
UN I VE RSA L I T Y OF WEAK VECTOR COU P L I N 6 CONSTANT

In (A4) the dependence of the wave function g on le

can be ignored, sine" as discussed in Sec. II—the
nucleus is well localized compared to its charge radius,
and f is therefore essentially constant over the range of
k for which the form factor fv is appreciable. Also, we
can replace A~I, by E„.Once these replacements are
made, we can write

and note that it is the first term in (AS) which gives the
Coulomb correction to zero order in the isovector charge
radius. Retaining only this term in (A4), and employing
the identities

+40+4 A
p (A6a)

(A6b)74(rtt+e)'y4v(e) =E,&ev(e),

fv 1+(——fv 1)—
the matrix element in (A4) becomes identical to the

(A5) expression in (5.17).

P H YSI CAL R EVI EW D VOLUME 1, NUMBER 5 MARCH &97O

Magnetic Radiation in X+ ~ ~+~'~ Decays*

G. V. DAsst
Rutherford Laboratory, Chilton, Berkshire, United IA'ngdom

AND

A. N. KAMaL

Physics Department, University of Alberta, Edmonton, Canada,
(Received 30 October 1969)

An estimate of the strength of the magnetic radiation term in E+—+ 7i-+~'y decays is made by relating it,
to the ~+ decay rate and using the Veneziano model to give the off-mass-shell dependence of the amplitudes.
We find this strength to be small ( ~

x
~
&0.14) and practically constant in the kinetic-energy range 55 Mev

&T' +&80 MeV. The results are discussed in the light of K+ —+ 71.+71'y data, particularly for possible CI'-
violating sects.

~ 'HE possibility' of CP-noninvariant effects in
E+—+ x+&'y decays has led to considerable

experimental' ' and theoretical' ' activity. The results
of extensive experiments at 8rookhaven National
Laboratory, CERN, and Berkeley are expected to be
available soon. Since the possible charge asymmetries in
E+~x+x'p decays arise from interference between
inner bremsstrahlung amplitude and the direct ampli-
tude, ' it would be desirable to have a reliable theoretical
estimate of the strength of the direct amplitude in order
to get an estimate of the expected asymmetry. In the
present work we have estimated the strength of the
magnetic part of the direct amplitude by relating the
amplitude for K+ —+ z+x'p to the 7-+ decay amplitude
which we take from experiment. If one sums over the
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photon polarizations, the charge asymmetry is directly
proportionali to Imx, (x, is the strength' of the direct
electric amplitude). Though we cannot estimate the
strength x, of the direct electric term, a knowledge of
the strength x of the direct magnetic term is important
for at least two reasons: First, attempts to determine g,
from the present experimental data would no longer
require arbitrary assumptions about x, and second, if
the polarizations are observed, one may observe effects"
duetox .

Using the Veneziano model" to give the off-mass-shell
extrapolations of various amplitudes, Lovelace" has
been able to reproduce many of the results known from
experiments, PCAC (partial conservation of axial-
vector current), and/or current algebra. In particular,
considering the pole-model type of diagram shown in
Fig. 1 (symbol A in this diagram stands for a strange-
ness-zero 0 system, not just a pion), I.ovelace was able
to reproduce the experimental decay spectra in g —& 3z.
and K~3w decays. However, the process shown in
Fig. 2 would also contribute"" to these spectra. It has
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FIG. 1. A pole-model type of diagram.
A is a zero-strangeness 0 system.

been shown" that if the off-mass-shell extrapolations
are ignored, then the inclusion of Fig. 2 leads to a slightly
positive slope for w+ amplitude, in contrast to a sub-
stantial negative slope observed experimentally. The
data would therefore suggest a suppression of the
contribution of Fig. 2 relative to that of Fig. 1, possibly
due to large off-mass-shell corrections. In what follows
we shall assume that Fig. 1 represents a reasonable
model for the structure of v-+-decay amplitude.

Our model for the magnetic part of the direct ampli-
tude in E+~x+m y is that shown in Fig. 3. The
charged system A is the same 0 system which appears
in Fig. 1. We expect the contribution of the analog of

I&xG. 2. Another diagram contributing to E -+ 3m decay.
8 is a strangeness-unity 0 system.

Fig. 2 to be suppressed in K+ —+m+w p decay for the
same reasons as it is in the r+ decay. The amplitude for
E+ —+ x+x'y decay is then written as

A (E+~ ~+~'q)

=f(m ')p, fB/(m ' —m ')j „„.p&q"k ", (1)

where m~ is an "effective mass" of the system labeled
A. To be more general, we could write the propagator
for the system A in a spectral representation form, and
the subsequent algebra would go through just as well.

f is the weak transition amplitude If~A. P~ is the
strength of the ~A ~ ~y Veneziano amplitude; p, q, and

n is the p trajectory, "and s, t, I are the Mandelstam
variables for mA —& wy. Normalizing the amplitude at
the p pole, one gets

/Pv=nu guv go~&~ (4)

where g» is defined with all particles on their mass
shells, while g, ~ has system A o6-mass-shell at m~'.

gpss is defined via the vertex function

Defining a symbol

o.,'=0.89 GeV '.

@=f(mx') g„.~/(mx' mg'), —

we could write the strength of the direct magnetic
term' as

m 'O.p'BC
—g--.

A(E+ ~ euro)
(
(4irn) igs

Here n (without any subscript) is the fine-structure
constant. Finally, we relate%' to the r+-decay amplitude
represented in Fig. 1. This amplitude is given by

4 (E+—& m+w+rr )=f(mx') fp/—(mx' m~') jU(P P)—~ (9)

P is the strength of the Veneziano amplitude for
n-A ~ arm. and U(p, p) is defined in Eq. (5) of Ref. 13.
The assumption is that U(p, p) gives the entire structure
of the amplitude. By going to the p pole, one finds

Here g, involves all particles on their mass shells and
hence is related to the experimental p-width. With"
I'„=120 MeV,

gp =5 5.
In terms of 4 one has

k are the four-momenta of x+, m', and y, respectively;
and e~ is the photon polarization four-vector. 8 gener-
ates the dynamical structure of the amplitude,

(2)
with

(3)

A (K+~ m.+e.+~ )= 2+g,.„U(p,p) . (12)

Matching this amplitude to the experimental one, we
determine %. This value of 4' is fed into Eq. (8) for
~x ~. (A(E+-em+me)) is taken from the partial decay
rate" and we use" F(p —+ s.y) &~0.5 MeV. We then find

[x f
&0.14. (13)

FIG. 3. Model for X+~ 7F+~ y. A is
a zero-strangeness 0 system.

If one uses the recent DESY result" F(p —+ cry) & 0.24
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MeV, we get instead
(14)

/x /=0. 07. (15)

In the derivation of the result in Eq. (15), we have
assumed that the strength function for the xA —+xco
Veneziano amplitude does not change under the extra-
polation m„' ~ 0. We emphasize that by relating
K+ ~ m+~oy to the experimental E+~ x+m+w, we
have tried to minimize the uncertainties of mass extra-
polation of the transition vertex E —+A. It is worth
noting that if we do not do so, but instead use the pole
model where the system 3 is taken to be the pion, and
then relate the E+—+ m+ amplitude to E+~ w+m via
PCAC and current algebra, s' we get a value of ~x
smaller than the estimate of Eq. (15) by a factor of 6.
We do not expect" ' our results to be much affected by
the use of a complex trajectory,

Since experimental information on charge asym-
metries in K+~ +++'y is still lacking, there have been
many attempts to place limits on (x, (

and (x ( by
studying only E+ decays, so that one could predict how
much asymmetry to expect. There are, however, three
parameters involved: (x, ~, ~x ~, and a CP-violating
phase p (the phase of x, relative to the inner brems-
strahlung amplitude), in addition to the strong inter-
action phase, which is not well known either. The
practice followed is to assign values to one or more of
these parameters and thereby to limit the allowed range
of the remaining parameter(s). The experimental
values are' ~x ~

=0.0&0.27, with some assumptions
about the phases, [x ((0.42 for4 [x,[=0, and [x [

= 0.21&0.15 for5
(
x,

(
=0. Our limit on

( x [ is consist-
ent with all these numbers and implies a very small
contribution from the direct magnetic term relative to
the inner bremsstrahlung term. For example, with

"J.J. Sakurai, CNrregts gwd Peelds (The University of Chicago
Press, Chicago, 1969), p. 155.
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We also did the calculation within the context of the
vector-dominance model. The photon in this case is
coupled to the co meson. The direct magnetic amplitude
in this case would be given by Eq. (1) with only one
modification, namely that g» in Eq. (4) is replaced" "
by

(4srrr)"'g, (2f„) 'sin8„=0.3 GeV '.
On making this replacement in Eq. (8), on.e gets

~x
~

=0.1 it is only 2%%uz of the inner bremsstrahlung
branching ratio for all allowed w energies and m+

kinetic energy between 55 and 80 MeV (a typical range
studied). With our estimate of ~x ~, the results of
previous attempts to determine ~x,

~

and p, assuming

~

x
~

=0, will remain almost unchanged. It should be
noted that a large value for ~x

~

would ten.d to suppress
the charge asymmetry after polarization summation
fEq. (11) of Ref. 1, for example). It is gratifying that
our estimate of

~
x

~
turns out to be small.

We also looked at the variation of
~
x

~

in the kinetic
energy range of m+ between 55 and 80 MeV and found

~
x

~

constant to within a few percent, thereby implying
a dipole dominance of the direct magnetic term.

There have been some theoretical calculations" "on
K+ ~ ~+m'y. Our result predicting a small branching
ratio from ~x

~
agrees qualitatively with some of

them" "but disagrees with that of Pepper and Ueda, "
who predict a rate already much too large compared
with the known data. 4 '

Pote added ire manuscript The st.atement regarding
the use of current algebra Lsee the paragraph following
Eq. (15)j is subject to large ambiguities and is possibly
incorrect. Current algebra was used in the most naive
way by relating the K+ —+ x+ amplitude to K+ —+ z~z'
with one pion soft. This relation was then used in the
physical situation of both pions on their mass shells. On
the other hand, if we relate" E+—+ x+ to K~' —+ x+m

with one pion soft and use this relationship when both
pions are on their mass shells, we get a value of

~
x,

~

about three to four times larger than the estimate of
Eq. (15). This difference arises from the fact that
although with one pion made soft, both the K+ —+ w+x'

and E&' —+ x+m= amplitudes may have the same magni-
tudes, they extrapolate to the physical region quite
differently, E+—+ m+m. o being a hI&~ ~ decay. We wish
to thank D. G. Sutherland for bringing this point to our
attention.
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