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First published observation of the muon came 
from cosmic rays:

“a particle of uncertain nature”Paul Kunze,

Z. Phys.  83, 1 (1933)
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Identified in 1936

Study of cosmic rays by 
Seth Neddermeyer and    
Carl Anderson
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Confirmed by Street and Stevenson

It took 10 years to conclude that the muon 
interacted too weakly with matter to be the 
“Yukawa” particle which was postulated to 
carry the nuclear force
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(in modern  language)

(and in English)

Experimental study of magnetic moments started by 
SternMeasurement of Magnetic 

Dipole Moments
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First muon spin rotation experiment
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First muon spin rotation experiment
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Theory of Magnetic and 
Electric Dipole Moments
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Magnetic and Electric Dipole Moments
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Schwinger
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SchwingerThe new Hamiltonian is superior to 
the original one in essentially three 
ways: 

•it involves the experimental 
electron mass, rather than the 
unobservable mechanical mass; 

•an electron now interacts with the 
radiation field only in the presence 
of an external field…

•the interaction of an electron with 
an external field is now subject to 
a finite radiative correction.

These discrepancies can 
be accounted for by a 
small additional electron 
spin magnetic moment.

It is indeed gratifying that 
recently acquired 
experimental data confirm 
this prediction.
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The magnetic dipole moment directed along spin.

Dirac + Pauli moment

e vrs. μ : relative contribution of heavier things

Dirac Theory:  gs = 2

γ

γμ

The Schwinger term 
dominates the value of a
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Modern notation: Magnetic Dipole Moment:

1 22R R R L
ieeF F q
m

ν
μ μ μνψ γ ψ ψ σ ψΓ = +

chiral changing
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Momentum turns with ωC, cyclotron frequency
Spin turns with ωS

Spin turns relative to the momentum with ωa

Spin Motion in a 
Magnetic Field
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We measure the difference frequency, ωa, 
between the spin and momentum precession

0
With an electric quadrupole field for vertical focusing
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Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

μνμ −Pions

−π

p=3.1GeV/c

Experimental Technique

B
v

• Muon polarization
• Muon storage ring
• injection & kicking
• focus with  Electric Quadrupoles
• 24 electron calorimeters R=711.2cm

d=9cm

(1.45T)

Electric Quadrupoles
(thanks to Q. Peng)

xc ≈ 77 mm

β ≈ 10 mrad

B·dl ≈ 0.1 Tm

xc

R

R β

Target

25ns bunch of       
5 X 1012 protons 
from AGS
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muon (g-2) storage ring

Muon lifetime   tμ =  64.4 μs

(g-2) period                   ta = 4.37 μs

Cyclotron period           tC =  149 ns
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Field averaged over azimuth in the storage ring (0.5ppm 
contours)

Muon lifetime   tμ =  64.4 μs

(g-2) period                   ta = 4.37 μs

Cyclotron period           tC =  149 ns
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The magnetic field is measured and controlled using 
pulsed NMR and the free-induction decay.

• Calibration to a spherical 
water sample that ties the 
field to the Larmor frequency 
of the free proton ωp.

• So we measure ωa and ωp
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Detectors and vacuum chamber
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We count high-energy electrons as a 
function of time.
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When we started in 1983, theory and 
experiment were known to about 10 ppm.

~1983
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Theory 
uncertainty was 
~ 9 ppm

Experimental 
uncertainty was 
7.3 ppm
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E821 achieved 0.5 ppm and the e+e- based theory is 
also at the 0.6 ppm level. Difference is 3.4σ

MdRR=Miller, de Rafael, 
Roberts,     Rep. Prog. 
Phys. 70 (2007) 795
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Today:

• Muon (g-2), with a precision of 0.5 ppm, has a     
~3.4 σ discrepancy with the standard model, using 
the e+e- data.
– Upgrade, E969 or otherwise, waits for funding 
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To be continued in the 
next talk by Dave Hertzog
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