerful tool to cancel difficult systematics such as pile-up

which can change detection efficiency versus time. This spin reversal is not available to the Fermilab

experiment, and has not been used before in previous g − 2 experiments. We also note that the spin

reversal is beneficial in reducing the systematic uncertainties in the EDM measurement.

Muon g-2/EDM Experiment, Technical Design Report, Jan 12, 2016

*According to J-PARC g-2/EDM TDR

• BNL/Fermilab : ("# − %
&'(%) = 0���γ(����γ)�%-�

• J-PARC�$��(�
�� ������������"�	�(E = 0)
• !/������-��+����� (1π mm�mrad)�������� ()�(

������* ) →#!����'���%&�

ICEPP symposium

EDMg-2BNL

J-PARC

$#� arXiv:1901.03047

J-PARC muon g-2/EDM����)

• BNL/Fermilab : .,&"'	�������%-�



1/����9 ���6� .���3�
������	� � ���-95�� ����095��
������� ���� 

���
�
�� � �	�4 ��4

! = − $
% &'( 	−	 &' 	−	

1
+, 	− 1

-⃗	×	0
1 +	32 -⃗	×	( +	01

&' 	≡ 	
6	 − 2
2

J-PARC muon g-2/EDM �� 2019/2/20

4

10 Chapter 1. Overview

Resonant Laser Ioniza.on of Muonium 

Graphite target 

 (20 mm)�

3 GeV proton beam 

 ( 333 uA)�

Surface muon beam  

(28 MeV/c)�

Muonium Produc.on  

(300 K ~ 25 meV�2.3 keV/c)�

Silicon 
Tracker 

66 cm 

Super Precision Storage Magnet 

(3T, ~1ppm local precision)�

Figure 1.1: Conceptual representation of the muon g − 2/EDM experiment at J-PARC MLF.

by statistics. The result, with the most recent and sensitive from E821 at Brookhaven National

Laboratory (BNL), is not described by the Standard Model of particle physics, with a ∼3 sigma

deviation, suggesting the need for physics beyond the Standard Model. Muon g − 2 is a fundamental

observable of elementary particle and it is valuable to improve upon its measurement and also to

perform the experiment using different approaches. Any comprehensive theory of particle physics must

describe muon g − 2. We have proposed the J-PARC experiment to make a completely independent

measurement of muon g − 2, with completely different experimental issues and systematics. We also

aim to improve the g − 2 uncertainty from the BNL experiment by a factor 5. We note that a g − 2

experiment is going forward at Fermilab using, in general, the same technique as at BNL, with 3.1 GeV

muons and plans to transport the 14 m storage ring from BNL to Fermilab [4]. They also aim to

reach a sensitivity of 0.14 ppm on g − 2.

We note here that the lower energy beam for the J-PARC experiment will allow us to frequently

reverse the muon spins. This will be a powerful tool to cancel difficult systematics such as pile-up

which can change detection efficiency versus time. This spin reversal is not available to the Fermilab

experiment, and has not been used before in previous g − 2 experiments. We also note that the spin

reversal is beneficial in reducing the systematic uncertainties in the EDM measurement.

Muon g-2/EDM Experiment, Technical Design Report, Jan 12, 2016

*According to J-PARC g-2/EDM TDR

• BNL/Fermilab : ("# − %
&'(%) = 0���γ(����γ)�%-�

• J-PARC�$��(�
�� ������������"�	�(E = 0)
• !/������-��+����� (1π mm�mrad)�������� ()�(

������* ) →#!����'���%&�

ICEPP symposium

x 1/10

x 1/20

x 2

EDMg-2BNL

J-PARC

$#� arXiv:1901.03047

J-PARC muon g-2/EDM����)

• BNL/Fermilab : .,&"'	�������%-�



1/����9 ���6� .���3�
������	� � ���-95�� ����095��
������� ���� 

���
�
�� � �	�4 ��4

! = − $
% &'( 	−	 &' 	−	

1
+, 	− 1

-⃗	×	0
1 +	32 -⃗	×	( +	01

&' 	≡ 	
6	 − 2
2

J-PARC muon g-2/EDM �� 2019/2/20

4

10 Chapter 1. Overview

Resonant Laser Ioniza.on of Muonium 

Graphite target 

 (20 mm)�

3 GeV proton beam 

 ( 333 uA)�

Surface muon beam  

(28 MeV/c)�

Muonium Produc.on  

(300 K ~ 25 meV�2.3 keV/c)�

Silicon 
Tracker 

66 cm 

Super Precision Storage Magnet 

(3T, ~1ppm local precision)�

Figure 1.1: Conceptual representation of the muon g − 2/EDM experiment at J-PARC MLF.

by statistics. The result, with the most recent and sensitive from E821 at Brookhaven National

Laboratory (BNL), is not described by the Standard Model of particle physics, with a ∼3 sigma

deviation, suggesting the need for physics beyond the Standard Model. Muon g − 2 is a fundamental

observable of elementary particle and it is valuable to improve upon its measurement and also to

perform the experiment using different approaches. Any comprehensive theory of particle physics must

describe muon g − 2. We have proposed the J-PARC experiment to make a completely independent

measurement of muon g − 2, with completely different experimental issues and systematics. We also

aim to improve the g − 2 uncertainty from the BNL experiment by a factor 5. We note that a g − 2

experiment is going forward at Fermilab using, in general, the same technique as at BNL, with 3.1 GeV

muons and plans to transport the 14 m storage ring from BNL to Fermilab [4]. They also aim to

reach a sensitivity of 0.14 ppm on g − 2.

We note here that the lower energy beam for the J-PARC experiment will allow us to frequently

reverse the muon spins. This will be a powerful tool to cancel difficult systematics such as pile-up

which can change detection efficiency versus time. This spin reversal is not available to the Fermilab

experiment, and has not been used before in previous g − 2 experiments. We also note that the spin

reversal is beneficial in reducing the systematic uncertainties in the EDM measurement.

Muon g-2/EDM Experiment, Technical Design Report, Jan 12, 2016

*According to J-PARC g-2/EDM TDR

+/�g-2 0.1 ppm (BNL : 0.54 ppm)�EDM 10-21 e�cm�S:��

• BNL/Fermilab : ("# − %
&'(%) = 0�	�γ(����γ)&0�

• J-PARC�LA�T��>?F<A�(+��/&�)�IC���(E = 0)
• "2�����0��-������ (1π mm�mrad)�������� (* )�
������,!) →JH	��ER�;�MP�

ICEPP symposium

1.'#(!

x 1/10

x 1/20

x 2

EDMg-2BNL

J-PARC

%$� arXiv:1901.03047

• J-PARC��,�/ $,#'
!/��T�OD5@3�
8T
• VL9�OD�5@�
��EDM�B1�GK�

• �.,*�"�N2
�
%�-�#'�4Q�7
�����

J-PARC muon g-2/EDM=6�0U

• BNL/Fermilab : 1.'#(
������&0�



magnetic field deformation and the field strength will be measured during the commissioning

period for the detailed compensation of !p.

7. Positron Detector

The positron detector is installed inside the storage magnet and measures positron tracks

from decay of the stored muon beam. A muon with momentum of 300 MeV/c circulates with

a radius of 333 mm and decays to a positron, a neutrino and an antineutrino with a dilated

lifetime of 6.6 µs. The cyclotron period is 7.4 ns. Since the anomalous precession period is

2.1 µs, muons circulate the ring about 300 times on average during one revolution of muon

spin. The goals of the detector are to measure !a and the up-down asymmetry of positron

direction due to EDM.

Due to non-conservation of parity in the weak decay of muons, the average positron energy

is higher when positrons are emitted closer to the muon spin [49]. By measuring high energy

positrons selectively, positrons emitted forward can be selected and the time variation of

muon spin with respect to the muon momentum direction can be measured. The sensitivity

becomes maximum when positrons with momentum above 200 MeV/c are counted.

Positrons emitted within the 3 T magnetic field move in a spiral orbit. This trajectory is

detected by radially arranged silicon strip sensors. Geometrical coverage of the detector is

90–290 mm in radial direction and within ±200 mm in height. The layout of the detector is

shown in Fig. 12.

Fig. 12 Perspective view (left) and top view (right) of the positron detector.

The muon beam time structure following acceleration to 300 MeV/c is a pulse of 10 ns

width consisting of three microbunches, with a repetition rate of 25 Hz. This is the time

structure of the fill of the muon storage ring. The number of muons per fill is about 104.

The measurement will be performed in an interval following the fill of 33 µs, which is five

times larger than the time-dilated muon lifetime. The rate of positrons changes by a factor

of 160 from the beginning to the end of the measurement. Thus, the detector is required to

be stable against the change of positron rate; otherwise, the measured !a would be biased.
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