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The Tevatron has inspired new interest in the subject of magnetic monopoles. First
there was the 1998 D0 limit on the virtual production of monopoles, based on the theory
of Ginzb erg and collaborators. In 2000 the �rst results from an experiment (Fermilab
E882) searching for real magnetically charged particles bound to elements from the CDF
and D0 detectors were reported. This also required new developments in theory. The
status of the experimental limits on monopole masseswill be discussed, as well as the
limitation of the theory of magnetic charge at present.

1. Maxw ell's Equations

The most obvious virtue of intro ducing magnetic charge is the symmetry thereby
imparted to Maxwell's equations,

r � E = 4� � e; r � B = 4� � m ; (1a)

r � B =
1
c

@
@t

E +
4�
c

j e; � r � E =
1
c

@
@t

B +
4�
c

j m : (1b)

Theseequations are invariant under a global duality transformation. If E denotes
any electric quantit y, such as E, � e, or j e, while M denotesany magnetic quantit y,
such as B , � m , or j m , the dual Maxwell equations are invariant under

E ! Ecos� + M sin � ; M ! M cos� � Esin � ; (2)

where � is a constant.
J. J. Thomson1 (1904) observed the remarkable fact that a static system of

an electric (e) and a magnetic (g) charge separatedby a distance R possessesan

� E-mail address: milton@mail.nhn.ou.edu
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Fig. 1. The relativ e motion of two dyons is con�ned to the surface of a cone about the direction
of the angular momentum.

angular momentum,

J =
Z

(dr ) r � G =
Z

(dr ) r �
E � B

4� c

=
1

4� c

Z
(dr ) r �

�
er
r 3 �

g(r � R )
(r � R )3

�
=

eg
c

R̂ ; (3)

which follows from symmetry (the integral canonly supply a numerical factor, which
turns out to be 4� ). The quantization of charge follows by applying semiclassical
quantization of angular momentum:

J � R̂ =
eg
c

= n
�h
2

; or eg =
n
2

�hc; n = 0; � 1; � 2; : : : : (4)

2. Classical Scattering

Actually , earlier in 1896, Poincar�e2 investigated the motion of an electron in the
presenceof a magnetic pole. Let's generalize to two dyons (a term coined by
Schwinger in 1969) with charges e1, g1, and e2, g2, respectively. There are two
charge combinations q = e1e2 + g1g2, � = � e1 g2 � e2 g1

c . Then the classicalequation
of relative motion is (� is the reducedmassand v is the relative velocity)

�
d2

dt2 r = q
r
r 3 � � v �

r
r 3 : (5)

The constants of the motion are the energy and the angular momentum,

E =
1
2

�v 2 +
q
r

; J = r � � v + � r̂ : (6)

Note that Thomson's angular momentum is pre�gured here.
BecauseJ � r̂ = � , the motion is con�ned to a cone,asshown in Fig. 1. Here the

angle of the coneis given by

cot
�
2

=
l

j� j
; l = �v 0b; (7)
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where v0 is the relative speed at in�nit y, and b is the impact parameter. The
scattering angle � is given by

cos
�
2

= cos
�
2

�
�
�
�sin

�
� =2

cos�= 2

� �
�
�
� ; where (8a)

�
2

=

8
<

:

tan � 1
�

j � j v0

q cot �
2

�
; q > 0;

� � tan � 1
�

j � j v0

j qj cot �
2

�
; q < 0:

(8b)

The impact parameter b(� ) is a multiple-valued function of � . The di�eren tial cross
section is therefore

d�
d


=

�
�
�
�

bdb
d(cos� )

�
�
�
� =

X

�

�
�

2�v 0

� 2 1
sin4 �

2

�
�
�
�
sin � d�
sin � d�

�
�
�
� : (9)

Representativ e results are given in Ref. 3.
The crosssection becomesin�nite in two circumstances;�rst, when

sin� = 0 (sin � 6= 0); � = � ; (10)

we have what is called a glory. For monopole-electronscattering this occurs for

� g

2
= 1:047; 1:318; 1:403; : : : : (11)

The other casein which the crosssection divergesis when

d�
d�

= 0: (12)

This is called a rainbow. For monopole-electronscattering this occurs at

� r = 140:1� ; 156:7� ; 163:5� ; : : : : (13)

For small scattering angleswe have the generalization of the Rutherford formula

d�
d


=
1

(2�v 0)2

( �
e1g2 � e2g1

c

� 2

+
�

e1e2 + g1g2

v0

� 2
)

1
(� =2)4 ; � � 1: (14)

3. Quan tum Theory

Dirac4 showed in 1931that quantum mechanicswasconsistent with the existenceof
magnetic monopolesprovided the quantization condition (4) holds, which explains
the quantization of electric charge. This was generalizedby Schwinger to dyons:

e1g2 � e2g1 =
n
2

�hc: (15)

(Schwinger sometimesarguedthat n wasan even integer, or even4 times an integer.)
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One can seewhere this comesfrom by consideringquantum mechanical scatter-
ing. To de�ne the Hamiltonian, one must intro duce a vector potential, which must
be singular becauseB 6= r � A : For example,a potential singular along the entire
line n̂ is

A (r ) = �
g
r

1
2

�
n̂ � r

r � n̂ � r
�

n̂ � r
r + n̂ � r

�
= �

g
r

cot � �̂ if n̂ = ẑ; (16)

which correspondsto the desiredmagnetic �eld from a magnetic monopole, B (r ) =
g r

r 3 : Invarianceof the theory (wavefunctionsmust be single-valued) under string ro-
tations implies the charge quantization condition. This is a nonperturbativ e state-
ment.

Yang o�ered another approach, which is fundamentally equivalent. 5 He insisted
that there be no singularities, but rather di�eren t potentials in di�eren t regions:

Aa
� =

g
r sin �

(1 � cos� ) =
g
r

tan
�
2

; � < � ; (17a)

Ab
� = �

g
r sin �

(1 + cos� ) = �
g
r

cot
�
2

; � > 0: (17b)

Thesecorrespond to the samemagnetic �eld, so must di�er by a gradient:

Aa
� � Ab

� =
2g

r sin �
�̂ = @� �; � = 2g�: (18)

Requiring now that eie� be single valued leadsto the quantization condition (4).
There is also a intrinsic spin formulation, pioneeredby Goldhaber.6 The energy

(6) di�ers by a gaugetransformation from

H =
1

2�

�
p2

r +
J 2 � (J � r̂ )2

r 2

�
+

e1e2 + g1g2

r
; (19)

where

J = r � p + S; � v = p +
S � r

r 2 : (20)

The quantization condition appearsas S � r̂ = m0. This was elaborated long ago.7

The nonrelativistic Hamiltonian for a system of two interacting dyons is

H = �
�h2

2�

�
r 2 +

2m0

r 2

cos�
sin2 �

1
i

@
@�

�
m02

r 2 cot2 �
�

+
q
r

; (21)

wherem0 = � (e1g2 � e2g1)=�hc. The wavefunction separates: (r ) = R(r )�( � )eim� ,
where

�
d2

dr2 +
2
r

d
dr

+ k2 �
2�

�h2

q
r

�
j (j + 1) � m02

r 2

�
R = 0; (22a)

�
�

1
sin �

d
d�

�
sin �

d
d�

�
�

m2 � 2mm0cos� + m02

sin2 �

�
� = j (j + 1)� : (22b)
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The solution to the � equation is the rotation matrix element: (x = cos� )

U ( j )
m 0m (� ) = hj m0jeiJ 2 � =�h jj mi / (1 � x)

m 0� m
2 (1 + x)

m 0+ m
2 P (m 0� m;m 0+ m )

j � m (x); (23)

whereP (m;n )
j are the Jacobi polynomials, or \monop ole harmonics." This forcesm0

to be an integer. The radial solutions are con
uent hypergeometric functions,

Rk j (r ) = e� ik r (kr )L F (L + 1 � i� ; 2L + 2; 2ik r ); (24a)

� =
�q

�h2k
; k =

p
2�E
�h

; L +
1
2

=

s �
j +

1
2

� 2

� m02: (24b)

We solve the Schr•odinger equation such that a distorted plane wave is incident,

 in = expi [k � r + � ln(kr � k � r )] : (25)

Then the outgoing wave has the form

 out �
1
r

ei (k r � � ln 2kr ) eim 0 �� 0
f (� ); (26)

soup to an unobservable phase,the scattering amplitude is (here � is the scattering
angle)

2ik f (� ) =
1X

j = jm 0j

(2j + 1)U ( j )
m 0m 0(� � � )e� i ( � L � 2� L ) ; (27)

in terms of the Coulomb phaseshift, � L = arg �( L + 1 + i� ). Note that the integer
quantization of m0 results from the use of an in�nite (\symmetric") string; an
unsymmetric string allows m0 = integer+ 1

2 .
One can show that reorienting the string direction givesrise to an unobservable

phase.7 Note that this result is completely general: the incident wave makes an
arbitrary anglewith respect to the string direction. Rotation of the string direction
is a gaugetransformation.

Notice that small angle scattering is still given by the Rutherford formula:

d�
d


�
�

m0

2k

� 2 1
sin4 � =2

; � � 1; (28)

for electron-monopole scattering. The classicalresult is good roughly up to the �rst
classical rainbow. In general, one must proceednumerically. Various remarkable
results are shown in Ref. 3.

We can also include the e�ect of a magnetic dipole moment interaction, by
adding a term to the Hamiltonian,

�
e�h
2�c


 � � H ; H = g
r
r 3 : (29)
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Fig. 2. Relativistic scattering of a spin-1/2 electron by a heavy monopole.

For small scattering angles, the spin-
ip and spin-non
ip cross sections are (for

 = 1, � � 1)

d�
d


�
�
�
�
F

�
�

m0

2k

� 2 sin2 � =2

sin4 � =2
;

d�
d


�
�
�
�
NF

�
�

m0

2k

� 2 cos2 � =2

sin4 � =2
: (30)

Note that the spin-
ip amplitude always vanishesin the backward direction; the
spin-non
ip amplitude also vanishesthere for conditions almost pertaining to an
electron: for m0 > 0, and 
 = 1, d�

d
 (� ) = 0. Various results are shown in Ref. 3.

All of this work wasdonemany yearsagoin Ref. 3, which just goesto show that
\go od work agesmore slowly than its creators." There was of coursemuch earlier
work 8;9 A relativistic calculation of the scattering of a spin-1/2 Dirac particle by
a heavy monopole was given by Kazama, Yang, and Goldhaber.10 They also gave
helicity-
ip and helicity-non
ip crosssectionswhich are shown in Fig. 2. (Note for
� = � , helicity non
ip corresponds to spin 
ip, and vice versa.)

4. Quan tum Field Theory

The quantum �eld theory of magnetic charge has beendeveloped by many people,
notably Schwinger11 and Zwanziger.12 A recent formulation suitable for eikonal
calculations is given in Ref. 13. Formal Lorentz invarianceis demonstratedprovided
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the quantization condition holds (rationalized units):

eagb � ebga

4�
=

(
n
2 ; unsymmetric
n ; symmetric

)

; n 2 Z : (31)

(\Symmetric" and \unsymmetric" refer to the presenceor absenceof dual symmetry
in the solutions of Maxwell's equations.)

The electric and magnetic currents are the sourcesof the �eld strength and its
dual:

@� F�� = j � and @� � F�� = � j � ; (32)

where
� F�� =

1
2

� �� � � F � � ; (33)

which imply the dual conservation of electric and magnetic currents, j � and � j � ,
respectively,

@� j � = 0 and @�
� j � = 0: (34)

The �rst-order form of the action describing the interaction of a spin-1/2 electron
 and a spin-1/2 monopole � is

W =
Z

(dx)
�

�
1
2

F �� (x) (@� A � (x) � @� A � (x)) +
1
4

F�� (x)F �� (x)

+ � (x) (i
 @+ e
 A(x) � m )  (x) + �� (x) (i
 @+ g
 B(x) � m � ) � (x)
�

;(35)

where A � and F�� are independent �eld variables and

B � (x) = �
Z

(dy)f � (x � y) � F�� (y) ; (36)

Here f � (x) is the Dirac string function which satis�es the di�eren tial equation

@� f � (x) = � (x) ; (37)

a formal symmetric solution of which is given by

f � (x) = n� (n � @) � 1 � (x) ; f � (x) = � f � (� x); (38)

wheren� is an arbitrary vector. A corresponding dual form in terms of independent
variables B � and � F�� can be immediately written down. Although from these
actions a complete path integral version of dual QED can be given,13 all that is
neededfor our purposeshere is the relativistic interaction between spinor electric
and magnetic currents j � = e� 
 �  and � j � = g��
 � � :

W (j; � j ) =
Z

(dx)(dx0)(dx00) � j � (x)� �� � � @� f � (x � x0) D+ (x0 � x00) j � (x00) ; (39)
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where the photon propagator is denoted by D + (x � x0).
The modern path integral reformulation of the dual quantum electrodynamics

of electric and magnetic charges were used in Ref. 13 to rederive and generalize
the eikonal results of Urrutia 14 for high-energy, low momentum-transfer scattering
betweenan electron and a monopole. A simpli�ed version of the argument appears
in Ref. 15. In terms of the quantization condition (4), the scattering amplitude, for
an arbitrary direction of the incident particle, turns out to be

I (q) = �
4� n
q2 e� 2in� ; (40)

where q is the momentum transfer. Squaring this and putting in the kinematical
factors we obtain Urrutia's result14

d�
dt

=
(eg)2

4�
1
t2 ; t = q2; (41)

which is exactly the sameasthe nonrelativistic, small angleresult found in Eq. (28).
This calculation, however, points the way toward a proper relativistic treatment,
and will be extendedelsewhereto the crossedprocess,the production of monopole-
antimonopole pairs through quark-antiquark annihilation.

5. Previous Searches for Magnetic Monop oles

In the context of \more uni�ed" non-Abelian theories,classicalcomposite monopole
solutions were discovered. The massof these monopoles would be of the order of
the relevant gauge-symmetrybreaking scale,which for grand uni�ed theories is of
order 1016 GeV or higher. But there are models where the electroweak symmetry
breaking can give rise to monopolesof mass� 10 TeV. Even the latter are not yet
accessibleto acceleratorexperiments, so limits on heavy monopoles depend either
on cosmologicalconsiderations,16 or detection of cosmologically produced (relic)
monopoles impinging upon the earth or moon.17 However, a priori , there is no
reasonthat Dirac/Schwinger monopolesor dyonsof arbitrary massmight not exist:
In this respect, it is important to set limits below the 1 TeV scale.

At the University of Oklahoma we are carrying out a direct search for monopoles
produced at the Tevatron, which we will describe in the next section. But indir ect
searcheshave beenproposedand carried out aswell. De R�ujula18 proposedlooking
at the three-photon decay of the Z boson, where the processproceedsthrough a
virtual monopole loop. If we usehis formula for the branching ratio for the Z ! 3

process,comparedto the current experimental upper limit 19 for the branching ratio
of 10� 5, we can rule out monopole masseslower than about 400 GeV, rather than
the 600 GeV quoted by De R�ujula. Similarly, Ginzburg and Pan�l 20 and more
recently Ginzburg and Schiller 21 consideredthe production of two photons with
high transversemomenta by the collision of two photons producedeither from e+ e�

or quark-(anti-)quark collisions. Again the �nal photons are produced through a
virtual monopole loop. Based on this theoretical scheme, an experimental limit
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has appeared by the D0 collaboration,22 which sets the following bounds on the
monopole massM :

M
n

>

8
<

:

610 GeV for S = 0
870 GeV for S = 1=2
1580GeV for S = 1

; (42)

where S is the spin of the monopole. It is worth noting that a lower masslimit of
120 GeV for a Dirac monopole has beenset by Graf, Sch•afer, and Greiner,23 based
on the monopole contribution to the vacuum polarization correction to the muon
anomalousmagnetic moment. (Actually , we believe that the correct limit, obtained
from the well-known textb ook formula for the g-factor correction due to a massive
Dirac particle is 60 GeV.)

In Ref. 15 we have criticized theselimits on theoretical grounds. They are based
on a naiveapplication of dualit y, in which the quantization plays no role. Thusgauge
invarianceis not demonstrated. The Euler-HeisenbergLagrangian is usedoutside its
rangeof validit y for hard photon processes.That the Euler-Heisenberg Lagrangian
is not an e�ectiv e Lagrangian in the senseof capturing radiativ e corrections is
demonstratedby the disparatework of Refs.24;25. Moreover, the substitution e ! g,
or

� ! � g =
137
4

n2; n = 1; 2; 3; : : : ; (43)

is made, which implies the manifest inconsistencyof perturbation theory (which is
already precluded by the nonperturbativ e quantization condition). The expansion
parameter is � g, which is huge. Instead of radiativ e corrections being of the or-
der of � for the electron-loop process,these corrections will be of order � g, which
implies an uncontrollable sequenceof corrections. For example, the internal radia-
tiv e corrections to the four-photon box diagram have been computed by Ritus26

and by Reuter, Schmidt, and Schubert27 in QED. In the O(� 2) term in the ex-
pansion of the EH Lagrangian, the coe�cien ts of the (F 2)2 and the (F � F )2 terms
are multiplied by

�
1 + 40

9
�
� + O(� 2)

�
and

�
1 + 1315

252
�
� + O(� 2)

�
respectively. These

corrections becomemeaninglesswhen we replace � ! � g. Moreover, it is easy to
see15 that unitarit y is violated by the formulas used in the D0 analysis unlessthe
monopole massesare above 1 TeV, so the limits quoted are meaningless.

6. Oklahoma Exp erimen t: Fermilab E882

The best prior experimental limit on the direct acceleratorproduction of magnetic
monopoles is that of Bertani et al.28: � � 2 � 10� 34cm2 for M � 850GeV. The
fundamental mechanism is supposedto be a Drell-Yan process,p+ �p ! m + �m + X ,
where the crosssection is given by

d�
dM

= (68:5n)2� 3 8� � 2

9s

Z
dx1

x1

X

i

Q2
i qi (x1) �qi

�
M 2

sx1

�
: (44)

Here M is the invariant mass of the monopole-antimonopole pair, and we have
included a factor of � 3 to re
ect (1) phasespaceand (2) the velocity suppressionof
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the magnetic coupling. Note that we are unable to calculate the elementary process
q�q ! 
 � ! m �m perturbativ ely, so we must usenonperturbativ e estimates.

Any monopole produced at Fermilab losesenergy as it passesthrough the de-
tector by ionization (computed using the energy loss formula of Ahlen29) and is
trapp ed in the detector elements with 100% probabilit y due to interaction with
the magnetic moments of the nuclei. The experiment consists of running sam-
ples obtained from the old D0 and CDF detectors through a superconducting in-
duction detector. A schematic of our induction detector is shown on the web at
http://www.nhn.o u. edu/%7Egrk /a ppara tu s.p df . We are able to set much better
limits than Bertani et al. becausethe integrated luminosity delivered to D0 is 104

larger than that of the previous 1990experiment:
R

L = 172� 8pb� 1.

If q = e1e2 + g1g2 < 0, H NR in Eq. (21) givesbinding of dyons

Enj = �
�
2

q2
�
n +

1
2

+
�
(j + 1=2)2 � m02� 1=2

� � 2

: (45)

Monopoles will not bind this way|a magnetic moment coupling as in Eq. (29) is
required, in terms the gyromagnetic ratio 
 = 1 + � = g

2 : (
 = 1 or g = 2 is the
\normal" value.) The theory15 is somewhatcomplicated and most inconclusive, as
Table 1 shows.

Table 1. Weakly bound states of nuclei to a magnetic monopole. The angular momentum quantum
number J of the lowest bound state is indicated. In Notes, NR means nonrelativistic and R
relativistic calculations; hc indicates an additional hard core interaction is assumed, while FF
signi�es useof a form factor. IM means induced magnetization, an additional interaction employed
for the relativistic spin-1 calculation. We usen = 1 except for the deuteron, where n = 2 is required
for binding.

Nucleus Spin 
 J Eb Notes Ref

n 1
2 � 1:91 1

2 350 keV NR,hc 30

1
1H 1

2 2.79 l � 1
2 = 0 15.1 keV NR,hc 31

320 keV NR,hc 30

50{1000 keV NR,FF 32

263 keV R 33

2
1H 1 0:857 l � 1 = 0 (n = 2) 130

� keV R,IM 34

3
2He 1

2 � 2:13 l + 1
2 = 3

2 13.4 keV NR,hc 31

27
13Al 5

2 3.63 l � 5
2 = 4 2.6 MeV NR,FF 32

27
13Al 5

2 3.63 l � 5
2 = 4 560 keV NR,hc 35

113
48 Cd 1

2 � 0:62 l + 1
2 = 49

2 6.3 keV NR,hc 31

Unfortunately , the simple theory says that Be (of which the beampipe is made)
will not bind to monopoles (S = 3=2, 
 < 0), but the strength of the magnetic
�eld in the vicinit y of a monopole will mostly likely disrupt the nucleus, ensuring
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binding. Al and Pba are okay.
Estimates of binding energiesare in the keV range and up. Simple estimations

show that an energyof an eV is su�cien t to bind a monopole to a nucleuswith a 10
year lifetime, and then the monopole-atom complexwill remain permanently bound
to the material lattice. (Evidently , it would not do to melt the material down.)

A characteristic signal would be produced in a superconducting loop contained
within a superconducting can by a magnetic monopole of strength g pulled through
it. Note that if the shield werenot present, the supercurrent induced in the loop of
inductance L and radius R would be given by

I (t) =
2� g
Lc

 

1 �
z(t)

p
R2 + z(t)2

!

; (46)

where z(t) is the vertical position of the monopole relative to the position of the
center of the loop. The theory including the shield correction can be veri�ed with
a pseudopole.

Background e�ects are enormous. All nonmagnetic but conducting samples
possess:

� Permanent magnetic dipole moments (in the absenceof boundaries):

I (t) = �
2� � z

Lc
R2

[R2 + z(t)2]3=2
(47)

� Induced magnetization: (a is the radius of the superconducting cylinder)

I (t) =
v
c3

1
L

Z
(dr )r 2 � (r )

@Bz

@z0 (z0)
1
R

H
�

z0

R
;

a
R

�
; (48)

where v is the velocity with which the sample is pulled through the detector,
� is the conductivit y of the sample,and

H
�

z0

R
;

a
R

�
=

Z 1

0
dy y cosy

z0

R

�
K 1(y) � I 1(y)

K 1(ya=R)
I 1(ya=R)

�
(49a)

!
�
2

R3

(R2 + z02)3=2
; a=R ! 1 : (49b)

Calibration and real data areshown in the Figures. The pseudopoledata (Fig. 3)
clearly shows that we could detect a Dirac pole. As one seesfrom Fig. 4 real
sampleshave \large" dipole signals;what we are looking for is an asymptotic \step"
indicating the presenceof a magnetic charge. Stepsseenare typically much smaller
than that expected of a magnetic pole of Dirac strength. The histogram of steps
is shown in Fig. 5. For n = 1 the 90% con�dence upper limit is 4.2 signal events
a22% of naturally occurring Pb is 207

82 Pb, which has spin 1=2 and 
 = 0:582, which is su�cien t for
binding in the lowest angular momentum state.15 The other three stable isotopes have spin 0.
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Fig. 3. \Pseudop ole" curves. a) Comparison of theoretical monopole response to an experimental
calibration and of a simple point dip ole of one sample with that calculated from the theoretical
response curve. b) The observed \step" for a pseudopole current, corresponding to 2.3 minim um
Dirac poles, embedded in an Al sample.

Table 2. Acceptances, upper cross section limits, and lower mass limits, as determined in this
work (at 90% CL).

Magnetic Charge jnj = 1 jnj = 2 jnj = 3 jnj = 6
Sample Al Al Be Be

�
 =4� acceptance 0.12 0.12 0.95 0.95
MassAcceptance 0.22 0.060 0.0018 0.11
Number of Poles < 4:2 < 2:4 < 2:4 < 2:4

Crosssection limit 0.84 pb 1.9 pb 8.4 pb 0.17 pb
Monopole MassLimit > 263 GeV > 282 GeV > 284 GeV > 413 GeV

for 8 events observed when 10 were expected.36 These8 sampleswere remeasured
and all fell within � 1:47 mV of n = 0 (more than 1.28� from n = � 1). For n = 2
the 90% con�dence upper limit is 2.4 signal events for zero events observed and
zero expected. Then, by putting in angular and massacceptanceswe can get cross
section limits as shown in Table 2. These numbers re
ect a new analysis, and so
di�er somewhatfrom our published results.37 To obtain the masslimits, we usethe
model crosssectionsreferred to above.
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Fig. 4. Sample spectra. a) Beryllium sample \SBe5P," and b) alumin um sample \S133Al." The
observed steps are � 0:8 mV in a) and +0 :4 mV in b). The dip ole signals are o� scale in the middle
regions of the plot in this vertically expanded view.

1. J. J. Thomson, Electricity and Matter (Scribners, New York, 1904), p. 26.
2. H. Poincar�e Compt. Rendus 123, 530 (1896).
3. J. Schwinger, K. A. Milton, W.-y. Tsai, L. L. DeRaad, Jr., and D. C. Clark, Ann. Phys.

(N.Y.) 101, 451 (1976).
4. P. A. M. Dirac, Proc. Roy. Soc. London ser. A 133, 60 (1931).
5. T. T. Wu and C. N. Yang, Phys. Rev. D 12, 3845 (1975).
6. A. S. Goldhaber, Phys. Rev. 140, B1407 (1965).
7. K. A. Milton and L. L. DeRaad, Jr., J. Math. Phys. 19, 375 (1978).
8. P. Banderet, Helv. Phys. Acta 19, 503 (1946).
9. K. W. Ford and J. A. Wheeler, Ann. Phys. (N.Y.) 7, 287 (1959).

10. Y. Kazama, C. N. Yang, and A. S. Goldhaber, Phys. Rev. D 15, 2287 (1977).
11. J. Schwinger, Phys. Rev. 144, 1087 (1966); 151, 1048, 1055 (1966); 173, 1536 (1968);

D 12, 3105 (1975).
12. D. Zwanziger, Phys. Rev. D 3, 880 (1971); R. Brandt, F. Neri, and D. Zwanziger, Phys.

Rev. Lett. 40, 147 (1978); Phys. Rev. D 19, 1153 (1979).
13. L. Gamberg and K. A. Milton, Phys. Rev. D 61, 075013(2000).
14. L. F. Urrutia, Phys. Rev. D 18, 3031 (1978).
15. L. Gamberg, G. R. Kalb
eisc h, and K. A. Milton, Found. Phys. 30, 543 (2000).
16. For example, M. Turner, Phys. Lett. 115B , 95 (1982).
17. P. H. Eberhard, et al., Phys. Rev. D 4, 3260 (1971); R. R. Ross, et al., Phys. Rev. D

8, 698 (1973); P. B. Price, Shi-lun Guo, S. P. Ahlen, and R. L. Fleischer, Phys. Rev.
Lett. 52, 1264 (1984); B. Cabrera, Phys. Rev. Lett. 48, 1378 (1982); 51, 1933 (1983);
55, 25 (1985); H. Jeon and M. J. Longo, Phys. Rev. Lett. 75, 1443 (1995), Erratum



Milton, Kalb
eisch, and Gamberg

60

50

40

30

20

10

0

E
ve

n
ts

/0
.4

 m
V

-6 -4 -2 0 2 4 6

Step  (mV)

n=-2          -1           0          +1           +2

Fig. 5. Histogram of steps. Vertical lines (dashed) de�ne the expected positions of signals for
various n. The Gaussian curve (dashed) corresponds to 228 measurements having an average
value of 0.16 mV and an rms sigma of 0.73 mV.

76, 159 (1996); M. Ambrosio et al., Phys. Lett. B406 , 249 (1997).
18. A. De R�ujula, Nucl. Phys. B435 , 257 (1995).
19. M. Acciarri et al., Phys. Lett. B345 , 609 (1995).
20. I. F. Ginzburg and S. L. Pan�l, Yad. Fiz. 36, 1461 (1982) [Sov. J. Nucl. Phys. 36, 850

(1982)].
21. I. F. Ginzburg and A. Schiller, Phys. Rev. D 57, R6599 (1998); 60, 075016(1999).
22. B. Abb ott et al., Phys. Rev. Lett. 81, 524 (1998).
23. S. Graf, A. Sch•afer, and W. Greiner, Phys. Lett. B262 , 463 (1991).
24. D. A. Dicus, C. Kao, and W. W. Repko, Phys. Rev. D 57, 2443 (1998).
25. M. Bordag, D. Robaschik, and E. Wieczorek, Ann. Phys. (N.Y.) 165, 192 (1985); M.

Bordag and J. Lindig, Phys. Rev. D 58, 045003(1998).
26. V. I. Ritus, Zh. Eksp. Teor. Fiz. 69, 1517 (1975) [Sov. Phys.-JETP 42, 774 (1976)].
27. M. Reuter, M. G. Schmidt, and C. Schubert, Ann. Phys. (N.Y.) 259, 313 (1997); D.

Fliegner, M. Reuter, M. G. Schmidt, and C. Schubert, Teor. Mat. Fiz. 113, 289, 1442
(1997), hep-th/9704194.

28. M. Bertani et al., Eur. Phys. Lett. 12, 613 (1990); P. B. Price, R. Guoxiao, and K.
Kinoshita, Phys. Rev. Lett. 59, 2523 (1987); P. B. Price, J. Guiri, and K. Kinoshita,
Phys. Rev. Lett. 65, 149 (1990).

29. S. P. Ahlen, \Monop ole Energy Loss and Detector Excitation Mechanisms," in Mag-
netic Monopoles, ed. R. A. Carrigan and W. P. Trower (Plenum Press, New York,
1982), p. 259.

30. D. Sivers, Phys. Rev. D 2, 2048 (1970).
31. L. Bracci and G. Fiorentini, Nucl. Phys. B232 , 236 (1984).
32. K. Olaussenand R. Sollie, Nucl. Phys. B255 , 465 (1985).
33. K. Olaussen,H. A. Olsen, P. Osland, and I. �v erb�, Nucl. Phys. B228 , 567 (1983).
34. H. A. Olsen, P. Osland, and T. T. Wu, Phys. Rev. D 42, 665 (1990); H. A. Olsen and

P. Osland, Phys. Rev. D 42, 690 (1990).
35. C. J. Goebel, in Monopole '83, ed. J. L. Stone (Plenum, New York, 1984), p. 333.
36. G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873 (1998), Table IV and V.
37. G. R. Kalb
eisc h, K. A. Milton, M. G. Strauss, L. Gamberg, E. H. Smith, and W. Luo,

Phys. Rev. Lett. 85, 5292 (2000).


