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Muon magnetic moment
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Standard Model Calculation

• QED: perturbative approach (𝛼𝑄𝐸𝐷 ≪ 1)
 known to 5-loop level

• EW: perturbative approach (𝛼𝐸𝑊 ≪ 1)
 known to 2-loop level

• Hadronic Vacuum Polarization (HVP)  
 no perturbative approach (𝛼𝑄𝐶𝐷~1)
 dispersive approach (data-driven)
 lattice approach (first principle)

• Hadronic Light-by-light (HLbL)
 no perturbative approach (𝛼𝑄𝐶𝐷~1)
 dispersive approach (data-driven)
 lattice approach (first principle)
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Dispersive Approach
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Credit: Thomas Teubner

Dispersion Relation
follows from causality

• calculated from total hadronic cross-section σhad(s)
• 1/s weight → low energies most important
• π+ π- contribute 73% to LO

Optical Theorem
follows from unitarity 
of scattering matrix

Cross section data used in TI 2020 𝑎𝜇
𝐻𝑉𝑃 prediction
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Lattice QCD Approach
• First principle calculation to predict aµ

• Numerical integration on finite space-time lattice → very computing intensive
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Lattice results not 
included in TI white paper 
due to low precision 

First prediction with <1% 
uncertainty by BMW

Preliminary: Consistency between different groups
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The Muon g-2 Puzzle
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BMW ‘24

Muon g-2 Puzzle
tension between theory (white paper) 
and experiment

New muon g-2 Puzzle
Inconsistency between 
• lattice and data-driven approach
• different e+e- experiments

Experiment
→ improve statistics & systematics 
     of measurement

M. Hoferichter, Workshop of TI, Sep 2024 @KEK
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Muon in homogeneous magnetic field

10

g > 2

Spin PrecessionCyclotron Motion

anomalous spin-precession 
frequency

anomalous magnetic 
moment

centrifugal force = Lorentz force magnetic moment and field couple



The Muon g-2 experiment at FNAL

• 1.45 T vertical magnetic field 
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The Muon g-2 experiment at FNAL

• 1.45 T vertical magnetic field

 
• highly polarized µ+ provided by FNAL muon campus at 

𝑝𝜇
𝑚𝑎𝑔𝑖𝑐

= 3.094
𝐺𝑒𝑉

𝑐
± 0.5%

• Superconducting inflector magnet in back of iron yoke

• Three kicker plates change field locally by 2% 
within first cycle (~150ns)

• Four electro-static quadrupoles covering 43% of ring to
focus beam 
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The Muon g-2 experiment at FNAL
• 24 PbF2 crystals calorimeters
• Detect in spiraling positrons from muon decay
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fr
o

m
 K

im
 S

ia
n

g 
K

h
aw



The Muon g-2 experiment at FNAL
• 24 PbF2 crystals calorimeters
• Detect in spiraling positrons from muon decay

16

µ+

Run-3a

fr
o

m
 K

im
 S

ia
n

g 
K

h
aw



The Muon g-2 experiment at FNAL

• Two tracking stations based on gas-filled straw 
tubes

• Determine e+ trajectory to decay position and 
extrapolate to find muon beam distribution!

17

Run-3b
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The Muon g-2 experiment at FNAL

• 378 NMR probes in vacuum chamber walls to 
track magnetic field drift 24/7

• Movable device with 17 NMR probes measures 
spatial field distribution in muon storage region

• Externally calibrated absolute water NMR probe

18trolley



Extracting aµ
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Combined Run-1 Data
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Transient magnetic fields
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• Uncertainty reduced 
by factore >2

• Statistic and systematic 
uncertainty reduced by 
similar amount

• Systematic uncertainty 
below TRD goal

• Still statistics dominated

26

Total uncertainty: 462 ppb 

434 ppb

Total uncertainty: 215 ppb 
Run-2/3

201 ppb

Run-1

70 ppb

157 ppb

Radius: uncertainty
Area: variance 

Uncertainties Run1 vs Run2
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Weighted e+ in our final fit after quality control (E > 1 GeV,  t > 30 us)

Improvements: Statistics

434 ppb

Run-2/3
201 ppb

Run-1

Radius: uncertainty
Area: variance 



Improvements: Running Conditions
• Electro-static quadrupoles keep muon beam stable
• 2 out of 32 resistors damaged in quad plates → unstable beam storage
• Redesigned and replaced before Run-2

• Reduces phase acceptance uncertainties 75 ppb → 13 ppb
• Beam oscillation frequencies become also more stable

23

ωa phase change

Vertical beam width change



Muon fills

Improvements: Systematic Studies

Run 1
• Limited measurement points
• Large uncertainty: 92 ppb

24

ESQ1 ESQ2 ESQ3ESQ4

Run-1 Measurement 

Locations

Run 2/3
• Probe movable on trolley rails
• Detailed measurement 

campaign over > 1 month
• Uncertainty reduced to 20 ppb

Pulsing electrostatic quadrupoles for beam confinement 
leads to magnetic field transient.



Improvements: Analysis

Pile-up correction
• 2 e+ arriving at same time can be 

mistaken for 1
• Rate dependent → can bias ωa

• Reduced uncertainty by:
• Improved reconstruction
• Improved correction algorithm

25

Pile-up

Decay 

end point

Phase of high-energy muon
≠  

Phase of two low-energy muons
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Outlook
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Much more statistics

Another factor of about 2 in statistic uncertainty
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Exceeded TRD goal
of 21 BNL statistcs

Last part of run 6 
dedicated to

systematic studies

Much more statistics
Another factor of about 2 in statistic uncertainty



Outlook

28

Exceeded TRD goal
of 21 BNL statistcs

Last part of run 6 
dedicated to

systematic studies

Further systematic
studies w/o beam 

concluded end Jan 2024

Much more statistics
Another factor of about 2 in statistic uncertainty



Conclusions

29

• High precision measurements of Muon g-2 
stringent test on SM theory

• First time a three-way comparison of aµ  is possible
• Dispersive-approach lattice approach, experiment
• Very interesting

• Run-2/3 data consistent with Run-1 and BNL

• Improvement by factor >2 in statistical and systematic 
uncertainty

• Surpassed TRD goals in statistics and systematics

• Another reduction by factor of 2 in statistical 
uncertainty from Run-4/5/6

• Experimental result will be long standing reference 
for theory developments

published

expected in 2025



Thank you for your attention

30

Summer Collaboration meeting at University of Liverpool  July 24-28, 2023



Backup
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Beyond Standard Model Physics
• Extra contribution to anomalous magnetic moment

• Naïve scaling

• Comparison with electron g-2

• Muon g-2 is ~43000 more sensitive to new physics compared to electron g-2

100



Lattice approach
• First principal calculation by discretizing Euclidian space-time
• BMW is presently the only sub 1% (HVP) lattice calculation in the full kinematic region
• Cross-checks performed by other groups but only in limited (30%) (distance) region.

103

A. El-Khadra, P5 town hall, 21-24 Mar 2023 



Lattice approach
• BMW20: First sub% calculation of HVP contribution 

on lattice 

• Calculation of “1 particle Irreducible diagrams”

• Large systematics from continuum limit

➢ upper right panel: limit and uncertainty estimation

➢ lower right panel: limit for central window compared
    to other lattice and data-driven results 
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A. El-Khadra Precision21, 09 April 2021

Lattice HVP: results from BMW

!11

4  | Nature | www.nature.com

Ar t icle

Meyer–Lellouch–Lüscher–Gounaris–Sakurai technique described in 

Supplementar y Informat ion; and (iii). the ρ–π–γ model of Jegerlehner 

and Szafron30, already used in a lat t ice context  in ref. 31. Moreover, to 

reduce discret izat ion errors in the light -quark cont r ibut ions to aµ, 

before extrapolat ing those contribut ions to the cont inuum, we apply 

a taste-improvement  procedure that  reduces lat t ice artefacts due to 

taste-symmetry breaking. The procedure is built  upon the three models 

of π–ρ physics ment ioned above. We provide evidence that  validates 

this procedure in Supplementary Informat ion.

Combining al l  of  t hese ingredients, we obtain as a f inal result  

aµ = 707.5(2.3)stat(5.0 )syst(5.5) tot. The stat ist ical er ror  comes mainly 

from the noisy, large-distance region of the current–current  correla-

tor. The systemat ic error is dominated by the cont inuum ext rapola-

t ion and the f inite-size effect  computat ion. The total error is obtained 

by adding the f irst  two in quadrature. In total, we reach a relat ive 

accuracy of  0 .8%. In Fig. 2 we show the cont inuum ext rapolat ion of 

the l ight , connected component  of  aµ, which gives the dominant  

cont r ibut ion to aµ.

Figure 3 compares our result  with previous lat t ice computat ions and 

also with results from the R-rat io method, which have recent ly been 

reviewed in ref. 7. In principle, one can reduce the uncertainty of our 

result  by combining our lat t ice correlator, G(t), with the one obtained 

from the R-rat io method, in regions of Euclidean t ime in which the lat -

ter is more precise19. We do not  do so here because there is a tension 

between our result  and those obtained by the R-rat io method, as can be 

seen in Fig. 3. For the total LO-HVP contribut ion to aµ, our result  is 2.0σ, 

2.5σ, 2.4σ and 2.2σ larger than the R-rat io results of aµ = 694.0(4.0) (ref. 3),  

aµ = 692.78(2.42) (ref. 4), aµ = 692.3(3.3) (refs. 5,6) and the combined 

result  aµ = 693.1(4.0) of ref. 7, respect ively. It  is worth not ing that  the 

R-rat io determinat ions are based on the same experimental datasets 

and are therefore strongly correlated, although these datasets were 

obtained in several different  and independent experiments that  we have 

no reason to believe are collect ively biased. Clearly, these comparisons 

need further invest igat ion, although it  should also be kept  in mind 

that  the tensions observed here are smaller, for instance, than what 

is usually considered experimental evidence for a new phenomenon 

(3σ) and much smaller than what  is needed to claim an experimental 

discovery (5σ).

As a f irst  step in that  direct ion, it  is inst ruct ive to consider a mod-

if ied observable, where the correlator  G(t ) is rest r icted to a f inite 

interval by a smooth window funct ion19. This observable, which we 

denote as aµ,win, is obtained much more readily than aµ on the lat t ice. 

It s shor ter-distance nature makes it  far  less suscept ible to stat ist ical 

noise and to f inite-volume ef fects. Moreover, in the case of  staggered 

fermions, i t  has reduced discret izat ion ar tefacts. This is shown in 

Fig. 4, where the l ight , connected component  of  aµ,win is plot ted as 

a funct ion of  a2. Because the determinat ion of  this quant i t y does 

not  require overcoming many of  the challenges descr ibed above, 

other  lat t ice groups have obtained i t  wit h er rors comparable to 

ours19,20. This al lows a sharper benchmarking of  our calculat ion of 

t his chal lenging, l ight -quark cont r ibut ion t hat  dominat es aµ.  

Our aµ,win
light  dif fers by 0 .2σ and 2.2σ f rom the lat t ice results of  ref. 20 

and ref. 19, respect ively. Moreover, aµ,win can be computed using the 

R-rat io approach, and we do so using the dataset  provided by the 

authors of  ref. 4. However, here we f ind a 3.7σ tension with our lat t ice 

result .

To conclude, when combined with the other standard-model con-

tribut ions (see, for example, refs. 3,4), our result  for the leading-order 

hadronic cont r ibut ion to the anomalous magnet ic moment  of the 

muon, a = 707.5(5.5) × 10µ
LO HVP

tot
−10‐ , weakens the long-standing dis-

crepancy between experiment and theory. However, as discussed above 

and can be seen in Fig. 2, our lat t ice result  shows some tension with the 

R-rat io determinat ions of refs. 3–6. Obviously, our f indings should be 

confirmed—or refuted—by other studies using different  discret izat ions 

of QCD. Those invest igat ions are underway.

Online content

Any methods, addit ional references, Nature Research report ing sum-

maries, source data, extended data, supplementary informat ion, 

acknowledgements, peer review informat ion; details o f author con-

tribut ions and compet ing interests; and statements of data and code 

availability are available at  ht tps://doi.org/10.1038/s41586-021-03418-1.
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Fig. 4 | Cont inuum extrapolat ion of the isospin-symmetric, light , 

connected component of the window observable a µ ,win, a( ) isoµ,win
ightl . The data 

point s are ext rapolated to the inf inite-volume limit . Cent ral values are 

medians; error bars are s.e.m. Two dif ferent  ways to per form the cont inuum 

ext rapolat ions are shown: one without  improvement , and another with 

correct ions f rom a model involving the ρ meson (SRHO). In both cases the lines 

show linear, quadrat ic and cubic f it s in a2 with varying number of lat t ice 

spacings in the f it . The cont inuum-ext rapolated result  is shown with the result s 

f rom Blum et  al.19 and Aubin et  al.20. Also plot ted is our R-rat io-based 

determinat ion, obtained using the exper imental data compiled by the authors 

of ref. 4 and our lat t ice result s for the non-light-connected cont r ibut ions. This 

plot  is convenient  for compar ing dif ferent  lat t ice result s. Regarding the total 

aµ,win, for which we must  also include the cont r ibut ions of f lavours other than 

light  and isospin-symmet ry-breaking ef fect s, we obtain 236.7(1.4)tot on the 

lat t ice and 229.7(1.3) tot f rom the R-rat io; the lat ter is 3.7σ or 3.1% smaller than the 

lat t ice result .
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Extended Data Fig. 3 | Example cont inuum limits of a µ
ightl . The light-green 

t r iangles labelled ‘none’ correspond to our lat t ice result s with no t aste 

improvement . The blue squares repesent data that  have undergone no t aste 

improvement for t  < 1.3 fm and SRHO improvement above. The blue curves 

correspond to example cont inuum ext rapolat ions of improved data to 

polynomials in a2, up to and including a4. We note that  ext rapolat ions in 

a2α s(1/a)3, with αs(1/a) the st rong coupling at  the lat t ice scale, are also 

considered in our f inal result . The red circles and curves are the same as the 

blue point s, but  correspond to SRHO taste improvement for t  ≥ 0.4 fm and no 

improvement for smaller t . The purple histogram result s f rom f it s using the 

SRHO improvement , and the corresponding cent ral value and error is the 

purple band. The darker grey circles correspond to result s corrected with 

SRHO in the range 0.4–1.3 fm and with NNLO SXPT for larger t . These lat ter f it s 

serve to est imate the systemat ic uncer taint y of t he SRHO improvement . The 

grey band includes this uncer t aint y, and the corresponding histogram is shown 

with grey. Errors are s.e.m.

3.7 σ tension between BMW calculation and data-driven evaluation 

(KNT) for intermediate window !   

Need to quantify the differences between data-driven evaluations 

and the BMW results for the various energy/distance scales

aW
μ

[Borsanyi et al, arXiv:2002.12347, 2021 Nature]

BMW20 [Borsanyi et al, arXiv:2002.12347, 2021 Nature]



The Muon g-2 Puzzle
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• Long standing discrepancy
between theory calculation 
and experimental result

• Uncertainty in theory calculation 
dominated by calculation of 
hadronic vacuum polarization



Extracting aµ

Anchor B, e and mµ to other high-precision measurements and calculations

36

10.5 ppb uncertainty Metrologia 13, 179 (1977)

exact   Rev. Mod. Phys. 88, 035009 (2016)

22 ppb uncertainty Phys. Rev. Lett. 82, 11 (1999)

0.13 ppt uncertainty Phys. Rev. Lett. 130, 071801 (2023) / CODATA

25 ppb total external uncertainty

Measure magnetic field with NMR
→ proton spin-precession



Why is Muon g-2 a good test of the SM?

From a theoretician’s point of view, the muon is a very clean system 
in which highest precision predictions are achievable! 

Flavour Workshop, Apr. 8th 2022 33

Highest precision
theoretical predictions

Highest precision
experiments

“They allow for high-precision tests!”



Fitting the “wiggle” plot

44

19 different analysis from 7 independent groups
Account for complex beam dynamics ~27 free parameters in fit 

Any time dependent phase shift will bias the frequency

Run 3aSimple Fit Function
Full Fit Function

𝜒2/ndf = 4086/4138

Coherent betatron oscillation (“CBO”)



Magnetic field tracking

45

Spatial distribution described 
by multipole expansion

time interpolation 
using fixed probe data



Muon weighted magnetic field

• We need the field seen by the muons

• Tracking magnetic field multipole moments

• Muon distribution given by tracker data and 
beam dynamics simulation

46

Run 3



Spin projection detection

47

S = 1/2

S = 1/2

S = 1/2 S = 1/2

right-handed

right-handed

left-handed

Figure credit: K.S. Khaw, PhD thesis, ETHZ, 2015

Maximum positron energy ≅ 52.8 MeV

Positron emitted preferably in direction of muon spin!

Muon decay described by weak force → parity violation



Relativistic muon in magnetic & electric fields

49

non-relativistic limit electron motion 
non-perpendicular 
to magnetic field

cyclotron motion assumed motion 
perpendicular to magnetic field

pitch of electron

relativistically generated 
motional magnetic field

proportional to electric field

𝑎𝜇
𝑆𝑀 = 116591810 43 × 10−11

disappears for γ≈ 29.3

magic momentum
pµ=3.094 GeV/c



Muon decay in rest frame
Angular differential decay distribution is energy 
dependent 

50

Figure: L. Roberts and W. Marciano, Lepton Dipole Moments
Figure credit: K.S. Khaw, PhD thesis, ETHZ, 2015



Magnetic field tracking

Trolley system

17 NMR probes

pulled through ring every ~3 days

measures spatial field dist. in storage region

53

Fixed probe system
72 azimuthal location (stations)

tracks field drift 24/7
measures field differences (drift)

aluminum



Muon Campus at Fermilab

43

M. Fertl
R. Reimann

MC1

• Accelerating protons to 8 GeV
• Form 8 bunches
• Pion production in fixed target
• Pion decay to muons

(95% polarization)
• Muons outrun protons
• Muon g-2 experimental hall



Producing the muon beam

57/51

8 GeV protons strike 

target, produce pions
Pions decay to muons,

collect ~3.1 GeV 𝜇+

→ polarized 𝜇+ beam

Protons lag muons, 

removed from beam

Transport 𝜇+ 

to g-2
150 ns

Inject pulsed 𝜇+ 

beam into g-2 storage 

ring

16 fills / 1.4 s

100 
meters

~2.5 km beamline consisting of magnetic lenses and steering elements



The “wiggle” plot

Exponential decay from muon lifetime modulated with  

58



Phase acceptance

67

Phase shift Asymmetry 
difference

Depends on energy and time
Beam profile must be well-understood during measurement period



Phase acceptance

68

Phase shift Asymmetry 
difference

Depends on energy and time
Beam profile must be well-understood during measurement period



Further improvements
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Improved Running Conditions

Quadrupole RF system (Run-5/6) 
reduced horizontal beam oscillations

Systematic Measurements & Studies

New detectors (scintillating fibers)
for direct beam measurements (Run-6)

Better understanding and modeling 
of beam dynamics



J-PARC muon g-2/EDM experiment

Shields, area control (2022)

RF Acc. Test at S2 area (May 2023)

Constructed in 2021

J-PARC MLF

Construction from FY2022

0.66 m

Muon storage ring

Aiming for data taking
from 2028
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J-PARC Experiment

121

• Complementary technique

–  beam accelerated from rest

– no E fields

– smaller magnet

• Aiming for a result comparable to Run-1 

result towards the end of the decade

8/10/2359 James Mott: New Results from Muon g-2

• Under construction aiming for data taking from 2028.

• Succeeded to deliver a surface muon beam to H-line.

• Constructed the experimental area for muon cooling and the first stage of the 

acceleration.

• Currently taking data to demonstrate the muon cooling by using the laser 

ionization of muonium, followed by RF acceleration tests.



New method to measure 𝒂𝝁
𝑯𝑽𝑷, 𝑳𝑶

122/51

S. Charity



181 collaboration members worldwide
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