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ly of this form, where, however, L~ is parity
conserving. In (14), In, P) are the so-called "tilt-
ed" states also occurring in H-atom and hadron
calculations (for covariance, the tilting opera-
tion is always done before boosting):

1

In, p=0)=e' ' 'In, p=0).

In such a theory the vertex function is given by
1

(n'I j Inp)= (n'le ' o o(e y -n I' y )
]. p, 3 p, 5

&h M 2eyoyo )&&e e l&g.

The mass spectrum can be obtained either from
Eq. (14), or from the current conservation re-
quirement (9), first by operating with e '~™
a,nd then with the inverse of (15), e 2 gyoyo. It
is interesting that one gets now two mass values;
for example, for P=O in (14) one finds

m2 (2(y 2) —l[~ 2 p (~ 4 4y2 ~ 2)1/2]

I have profited from discussions with D. Corri-
gan, C. Iddings, S. Malin, K Mahanthappa, and

J. R. Taylor.

~I. M. Gel'fand and A. M. Iaglom, Zh. Eksperim. i
Teor. Fiz. 18, 703, 1096, 1105 (1948); V. Bargmann
and E. P. Wigner, Proc. Natl. Acad. Sci. 34, 211
(1948). See also A. O. Barut and S. Malin, to be pub-
lished.

2P. A. M. Dirac, Proc. Roy. Soc. (London), Ser. A

126, 360 (1930); J. D. Bjorken and S. D, Drell, Relativ-
istic Quantum Mechanics (Mcoraw-Hill Book Company,
Inc. , New York, 1964).

R. P. Feynman, Quantum Electrodynamics (W. A.
Benjamin, Inc. , New York, 1962).

A. O. Barut, Phys. Rev. 156, 1538 (1967); A. O. Ba-
rut and H. Kleinert, Phys. Rev. 156, 1541, 1546 (1967),
and 157, 1180 (1967), and 160, 1149 (1967); C. Frons-
dal, Phys. Rev. 156, 1665 (1967); Y. Nambu, Phys.
Rev. 160, 1171 (1967).

5A. O. Barut and H. Kleinert, Phys. Rev. 161, 1464
(1967); H. Kleinert, Phys. Rev. 163, 1807 (1967);A. O.
Barut and K. C. Tripathy, Phys. Rev. Letters 19, 918,
1081 (1967); A. O. Barut, D. Corrigan, and H. Klein-
ert, Phys. Rev. Letters 20, 167 (1968).

See, for example, A. O. Barut, Phys. Rev. 135,
B839 (1964).

A. O. Barut, D. Corrigan, and H. Kleinert, Phys.
Rev. 167, 1527 (1968).

Actually only the diagonal elements of 'U+„I are phys-
ical because of the conservation of total charge in the
S matrix. This can be taken into account by requiring
the invariance of the S matrix under the compact sub-
group O(2), rotation in the 56 plane, analog to the com-
pact subgroup O(3) for angular momentum.

Note that Eq. (5) is not the Hilbert-space norm of
the states, but the scalar u(0)u(0). Because the repre-
sentation in spin space is not unitary, D &D~; hence
these two things are different.

See Ref. 8 for charge conservation.
If we write an equivalent Dirac equation, it will

have the form [qy~P —Mo]$ =0, i.e. , the charged quan-
tum number occurring in the free-particle equation.
This is appropriate because it is an internal quantum
number of the free system in the present interpreta-
tion.
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Since the suggestion was made' that C invari-
ance might not hold for the electromagnetic in-
teraction, a number of attempts ' have been
made to find evidence for a C nonconservation in
the electromagnetic decay of the eta meson. To
date, there is no experimental evidence for the
existence of the C-nonconserving decay p- m'e+8

(Table I). Furthermore, although measurements
of the asymmetry in the Dalitz plot g- m+71

show disagreement (Table II), the most precise
of these' gives a null result. Similarly, the de-

cay g- ~+m z shows no charge asymmetry. " We
would like to consider whether these experimen-
tal results are compatible with an electromagnet-
ic C nonconservation of strength sufficient to ac-
count for the observed CI' nonconservation in
K,' decay. ' In doing so, we take special note of
the following considerations:

(1) The width for the decay q-yy as measured
experimentally" is an order of magnitude larger
than earlier theoretical estimates. "

(2) The decay q- m'e+e and the asymmetry in
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Table I. Results of experiments to detect q e+e m .

Group

Ref-
erence Method Production

Normal- Effective
ization g sample Quoted results

Foster, Good, and Meer

Price and Crawford

Rittenberg and Kalbfleisch

Berley et al.

Baglin et al.

Billing et al.

Bazin et al.

H2BC 7t+p 7t+pg

H, BCa m+p- @+pe

4 H2BC K P AX

H2BCa K p

HLBCb ~-p-nq

HLBCb r+n-pq

D,BCc ~+d- pp zp- e+e

e+e-xp
611 + o& P.5x 10

7r 7r lr

e+e-n p

406 + p
= (0.7 + 0.7) x 10

7r+7r
—7r'

+ —0

330 & 0.7 x 10
all q

e+'e -7|-0
226 & 4.7x 1p

yy

e+e —
7t-p

2460 & 0.09&& 10all n

e+e-7tp
6300 & 0 037&& 10

all q

e+e-7rp
391.0 &0.084x 10 2

all g

H2BC: hydrogen bubble chamber.
bHLBC: heavy-liquid bubble chamber.

D2BC: deuterium bubble chamber.
All limits are for 90'fo confidence level.

eThis is the final result of this experiment including
three- and four-prong events from the production
reaction n+ ppg {q 8+e y or y e+e x ) in the
bubble chamber.

Table II. Comparison of asymmetry measurements for two different eta decays.

Group

Baltay et al.
Cnops et al.
Larribe et al.

Crawford and Price
Bowen et al.

Reference

8
9

10

11
12

Method

q- 7t.+m-m'

D2BC
Spark chamber

D2BC

q- 7t-+7t.-y
H2BC

Spark chamber

Production

n+d ppn
7r p n7l

n+d- ppg

Measured asymmetry

0.072 + 0.028
0.003 + 0.01

-0.061+0.040

0.02 +0.17
0.015+ 0.025

the g- m+w w' decay may be suppressed by requirements of SU(3) symmetry on the hypothesized C-
even electromagnetic current. "~"

(3) The decay g- m'e+e may be forbidden (to lowest order in n) if the C-even electromagnetic cur-
rent is an isoscalar. "

71- e+e w'. -Consider first the experimental limits on the ratio R —= I'(q- w'e+e )/I'(q- all). Combin-
ing the experimental results of Refs. 2, 5-7, and 13 listed in Table I yields the upper limit A(2
&&10 ' (90% confidence). Using the measured width" I'(71- yy) = 1.21+0.26 keV, we obtain the upper
limit

I'(g - m'oe+e ) (0.63 eV. (1)

To interpret this result, we first use a crude rate calculation'~" based on the matrix element

(niff i )=f(q )((n + )-~( — )Iq J(n — ))v 0 2 2 2 2
(2)

P P 0 & P P

where K&v is an isovector C-nonconserving electromagnetic current, g& and w& are the four-momen-
ta of the ri and wo, and f is a form factor depending on q2= (g&-w~). 2 The diagram for this decay is
given in Fig. 1. For the moment, no restriction due to symmetry is taken into account. As an approx-
imation, one sets f(q') = ~eeq'(rm), where (r') is a mean-square charge radius characterizing the inter-
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plied by sin' (8) =0.03, giving

I'(q- n'e+e ) =2.4&' eV,

from which one obtains

g& 0.5

(5)

(6)

FIG. 1. Feynman diagrams for the C-nonconserving
decays q e+e mo and g m+vr g . The lower vertices
are C nonconserving, while the upper ones are ordi-
nary C-allowed electromagnetic conversions.

action. Defining A =- (r')/(rp'), where (r~') = 0.64
F is the mean-square charge radius of the pro
ton, (2) leads to the rate

I'(q- n'e+e-)=80k. ' eV. (3)

This together with the experimental limit (1)
gives

A. &O.l (4)

For a large C nonconservation, A. is expected to
be of order 1; indeed, A.e can be considered to
be a crude estimate of the ratio of the CP-non-
conserving amplitude associated with E&J& to
the CP-conserving amplitude. If we recall that
this ratio must be of order 1/500 for the C-non-
conserving interaction to explain the observed
K,'-2m amplitude, we see that the present limit
on A. is at best a marginal test of the electromag-
netic C-nonconservation hypothesis.

The above discussion ignores the possibility
that SU(3) selection rules may act to suppress
the decay. If the C-even part K& of the electro-
magnetic current transforms as a member of an

SU(3) octet, then its matrix element between the
m and the isoscalar member g, of the octet van-
ishes in the limit of exact SU(3) symmetry. In

this case the decay g-e+e n' can occur only
through g-X' mixing.

The mixing is defined by an angle 0 such that

X =X,cos8+ rl, sin8,

g = -X,sino+ g, cos8,

where X, is the unitary singlet member of the no-
net. One obtains therefore

(qlK (n ) =-sin8(X IK In ).0 0
1 p,

If 61 is given by tan8 = 0.19, obtained from the
mass formula, ' then the rate (3) must be multi-

Thus, if the hypothesis of SU(3) suppression is
essentially correct, the experimental results
concerning g-n e+e do not severely limit the
strength of an isovector C-nonconserving elec-
tromagnetic interaction.

Recently Lee" has shown that the charge QK
associated with the C-even current K& must be
an isoscalar. This implies that the isovector
part of E&, if it exists at all, must vanish at ze-
ro four-momentum transfer. The matrix ele-
ment (2) is consistent with this requirement, so
that g- m'e+e is not necessarily forbidden by
the requirement that QK be an isoscalar. How-
ever, unless one is forced by direct experimen-
tal evidence into an unconventional relation be-
tween a current and its associated charge, it is
natural to assume that E& has the same isospin
properties as QK. Thus K& would be an isosca-
lar K&, and the isovector part K& on which

S V

our previous limits of g were based simply van-
ishes. It is then clear that the transition g- m'e+e

is forbidden in first order in the C-even current
since this is a b,I=1 decay.

g-m+71 n'. —Interpretation of the q-mon+71

asymmetry data is more difficult, both because
of the disparity among the experimental results
and because it is not clear what sort of model
should be used in estimating the asymmetry.
The isovector model ' represented by the second
diagram of Fig. 1 gives, rather conveniently,

sin'p r (q —n'e+e )
70 r(q no~+a-)'

where b, is the right-left asymmetry in the Da-
litz plot for q-n'm+n and y is a phase angle de-
termined by final-state pion interactions. Tak-
ing as an experimental limito Ib. I &0.013 and as-
suming no SU(3) suppression of the rl n' @ver-tex-,
we obtain

X) sing I &0.3;

with SU(3) suppression taken into account one ob-
tains the looser limit

X I sing I & 2.0.

Thus the limit set by the asymmetry measure-
ments is even less stringent than that from the
g-w e+e branching ratio if we assume that C
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nonconservation is caused by an isovector elec-
tromagnetic current. '3 If one however supposes
that the C-nonconserving interaction proceeds
via the isoscalar current K&~, as is most natu-
ral in view of Lee's results, one then has'

Iai = ]sincp) x10

whereas the experimental limit above gives

Js[(13x10 '.
In the present case of an isoscalar interaction,
the isospin of the final three-pion system must
be I= 0; therefore, the C-even amplitude will be
changing sign across the boundary of each sex-
tant of the Dalitz plot and the interference term
in the decay rate will also change sign. Thus,
numbering adjacent sextants (1, 2, 3, 4, 5, 6) one
can form the quantity 6 = [(N, -N, )+ (N, —N, )
+ (N, -N, ) ]/[N, + N, + N, + N, + N, + N, ]. This asym-
metry parameter is approximately three times
as sensitive as b, because it takes into account
the particular symmetry of the I= 0 final state.
From the experimental numbers' we obtain 5
= (0.28+ 1.0)%%uc which can still be compared with
the approximate theoretical estimate I sin~ i

x10 '.
q —7t+7T -y.—The only possible C-nonconserving

transition for an asymmetry to be detected in
this decay is through the isoscalar K&~ current.
The theoretical prediction is'y"

)b, i =sinI6 -6 ) x3x10 ',
P D

where 5P and 5~ are the P-wave and L)-wave mm

phase shifts in the final state. The present ex-
perimental limit on this asymmetry is"

6=(1.5~2.5)x10 '.

Conclusion. —The experimental study of eta de-
cays as a test of the existence of a C-even elec-
tromagnetic current does not presently set any
stringent limit on the strength of the resulting in-
teraction. This conclusion is valid for both the
isovector current K ~ and the isoscalar current
K&~. The isoscalar current is the most natural
candidate from the theoretical point of view since
the charge Q& associated with K is an isosca-
lar. Assuming favorable phase factors, one
would still have to attain a precision of better
than 0.1'%%uo in the experimental study of the asym-
metry of q-m+m w' or better than i%%uc for rl

-m+7t y to test with some degree of confidence
the hypothesis of C-nonconservation in the elec-
tromagnetic decay of the eta meson.
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