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Nonetheless, the close agreement with the results of
Fujii" for the choice ms=-, M„suggests an important
qualitative observation. It has long been known that
the Fo*(1405) resonance contributes significantly to
EJECT scattering lengths. Thus, von Hippel and Kim, 's in
applying unitarity corrections to Rect, (E1V), speciftcally
note the importance of the Fo*, and incorporate its
eGects in a forward dispersion relation. In our formula-
tion, the I'0* must appear as a virtual bound state in
the Eft'f channel, as a result of our input forces. The
close agreement of our results which those of Fujii"

and of Akiba and Capps, II whose analyses include the
eGects of the Fo*, suggests that the existence of this
resonance close to threshold is consistent with the results
of current algebra when corrected to include the effects
of unitarity.
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An SU(3) model is described which relates the rate of the charged-Z decay E+ -+ v.++v' to the magnitude
of CP violation. A weak-interaction Lagrangian for nonleptonic processes is constructed from octet currents
in a Cabibbo frame under the hypothesis that the CP-conserving processes are described predominantly by
an octet-dominant interaction Lagrangian, and that the CP-violating processes enter solely through the 27-
dimensional representation of 888. Three types of octet currents are used: I.„,which is linear in the Geld
operators, and J„and E„,which are bilinear and possess opposite C-transformation properties. It is shown
that if only 1=2 contributions enter into the 27 portion of the Lagrangian, then, approximating (Es)
and ( XL) by the CP eigenstates ( E I) and

~
E'&), the observed rate of the charged-E decay and e =0.26

for the Cabibbo angle fix [n+ [ =5.38X10 sand ~noo[ =3.12X10 ', of the proper order of magnitude. Intro-
ducing the experimentally observed departure of

~
Xs) and (EL) from CP eigenstates and a renormaliza-

tion constant for the X current yields (v+ ( =197X10 ' and ~neo[ =2.92X10 e, in good agreement
with experiment.

I. INTRODUCTION

'HERE have been various approaches' to an
explanation of CI' violation since it was first

seen in the charged-pion decay of the K'-K' system
by Christenson, Cronin, Fitch, and Turlay. 2 These
theories have been phenomenological in nature and in
some cases have temporarily been in disagreement
with the experimental evidence for the decay rates of
the El. and E8 modes into two charged and two un-

I T. T. Wu and C. N. Yang, Phys. Rev. Letters 13, 380 (1964).
See also ¹ Byers, S. W. MacDowell, and C. N. Yang, in Pro-
ceedings of the Seminar in High Energy Physics an-d Elementary
Particles, Trieste, D'65 (International Atomic Energy Agency,
Vienna, 1965), pp. 955—980; C. N. Yang, in Proceedings of
the Argonne International Conference on Weak Interactions,
1965 PArgonne National Laboratory Report No. ANL-7130,
pp. 29—39 (unpubUshed)g; L. Wolfenstein, Nuovo Cimento 42,
17 (1966); J. S. Bell and J. Steinberger, in Proceedings of the
Oxford International Conference on Eiementary Particles, 1965
{Rutherford High-Energy Laboratory, Chilton, Berkshire, Eng-
land, 1966), pp. 195-222; T. D. Lee and C. S. Wu, Ann. Rev.
Nucl. Sci. 16, 471 (1966);B.Martin and E. de Rafael, Phys. Rev.
162, 1453 (1967); T. N. Truong, Phys. Rev. Letters 13, A358
(1965).

I J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay,
Phys. Rev. Letters 13, 138 (1964).

charged pions. Specifically, data' had indicated that
[W[rtvs[, and thus models which utilized CI'

invariant weak-interaction I.agrangians were in ap-
parent conQict with experiment. Recent data4 indicate
a smaller magnitude for A$KL ~ (srsr)r=s7. Within the
existing experimental error ~rtvo~ may be equal to

~, again giving substance to such models as the
superweak theory. s

It is the purpose of this paper to propose a rather
straightforward model within the SU(3) symmetry
scheme which relates the rate of the charged K decay,
E+—+sr++sr, to the magnitude of CI' violation. We
propose an ordinary symmetric coupled current-current
theory within the SU(3) framework. The CI' violation
is introduced by an octet vector current which, under
charge conjugation, transforms into itself and thus

3 J. W. Cronin, in Proceedings of the Rochester Conference on
High Energy Physics, 1967 (unpublished); J. W. Cronin et at.,
Phys. Rev. Letters 18, 25 (1967); J. M. Gaillard et al. , ibid 18,
20 (1967).

4 V. Fitch et al., Bull. Am. Phys. Soc. 13, 16 (1968); D. F.
Bartlett et al., Phys. Rev. Letters 21, 558 (1968); M. Banner
et al. , i'. 21, 1107 (1968).

e L. Wolfenstein, Phys. Rev. Letters 13, 562 (1965).
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does not interact with the electromagnetic Geld. e We
assume that this current, because it does not couple
to the electromagnetic Geld, does not contribute to an
octet-dominant Lagrangian. Thus, the hypothesis is
that the CP-conserving processes are described pre-
dominantly by an octet-dominant interaction
Lagrangian and the CP-violating processes enter
solely through the 27-dimensional representation of
Sg 8.

The particular construction of the currents and the
interactions will be discussed in Sec. II. In Sec. III
we discuss the Cabibbo transformation as applied to
the matrix elements. The method of parametrization
by utilizing the non-CP eigenstate K+ —+7r++7ro to
Gx the degree of CP violation is considered in Sec. IV,
together with relevant computations. Finally, in the
concluding section, we present the theoretical results
for the amplitudes and consider the effect of the non-
orthogonality between ~Kz) and ~KB) together with
some theoretical considerations of the conclusions.

II. INTERACTION LAGRANGIAN

A. De6nition of Currents

The nonet Geld currents of pseudoscalar mesons are
dehned in the form

where

J (k) =+-'2 Trh(k)[P, B„P],
K„'"'=——,

' Trh( &(tP,B„PQ,
L„(k)=+-,' Trh(k&B„P,

8

P (I= P P(k)(h(k)) s

(1)

(2)

(3)

The P(~' deGne the pseudoscalar nonet and the X(k)

are as usually deGned. ~

Under the operation of charge conjugation' it follows
that

CJ (I)C-&—,(1)J (&)

(k)c-I—+e (k)K (k)

(k)c—)—+e(k)I (k)

where (h(k)),s= e(k) (h(k)))) defmes the e&k). Since we are
primarily interested in an effective three-particle weak
interaction of pseudoscalar mesons, the bilinear and
linear currents will be combined. We shall formulate

the effective Lagrangian in a Cabibbo frame, i.e., the
physical Lagrangian for nonleptonic weak decay is
regarded as arising by the unitary transformation
e"'~7 on a Lagrangian for which the change in strange-
ness is zero, where we take 0=0~ ——0.26. For the
effective Lagrangian we assume that the current-
current interaction is of a symmetric nature, and that
the octet portion of the interaction is CP-invariant.
The basic interaction Lagrangian in the Cabibbo frame
must then take the general form

G( (I)48 +o)8; Y=o,I,I~=0

+~@,8 (~,+«,)727;Y=O, I,I Oj (7)

where G is the over-all effective coupling constant. The
parameters u and o, are to be determined in Sec. IV,
the latter by comparing the rates of the charged and
the short-lived E modes. Since E„ is a nonconserved
current, the parameter a will be regarded as a re-
norrnalization constant whose value is not far removed
from unity.

We have, however, the added complication that the
processes in the Cabibbo frame in which AS=0 are
those for which l=0 or I= 1 in the octet, and I=0, 1, 2
in the 27. For the physical d5= 1 processes the I=0, 1
in the Cabibbo-transformed octet are merely constant
multiples of one another" and thus serve only to adjust
the over-all coupling constant. On the other hand, in
the 27-dimensional representation, the I=O, 1, 2 lead
to different possible descriptions of the physical proc-
esses of interest. We shall show, however, that only
if the Cabibbo transformation of 27 is removed in
isospin maximally from the transformed octet, i.e., 27;
I'=0, I=2, I,=O, can one obtain a CP-violating effect
as small as is experimentally observed.

III. MATRIK ELEMENTS AND THE CABIBBO
TRANSFORMATION

To perform the Cabibbo unitary transformation of
(7) it will be necessary to consider the transformation
equations for an octet" and for a 27-piet. For the
processes of interest here, viz. , for charged and un-
charged K decay into two pions, we require only the
M=&1, I)Q=O components in the physical frame.
Thus, retaining only the M=&1 components, the
transformations for the 27-piet components of (7) are"
of the form

(27; 0,2,0)' = —sin28(or(QS) sin28$(27; 1, -'„—22)+ (27; —1, —,', —,')j
+ (1——,

' sin28)L(27; 1, -'„——,')+ (27; —1, -'„-',)j}, (8)
6 J. Bernstein, G. Feinberg, and T. D. Lee, Phys. Rev. 139, B1650 (1965), and, e.g., R. Bowen et al. , Phys. Letters 24B, 206

(1967);M. Gormley oi o/. , Phys. Rev. Letters 21, 399 (1968).
7 M. Gell-Mann, Phys. Rev. 125, 1067 (1962).' The charge conjugation is dined so that CP &C '=+Pp .
o N. Cabibbo, Phys. Rev. Letters 12, 62 (1964).' It is easily shown that

{o"'~'f&(I;8I,)o;O, 2o+(I;8I,),o;oo, ogo "or'}os, 7=0.
"J.J. De Swart, Rev. Mod. Phys. 3S, 916 (1963), and Ref. 9.
'2 The notation (¹F,I,I,), where E is the dimensionality of the SU(3) representation, is used.
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(27; 0,1,0)'= sin28( —xs&3(2—5 sins8) L(27; 1, ~s, —st)+ (27; —1, s', ', )j
+sh/ 5)(1—in'8)l:(», 5, —s)+( 7 —1 s s)j&

(27.;0,0,0)'=sin28{(ss)(3—5 sins8)l (27; 1, —'„—~s)+(27; —1, xs, s')j
+s(V'5)»ns8L(27)1, s, —s)+(27; —1 ss, s)3&. (10)

It should be noted that the small value of the Cabibbo angle emphasizes the dI= s transitions in the (27; I=2),
while in the (27; I=0) the DI= ~s transitions are emphasized.

Ke shall denote the two octets, m and n, which give rise in their direct product to the 27-piet, by the pseudo-
scalar octet particle symbols. Then. the dS= &1, AQ=O components of the 27-piet are given by"

(27; 1, -'„—-', ) = (g ,') (E +-~;+~=K.+)+(~ ', ) (K„P-~.P+~ 'K„'),
(27; 1, —,', +;)= (~', )-(E ~.-++~„+K;)+(~',)(E.P~.P-+~„PE.P),

(27 1 -' —-') = (1/30)'"(E +vr„-+vr —E' +)—(I/60)'"(K„Pvr„'+vr 'E ')+ (9/20)"'(q "K '+K 'g ') (11)

(27; 1, —' +-')= (1/30)"'(E„vr„++E—
vr +)—(I/60)'"(E„'vr„'+vr„'E ')+ (9/20)'"(g 'E '+E 'g ")

Identifying the first octet with the linear current L„and the second octet with the bilinear currents J„and E„
and performing a first-order perturbation calculation using the physical masses we obtain the contributions to
the various decay amplitudes with the prescription of the interaction Lagrangian (7). The contributions to the
effective first-order Lagrangian, where we have denoted the two CP eigenstates of the Ep-Ep system by
Eq' (K' K')/i——V2 an—d Es' (E'+E——)/V2, are of the form

(L Ss& )'vspv, s, p= —(I/~&) (mvro' m+)vr vr+E—vp+ (1/403)(3+cos28) (mx& m&)—vrpvrpEqp

—(i/4%3)(t2(mx& 2m ~+—m„&)+ (3+cos28)(mvr& —m ~)j(vr'vr E+—vr'vr+E ), (12a)

(L SK&) sv, p s p= (I/V3)(mxo' sin'8+m ~)vr vr+Ess+ (I/443)L(3+cos28)m o' —2mxo' sin'8jvr'vrPKs'
—(1/4&3)l 2m ~+(3+cos28)m, os/(vrsvr E++vrsvr+E ), (12b)

(LI SI~)'sv; p, t, p
= + (I/g5) (mxp' m+)vr vr+E—q' (I/4V'5) (3—+5 cos28) (mxo' —m, ~) rv'rEv't

—(i/~5)l 2(mvr& —2m ~+m &)1 (3+5 cos28)(mx& ms) j(vr'vr —K+ vr'vr+E ), —(12c)

(L~SE„)'sv;p, t, p=+ (1/2+5)L(I —5 cos28)mvr&+m ~)vr vr+Ess+ (I/~5)L(1 —5 cos28)mx&
—(3—5 cos28)m &$vr'vr E+s( /IO/5)l 2m~+ (3+5 cos28)m &j(vr'vr E++vr'vr+E ), (12d)

(L„SJ„)'sv,p p p +(2 +/1 )5(—m—x& m~)vr vr—+Eqs (1/2+15—)(3—5 cos28)(mrr& m&)vr—'vrPKt'

—(i/2+15)$2(mx& 2m ~+—m &)+(3 5cos28—)(mvr& m ')g(vr'vr—K+-vr'vr+E ), —(12e)

(I&SK&) sv p, p, p=+ (I/+15)L(1+5 cos28)mz&+2m ~jvr vr+ICsP+ (I/2+15)L(1+5 cos28)mz&
—(3—5 cos28)m &jvrsvrPEsP+(1/2+15))2m ~+(3—5 cos28)m Os)(vrsvr K++vrsvr+K ), (12f)

(LI S&&)'s;p, p, p=+(3/+10)(mvr~ m~&)vr vr+E—t'+(3/2+10)(mrr& m&)vr vr'E—t'

+ (3i/2+10) (m ~—m, &) (vr'vr E+ vr'vr+E ), (12—)g

where the factor —,
' sin28 is understood to multiply each

term. Ke note that the mass-breaking modifies the
original isospin content; e.g., in the octet the presence
of electromagnetic mass differences is responsible for
AI= —,

' transitions in the charged-E decay.

IV. COMPUTATIONS AND RESULTS

The particular transition matrix elements formed
from the expressions listed in (12) do not provide for
the E ~E' transitions and therefore the proper
mixture of Et') and

l
Es') to form the physical states

lKz) and Kq) must be included in our calculation

'II The convention here. is the same as in P, Mcwamee and F.
Chilton, Rev. Mod. Phys. 36, 1005 (1964),

from experiment. '~" In view of this it will be meaning-
ful to demonstrate that the results of the model, when

the matrix element is taken between CI' eigenstates,
does not differ except by a small correction from the
amplitudes for physical states.

The parameter n in (7) measures the relative weights
of the octet and 27-piet contributions to the weak
nonleptonic processes. %'e choose a value for o. such
that the ratio of widths'~ of the charged decay E+—+

vr++vr' to the mode E8—+vr++vr will y'ield the ex-

'4 S. Bennett et a/. , Phys. Rev. Letters 19, 997 (1967)."D. Dorfan et al. , Phys. Rev. Letters 19, 987 (1967).
'6 S. Bennett et a/. , Phys. Letters 27B, 248 (1968).
"&enters here quadratically; thus we consider both roots.



1844 R. M. DELANEY AND D. J. WELLING

TABLE I. Theoretical results for E ~ 2e decays. Re=Kg', Es=ICs (Ie) =0), a=+1.

I'2z a

2 +1
2 ~1
I ~1
1 &1
0 &1
0 ~1

+0.0484—0.0583
+0.0467—0.0397
+0.746—0.374

[A(lts ~s.++s ) (

f~+-I =
[A(Ee-+7r++~ ) f

4.77X10 '
5.38X10 '

38.1 X10 '
33.7 X10 '

849 X10 '
751 X10 '

[A (lt, ~ ~o+~o)
(

f A (Ee ~ s-'+s')
(

2.28X10 3

3.12X10 '
54.9 X10 3

34.4 X10 '
936 X10 '
691 X10 '

r(E& H+zI )

1.65
2.40
2.90
1.45
2.38
1.66

r (Ks -+ e.p+s')

7.17
7.17
1.39
1.39
1.96
1.96

r(Its~a++a ) r(Es~w++7r )

perimental result"

LI'(E+ ~sr++sr )/r(Es ~ sr++sr )j=1/460. (13)

It is important to note that this method of determining
e, using a process not immediately related to CI' vio-
lation, will produce the proper magnitude of this effect.
Furthermore, we shall erst consider no renormalization
correction for the E„current and therefore set a= &1.
Thus, for the case

I E&&=
I
Esp»

I
Es&= I

Ei') we com-
bine (12) with prescription (7) and list the results for
the various values of isospin in the 27 (I'tr) in Table I.

The theoretical results presented in Table I thus
indicate that a successful result for the experimentally
observed CI' violation in the 2' decay of E' can only
be obtained if the 27 is considered as entering with
maximum isospin equal to two.

Although it appears from (8) that the physical AI= sr

contribution from the I= 2 term should be small, it
actually enters weighted by mz' sin'0 from (12) and
contributes nearly the same amount as the Q,I=—,

'
terrn, tending to cancel that term for the process
El.~srp+srp when lel =0. This explains the large
value for I'(Er, ~ sr++sr )/I'(Er, -+ sr'+sr') as seen in
Table I for I=2.

Considering then only the I= 2 contributions in the
27, we shall introduce the linear combinations of

I
E'),

IKo&, which are indicated by experiment to be the
physical states

I E&&, IEs). We employ the standard"
notation

I
Ez&= P I E'&+a I E'&,

I Es&=P I
E'& v I

E'&-
1= I&I'+ lvl',

«.IE.&= I
pi'- t~l',

e= (P V)/(P+V)—
and the experimental value" Re&=1.14+0.18, Ime
=1.11&0.33. These results are given in Table II for
a= ~1.

It is especially interesting that the ratio of rates,
I'(Es ~ sr++sr )/I'(Es ~ sr'+sr'), for the negative
value of e has been increased from the pure hI=~

' A. H. Rosenfeld et al. , Rev. Mod. Phys. 40, 77 (1968).' See, e.g., B. R. Martin and E. de Rafael, Phys. Rev. 162,
1453 (1967).

"Reference 14. The values used are in substantial agreement
with more recent measurements (Ref. 16). The values given in
Ref. 15 would extend the range of our numerical results slightly.

value of 2 by means of the hI=-,' contribution in the
27. Without this contribution, because of electromag-
netic mass-breaking and phase-space considerations,
the ordinary octet value of 2 is decreased. We note
that the value predicted by our model is in reasonable
agreement with the experimental value" 2.21&0.08.

Finally, the results for several values of the renor-
malization constant a are given in Table III, where
we have used the negative value of e. We note that
a~0.5 is in best agreement with the present experi-
mental values's lrt+ I

= (1.90+0.06)X10 ', Itlool (3
(90%%u~ confidence). It is significant that this simple
model allows, for one value of a, simultaneous agree-
ment with both experimental values of lt)~ I

and lt)ppl.

V. CONCLUSIONS

The most striking feature of this model is seen in
Table I, where the physical IEs) and IEr,) are con-
sidered the CP eigenstates IEi) and IE's). There the
current is assumed to be unaffected by the renormal-
ization effect (J„&E„),and the charged E-decay rate
is used to determine one parameter, n= —0.0583, for
the I=2 portion of the Lagrangian in the Cabibbo
frame. These conditions yield It)+ I

=538X10 s and

I rtpp I

=3.12X10 ', already quite close to the experi-
mental values.

We emphasize the fact that this model does not
provide for the transitions E ~Ko, which are respon-
sible for making IEr,) and IEs) non-CP eigenstates.
Thus, no prediction can be made about the magnitude
and phase of e, which measures the departure of

I Er,)
and IEs) from CP eigenstates. If the experimental
value of e is introduced into the model (Table II) then
changes of the order of 25%%uz occur in lrt+ I

and lrtppl

from those given in Table I, where &=0. If, in addition,
a renormalization constant a is assumed for the non-
conserved current E„, we see (Table III) that the
calculated lt)+ I

and ltlppl are quite close to the
experimental values for a +0.5. Furthermore,

2'G. H. Trilling, Argonne National Laboratory Report No.
ANL-7130, 1965 (unpublished); W. Willis, in ProceeChngs of the
Heidelberg International Conference on, Elementary Particles, edited
by H. Filthuth (Interscience Publishers, Inc., ¹wYork, 1968).
We understand that at present this ratio is being re-examined
experimentally. ."Reference 4, and V. Fitch, in Proceedings of the Second Hawaii
Topical Conference in Particle Physics (University of Hawaii
Press, 1968).
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TAnrz II. Theoretical results for Z ~ 2s decays. (Res = 1.14+0.18; Imp = 1.11+0.33.)

+1
+1—1—1

+0.0484—0.0583
+0.0484—0.0583

io'x lv+ I

5.99+0.36
4.43a0.28
3.84+0.24
6.60~0.36

1,66+0.11
4.39&0.36
3.59~0.37
2.33&0.20

I'(&S ~ s++7r )

I'(&s —+ ~'+~')

1.65
2.40
1.65
2.40

r (Kr, ~ s.++s. )

I'(El, ~ ~'+X')

21.4 &5.6
2.45w0. 74
1.87~0.68

19.3 +5.6

TAsLz III. Theoretical results for E -+ 2~ decays. (Res= 1.14+0.18; Imp= 1.11~0.33.)

I'27

+0.3—0.3
+0.5—0.5
+0.7—0.7

—0.0583—0.0583—0.0583—0.0583—0.0583—0.0583

10Px
I p+-I

1.28&0.02
2.97&0.38
1.97&0.16
3.98&0.37
2.90~0.24
5.00+0.36

10'x
I pool

2.36*0.38
1,19+0.23
2.92+0.38
1.26~0.04
3.47+0.38
1.59&0.10

r(Es ~7r++7r )

F(K8 '+ ')

2.40
2.40
2.40
2.40
2.40
2.40

1"(Es ~~++w )

r(E;1. '+ ')

0.71~0.22
15.0 &2.0
1.10~0.50

24.0 ~2.8
1.68&0.66

23.7 a6.4

r (&s~ s++s. )/r (K8~ m'+mrs) is in reasonable
agreement with experiment. Thus a combination of
the Cabibbo transformation and a CP-violating (27,
I=2) contribution to the Lagrangian in the Cabibbo
frame accounts for the important CP-nonconservation
parameters [ri~ [ and [ripp[.

In this model Iri+ [
and [tips[ are sensitive to the

value of the Cabibbo angle. " This may indicate a
close connection between CP violation and the Cabibbo
formalism, even though the Cabibbo transformation
does not introduce, per se, CP noninvariance into the
Lagrangian.

Further refinements could be made by introducing
the mx final-state interaction phase shifts 8p and 62, if
they were known. This would then allow a calculation
of the phases of g+ and happ. The calculation would
require projecting out contributions to the amplitudes
due to AI= 2, —,', —,

' portions of the effective Lagrangian
noting particularly that these arise not only from the
Clebsch-Gordan reduction but also from the mass
breaking. This effect was seen in the AI= —,'operator
describing the decay E+—+ s.++s-' which, due to
electromagnetic mass breaking, occurs in the octet
(L.~. )

We should also like to draw attention to the fact
that if we had assumed that the symmetric octet and
27-piet portion of our effective Lagrangian were given
relative weights as specihed by the mass operator'4
for mesons then o,, the ratio of 27 to symmetric octet

"We have used 8=8g=0.26. A change of 8 from 0.26 to 0.20
produces a 20% change in Ig+ I and an 18% change in lapp[.

'4 First paper of Ref. 11.

could be calculated and is given by rr= an/as,
= —0.0928. This then yields for a=0.5

I ~+- I

=3.23x Io-',

I»p I
= 4.16X1O-',

(I'(E+~ s.++s')/r (Es~ s++s. )j= 1/1S1,

Lr(x, ~++~-)/r(z, ~o+ o)j=2.7s,
Lr(E, ~~++~-)/r(x, ~ ~p+~p) j= l.s5.

While this method of fixing n is interesting, it is subject
to the criticism that our effective Lagrangian corre-
sponding to the physical process is not purely I=0 but
aIso contains I= 2.

Finally, we note that a possible improvement in this
model would result if the coupling (1.„l. „)n were
included in the effective Lagrangian (7). The unitary
transformation induced by ' e "&*~'+&"'& (x+y'=1)
would introduce direct E'~K' transitions and CP
noninvariance, so allowing the calculation of ~. How-
ever, the term (I-„L„)sr would have to enter with a
coupling constant substantially smaller than the weak
coupling constant, otherwise it would lead to a inass
difference 6m=m~~ —m~~ too large; thus this would
be classified as a variant on the superweak model, in
which, however, the weak-interaction Lagrangian
would also be CP-noninvariant.
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