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

• In quantum field theory, g factor gets corrections:

g = 2 ( 1 + aμ)

Anomalous magnetic 
moment



Anomalous magnetic moment
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All interactions, including those ones we don’t know,
appear in quantum loops, and add up to contribute to aμ

?

[x10-10]
Numbers from A. Keshavarzi, D. Nomura, T. Teubner, 
Phys. Rev. D 97, 114025 (2018)



Theory collaboration
“Muon g-2 theory initiative”

meets at Mainz, June 18-22, 2018
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KEK, Feb 2018

https://indico.him.uni-mainz.de/event/11/overview

Next meeting : INT, University of Washington, Seattle) 9-13 September 2019.



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)
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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) 



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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Extraction of aµ
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aµ =

!a
!p

!a
!p

� µµ

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

!a =
e

mµ
aµB

<latexit sha1_base64="6GtXA6IIbbIygixWa7vB+uFBqwk="></latexit>

!p = µpB
<latexit sha1_base64="ltGdQXYCBXTOHStyp8JwJu+7nJc="></latexit>

µµ = g
e

2mµ
= (1 + aµ)

e

mµ
<latexit sha1_base64="mGB2PgW89GnzWKFA99TFpj3P7cA="></latexit>

• muon spin precession

• proton spin precession
(proton NMR)

• 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>



g-2 experiment at Fermilab

• BNL result statistic limited.
– 540 ppb (stat)
– 330 ppb (syst)

• Fermilab goal
– A factor of 21 more statistics

• 2x1011 e+ detected

• Advantages
– Long p decay channel

• Reduced p in the ring

– 4 times higher fill frequency
• keeping muons per fill about 

the same

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+

Courtesy of D. KawallarXiv:1501.06858
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Fermilab E989 experiment

Photo courtesy of Fermilab E989

B= 1.45 T

14m

µ+ (3 GeV)



Stored muon beam

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

40 mm



Data taking progress

• Finished first physics run, Run 1, in July 2018. Analysis in progress
– 2x BNL stats collected (2x1010 e+), 1.4x BNL stats after cuts (Δwa/wa =350 ppb)
– Field uniformity 2x better than BNL (ΔB/B~210 ppb RMS)

• Half way through the Run 2 with improvements

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



Spin precession data in Run 1
Slide by Nam Tran, 
FPCP 2019

• Two-fold blindings
• Clock offset
• Random offset

• Relative 
unblinding test 
successful

• First result from 
Run 1 will be
released soon.



Conventional muon beam
proton π+ μ+

pion
production

decay

emittance
~1000π mm�mrad

Strong collimation
Strong focusing
Muon loss
BG π contamination

13



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

14
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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

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



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

19

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!



Muon storage magnet and detector

21

Cryogenics

e+ tracking
detector

2900 m
m

Muon storage orbit

Iron yoke

Super conducting coils

666 mm

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



Average magnetic field

good field region

25 ppb/line
30 mm

100 m
m

Calculation



Comparison of experiments
Prog. Theor. Exp. Phys. 2019, 053C02 (2019)

Completed                            Running In preparation
Full approval by the lab
(March, 2019)



Cross calibration of B-field probes

24ANL, March 27 2018

J-PARC
Probe

Fermilab
Probe

g-2/EDM
MuSEUM

g-2



25

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

J-PARC
probe

US
probe

MRI magnet

Movable stage

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



Muon g-2 and muonium spectroscopy

26

g-2

Mu HFS Mu 1S-2S

inspired by K. Jungmann’s slide

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>

aµ =
!a

!p

µp

µe

mµ

me

ge
2

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

8 ppb 0.3 ppt120 ppb120 ppb

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

Fermilab E989
J-PARC E34



Muon g-2 and muonium spectroscopy

27

g-2

Mu HFS Mu 1S-2S

⌫34 � ⌫12 / µµ

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

g-2

MuSEUM(J-PARC)

J-PARC E34

Silicon strip detector

for e+ detection

Efficient muonium

production target

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



International School on 
muon g-2 and hadronic effects
August 23 - 28, 2020
Erbracher hof, Mainz, Germany

28Previous school: Sep 17-21, 2018 @BINP
https://indico.inp.nsk.su/event/14/



Summary
• Muon g-2/EDM 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 5 years.
29



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

J-PARC approach
E = 0 at any γ

J-PARC E34

general form of spin precession vector:

FNAL E989
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BNL/Fermilab
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



BNL/Fermilab
systematic uncertainties wp

Systematic 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



J-PARC g-2/EDM : 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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J-PARC g-2/EDM
Breakdown of efficienciesTable 4 Breakdown of estimated efficiency

Subsystem Efficiency Subsystem Efficiency

H-line acceptance and trans-

mission

0.16 DAW decay 0.96

Mu emission 0.0034 DLS transmission 1.00

Laser ionization 0.73 DLS decay 0.99

Metal mesh 0.78 Injection transmission 0.85

Initial acceleration transmis-

sion and decay

0.72 Injection decay 0.99

RFQ transmission 0.95 Kicker decay 0.93

RFQ decay 0.81 e+ energy window 0.12

IH transmission 0.99 Detector acceptance of e+ 1.00

IH decay 0.99 Reconstruction efficiency 0.90

DAW transmission 1.00

is 1.3× 10−5 per initial muon at production. At a proton beam power of 1 MW, the expected

number of positrons is 5.7× 1011 for 2.2× 107 seconds data taking.

9. Extraction of aµ and EDM

The values of ωa and η are obtained from the muon decay time distribution. The muon

decay time is reconstructed from the positron track as described in Sec. 7. A simulated time

spectrum for detected positrons in the energy range between 200 MeV and 275 MeV is shown

in Fig. 14 (left). The anomalous precession frequency ωa is extracted by fitting to the data.

Alternatively, one can make a ratio of data taken with opposite initial spin orientations.

This will be useful to study early-to-late changes in the detector performance.

The value of ωp, from which we determine the average magnetic field seen by the muons

in the storage ring, is measured by independent measurements of the magnetic field map

in the storage ring provided from the proton NMR data and the muon beam distribution

deduced from tracing back the positron track to the muon beam. A blind analysis will be

done as was done in the previous BNL experiment, separating the results for magnetic field

and spin precession until all systematic uncertainties are finalized.

After the ωa and ωp are extracted from the experimental data, aµ is obtained from Eq. (8).

Table 6 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 [59].

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

20/24
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Prog. Theor. Exp. Phys. 2019, 053C02 (2019)


