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• A few words about magnetic moments

• The beginning: g
e
≅ 2

• The discovery that g
e

> 2

• The discovery that gm ≅ 2

• The discovery that gm > 2

• The CERN (gm - 2) Experiments

• The BNL Experiment E821

• Final remarks
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Magnetic Dipole Moments

Dipole in a B field:

ms for a particle with spin:

Larmor precession



B. Lee Roberts - Tau2018 – 27 September  2018 - p. 4/67- p. 4/68

G.E. Uhlenbeck

S. Goudsmit

postulated 

electron spin to 

explain fine-

structure 

spectra

Naturwissenschaften 

13, 953 (1925)

Nature                  

117, 264 (1926)

Klein, U & G

On account of its 

magnetic moment, the 

electron will be acted on 

by a couple just as if it 

were placed at rest in a 

magnetic field of 

magnitude equal to the 

vector product of the 

nuclear electric field and 

the velocity of the 

electron relative to the 

nucleus. 
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Thomas later told Goudsmit that Pauli ridiculed the 

idea when he first heard the suggestion from Kronig.

L.H. Thomas
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Theory of Magnetic and 

Electric Dipole Moments

Proc. R. Soc. (London) A117, 610 (1928)
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Dirac was surprised when his theory gave the correct 

magnetic moment of the electron, i.e. g=2

"an unexpected bonus for me, completely unexpected."

quoted by A. Pais in Paul Dirac: The Man and His Work, P. Goddard, ed., Cambridge U. 

Press, New York (1998). 

Non-relativistic reduction of the Dirac Equation for an 

electron in a weak magnetic field.



Magnetic and Electric Dipole Moments

• Muon Magnetic Dipole Moment am

• Electric Dipole Moment  d m
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chiral-changing 

flavor-conserving 

interaction
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Radiative Corrections

The first loop calculation:
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Measuring the Muon 

Magnetic Dipole Moment



How do you know where the spin is, and how fast it 

rotates?
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Muon Production:    p+ → m+ + nm

• In the rest frame:

– Initial spin is 0

– Final spin is 0 – but the neutrino is left-handed so the muon is 

polarized!

• In the Lab Frame with a pion beam:

– the very forward muons (highest energy) are highly polarized

– the very backward muons (lowest energy) are highly polarized
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Muon decay

• The highest energy e+, are correlated with the muon spin direction
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Garwin, Lederman, 

Weinrich, PR 

105,1415 (1957)
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Friedman, Telegdi

PR105, 1681 (1957)



Lee and Yang explained that if parity is violated

– produces polarized muons along the muon momentum, and the 

decay

– analyzes the spin orientation at the decay time
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“They also point out that the longitudinal 

polarization of the muon offers a natural way of 

determining a magnetic moment.” 

– Garwin, Lederman, Weinrich 



The Nevis Experiment

– Produce a beam of p+,m+

– Stop p+ in a carbon 

degrader, permitting muons 

to stop in a carbon target

– Use a simple telescope to 

detect e+ with E
e

> 25 MeV

– count e+ between 0.75 – 2 

ms

– look for the angular 

distribution (1 + a P cos q)

– However, the counter only 

samples e+ at 100o

– Use a B field to rotate the 

spin, so for a small time 

window, the angular 

distribution is turned into a 

distribution of counts vs. 

magnet current B. Lee Roberts - Tau2018 – 27 September  2018 - p. 16

85 MeV p+, m+

degrader to 

stop p+ before 

C target



The first muon spin rotation experiment
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Fit to

g = 2 ± 10%

n.b. The number of details that must be 

understood is inversely proportional to the error!



Cassels, et al. (Liverpool) 

Stopped       from decay 

• Counted e+ decays vs. 

time in a 100.9 G B field.
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“the value of g itself should be sought in a comparison of the precession  

and cyclotron frequencies of muons in a magnetic field. The two 

frequencies are expected to differ only by the radiative correction”

J M Cassels et al 

1957 Proc. Phys. Soc. 

A 70 543

1

32

followed bystopped m then decay → e+



Final Nevis Experiment: PR 118, 271 (1959) 
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gm measured to ~140 × 10-6   (140 ppm)

am to 42 × 10-3  ( 12.4%)

Note added in 

proof



Particle: q  = Qe moving in a magnetic field:                                              

momentum turns with wC,  spin turns with wS

Spin turns relative to the momentum with wa independent of p

B. Lee Roberts - Tau2018 – 27 September  2018 20

Spin Motion in a 

Magnetic Field

At rest, Larmor precession: 



The featues that make the experiment possible:

• Parity violation

• The 2.2ms m lifetime is practically forever.

• All am experiments, except at Nevis and Liverpool, used 

the rate at which the spin turns relative to the 

momentum, which only depends on the anomaly and B

field.
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CERN 1 at the SC: Search for new physics - 1961
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• Inject polarized muon into a long magnet (B ≈ 1.5 T) with a small 

gradient – particles drift in circular orbits to the other end: 7.5 ms = 

1600 turns

• Extract muons with a large gradient into a polarization monitor 

where they stopped

• Time in the magnetic field was measured by counters

• Measure the time dependent forward-backward decay asymmetry

• Use one set of counters and a pulsed field to rotate the spins by p

Incident m
Exiting m

Measurement of the anomalous magnetic moment of the muon

G. Charpak, F.J.M. Farley, R. Garwin, T Muller, J.C. Sens, V.L. 

Telegdi and A. Zichichi,  PRL 6,  128 (1961)



CERN 1 at the SC: Search for new physics - 1961
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• Inject polarized muon into a long magnet (B ≈ 1.5 T) with a small 

gradient – particles drift in circular orbits to the other end: 7.5 ms = 

1600 turns

• Extract muons with a large gradient into a polarization monitor 

where they stopped

• Time in the magnetic field was measured by counters

• Measure the time dependent forward-backward decay asymmetry

1

3

2
4

6
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5

T

7

7’

Be

Incident m
Exiting m



A portion of the CERN data and the final answer
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t(ms)

A(t)

• Limitations:

– not enough data (1 muon/second in analyzer)

– muon lifetime too short

sensitive to

(4300 ppm)



You need to measure B and w
a

• The magnetic field is normalized to the Larmor frequency 

of a free proton w
p

using NMR.

• Remember what I.I. Rabi said:

Always measure frequencies.
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10.5 

GeV/c

Proton 

beam

production 

target
Background flash in 

the counters was 

horrendous! 

~200 m stored/fill

The first CERN storage ring; p production target inside
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• Go to pm = 1.27 GeV/c, gm = 12; gt = 27 ms; 

• using a weak-focusing magnetic storage ring; B
z

= 1.71 T; 

n = 0.13 (weak quadrupole);  t
a
≈ 3.7 ms.

• p + N

0     1m    2m

→ p → m which are stored → e which are detected

polarization 26%



Arrival time spectrum for E
e

> 830 MeV
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Sensitive to: 

n.b. There were a number of 

mistakes in the QED 

calculations that were found 

post g-2 measurements!

cyclotron 

frequency



To get better precision, a number of things needed:

• Longer muon lifetime (more wiggles) (higher momentum)

• More muons stored

• To decrease the uncertainty on          ,  since

• With gradients in the field, you have to know the muon 

trajectories very well to determine

• Find some other way besides magnetic gradients to 

keep the muons stored.

• What about using an electric quadrupole field to provide 

vertical focusing?
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Beam Dynamics: Weak Focusing Betatron
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If the quadrupole filed is uniform around the 

ring, get simple harmonic motion in x and y. 

Must adjust the field index to avoid resonances.

in CERN 2



Full spin equation:

• we must correct for these extra terms

– Pitch correction because of vertical betatron motion.

– Radial Electric field

• Use gmagic = 29.3 (3.09 GeV/c),  which minimizes the E-

field term. 

• These corrections were at the 0.2 and 0.5 ppm level 

respectively in E821. 

• To calculate them we need the muon distribution 

B. Lee Roberts - Tau2018 – 27 September  2018 30

0

Field index



Muon decay in flight
 m-e decay asymmetry depends on p

e
, and the m beam 

polarization P.  

• For a single energy threshold on the e± detectors, the 

figure of merit, NA
2 peaks at ~0.65 Em.
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For pm = 3 GeV/c; differential and integral N, NA
2 and A

J. Miller, E. de Rafael, BL Roberts,  Rep. Prog. Phys. 70 (2007) 795–881 

Differential Integral

Threshold Energy



The Third CERN Experiment;  The magic g

NPB 150, 1 (1979)
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• Inject pions

• Use p → m decay to kick muons onto stable orbits

40 separate 

magnets

p beam

Electric 

quadrupoles

Still have 

pion flash 

at 

injection!

Not as 

bad as 

for 

CERN2



CERN 3 results and a comparison with BNL
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A portion of the 

CERN 3 data

The 2001 m- BNL E821 data 

≃ 9 × 109
e

- detected. 

BNL did 14 times better.



The Brookhaven/Fermilab Storage Ring Magnet:

Direct muon injection, with a fast kicker that left no 

remnant B field after 20 ms
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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 wp.
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17 NMR 

probes

378 fixed NMR probes 
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B field averaged over azimuth

E821:   0.5 ppm contours
CERN:  2 ppm contours
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Inflector

Storage

ring

Central  orbit

Injection orbit

Pions

p=3.1GeV/c

E821 Technique: Direct m injection

B


R=711.2cm

d=9cm

(1.45T)

Electric Quadrupoles

xc ≈ 77 mm

b ≈ 10 mrad

B·dl ≈ 0.1 Tm

xc

R

R b

Target

narrow bunch of 

protons

• Muon storage ring – weak 

focusing betatron

• Muon polarization

• Injection & kicking

• Focus with electric quads

• 24 electron calorimeters  (E, t)

Muon lifetime         gtm =  64.4 ms
(g-2) period             ta = 4.37 ms
Cyclotron period    tC =  149 ns

Kickers
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To measure wa, we used Pb-scintillating fiber calorimeters.

Count number of e- with 

Ee ≥ 1.8 GeV
400 MHz digitizer 

gives  t, E
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Frank Krienen

1917-2008
Vernon Hughes

1920 - 2003

Francis Farley

1920-2018

BNL Circa 1995 Godon Danby

1929 - 2016



Where E821 was at the end of 2001 data taking?
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Value of LOH contribution has been 

steady since 2003, which the error 

decreased significantly

From KNT, PRD 97, 114025 (2018)
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