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mation, multipole expansion, and nuclear-model discussion. "
%e note that in making -the modification for absorption from bound states, the above results will

be valid only if the pion and muon are captured out of the same atomic orbit, i.e. , the 1$ orbit. "
Furthermore, in identifying the matrix element (N'IJ& (0)IN) of Eqs. (12) and (13) with that of Eq.
(2), we are neglecting the relatively mild dependence'~" of the nuclear matrix element on differing
momentum transfers arising because ms&m~. Of course, gauge invariance is satisfied in Eqs. (12)
and (13) only in the limit m~-0.

Lastly, it should be pointed out that a technique similar to the one presented here can be applied
to a variety of other problems involving nuclear interactions with two currents, provided that no
resonances are encountered which would invalidate the soft-pion assumption.
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~~For nuclei lighter than ~Li, the pion absorption will most likely meet this condition automatically [A. M. L. Mes-
siah and R. E. Marshak, Phys. Rev. 88, 678 (1952)]; for A& 6 absorption from the 2P atomic level becomes in-
creasingly competitive and must be separated out experimentally if comparison with present theory is to be made.
Note also that in light nuclei the 38 atomic wave function is essentially a constant in the nuclear volume as is the
free wave function in the limit q —0.
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Recently Price and Crawford' searched for
the decay mode

&+&-&Oy (A)

space factor, a, of order a =100 for the three-
to four-body final states:

R =(na) '=1,
and found the experimental upper limit

This is usually compared with the theoretical
prediction'~2 based on the power of n and a phase

which is in contradiction with Eq. (1).
The above comparison is, however, invalid

because of the fact that two pions in (A) are
in a relative P state, and hence the decay g
-n+n m'y is inhibited due to the angular mo-
mentum barrier. '
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If the decay modes g m+n n y and r/ 7t yy
are now compared, one obtains

I"(v v m'y)

which is to be compared with the recent exper-
imental data, 4~5 R' &0.6%.

Further, an independent prediction for the
decay g-m+m m'y can also be made from the
consideration of A invariance of Bronzan and
Low. ' The decay g-w+m-7t- y is A allowed,
while the decay g-m+m y is A forbidden. As-
suming that the A-forbidden processes are in-
hibited by a factor e =0.01 (which gives the
observed equal frequencies for the decays g
-y+y and g-n yy, after taking into account
the two- to three-body phase-space factor),
it is predicted that

=(ea) '=1,F(v+m &roy)
= r& ~-~

which is again in contradiction with the observed'
ratio R "& 4 %.

The purpose of the present Letter is to re-
late the decay rate of g-7t+m m y to that of

1r yy by using the technique of the current
algebra, the partial conservation of axial-vec-
tor currents (PCAC), and the equal-time com-

mutation relation between the axial-vector cur-
rents.

Prom the considerations of C invariance and
the lowest order of electromagnetic interaction,
it is easy to see that the three pions in (A) have
C = -1, and hence belong to the totally antisym-
metric T = 0 state. Since m' has C =+1, m+m

are then in the C=-1, T=1, P state. If the
transition (A) occurs through E1, the total an-
gular momentum and parity of the three pions
in (A) will be 2+=1+; hence v'will be in an
S state relative to m+m . On the other hand,
if it is an Ml transition, the three-pion final
state will have JP = 1, and the, and the third
pion will again be in a P state relative to m+7t

pair. ' In the following considerations it is the
E1 transition which is relevant and from the
symmetry consideration, it is easy to see that
any two of the three pions in (A) can be in a
relative P state.

Now using PCAC in the form

» (x)=(u & /~&)q (x)
2

p, a m a

and the equal-time commutator between the
axial-vector currents,

(4)

where Vc~(x) is the vector current, one can
easily obtains

[A (x),A (y)]6(x -y ) =is V (x)6(x y) (5)
0 v 0 0 . v

(y(k), w (q ), w (q ), ~ (q );out I q(p); in)
j.

=2' (4q q ) '5(p-k-q -q -q )(q -q ) e (y(k), w (q ) IV (q +q ) Iq(p)) (6)

in the limit q '=qb'= 0, retaining only the first-order terms in qa and qb.
The invariant amplitudes (also gauge invariant) for the processes q —w'yy and g —n+w m'y are~

(y(k), y(k'), w (q); out I g(p); in)
0

9
=i(2w) '(16k k 'q p ) '(2~) 5(p-k-k'-q)(e /m )(M/&2)((k ~ k')6 -k k '}e' e, (7)

7l p, v p, v

(y(k), w (q ), w (q ), ~ (q );outlq(p);in)

-6 0 0 0 0 0-~ 4 3 p,=i(2w) (32k q q q p ) '(2v) 5(p-k-q -q -q )(e/m )F e
a b c a b c

x(k. (q -q )(q +q ) -k (q +q )(q -q ) +terms[(a-c, b -a) and (a-b, b -c)]]., (8)a b a bp. a b a bp.

where e and e' are the polarization vectors of the photons.
From (6), (7), and (8) we obtain
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The four-body phase space integrations have been evaluated using the technique given by Dalitz, '
and-we obtain the following expressions" for the decay rates:

2n' k k'(k —k)'
(n -'m'yyl =,

I
M I 'f dk

0
7l

where km~=-,'m„-p, '/2m, and
g7

3Q
I'(i)-z+p p'y) = ~F I' dk, ~ d~x(k, ~)q((Q' —2p')(&uE -2~' —2sq')

8&5~ 7
0 E 2

-

jLL

(10)

+ (Q' 4u-') (hQ'='[(Ek ~)'+ 3~'f) ~'(-~Ek ~' 4'-)), (»)

where
E = (m '-2m k)'"

Q'=E ' 2~E +-iL'

x(k, ~) =((E '-2&uE -3p.')/Q'j"',

= pl -Sp~
max

&u
= (E '-3P, ')/2Ek.

The decay rate is predicted to be

R'= I'(s'+m icy)/I'(s' yy) =0.42%. (12)

sition. Otherwise the calculation is model in-
dependent and is free from any parameters.
The calculated ratios [Eqs. (12) and (13)], be-
ing well within the experimental upper limits,
indicate that because of the kinematic depen-
dence of the matrix element on the pion momen-
ta one may perhaps ignore the final-state in-
teractions between the pions in the decay pro-
cess g- m+m w'y.

The author would like to thank Dr. G. Barton,
Dr. G. Costa, and Dr. J. C. Taylor for enlight-
ening discussions. He would also like to thank
Dr. P. K. Kabir for drawing his attention to
the paper by R. H. Dalitz.

If we now introduce a correction'2 for the
X -i) mixing (the mixing angle being determined
from the mass values of X' and i)'), then Eq.
(12) is reduced by a factor 0.68 (or enhanced
by 2.41 depending on the sign of the angle) giv-
ing

R' =0.28%. (13)

The predictions (12) and (13) are to be compared
with the experimental upper limits R' &0.9% '
and R' &0.6%.~»

The decay g- m+m m y was expected to be
suppressed because of the fact that the transi-
tion rate depends on the fourth power of the
pion momentum; so the high-frequency part
of the photon is suppressed, and the two pions
being in relative a P state, there is an angu-
lar momentum barrier.

Previous calculations' of the branching ra-
tio I"(q —n~v roy)/I"(i) —soyy) are based upon
the hypothesis of p-dominance model and cer-
tain other parameters. In the present calcu-
lation the only other assumption, except those
of the current algebra, PCAC, and the soft-
pion limits, is the dominance of the El tran-
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YThis corresponds to ~-dominance model.
In the presence of electromagnetism we should in

fact use the modified (to first order in e) PCAC in the
form (9& viea )A&+ ——Cy+, where a& denotes the elec-
tromagnetic field. In the expression (6) we identify m~

with n and contract the two (oppositely) charged pions;
then the contributions from the additional term in the
modified PCAC cancel each other (to first order in e).
Although electromagnetism breaks the isospin symme-
try, the commutation relation (5) (apart from the well-
known Schwinger term omitted here) is expected to
hold in general.

SThe E1 transition is assumed to be the dominant
transition for the process g 7t m 7t y; then the mo.—.
mentum dependence of the invariant amplitude (8) is
unique.

R. H. Dalitz, Phys. Rev. 99, 915 (1955).
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~~ In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.
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&(V V} calculated in Refs. 12 and 14.
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Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natura, l than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
rnediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions a,re ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons. '
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields. s The model may
be renormalizable.

We will restrict our attention to symmetry
groups that connect the observed electron-type
leptons only with each other, i.e. , not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

and on a right-handed singlet

R = 4(i-},)le.

The largest group that leaves invariant the kine-
matic terms -I-yI" 8 &L -R yI" 8&B of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers NI„Ng of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge Q = T3 NR 2NL—, —
and the electron number N=N~+NL. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass, ' and there is no
massless particle coupled to N, ' so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange F=—Ng
+ 2NL.

Therefore, we shall construct our Lagrang-
ian out of L and B, plus gauge fields A& and

B& coupled to T and ~, plus a spin-zero dou-
blet

whose vacuum expectation value will break T
and ~ and give the electron its mass. The on-
ly renormalizable Lagrangian which is invar-
iant under T and & gauge transformations is

2=-g(6 A —6 A +gA xA ) -«(6 B -6 B ) -R}' (& ig'B )R Ly (6 igt—~ A —i2g'B )L-
p. V V p, P, V P V V P P

1 1 2 — 4 2 2igA ~ ty-+i ,g'B yl ——G (LcpR+Ry L)—M y y+h(y y) . (4)p, p, p, 1

We have chosen the phase of the 8 field to make Ge real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value A.

—= (y') real. The "physical" p fields are then p


