
VOLUME 3, NUMBER 2 PHYSICAL REVI EW LETTERS JULY 15, 1959

for scalar and pseudoscalar K, respectively.
Thus, the Ã parity can be determined, in prin-

ciple, by the measurement of the sign of this
correlation.

The determination of (v,„eas) in reaction (1)
presents two main practical difficulties: in the
first place, reaction (1) occurs only in about 1%
of all K capture reactions; secondly, if the
final system is An, this measurement will in-
volve the determination of the spin direction of
n, which may present special problems. The
spin direction of the A may be determined from
the angular distribution of the decay products.
If the final system is Z p, the determination of
the spin direction of the Z may be difficult be-
cause of the apparently small value of the asym-
metry parameter in Z decay.

It is perhaps interesting to observe that if, in
the more frequent reactions

E +d-~+&+ m,

it turns out to be possible to isolate those events
in which the Y and N are produced with sufficiently
small relative momentum so that they are pre-
dominantly in a relative s state, then a similar
theorem would hold for their spin correlation. In
that case, in Eqs. (2a) and (2b) the vector R

would represent the momentum of the pion rela-
tive to the YN system and the results of Eqs. (4a)
and (4b) would be interchanged because of the
pseudoscalar nature of the pion field. Reactions
of type (5) have the advantage that they are more
frequent than (1) and they would permit the in-
vestigation of the spin correlations of the AP and

the Z n systems, which may avoid some of the
difficulties mentioned above.

Finally we mention the reaction

Z + He4-AHe'+ g, (6)

as a possible means of determining the relative
A-Z parity. (We assume spin —,

' for J He'. ) When
the Z has-a polarization Po, the differential cross
section for reaction (6) is given by

do/dQ = (do/dQ), (1 ~ P,.P,), (I)

where P, is the polarization of the AHe' in the
case Ps = 0 and (dv/dQ)s is the corresponding dif-
ferential cross section. The+(-) sign in Eq. (I)
applies in the case in which the relative intrinsic
parity of the initial and final systems is even
(odd). Thus, the relative intrinsic parity of the
final and initial systems in (6) can be determined,
in principle, by a measurement of P, and the
left-right asymmetry for P, 0. The derivation
of Eq. (I) follows the same lines as the theorems
recently given by Bilenky and Bohr. '
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The existence of the ordinary p. decay,
p, -e+v+v, seems to prove that the muon and
electron do not differ in any quantum numbers. '
It follows that weak electromagnetic transitions
between muons and electrons could occur, if
there is a mechanism. to produce them. For ex-
ample, one such mechanism would exist if the

p. decay was not caused by a direct p.e vv Fermi
interaction but instead involved a virtual charged
boson. This particular possibility seems ruled
out, since the predicted' rate for p, -e +y would
be cpnsiderably greater than the upper limit set
by recent experiments. '~4 The purpose of this
note is to discuss phenomenologically (without
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attachment to any specific mechanism) other
kinds of electromagnetic transitions between
muon and electron that may be possible even if
p, -e+y is somehow suppressed.

Since muon and electron both have spin -,', the
general p, -e-y interaction may be described by
four form factor s, which correspond roughly to
distributions of EO, MO, E1, and M1 transition
moments. They are defined by'

the muon and electron also have a Fermi inter-
action of the form

&=gk, y„(1+y6)4„7t y (I+y6)|I (4)

with some charged particle f.' This interaction
will generate, through "vacuum polarization"
type diagrams, monopole form factors given by

(el J (0) lp) =-ie( v) 'u f (q )]y +sq

MQ ~I 5 X 6 q™~fF.l 5 X

where mf is the mass of f, D is a logarithmically
divergent constant, given in terms of a cutoff X

by

qn

n I-
Here J~ is the electromagnetic current, and

q& =pe& -
p&& is the momentum transfer. The

form factors f&0, fMQ, f&1, fM1 are dimen-
sionless functions of

q'=q q =-q+(q')'

(m '+X'~ m '
D=lnI, I+, , -1,

m m '+X'

and V is' the vacuum polarization function

1 ~ 1 l ( 1)+' (I+1/x)~ -1
x ( 2X] ( x) (1+I/x)~'+ I

- ~ ass-O.4

(6)

Equation (1) follows from Lorentz invariance,
current conservation, and the Dirac equations
for ue and u&, with the electron mass neglected.

In order to avoid an infinity in (1) for q'-0, we
must have

f 0(o)=0, f,(o)=o. (2)

Furthermore, if e& is the polarization four-vector
of a real photon with momentum -q~ (q'=0), we
must have q~e~=0. We therefore have the famil-
iar result that the EO and MO terms cannot con-
tribute to the rate of emission of a real photon,
which is given by

~(p, -e+y) =m n)1',

g
'=-,'[If 1(0) I'+ If (0) I'].E1

Thus the observed absence of p. -e+y decay tells
us nothing about the possible existence of an EO
or MO form factor, or about the possibility that

foal(q ) or fM1(q') +0, although f&1(0) fM1(Q) =Q.
Actually, because of the presumably "chiral"

character of lepton interactions, it is not diffi-
cult to find examples of theories in which we ex-
pect that f&0 and fMQ

would be much greater
than f&1 and fM1. Suppose, for instance, that in
addition to the usual JL(. -decay Fermi interaction,

For example, if we take q'=m&', and x=m,
then fgQ = fMQ

=f:—
f =-g(m '/12v') x4.4.

P

On the other hand, in this model f&1 and fMl
are of order ge', since a virtual photon must be
emitted and absorbed to produce any dipole transi-
tion moment. ' This is a direct consequence of
the "chirality conservation" of the p, -e covariant
in (4), and would still hold if the factor

y y (1+y )C

were replaced by a more complicated function of
the f -field operators. It should be mentioned
that, realistically, f could only be a muon if the
coupling constant in (4) is comparable with the
Fermi constant. This is because we must have

mf &m&/2 in order to avoid the unobserved decay
process p, -e +f +f, and furthermore f can only
interact weakly with nuclei in order to avoid the
unobserved nuclear absorption process p+N-e+N'
in amounts comparable to ordinary p. capture.

In order to test the possible existence of the EO
and MQ terms in (1) or of the El and Ml terms
for q'&0, it is necessary to consider cases where
the p e transition is accompanied by an inter-
action with a virtual photon. ' For example, a
p bound in a iS state around a nucleus N may
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QPN N, =16m Z
ff

tx QZIFN-N' p, eff

where I"¹Nis defined by

(N'IZ (0) IA) = (2v) 'ZeF, (q'),

(8)

(9)

absorb a virtual photon from the Coulomb field
of the nucleus, forming an electron and a re-
coiling nucleus ¹.The kinematics of this will
be almost identical to those in ordinary p, ab-
sorption, the electron and N' being emitted with

opposite momenta of magnitude m c =106 Mev/c,
providing that the excitation of the nucleus is
small.

The rate of such a transition is given by

perimental data directly to compute the variation
of ~N N, /&oabs from nucleus to nucleus. Since
the Born approximation is not accurate over the
whole periodic table, it seems more reasonable
to use the information obtained about nuclear
charge distributions in the electron scattering
experiments to compute EN,N. For the elastic
processes, where N =N', we estimate FNN
using a "Fermi shape" for the nuclear charge
density, "with radius 1.08 @10 "A~' cm and sur-
face thickness t =2.5~10 "cm. Then setting
(q')~'=5. 36xl0" cm ', we obtain

3 (1.10sin6 -0.86Bcos8)
NN 8 1+0.916/8

and
e =-0.57aA"3. (16)

[0'=-,'[If (m ')+f (m ') I'
p M1 p,

+ Iy (m ')+f (m ')I'].
MO p. Z1 p,

(10)

[We are using a plane wave for the electron, a
constant wave function for the muon, and take
the density of states for the p. at the nucleus
to be Zeff4a'm '/vz. Only virtual "timelike"
photons are assumed to contribute. Terms of
order m&/mN or (mN, -mN)/m& are neglected

throughout. ]
For experimental purposes, it is best to com-

pare (8) with the rate for ordinary p, absorption':

(v b
=(1/2v')Z ff'n'] 'm

abs

=~(IC I + IC, I +3IC I +3IC, I )m . (12)

%e have then

=0 017Z IF,. I'] '/g '. (13)

The matrix element (9) is just the Born approxi-
mation nuclear matrix element for electron scat-
tering (e+N-e+N') at momentum transfer

(q')"'=2E sin(8/2) =m
e

(14)

ide i Zmn'cos (8/2) IF

(dQ) 4E sin'(8/2) (15)

If the Born approximation gave a correct descrip-
tion of electron scattering, one could use the ex-

The cross section for this process in Born approx-
imation is

I F, I' - 1/Z,

so that

ZN, IF,,„IZ=l+ZIF„, I . (18)

This factor then reaches a maximum of about 7
for nuclei near Cu. Since the coherent process
N-N occurs for such nuclei at least six times
more frequently than all inelastic processes
(providing the above assumptions are justified),
the electron emitted will have a very sharp
spectrum, peaked at 105 Mev.

It should be noted that the ordinary p. capture,
which involves the change of a proton into a
neutron, cannot lead to the same nucleus, and
thus gets no contribution from the coherent
process.

The best experimental evidence on possible
electrons from p. capture was obtained for cop-

The factor Z I FNN I' in (13) then reaches a maxi-
mum of about 6 for nuclei near Cu, falls off
slowly for heavier elements to about 2.5 for Pb,
where our approximations are not valid anyway,
and falls off rapidly for lighter elements, where
the shape probably differs from the Fermi shape
anyway.

In addition to the coherent process where N =N',
we must also consider the possibility of inelastic
processes, where N' is some excited state of N.
Here we can make use of a theorem known in the
study of muon and electron scattering. " %e make
the following assumptions: (1) Born approxima-
tion, (2) closure approximation, (3) neglect of
structure and mesonic effects, and (4) neglect
of nucleon-nucleon correlations in N, except for
the Pauli principle. Then

lis
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per. '~ This experiment showed that

,(Cu)/tc (Cu) & 5 x10 p,

] s/] '&4x10-s
0

(19)

so that, taking 7 as the value of p&, IF&,&l'Z,
we have

experiment are about equally sensitive as tests
of p, -e -y interactions, but the former has a
simpler dependence on the form of the inter-
action.
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This indicates the amount by which the p, - e - y
form factors must be reduced compared to the

p decay coupling on the basis of present experi-
ments. For comparison, the intermediate vector
boson theory gives an answer of the order of

Q /$ s - (1/64m )' for this ratio. In view of the
mysteries surrounding the relation between muons
and electrons, a more intensive study of whether
electrons come from p. capture would be desir-
able.

The experiment of Steinberger and Wolfe was
performed to test the possible existence of pspp
and peppy Fermi interactions. The ratio of
p, +N-e+¹to ordinary p. absorption would, for
vector coupling of equal strength to p and n, be
proportional to QN+s I F&,~ I'/Z. According to
our calculations, this factor is about equal to
30 for Cu. Since this enhancement factor was
taken to be about 4 in reference 12, the sensitiv-
ity of that experiment as a test of equal pePP
and p.eggs vector interactions is about 7 times
better than quoted.

Another experimental test of p -e transitions
involving virtual photons would be the internal
conversion process p, -e+(e++e ). The rate for
this process depends in a complicated way on
the form of the functions f&0, f~, f&&, fM1
since it does not take place at fixed momentum
transfer. (We cannot use the approximation of
Kroll and%ada' here, as was done in reference
2, since we are supposing that the decay p.-e+y
does not occur. ) An order-of-magnitude estimate
gives

pu(p-Se)/tc(p-e+ v+ v) -(e /4)(h '/C ').
0 V

Experimentally, ' this ratio is less than 10 ', so
that @ /$ s&10 '. Therefore the two types of
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