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Outline

• What is “g” in “g-2”?
• How does the muon’s spin evolve and how can 

we observe it?
• What g-2 does the Standard Model predict? 
• How does the measurement differ from SM?
• What other experiments can be done? (other 

muonic properties; g-factors of other things)



Magnetic moment
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A loop with a current
in a magnetic field:

torque acts along
the axis



What happens when a charged particle rotates?

BRotation of charges
equivalent to currents;

Magnetic field exerts
torque

Precession results



from Steve Blundell



Muon’s decay reveals its spin

Positron emission: asymmetric
with respect to the muon’s
spin: parity violation (weak interaction)

MUON              POSITRON NEUTRINOS

from Steve Blundell



Magnetic moments 

Spinning charged particle: magnetic dipole
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For elementary fermions (electron, muon),
Dirac equation predicts 2g =

This is a special value;
if g were exactly 2, 
spin and velocity would stay parallel.

If no spin, only orbital angular momentum: g = 1.



First measurement of ge: Einstein-de Haas 1915

capacitor discharge → current → magnetisation of the rod

But the angular momentum of the rod stays zero →

the rod rotates to compensate the spin flip

ferrite rod

capacitor



Einstein-de Haas 1915 result

They got g = 1 and were very proud :

This agreement might be fortuitous, since we must ascribe an accuracy 
of about 10% to our measurements; nevertheless we have shown 
that the result of circular motion of the electrons described at the beginning 
of our article is quantitatively confirmed by experiment, at least approximately 

https://einsteinpapers.press.princeton.edu/vol6-doc/197

translation by Frenkel, Sov. Phys. Usp. 22 (1979) 580 



Precession of velocity and of spin
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Origin of radiative corrections: 
start with the Lamb shift

1 GHz~

Note: we shall see that only S-states are affected. 
They get less strongly bound.



Qualitative explanation of radiative corrections:
Lamb shift

Effect of vacuum fluctuations:

Electron moved in the potential,
binding energy changed.



Interpretation of the Lamb shift (Welton)

Vacuum energy in one mode

Change of the potential energy due to fluctuations

Note: the Dirac delta appears because the Coulomb potenTal is a “harmonic funcTon”

Equation of motion of the electron, decomposed into modes:

Total disturbance, summed over modes:



Origin of the Dirac delta function

As the electron vibrates under the impact of vacuum fluctuations, 
it probes regions with a stronger and with a weaker potential.

The total change of its potential energy ~ difference between 
the average potential in the neighborhood and in the actual electron position.

This difference in turn ~ Laplacian of the potential.

But the Laplacian vanishes except if there is a charge density.

If the nucleus’ size is neglected: charge density ~ Dirac delta!



How do fluctuations modify the g-factor?
We have found the change of the electron-nucleus interaction 
due to vacuum fluctuations.

How is the electron’s spin interaction 
with an external B-field modified?

Easy to see that the sign will be wrong: g will be smaller, not larger than 2:

B-field

Magnetic
moment
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Fluctuation disturb the spin direction 
away from the best. Decrease magnitude of H,
and thus of g.

Similarly in the Lamb shift:
fluctuations decrease the binding energy,
lift the S-state.

How can g be increased? By increasing (renormalizing) the mass m!



Mass renormalization: inertia of the E-field
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g increases if the mass change is positive; it is!
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Principle of the g-2 experiment

The idea pioneered in CERN ~ 50 years ago,
conTnued in Brookhaven, moved to Fermilab



Move to Fermilab



Experimental result

a(FNAL) = 116 592 040(54) × 10−11 (0.46 ppm)       (2021) 

a(FNAL+BNL) = 116 592 061(41) × 10−11 (0.35 ppm)        

Together with 2006 Brookhaven,

This exceeds 
theory 
by 4.2 sigma 

Note: one lattice collaboration reports (2021)
better agreement with their hadronic result.



Anomalous magnetic moment 
in the Standard Model



Muon g-2: Standard Model

QED 116 584 719 (1)
Hadronic

LO 6 931 (40)
NLO,NNLO − 86 (1)

LBL 92 (20)

Electroweak              154 (1)

Total SM 116 591 810 (43)

Experiment − SM Theory = 251 (59)   (4.2σ deviation)

hadrons

Units: 10-11

+SuSy?

+SuSy
+Z’
+leptoquarks?

Z





Other dipole moments

PRD 
86, 
095
009 
(201
2)

This is rather large when compared with other bounds on New Physics:

Muon MDM 

Electron EDM

Muon-electron transition moment

ACME 2018

MEG 2013
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How can gµ-2 be checked?

More data expected from Fermilab; current 0.46 ppm à 0.14 ppm

New experimental concept at J-PARC    à 0.07 ppm?

ge-2, other muonic observables?



New approach to gµ-2 at J-PARC

Slower muons 300 MeV (instead of the “magic” 3.1 GeV)

Ultracold muons; no electric focusing!

Smaller ring r = 33 cm (instead of 7 m)

Strong, very precisely controlled magnetic field.

~ 10 times more muons than at Fermilab (compensates shorter lifetime). 
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Brookhaven    Fermilab       J-PARC



g-2 in Japan (2025?)



Magnetic moment of the electron

Measured with relative error 25 · 10-11

Provides the fine structure constant with
the same precision, 

Phys. Rev. Lett. 100, 120801 (2008)

Phys. Rev. Lett. 109, 111807 (2012)

Experimental error 
dominates (for now) Numerical errors from

4- and 5-loop diagrams



How to use ge-2 to check gµ-2?

If the muon anomaly is due to New Physics, the expected effect 
for the electron is likely smaller by 

This means relative uncertainty 

and requires a factor of 4 improvement of the latest measurement.

In addition, an independent determination of the fine structure constant 
is needed, with matching precision.

<latexit sha1_base64="kTaN7xIoeoBP2sSQg03E90dEdZ4="></latexit>

�aµ ⇠ 250 · 10�11 ) �ae ⇠ 7 · 10�14





How to use ge-2 to check gµ-2?
The second best determination of alpha: 
from atomic spectroscopy

Nature 2014
Sturm et al.

for Rb
(better for He)

improvement
needed by
factor ~10

Nature 442, 516 (2006)
PRA 89, 052118 (2014)

gives h/m

Needed precision:
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1/↵ = 137.035 999 206(11) [8.1 · 10�11] Mission accomplished!
Morel, Yao, Cladé, Guella/-Khélifa 
2020



Bound-electron g-2: theory needed for u/me

Pachucki,
AC
Jentschura,
Yerokhin



Lepton flavor violation

and the muon decay in orbit



Muon-electron conversion: 
probes various types of interactions

Non-dipole interactions are not (directly) probed by 
processes with external photons,
by gauge invariance requirements.  

Variety of mechanisms:

New process: muon-electron conversion

e

(as well as  mu --> eee)



Muon-electron conversion plans 
(The Next Big Thing) 
DeeMe
J-PARC
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5) DeeMe
J-PARC starts 2016; 

aims for 1e-13 (graphite target), 
followed by 1e-14 (SiC target) 

COMET
Phase 1
J-PARC

7e-15
COMET
Phase 1
J-PARC

COMET
Phase 2
J-PARC

2.6e-17

Mu2e
Fermilab 2e-17



Summary

Discrepancy in the muon g-2 at present 4.2 sigma.

Probes energy scales … - 100 MeV – 100 GeV - …

At least a factor of 3 improvement expected on the experimental side

An independent experiment in Japan will be the ultimate test 
(the first new experimental concept in 50 years)

Several other experiments with muons:
- muon-electron conversion (Fermilab, J-Parc)
- rare muon decays (PSI)
- hadronic decays into muons (LHCb Run 3, Belle II)


