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The Muon: Discovered in 1936

Discovered in 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

BOSTO showers have shown that this loss is proportional have taken about 6000 counter-tripped photo-
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Confirmed by: Street & Stevenson, Nishina, Tekeuchi & Ichimiya

NOVEMBER 1, 1937 PHYSICAL REVIEW VOLUME 52

New Evidence for the Existence of a Particle of Mass
Intermediate Between the Proton and Electron

Andarenn and NTDAF‘D"‘E‘! rarl hﬁi:g_p‘\f\n.'ﬂ t+that faeranarmriac

DECEMBER

[ UNIVERSITY |

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.

J. C. STREET

E. C. STEVENSON
Research Laboratory of Physics,
Harvard University,
Cambridge, Massachusetts,
October 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).

1, 1937 PHYSICAL REVIEW

On the Nature of Cosmic-Ray Particles

Y. Nisuiva, M. TakevcHi, AND T. IcHIMIYA
Institute of Physical and Chemical Research, Tokyo

{Received August 28, 1937)
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between those of the proton and electron. If this is true,
it should be possible to distinguish clearly such a particle
from an electron or proton by observing its track density

VOLUME 52
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The Muon Lifetime

A precise measurement of 1 - leads to a precise
determination of the Fermi constant&,
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Muon decay gives us unique access to the electroweak scale

The V-A theory factorizes into a
7, pure weak contribution,
plus

- L. : : : :
a “  radiative corrections (including hadronic).

2.5
1 G’Fmﬁ

The muon decays only via T 19273
the weak interaction

et

14
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The Fermi constant is an implicit input to all
precision electroweak studies

G 2
F— (1 + Ar(mg, my,...))

A PRl

Contains all weak interaction 7,
loop corrections.

.g.Mass limits for Higgs Search

(5)
AOchad =

ST\ G — 0.02758+0.00035
IR B =+ 0.02749+0.00012

4 ."._ "‘-_‘ +++ incl. low Q° data .
(\lx |
pt Ve 9 ]
2 _ ]
1 : -
0 | Excluded \ i
30 100 300
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7, helped predict the mass of the fop quark,
‘roday part of the Electroweak working group fits

Predicted —

12 1 —LEP1 and SLD
mt — ]_ 7 9 __I_g G e\/ 80.5 1 -~ LEP2 and Tevatron {prel.)

68% CL

Input: G, (17 ppm),
o (4 ppb at g?=0),

oaM; (23 ppm),

Measured:

my = 172.7 £ 2.9GeV

150 175 200
m, [GeV]

The puLan experiment at PSI will accumulate >1012 u-decays

— G, to ~1 ppm. If LHC provides a Higgs Mass, then the

precision of the confrontation with the SM will greatly improve
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Will be officially announced soon

MulLan: Dec 2006 Unblinding

150 T
[ |
[ PRELIMINARY _
L1 .
E i |
I N N S N S i
Z - . 1
| » muLan;
g | :
E 1 N S —
g - “ “ -
[ 1 ~1 ppm result to follow
o | e e e e e e e e .
[ | from 2006, and also from
Duclos Balandin Bardin Giovanetti Chitwood the 2007 run
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What have we learn from the p's death?
(Much of it here at PSI)

* The strength of the weak interaction
- i.e. the Fermi constant G (more properly 6,)

+ The fundamental nature of the weak interaction
- i.e.is it scalar, vector, tensor, etc.?

» Lepton flavor conservation in pu-decay

* VEV of the Higgs field: Gp _ 1
V2 292

* Induced form-factors in nuclear p-capture
- new muCap result!

« Future Lifetime measurement?

- The radiative corrections can support another order of
magnitude on z,, (beyond muLan) but that would go way
beyond the precision of the other electroweak parameters.

BOSTON N
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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



Electric and Magnetic Dipole Moments:

[,=el, Wy Wp + —F V0,4 ¥V,
2m

* Muon Magnetic Dipole Momoment a, chiral changing

e f1(a) 95 € gy 200 50" T
f1(0) =1 fo(O)=ay,
* Muon EDM

i | 215 $2(42) = f3(a%)s| T35
f2(0) = " f3(0) = d,,; EDM

BOSTON
UNIVERSITY B. Lee Roberts, Workshop on Precision Measurements at Low Energy- PSI - 19 January 2007 - p. 13/44




1 O{ﬁ]‘ Y5

O
*
=I
Q
@D
|_I.
|
<2
-
=
Q*Id
@

L. = —1Du
dm 5 Ko

with

Re D

BOSTON
UNIVERSITY B. Lee Roberts, Workshop on Precision Measurements at Low Energy- PSI - 19 January 2007 - p. 14/44



Moment

y b

-

Muon
ic Dipole

Magnet




It's convenient to write the magnetic moment
as a sum of two pieces:

eh g —

2
= (1+a)— Dirac+Paulimoment ¢ = ~—_—
2m 2

Radiative corrections contribute to a for leptons

g
WY, e

y \I\I\Q\N\l
Dirac Schwinger Ve ¥
Stern-Gerlach Kusch-Foley

18 13

2
9=2+ o o2y

+ .-

my
e vrs. u: relative contribution of heavier things (z) ~ 42,000
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t v% 690.1 (4.7)"

N "“%"““||%I:||||""|||III' —9.79 ( 0 9) k
RN Sl e SN, 11.0 (4.0)f
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l

11 659 178.5 (6.1)1

*Hagiwara, et al., hep-ph/0611102, Davier et al., hep-ph/0701163. ’see hep-ph/0703049
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Since a, represents a sum over all physics, It \"‘Dc‘bs
is sensitive to a wide range of potential new 7
physics
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Since a, represents a sum over all physics, It \ E:
is sensmve to a wide range of potential new i

physics 5

* muon substructure ) my
0ay(Ap) =

/ / D

/\,(L

W boson substructure?

98
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-----

Since a, represents a sum over all physics, It
IS sensitive to a wide range of potential new

physics
e muon substructure

* anomalous 1/ ~~ couplings
« SUSY (with large tang)

v 0
¢"‘\ i ]
1 \ V4

XX u TS AT

4

* many other things (extra dimensions, etc.)
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Since a, represents a sum over all physics, It ‘;f
IS sensitive to a wide range of potential new

/

physics 5

* muon substructure ) m,
oay,(N\y) ~

f f 2

N U

* anomalous 1/ ~~ couplings
« SUSY (with large tang)

M m2 4 T
a, (SUSY) ~ a( 22) Hiang (1 - Zn 2
100 GeV\?
~ (sgnu) 13 x 10719 tang ( _ )
™

* many other things (extra dimensions, etc.)
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Lowest Order Hadronic from e*e- annihilation

689.4(4.5) x 1010

ymy\2 [0 ds (eTe~ — hadrons)
amy, S o(eTe

a,(had :< f‘) / YK (s

,u( ) 37 - 4-'rr1.% s2 ( )( O‘(€+€_ — ,LL+,LL_) )

a, = 11659208(6) x 10719 (0.54 ppm)
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We measure the difference frequency
between the spin and momentum precession

g2) e B —

2 mc
With an electric quadrupole field for vertical focusing 0

wa=w3—wc=(

o el 5
Wqg = - _auB (Cb,u,
TYmagic — 29.3
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Experimental Technique

Xe 277 mm
B =10 mrad
B-dl=0.1 Tm

Protons

(from AGS) p=3.1GeV/c

Target

 Muon polarization
* Muon storage ring ’
- focus by Electric Quadrupoles ‘\ -Orage
» 24 electron calorimeters \

Kicker
ring Modules

(.3(1 — CLMB

(thanks to Q. Pena)



.....

muon (g-2) storage ring

\i e e
i LT -". it 'r”‘__‘__._ a

*“J Cyclotron period
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The £ 1 ppm uniformity in the average field
is obtained with special shimming tools.

thermal

insulation
We can Sh|m the dipole correction coil
dipole,
quadruPOIe \flxed
A%E,”ei
I t t
iIndependently current shee

g—2 Magnet in Cross Section
p=7112 mm
—_— =
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The £ 1 ppm uniformity in the average field

is obtained with special shimming tools.

BOSTON
UNIVERSITY

<B>azimuth
g
Y 0.5 ppm
§ contours
o
©
3
t
S
radial distance (cm)
Ogsyst on <B>u—dist — 4+0.03 ppm
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We count high-energy electrons as a

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

electron time spectrum (2001)

8 GeV
wal + Cb)]
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In 1983, just before we started our experiment,
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. Both can be improved.

Ostat —
0.46 ppm

Ogyst —
0.28 ppm

116 590 000

HMNT = Hagiwara, et.
al., hep-ph0611102

BOSTON
UNIVERSITY

116 591 000

o

lo
)
to s
0o
S
o
o)
>
>
I

(9.4 ppm)

E821 (98)

- [ES821 (99)
E821 (00)
+ E821(01)

116 593 000

116 594 000

CERN
CERN W

E821 (97) 1

i
Hy

u

u

B. Lee Roberts, Workshop on Precision Measurements at Low Energy- PSI - 19 January 2007

116 595 000

a, = 11659208.0(6.3) x 10719 (0.54 ppm)
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Difference with the standard model is 3.4 o

/

a,(sm07) = 11659178.5(6.1)x107 10 (0.44 ppm)T

a,(E821) = 11659208.0(6.3)x10719 (0.54 ppm)

Asm — aemp — Agm — 29.5(88) X 10_10

Tsee J. Miller, E. de Rafael and L. Roberts, hep-ph/0703049
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If the electroweak contribution is left out of the
standard-model value, we get a 5.1 o difference.

oV =15.4(1)(.2) x 10719

- Even if you believe that there is no
discrepancy between E821 and the standard
model, without the EW contribution there is a

significant difference.

Now if you will permit me a flight of fancy...

BOSTON N
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It's amusing to note that if we assume that SUSY is the source of
the (g-2) difference, it forms a consistent picture with other

constraints on the SUSY LSP (lightest supersymmetric partner)
being the dark matter candidate.

using A = 29.5

tan=10, u>0

3.3

800-

7004

scalar mass mg (GeV)

100 200 300 400 S00 600 700 800 900 1000

i
i my, =114 GeV

WMAP
restrictions

1
5 .’
PoMmy =104 GeV
i
]
1
]

/

gaugino mass My, (GeV)

BOSTON
UNIVERSITY

Historically muon (g-2) has
played an important role in
restricting models of new
physics.

CMSSM calculation Following
Ellis, Olive, Santoso, Spanos,
Phys. Rev. D 71, 095007 (2005)

(provided by K. Olive 3/07)

B. Lee Roberts, Workshop on Precision Measurements at Low Energy- PSI - 19 January 2007 - p. 33/44



To continue this flight of fancy for a moment

If SUSY exists, the sleptons will mix, and there is a

connection betweena, , O, , p— e

u— e _ MDM, EDM
L

BOSTON o
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Electric Dipole Moments

E.M. Purcell and N.F. Ramsey, Phys. Rev. 78 (1950)

LETTERS TO

On the Possibility of Electric Dipole Moments
for Elementary Particles and Nuclei

. M. PurceLnL anp N, F, Ramsiy
Depariment of Physics, Harvard Universily, Cambridge, Massachusetls
April 27, 1950

T is generally assumed on the basis of some suggestive theo-
retical symmetlry arguments' that nuclei and elementary
particles can have no electric dipole moments. It is the purpose of
this note to point out that although these theoretical arguments
are valid when applied to molecular and atomic moments whose
electromagnetic origin is well understood, their extension to nuclei
and elementary particles rests on assumptions not yet tested.
One form of the argument against the possibility of an electric
dipole moment of a nucleon or similar particle is that the dipole’s
orientation must be completely specified by the orientation of the
angular momentum which, however, is an axial vector specifying
a direction of circulation, not a direction of displacement as would
he required to obtain an electric dipole moment from electrical
charges. On the other hand, if the nucleon should spend part of
its time asymmetrically dissociated into opposite magnetic poles
of the type that Dirac? has shown to be theoretically possible, a
circulation of these magnetic poles could give rise to an electric
dipole moment. To forestall a possible objection we may remark

The argument against
electric dipole moments,
in another form, raises

directly the question of
parity.

budi1UN
UNIVERSITY

THE EDITOR 807

The authors wish to thank Mr. Smith for suggesting an im-
portant correction to our original calculation on the neutron,
clectron interaction experiment. |

A typical argument is given by I1. A, Bethe, Elementary Nuclear Theory
(John Wiley and Sons, Ine,, New York),

2 P. A. M. Dirac, Phys. Rev. 74, 817 (1948).

3 Havens, Rabi, and Rainwater, Phys. Rev. 72, 634 (1947).

+ K. Fermi and L. Marshall, Phys. Rev. 72, 1139 (1947).

5., W. Alvarez and F. Bloch, Phys. Rev. 57, 111 (1940).

¢ N. F. Ramsey, Phys. Rev. 76, 096 (1049).




Transformation Properties of
Electric and Magnetic Dipole Moments

E

id| toao

( —
T + — -
An EDM implies both P and T are violated. Assuming

CPT symmetry, an EDM at a measureable level would
imply non-standard model 2P.
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PHYSICAL REVIEW

VOLUME 108,

NUMBER 1 OCTOBER 1, 1957

Experimental Limit to the Electric Dipole Moment of the Neutron

J. H. Smire,* E. M. Purcerr, ANp N. F. RaMseY
Oak Ridge National Laboratory, Oak Ridge, Tennessee, and Harvard University, Cambridge, M assachuseits

(Received May 17, 1957)

An experimental measurement of the electric dlpole moment of the neutron by a neutron-beam magnetic

resonance method is described. The result of the experime
equals the charge of the electron multlphcd by a dlstanc

electric dipole moment of the neutro
tude almost certainly corresponds to h

1. INTRODUCTION

EVERAL years ago Purcell and Ramsey' pointed

out that the usual parity arguments for the non-
existence of electric dipole moments for nuclei and
elementary particles, although appealing from the point
of view of symmetry, were not necessarily valid. In
particular they pointed out that the validity of the
parity assumption must rest on experimental evidence
and that the experimental evidence was not as con-
clusive as then generally supposed in the case of nuclei
and elementary particles, even though there was
abundant evidence for the assumption in the case of
electromagnetic forces. Analysis of the experimental
evidence against the existence of electric dipole moments

BOSTON
UNIVERSITY

B. Lee Roberts, Workshop on Precision Measurements at Low Energy- PSI - 19 January 2007

mement of the neutron
Consequently, if an
Omentum, its magni-

decay, the angular distributions of =-u-e decays, and
existence of electric dipole moments of particles. The
effects of the first two of these have been observed by
Wu, Ambler, Hayward, Hoppes, and Hudson,” and by
Garwin, Lederman, and Weinrich.? Since electric mo-
ments are primarily determined by the strong forces,
Lee and Yang® showed that the effect of mixed parity
should produce an electric dipole moment even smaller
than the upper limit set by the experiment described in
the present paper. In their most recent theories, Lee
and Yang® no longer anticipate the existence of an
electric dipole moment for the neutron, and arguments
involving time-reversal invariance®'® can be advanced

against its existence. These arguments, however, like
Anw b matae PR |

tha Aasisvinal Avmas AF nuldes
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e EDM (e.cm)

10-22

1024

O
@3

10-30
10-32
1034

10-36

| BOSTON |
UNIVERSITY

Standard Model

\\ Excluded region

(Tl atomic beam)
Commins (2002)

d, < 1.6 x 10/
Le.cm
E. Hinds' e-EDM
experiment
at Imperial College
with YbF molecules
Is starting
to explore this region

with thanks to Ed Hinds



Muon EDM: Naive scaling would imply that
|d—e‘mﬁe = dy < O(10 ) e Cm

but in some models the dependence is greater.
VOLUME 85, NUMEBER 24 PHYSICAL REVIEW LETTERS |1 DECEMBER 2000

Enhanced Electric Dipole Moment of the Muon in the Presence of Large Neutrino Mixing

K. 5. Babu,! B. Dutta,”* and R. N. Mohapatra®

‘Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078
2Center for Theoretical Physics, Department of Physics, Texas A & M University, Collepe Station, Texas 77843
Department of Physics, University of Marviand, College Fark, Maryland 20742
{Received 12 July 2000)

The electric dipole moment (edm) of the muon (df) iz evaluated in supersymmetric models with
nonzZero neutring masses and large neutrino mixing arising from the seesaw mechanism. [t is found that
if the seesaw mechanism 15 embedded in the framework of a lefi-right symmeiric gauge structure, the
interactions responsible for the right-handed neutrino Majorana masses lead to an enhancement in o
to values as large ag 5 > 10~ e cm, with a correlated valve of (g — 2), = 13 » 107", [lhis should
provide a strong motivahion for improving : : ¢ cm as has recently
been proposed.

Anow = (276 T 81) X 10_10

BOSTON
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Muon EDM Limits: CERN3 and E821 @ BNL

_ 107 ET T T L L L L B
£ = -
o [ -
A . i !lf Bailey et al. [1978] ]
= 14018 |— —
- 1007 E | =
E McNabb et al. [2004, unpublished]
1 0'19 = inferred limits from —
E d, <1.1x107 ecm 3
B (lepton mass scaling, 7
- cubic Babu, Barr, Dorsner [2001]) —
102 & =
- theory: .
102 =3 model-independent relation to =
= exp. g-2 anomaly with ¢CP =1 m
— ——— —
ol | PSI
~  quadratic FV SUSY =
n LR SUSY -
— (Feng, Matchev, + See-Saw -
23 | Shadmi [2001]) _
10 = (Babu, Dutta, 3
= Mohapatra [2000]) -
[ l JPARC |
10 e =
= -38 3
— linear SM: <10 -
1 0-25 | 1 ] | I I | | I I | I 1 1 1 | L 11 1 | I |

1970 1980 1990 2000 2010 2020 2030
year  Energy- PSI - 19 January 2007 - p. 40/44



a, implications for the muon EDM

o assuming that
- Feng et al. ; —
&EP — 3(1) X 10 9

H H-
Q Q

tangop €-cm

where ¢ p is @ CP violating phase.
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e __geb el3

wo = wg = - (1 —7)
mcry 2mc ymc
(g — 2) e5
Wg — Wg — W = —
2 mc

spin difference frequency = o, - ®,

Momentum —>




u—j:—

6_ —
— la, B — | a
| m (,u

Ymagic = 29.3 Wa

spin difference frequency = o, - ®,



[:5:—

6_ —
— la, B — | a
| m (,u

Ymagic — 29.3
_I_

The motional E - field,
B X B, is much stronger
than laboratory electric

fields (~GV/m).
h
dﬁzﬁ( c )f‘:nx4.7x 1071 e cm
2 \2mc
“Y

e (122)




Dedicated EDM Experiment

B a, B = m 5
_ -1/ ¢ |

Use a radial E-field to turn off the o, precession

With o, = 0, the EDM causes the spin to steadily

precess out of the plane. ®
N



since o = 0,2 + o2, the Agy could be an EDM

what value EDM would this correspond to0?

dyu| = 1.8(.5) x 10719 ecm

obviously this would be exciting.
See: Feng, et al., Nucl. Phys. B 613 (2001) 366

The present limits are:

< 1018 (CERN)
~ 10719 * (E821)
SM value < 1038

*preliminary
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"Frozen spin” technique to measure EDM

Turn of f the (g-2) precession with radial E
Up-Down detectors measure EDM asymmetry
Look for an up-down asymmetry building up with time

Side detectors measure (g-2) precession
- To prove the spin is frozen

—> V —>

E —

o o o R

vvvavvvavvvv

— a —>
Time[arb.]

)
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See the Poster: Search for a 1-EDM

A. Adelmannt?, K. Kirch?, C.].G. Onderwater?, T. Schietinger}, A. Streunt

Search for the muon electric dipole moment using a compact storage ring

A. Adelmann and K. KireH'| hep'eXI0606034

Paul Scherrer Institut (PSI), CH-5232 Villigen P51, Switzerland
(Dated: June 15, 2006)

The recently proposed Wew Method of Measuring Electric Dipole Moments in Storage Rings® |1,
2, 3] could be used in an experiment using the existing muon beam pE1 at PSIL A high muon
polarization and a rather low momentum of p, ~ 125 MeV /e allow for an almost table-top storage
ring and increase the intrinsic sensitivity and. thus, partially compensate for limitations due to lower
event statistics. A measurement of the muon electric dipole moment with a sensitivity of better
than dy ~ 5 x 10~ % e-em within one vear of data taking appears feasible.

B=1T 1.1 x 1016

p, =125 MeV/c O-d,u —
=0.77, y,=1.57 VI

P
P=009 In 1 year of running @ PSI
E
R

=064MVIM 5~ 5 % 10723e. cm
=0.35m H
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The storage ring is modest in size

Injection studies look promising.
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Summary and Outlook

+ A dedicated m-EDM experiment could be
developed here at PSI that could reach
interesting sensitivity.

This would provide a unigue opportunity for PSIT
to contribute to the worldwide effort in
precision physics.

» The muon has provided us with much knowledge on

how nature works, and there is plenty of room for
future surprises.

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

* This new physics would show up in an EDM and
perhaps LFV as well.
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THE END
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Present EDM Limits

Particle Present EOM Ilimit SM value
(e-cm) (e-cm)
n 3 x 1026 (90%CL) 102 to 1031
e 1.6 x 1027 (90%CL) < 1041
-38
H < 10718 (CERN) <10
~ 10719 * (E821)
*?Hg 2.1x 1028 (95%CL)

*not yet final
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