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First published observation of the muon came
from cosmic rays:

Paul Kunze “a particle of uncertain nature”

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

Study of cosmic rays by
Seth Neddermeyer and
Carl Anderson

[

MAY 15, 1937 PHYSICAL REVIEW VOLUME 51

Note on the Nature of Cosmic-Ray Particles

SeETH H. NEDDERMEYER AND CARL D. ANDERSON
California Institute of Technology, Pasadena, California

(Received March 30, 1937)

EASUREMENTS! of the energy loss of massive than protons but more penetrating than
particles occurring in the cosmic-ray electrons obeying the Bethe-Heitler theory, we
showers have shown that this loss is proportional have taken about 6000 counter-tripped photo-
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Confirmed by Street and Stevenson

NOVEMBER 1, 1937 PHYSICAL REVIEW VOLUME 52

LETTERS TO THE EDITOR

Prompt publication of brief reports of importani discoveries tn physics may be secured by
addressing them to this department. Closing dates for this department are, for the first issue of the
month, the eighteenth of the preceding month, for the second issue, the third of the month. Because of
the late closing dales for the section no proof can be shown to authors. The Board of Editors does
not hold itself responsible for the opinions expressed by the correspondents.

Communications should not in general exceed 600 words in length.

New Evidence for the Existence of a Particle of Mass between those of the proton and electron. If this is true,
Intermediate Between the Proton and Electron it should be possible to distinguish clearly such a particle

Andersan and Neddermyearl have chawn that fareneroies from an electron or proton by ObSEI'VIIlg its track density

LraCKs OI nign energy particles.

J. C. STREET

E. C. STEVENSON
Research Laboratory of Physics,
Harvard University,
Cambridge, Massachusetts,
QOctober 6, 1937.
1 Anderson and Neddermeyer, Phys. Rev. 50, 263 (1936).
2 Street and Stevenson, Phys. Rev, 51, 1005 (1937).
3 Neddermeyer and Anderson, Phys. Rev. 51, 885 (1937).

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

BOSTON
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Measurement of Magnetic

Dipole Moments
ANNALEN DER PHYWSIK.

VIERTE FOLGE. BAND 74.

_

1. Uber die Richtungsquantelung im Magnetfeld
von Walther Gerlach und Otto Stern.
(ierzn Tafel IIL)

= : : IM FEBRUAR 1922 WURDE IN DIESEM GEBAUDE DES
Nr. | Entfernung desunabgelenkten Mittlere Ablenkung PHYSIKALISCHEN VEREINS. FRANKFURT AM MAIN
der Aufnahme} Strahles von der Schneide |des abgestoBenen Strahbles N ! ke o ,

VON OTTO STERN UND WALTHER GERLACH DIE

FUNDAMENTALE ENTDECKUNG DER RAUMQUANTISIERUNG
l berechnet | beobachtet DER MAGNETISCHEN MOMENTE IN ATOMEN GEMACHT.
g AUF DEM STERN-GERLACH-EXPERIMENT BERUHEN WICHTIGE
15 0,32 mm 0,10, mm | 0,10, mm PHYSIKALISCH-TECHNISCHE ENTWICKLUNGEN DES 20.JHDTS.,
14 | 0,21 mm 0,14, mm 0,15 mm

WIE KERNSPINRESONANZMETHODE, ATOMUHR ODER LASER.
: R & 2 : OTTO STERN WURDE 1943 FUR DIESE ENTDECKUNG
Die Genauigkeit der Messungen schitzen wir auf 10 Proz. DER NOBELPREIS VERLIEHEN.

Innerhalb dieser Fehlergrenzen zeigen also die Versuche, daB

das Silberatom im Normalzustand ein Bohrsches Magneton hat. (I n mOdern Ianguage)

(and in English)
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PHYSICAL REVIEW VOLUME 74, NUMBER 3 AUGUST

=1 and g4 = 2(1.00119 =

The Magnetic Moment of the Electron}

P. Kusca aNnp H. M. FoLEy
Department of Physics, Columbia University, New York, New Vork

(Received April 19, 1948)

A comparison of the gs values of Ga in the 2Py, and 2Py states, In in the 2P; state, and Na in
the 25; state has been made by a measurement of the frequencies of lines in the hfs spectra in a
constant magnetic field. The ratios of the g values depart from the values obtained on the basis
of the assumptlon tha.t the electron spm gyromagnet:c ratio is 2 and that the orbital electron
gyromagnetic r3 : esidual effects, the results can be described by the
statement thatjgr=1 and g,g=2(l‘00119:1:0.00005 he possibility that the observed effects
may be explained Dy perturbations is precluded by the consistency of the result as obtained by
various comparisons and also on the basis of theoretical considerations.

a =4 =0.001161
s
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First muon spin rotation experiment

Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays : the Magnetic
Moment of the Free Muon*

Riciarp L. Garwin,t Leoxw M. LEpErRMaN,
axwD MarceEL WEINRICH

Plivsies Department, Nevis Cvclolron Laboratories,
Colwmbia University, Irvinplon-on-Hudson,
New Vork, New York

(Received January 15, 1957)

EE and Yang'* have proposed that the long held
space-time principles of invariance under charge
conjugation, time reversal, and space reflection (parity)
are violated by the “weak” interactions responsible for
decay of nuclei, mesons, and strange particles. Their
hypothesis, born out of the r—# puzzle, was accom-
panied by the suggestion that confirmation should be
sought (among other places) in the study of the succes-

sive reactions
Tttt

pt—set+2p,

(1)
(2)

They have pointed out that parity nonconservation
implies a polarization of the spin of the muon emitted
irom stopped pions in (1) along the direction of motion
and that furthermore, the angular distribution of
electrons in (2) should serve as an analyzer for the muon
polarization. They also point out that the longitudinal

BOSTON
UNIVERSITY

B. Lee Roberts,

WALLL. INTRALIVE ITILLMLS LU AIeel 1L Lal DL sl elllL
asymmetry (also leaked backwards) of a~—1/20, i.e.,
about 159 of that for ut.

IX. The magnetic moment of the w=, bound in
carbon, is found to be negative and agrees within
limited accuracy with that of the ut.®

X. Large asymmetries are found for the et from
polarized u* beams stopped in polyethylene and
calcium. Nuclear emulsion (as a target in Fig. 1) vields
an asymmeltry of about half that observed in carbon.

., 85 MEV
PION BEAM

— | —]

]
GATE-INITIATING
COUNTERS (4" X 4")

CARBON SBSORBER
TO STOF FIONS

Iz, 1. Experimental arrangement. The ma
cloze wound directly on the carbon to provide
held of 79 gauss per ampere,

Glasgow - 25 October 2007



First muon spin rotation experiment

WALLL. INTRALIVE ITILLMLS LU AIeel 1L Lal DL sl elllL
asymmetry (also leaked backwards) of a~—1/20, i.e.,
about 159, of that for ut.

IX. The magnetic moment of the u=, boy
carhon. 1z found 1o he necative and aerees with

Observations of the Failure of Conservation
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PHYSICAL REVIEW VOLUME 118, NUMBER 1 APRIL 1, 1960

Accurate Determination of the y* Magnetic Moment*

R. L. Garwin,t D. P. HurcuinsoN, S. Penman,i anp G. Suariro$
Columbia Universily, New York, New Vork

(Received August 4, 1959)

Note added in proof—Experiments which have re-
cently been reported to us [ J. Lathrop, et al. and A.
Bearden et al., Phys. Rev. Letters (to be published) ]
indicate a mass value of M ,=206.76._00:7°-9%2f,. This
yields a value of
the assigned errors are now slightly greater than above,
it is to be noted that the new result represents a direct
measurement, rather than a lower limit. The agreement

2 = 0.001161
-

a
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Theory of Magnetic and
Electric Dipole Moments

The Quantum Theory of the Electron.

“ By P. A. M. Dirac, St. John’s College, Cambridge.

(Communicated by R. H. Fowler, F.R.5.—Received January 2, 1928.)
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618 P. A. M. Dirac.

§ 4. The Hamaltonwan for an Arbitrary Field.,

To obtain the Hamiltonian for an electron in an electromagnetic field with
scalar potential A, and vector potential A, we adopt the usual procedure of
substituting p, + e¢/c . A, for p, and p +e/c. A for p in the Hamiltonian
for no field. me equation (9) we thus obtain

o+ Z80+ os (@, DA ) o pyme [§ =0, (14)

This differs from (1) by the two extra terms

in K. These two terms, when divided by the factor 2m, can be regarded as the
additional potential energy of the electron due to its new degree of freedom.
The electron will therefore behave as though it has a magnetic moment ek [2mc. o
and an electric moment 2eh/2mc.p, . This magnetic moment 1s just that

assumed in the Spinning electron model. The electric moment, being a pure

imaginary, we should not expect to appear in the model. It is doubtful whether
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Fia, 2. Feather plof lor Cus,

12,000 counts per minute, and the contribution due w
gamma-rays and other unabsorbed contaminants was less
than one part in 3000 with the strongest source, thus
indicating the absence of any appreciable amount of
gamma-radiation. The absorption curve obtained with the
strongest source is shown in Fig. 1. The Feather plot,
shown in Fig. 2, gives n range of 641 mg/em,

Glendenin® bas shown that a reliable range-energy curve
for the low energy region can be derived from the data of
Marshall and Ward® for monoenergetic electrons and beta-
ray spectrograph data on low energy beta-emitters. Glen-
denin’s curve is identical with that of Marshall and Wand
below 0.5 Mev, Using this range-energy curve, we have
found that the Ca® beta-radiation has a maximum energy
of 26045 kev. We have found no evidence of any harder
beta-radiation, or of any gamma-radiation at all in the
course of this investigation.*

Acknowledpmenls, —This work has been supported with
funds from the Office of Naval Research. The authors wish
v express their appreciation to Miss Jacqueline Becker for
her assistance in making the counts.

! Wlkoe, and Hol, Fhye, Rev. 57, 171 (15400
* Solomos, and Anfissen, Rev. T2, 1097 (19470,
S Fealber, Proc, b Pil. S,

On Quantpm-Electrodynamics and the
Magnetic Moment of the Electron
Jiiiasn Scwwincen

Harvard L'sioersify, Cambridpe, Massarburils
Dipcember 30, 1947

TTEMPTS to evaluate radiative cormections to elec-
tron phenomena have beretolore been beset by di-
vergenoe difficulties, attributable two  sell-energy and
vacuum polarication effects. Electrodynamics unquestion-
ably requires revision at ultra-relativistic energies, but is
presumably accurate at moderate relativistic energies. It
would be desirable, therefore, to isolate those aspects of the
current theory that essentially involve high energies, and
are subject to modification by a more satisfactory theory,
from aspects that involve only moderate energies and are
thus refatively trustworthy. This goal has been achieved by
transforming the Hamiltondan of current hole theory elec-
wrodynamics to exhibit explicitly the logarichmically di-
vergent sell-energy of a free electron, which arises from

the virtual emission and absorption of light quanta. The
clectromagnetic self-energy of a free clectron ean be
ascribed to an electromagnetic mass, which must be added
to the mechanical mass of the electron. Indeed, the only
meaningful statements of the theory involve this combina-
tion of masses, which is the experimental mass of a free
eectron. It might appear, from this point of view, that
the divergence of the electromagnetic mass is unobjection-
able, since the individual contributions to the experimental
mass are unobservable. However, the transformation of the
Hamiltonian is based on the assumption of a weak inter-
action between matter and radiation, which requires that
the electromagnetic mass be a small correction (~{e/Ae)ma)

The new Hamiltonian is superior to the original one in
casentially three ways: it involves the experimental elec-
tron mass, rather than the unobservable mechanical mass:
an electron pow interacts with the radiation held only in
the presence of an external field, that is, only an accelerated
electron can emit or absorb a light quantum:® the inter-
action energy of an electron with an external field is now

lubjr:l v & fimife radiative correction. In connection mth

the ehtum:nux: mass '-ruh l-hr mnhmu:ﬂ mass dm
not avoid all divergences; the polarization of the vacuum
produces a logarithmically divergent term proportional 1o
the interaction energy of the electron in an external feld.
Howewver, it has long been recognized that such a term is
equivalent o alvering the value of the electron charge by a
constant factor, only the final value being properly identi-
fied with the experimental charge. Thus the interaction
between matter and radiation produces a renormalization
of the electron charge and mass, all divergences being
contained in the renormalization factors.

The simplest example of a radiative correction is that
for the energy of an electron in an external magnetic field.
The detailed application of the theory shows that the
rﬁdum correction o the magnetic interaction energy

gratilying tlut recently acqulrml

experimental data mﬁ.rm this prediction. Measurements

on the hyperfine splitting of the ground states of atomic
hydrogen and deuterium! have yielded values that arc
definitely larger than those 1o be expected from the directly
measured nuclear moments and an electron moment of one
Bobr magneton. These discrepancies can be acoounted for
by a small additional electron spin magnetic moment.?
Recalling that the nuclear moments have been calibrated
in terms of the electron moment, we find the additional
moment necessary to account for the measured hydrogen
and deuterium byperfine structures to be dg/u=0.00126
20.00019 and dp /e =0.00131 £0.00025, respectively. These
wvalues are not in disagreement with the theoretical predic-
tion. More precise conformation is provided by measure-
ment of the ¢ values for the 25, Py, and "Pyy states of
sodivm and gallium.® To account for these results, it is
necessary to ascribe the following additional spin magnetic
moment to the electron, fa, e = 0.001 18 40.00003,

Schwinger

O/

ctober 2007

2 =0.001161
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The 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 Eaes
an external field is now subject to
a finite radiative correction. on i

On Quantpm-Electrodynamics and the
Magnetic Moment of the Electron

Jiiiasn Scwwincen
Harvard L'sioersify, Cambridpe, Massarburils
Diecember 30, 1947

TTEMPTS to evaluate radiative corrections to elec-
tron phenomena have beretofore been beset by di-

vergence difficulties, attributable tw self-energy and P

vacuum polarization effects. Electrodynamics unquestion-

ably requires revision at ulura-relativistic energies, but is &

presumably accurate at moderate relativistic energies. It
would be desirable, therefore, to isolate those aspects of the
current theory that essentially involve high energies, and
are subject to modification by a more satisfactory theory,
from aspects that involve only moderate energies and are
thus relatively trustworthy. This goal has been achieved by
transforming the Hamiltondan of current hole theory elec-
wrodynamics to exhibit explicitly the logarichmically di-
vergent sell-energy of a free electron, which arises from

interaction
malization
nces being

that
netic feld,
s Lhat the

the hyperfine splitting of 1.!1: Eroun l s e ol' LA
kydrogen and deuterium! have yielded values that are
definitely larger than those 1o be expected from the directly
measured nuclear moments and an electron moment of one
Bobr magneton. These du-:rc-p:l.nmu can be ncoounted for
a mll additional ﬂﬂ:um spin magnetic moment

and d-:uu:rmm Iurpcﬂ.‘mc structures to b-e ﬂu.-’p—UN:I 26
20.00019 and bp/p=0.00131 000025, respectively. These
wvalues are not in disagreement with the theoretical predic-
tion. More precise conformation is provided by measure-

ment of the ¢ values for the 15, Py, and "Py, states of
sodivm and gallium.® To account for these results, it is
necessary to ascribe the following additional spin magnetic
moment to the electron, S,/ =0.001184-0000003.

> Su/p =2 = 0.001161

It is mdeed gratifying that
recently acquired
experimental data confirm
this prediction.

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

ctober 2007 - p. 13/25



The magnetic dipole moment directed along spin.

s =— Gs | —— | S Dirac Theory: g, = 2

2m

N — | g2
— Dirac + Pauli moment g = —

p=(1+a) — p
2m
Y
, )
The Schwinger term a = —
dominates the value of a 27
W
Y

2
™y,
e vrs. u: relative contribution of heavier things ( ,u) ~ 42 000

| TN ¢
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Modern notation: Magnetic Dipole Moment:

chiral changing

rlu — e};;_ WRj/IuWR x F WR ,UVq WL

2m

Fl(O) =1 FQ(O) —

BOSTON |
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Spin Motion in a

Magnetic Field

Momentum turns with o, cyclotron frequency
Spin turns with og

eBB geB eBB

wsg = (1 —7)

W —
¢ mcry 2mc ymc

Spin turns relative to the momentum with o,
g — 2) eBB e

wa:wg—wcf:( 2 mc:&%

BOSTON |
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We measure the difference frequency, o,
between the spin and momentum precession

With an electric quadrupole field for vertical focusing

. e
Wqg = — —
m

0B (%

B = <B>/.L—dist

Viomentum —»

29.3
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Experimental Technique

25ns bunch of _ X, =77 mm
5 X 1012 protons 7T 8= 10 mrad
from AGS

Bdl=01Tm

Inflector

 Muon polarization
 Muon storage ring

e focus with Electric Quadrupoles
o 24 electron calorimeters

— & =
Wa — CLMB
T

I

| -orage Kicker
', \Ilring Modules
R=711.2cm

\}

Electric Quadrupole
(thanks to Q. Peng) c



_ f; Cyclotron period
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Field averaged over azimuth in the storage ring (0.5ppm
cqpfours

[ i 1 :
1“"?"'.“ - ;" -
i Sy L
; N ol e
Wt Wi

4 321012 3 4
radia_ll distance (cm) |

"
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The magnetic field is measured and controlled using
pulsed NMR and the free-induction decay.

g » Calibration to a spherical
| g water sample that ties the
field to the Larmor frequency
of the free proton w,.

/

1?"t.r(?)lle_\_.' prabes ) Y so we measure Ct)a and a)p

B =50 15 20 2600 2800 3000 3200
U time [us] Frequency [Hz] W - 25 October 2007 - p. 21/25



Detectors and vacuum chamber

Scl-Fl Calorimeter
maodule

Measures Energy
and time

TLHIO Nz TLISD 3 TLA0D K
. | - PR | Y TN

Ny

spin forward, more

high energy e

spin backward, less [ 400 MHz
high energy e digitizer
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We count high-energy electrons as a

function of time.
4 x10% e, E->1
f(t) ~ Noe M[1 + Acos

electron time spectrum (2001)

8 GeV
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When we started in 1983, theory and
experiment were known to about 10 ppm.

Theory
uncertainty was
~ 9 ppm

Experimental
uncertainty was
7.3 ppm

116 590 000
116 591 000
116 592 000
116 593 000
116 594 000
116 595 000
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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 3.4c

(94ppm) CERN W'

——— CERN L

E821 (97) 1
E821(98) 1
E821(00) W
» E821(01) H

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

|
@
+mg
I‘E-G
Y
N
u:l.ﬂ
LD
Tr .
=

116 290 000
116 594 000
116 585 000

AafIY) = (29.5 £ 8.8) x 10710
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Today:

* Muon (g-2), with a precision of 0.5 ppm, has a
~3.4 ¢ discrepancy with the standard model, using
the e*e- data.

- Upgrade, E969 or otherwise, waits for funding

| BOSTON |
| UNIVERSITY | B. Lee Roberts, Glasgow - 25 October 2007 - p. 26/25



To be continued in the
next talk by Dave Hertzog
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