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corresponds to F, =110 MeV. gss/4sr is determined
from the observed width Fq z'pz'p 80 MeV and the
formula

(23)F„~,x, = e(g s'/4n)(Xxrc"')'I',
with

The resulting cubic equation for gs/Q(4sr) has a single
real root giving gs'/4sr=9.

From Table I, we obtain E„.=2.25, in agreement with
the experimental upper limit E„~&2.3. A choice of
g'/4sr) 2.15 results in an even stronger suppression of
the x~ mode of g'. As to the remaining 58I'8I'8 couplings,
no precise experimental data are yet available. Qualita-
tively, however, in the case of m-', the predicted ratio
(Xsrsc '/X „')'=2.2X10' concurs with the fact that
E+E' is the only mode seen.

A priori, our model does give a rather simplified
dynamical picture of the 0+ mesons. Thus, it could be
expected to offer little more than a suppression mecha-
nism for the p decay, and it is successful in this respect.
Hut, in addition, we find remarkably close agreement
with experiments.

However, the validity of our results is sensitive to at
least two kinds of dynamical effects not included in our
simple model. First, the large deviations in the coupling
shifts indicate that we should consider not just the mass
shifts but also the coupling-shift feedback terms,
certainly in the scalar-exchange part of the model.
Second, the higher-order effects of nonlinear mass
differences could either significantly alter our results or
leave them intact through the same compensating
mechanism which saves the decuplet equal-spacing
rule. "The second alternative may possibly explain why
the GMO rule in particular works so well in accounting
for experimental facts. The study of such phenomena
should be part of any future effort to improve on the
present model.
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An attempt is made to estimate the contribution to Res for the E-E system from the existence of CP
nonconservation in the

~
AI

~
)$ IC ~ 2n amplitude. In doing so, we have used as input three parametrisa-

tions of the S-wave I= 2 m-m scattering phase shift B2. These, in turn, were used to calculate the self-energy
contribution to the complex-mass matrix for the E'-E' system. It is found that the contribution of the
above amplitude to Res, although an order of magnitude larger than previous estimates by Truong and
Barshay, is smaller than experimental measurements of Res by at least a factor of 2.

I. INTRODUCTION

HK discovery' of El.' —+x+x established CI'
nonconservation. When the mode El. —+~'~

was first detected s the ratio F(Es,' —+ sroso)/F(E&o —+

sr+sr ) strongly suggested that the source of CP non-
conservation was in the

~

DI t )-'„Eo—+ 2sr mode. ' Such
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f' Present address: Australian National University, Canberra,
Australia.' J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay,
Phys. Rev. Letters 13, 138 (1964).

s J. M. Gaillard, F. Krienan, W. Galbraith, A. Hussri, M. R.
Jane, N. H. Lipman, G. Manning, T. RatcliBe, P. Day, A. G.
Parham, B. T. Payne, A. C. Sherwood, H. Faissner, and H.
Reithler, Phys. Rev. Letters 18, 20 (1967); J. W. Cronin, P. F.
Kunz, W. S. Risk, and P. C. Wheeler, i'. 18, 25 (1967).

s By this we mean that if we follow the notation of T. T. Wu
and C. N. Yang fPhys. Rev. Letters 13, 380 (1964)j and choose

a model of CI' nonconservation was erst put forward
by Truong. 4 Some of the consequences of this model
were worked out by Truong, 4 and subsequently by
Barshay. ' One of the predictions of this model was that
the ratio F(Its,'~ sr'sro)/F(Er, '~ sr+sr ) be close to 2.
This was borne out by the original experiments' on
El, —+ + w', but more recent experiments' suggest that
this ratio is somewhat less than 2, but still large
enough to indicate the presence of CI' nonconservation

the phase of Z so that the amplitude for X' -+ 2sr (I=0) is real,
apart from the phase bp due to the final-state interaction, then the
amplitude for E' -+ 2s (I=2) is complex, apart from the phase
82 due to the final-state interaction.

4T. N. Truong, Phys. Rev. Letters 13, 358a (1964).
s S. Barshay, Phys. Rev. 149, 1229 (1966).Note that this paper

contains corrections to Ref. 4.
e For example, see J.W. Cronin, Rapporteur's talk in Proceedi Ngs

of the Fonrteenth International Conference on High Energy Physics, -
Vienna, EN8 (CERN, Geneva, 1968), p. 281.
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in the
I
AI

I
)sr, Ks ~ 2s. mode. Furthermore, Barshay's

prediction for the charge asymmetry in the semileptonic
decay of El.', namely,

I
I (K,o ~ w t+v-) —I'(Kr.'~ rr+l v) j-/

I
I'(Kr, ' —+ rr l+v)+(Kr.'~ m+t v)],

was between 30 and 60 times smaller than the experi-
mentally measured values" ' assuming AS= AQ. '

In this paper, we suppose that a source of the CP
nonconservation is in the IVIII) s, Ko —+ 2s mode. '
We calculate Re&, which is proportional to the charge
asymmetry mentioned above, and find that our estimate
is larger by an order of magnitude than that of Barshay.
Our calculation divers in an important respect from
that of Truong4 and Barshay. ' These authors make
what amounts to a dynamical assumption on the x-m

scattering. We do not make this rather restrictive
assumption. This point is discussed later in this paper.
Finally, we wish to emphasize that we are only evaluat-
ing the contribution of CP nonconservation in the
IVIII)s, E ~2s mode.

II. SOME RELEVANT FORMALISM

Using" '2

we have
(M &—Ms)/(I's —r,) = O.46~a.P2,

Res= —(ImMrs+ —' ImI'rs)/I' s. (7)

We define the usual amplitudes for E decay into I=0
and 2 states'

(2, I=OIHrvIK'&=rf e's',

(2s., I=2I Hrvl Ks&=use'ee'", (8)

where As and As are real, @ is the CP-nonconserving
phase, and 8o and b2 are the S-wave I=O and 2 x-x
scattering phase shifts. We then have

8= (42.7~1.3)'. (6)

In general, &~2 and I'~2, the off-diagonal matrix
elements of M and F, receive contributions from all
allowed states that connect E' to E'; and 3fJ,2 may
receive a contribution from a direct AS= 2 "superweak"
E'-K' transition. " In the present paper, we attempt
to calculate the contribution of 2x, I= 2 intermediate
states to Im3fgg and Iml'g2, assuming CP is not con-
served in this channel, and thereby evaluate Re&. For
simplicity, we set 8= 45' so that

We introduce the complex 2X2 mass matrix M
—~il," and define Eq and El,' as the eigenstates of
this matrix with short and long lifetimes, respectively.
They satisfy

I's= 2~ o'= I"
o

to a good approximation, and

I'gg =A 2'e"4' (10a)
(M ——;iF)IE,'&= (Ms ——,"Is) IK;&,
(M ——F) IK;&= (M.—siI'.) I K"),

so that
Imprs =2A s sing= I s sing, (10b)

where JI/Iz, MJ., Fz, and I'I. are the masses and decay
rates of the short- and long-lived neutral kaons. Using
as our basis states

I
K') and IK'&, we write

I
Es'&= I:2(1+ I

e I')0 '"L(1+e) IK'&+ (1—e) IK'&3

IEr.'&= L2(1+ I
el') j-'I'L(1+e) IE')—(1—e) IK'&]

(2)

To a good approximation, the parameter e is related
to the off-diagonal matrix elements of M ——,'iF in the
IE )—IE ) basis by"

e= (—2 ImMr, +i ImI'rs)/Fs(1 i tan~) ~ (3)

tan5= 2[(Mr.—Ms)/(I's —I"r.)j.
D. Dorfan, J. Enstrom, D. Raymond, M. Schwartz, S.

Wojcicki, D. H. Miller, and M. Paciotti, Phys. Rev. Letters 19,
987 (1967).

s S. Bennett, D. Nygren, H. Saal, J. Steinberger, and J. Sunder-
land, Phys. Rev. Letters 19, 993 (1967).' If we drop the assumption that AS =d Q, then the enhancement
factor due to the presence of AS= —AQ amplitudes for the charge
asymmetry in the decays of EJO ~ ~+e+v is 1.06+0.06. This was
reported by S. Bennett, D. Nygren, H. Saal, J. Sunderland, J.
Steinberger, and K. Kleinknecht, Phys. Letters 27B, 244 (1968).
This means that we shall not be much in error if we assume for
simplicity that AS=+AQ.

"N. Byers, S. McDowell, and C. N. Yang, in Proceedilgs of
the Sem&zar on High-Energy Physics and Elementary Particles,
Trieste, 1965 (International Atomic Energy Agency, Vienna,
1965).

where we have assumed that P is a small angle, and I'q
and I'2 are the decay rates for Ezo —+ 2z in the I=O
and 2 states. Assuming that the CE-nonconserving
phase g is constant for kaons off the mass shell, we
define, analogously,

Then
ImMrs= Ms sing.

Z (M') =const X
IP(u)l'u'du

14
s (Ie'+rr, ')' '(k'+Is' 'M' se)——

p and M being the pion and kaon masses. p(M') is the
self-energy contribution to the kaon propagator
(evaluated at the kaon mass) which, after angular

"C. AlG-Steinberger, W. Hcuer, K. Kleinknecht, C. Rubbia,
A. Scribano, J. Steinberger, M. J. Tannenbaum, and K. Tittel,
Phys. Letters 21, 595 (1966)."M. Bott-Bodenhausen, X. de Bouard, D. G. Cassel, D.
Dekkers, R. Feist, R. Mermod, I. Savin, P. Schar8, M. Vivargent,T. R. Willits, and K. Winter, Phys. Letters 20, 212 {1966).'3 L. Wolfenstein, Phys. Rev. Letters 13, 562 (1964).'4 Y. Barger and E. Kazes, Phys. Rev. 124, 279 11961&.

« = —L(M,y-,'r, )/i, j»ny.
Following the approach of Barger and Kazes, '4 we relate
3f2 to 12 by

2Ms/I's ———ReZ (Ms)/ImZ (M')
where
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integration and integration over kp yields Eq. (14),
assuming that the kaon and pion fields are coupled
locally as in Ref. 14. F(k) is the form factor describing
the E-~-x vertex where the pions are in an I= 2 state.
The form-factor structure is generated by the strong
interactions of the pions in an I=2, 5-wave state. If
we assume that the form factor has no zeros, and that
no m-x bound state exists with quantum numbers I= 2,
J=O, then, assuming elastic unitarity, we have'4

2k' " bs(k')dk'
Fk =exp P

g k'(k" —k'))
(15)

In the usual notation, "
7j+ = e+e ) 'happ= e 2e (16)

where

so that

Taking

p'= (Q,')ie'-&" 'p&ImAs/A p,

I
p'I = (v'-')

I (As/Ap)»n4 I.

Mg ——eI'2,

(1/a)

(17b)

(18)

we have from Eq. (12)

Res= —(I+a) (I's/I'p)sing.
Then

(19)

I Reel = le+-,'I IA2/Apl I (A2/Ap)»nfl (20a)

=~~IN+i I IAs/Apl I
p'I. (20b)

Now from Eq. (16), we have

so that we get

Hence '

36 —g+ Qpp )

31 "I& le~i+ I~ppl,

(21)

(22a)

(22b)

I
e'I &

I ~~ I
=2X10 p. (23)

Taking"
I
A s/A p I

=0.044, and setting I
e'

I
at the

upper limit of 2&10 3, we have

IRe. l& IN+-:lx1.24x10-'. (24)

We may estimate an upper limit for
I Reel from Eqs.

(13) and (24) using

n= —ReZ(Ms)/2 ImZ(M') . (25)

and
0.1&—ad& 0.5 (27)

(28)

as k —+ ~, for the asymptotic behavior. The three
parametrizations are

bs ck/(k+ b), ——

82= +2& &&&o
=b„k&kp,

(29a)

(29b)

Mandelstam'~ type of effective-range parametrization
with positive scattering length. We do not make a
dynamical assumption of this nature. From what is
known of 82,"it appears to be negative and very nearly
constant for a wide range of energy up to 900 MeV in
the dipion center-of-mass system. It is clear then, that
Eq. (26), which holds in the models of Truong' and
Barshay, ' does not apply in this case, since the right-
hand side will be almost constant over a considerable
energy range, while the left-hand side is, in general, a
function of k2.

If 02 goes to a negative limit asymptotically, the form
factor increases with energy and the integral for
ReZ(M')

I
see Eq. (14)]diverges, and a cutoff is needed

to secure a 6nite value of ReZ(M'). We have attacked
the problem of evaluating e by using different param-
etrizations of the phase shift 82, all of which have the
same negative asymptotic limit for 62. Thus, a cutoff
was used to obtain a finite value of ReZ(M'). One
might hope that a natural cutoff would be provided by
the inelastic channels. The threshold for a nucleon-
antinucleon state would be at 2 BeV in the total
center-of-mass energy. We have chosen a cutoff of 15
pion masses corresponding to a center-of-mass momen-
tum of approximately 2 BeV for each pion. If one
assumes, as we have done in the following calculations,
that the phase shift reaches an asymptotic limit of
—ms. , then the asymptotic behavior of F(k) would be
k' . Thus, the sensitivity of the result to the cutoff
would increase as the asymptotic value of I b&

I
increases.

For the values of m that we choose (s and 4), the results
are not very sensitive to the value of the cutoff.

We have chosen three different parametrizations of
82, all of which are adjusted to have the same scattering
length and asymptotic behavior. In particular, we have
chosen a range of scattering lengths a2,

III. DETAILS OF CALCULATION bs ——ck (k+a)/(ks+ b') . (29c)

In the calculations of Truong4 and Barshay, ' the
model of ~-m scattering was assumed to be such that

ReZ (ks)/ImZ (k') = cotbs(ks) . (26)

Such a condition is satisfied for only a restricted class
of phase shifts. "In particular, it is satisfied both by a
resonance parametrization for 8s(k') and a Chew-

+ Particle Data Group, Rev. Mod. Phys. 41, 109 (1969)."T.N. Truong, Phys. Rev. Letters 17, 1102 (1966).

The Grst two parametrizations have two parameters
which are 6xed uniquely by the specification of the
scattering length and the asymptotic behavior. The
third parametrization has an additional parameter
which was 6xed by demanding that, at its minimum
value, 82 overshoot the asymptotic value of —

&m or

"G. F. Chew and S. Mandelstam, Phys. Rev. 119,467 (1960).
's W. D. Walker, J. Carroll, A. Gar6nkel, and B.Y. Oh, Phys.

Rev. Letters 18, 630 (1967).
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-10

most we may have

j~+-;j =s,
so that, from Eq. (24), we obtain

jRe.j&0 6X. 10 s-

(30)

-20

-30

We may compare this with the experimental values for
Ree which assume that there is no ES=EQ amplitude
in the semileptonic decays of EL,'.' It is found that

-40 Res= (1.12&0.18)X 10 ' (Ref. 8)
Res= (2.0+0.7) &&10 s (Ref. 7).

(32)

-50-
FIG. 1. The behavior edith respect to pion center-of-mass

momentum of the phase shifts 82 corresponding to the para-
metrizations introduced in Kqs. (29a) (29b). All are normalized
to have the same scattering length a= —0.2p ' and asymptotic
value —45'.

—~ra by only 10'%%uo. This was done to ensure reasonably
smooth behavior of 82 with respect to k. In Fig. I, we
show the behavior of the different parametrizations
with respect to k for a scattering length a2 ———0.2p '
and an asymptotic phase shift of —4m. We may note
that the current-algebra prediction for u~ is —0.06@ '.'9

TA33LE I. Values of —n for diferent scattering lengths and
asymptotic phase-shift values, with the parametrization's LEqs.
(29a)—(29b)7 of the phase shift Bs

snab

7i
I
8 irI

8

(c)

—0.1—0.2—0.3—0.4—05

1.26 1.32
1.45 1.72
1.57 2.06
1.64 2.33
1.69 2.55

1.65 1.67
2.19 3.24
2.09 4.62
1.98 5.55
1.94 5.76

1.88 2.13
2.24 4.27
2.22 5.48
2.15 5.83
2.09 5.76

"S.Weinberg, Phys. Rev. Letters 17, 616 (1966).

IV. CONCLUSIONS

In Table I, we show the variation of —e with respect
to the scattering lengths for different values of the
asymptotic phase shift and for the three different
parametrizations. It can be seen that e is quite sensitive
to both the low-energy behavior and the asymptotic
behavior of the phase shifts. In general, jets j is larger
for larger values of the phase shift. We may compare
the phase shifts we have used with the results of Walker
et u/. ,"where the value of 82 is about —20' at a center-
of-mass energy of 900 MeV, corresponding to k=3m .
Since the results of Walker et al. suggest that 82 is
fairly constant between M0 and 900 MeV, one might
be inclined to favor the case where we have chosen an
asymptotic value of —m for b~. However, because of
our ignorance of what happens at significantly higher
energies, we have chosen an additional asymptotic
value of —4x for 82. It is clear from Table I that at

Thus, even by choosing the most optimistic values of
j
e'j and jr j, we find that our prediction for

j
Res j is

too low by at least a factor of 2. In addition, our
calculation is subject to uncertainties by having to use
a cutoff, but the sensitivity to the cuto6 is not too
great for the asymptotic limits of 8& chosen.

As can be deduced from Table I, the value of I (and
hence of j Res j) is quite sensitive to the detailed struc-
ture of b2 at low energies. Although in this paper we
have constrained 6, in parametrization (29c) not to
overshoot the asymptotic value of 6& by more than 10%
at its minimum value, this was simply a device to Gx
the third parameter in such a way that 82 would have
reasonably smooth behavior with respect to k. If we
drop this constraint and allow 62 to drop off much
faster and considerably overshoot the asymptotic
value before returning to it, then much larger values
of jr j could be obtained. However, such behavior
seems unlikely, " and we mention it only to further
illustrate the sensitivity of the value of jej to the
low-energy behavior of 82.

If we believe the I=2, 5-wave m-x scattering length
predicted by current algebra, " our most optimistic
estimate of jReej will drop, by a factor of 3, to 0.2
&10 '. It may be noted that even this estimate is an
order of magnitude larger than the value of Res=0.3
X10 4 estimated by Barshay. '

In conclusion, although we have estimated Res to
be an order of magnitude larger than did Truong and,
Barshay, ' it would seem that a CE'-nonconserving
E —+ 2m, I=2 amplitude by itself is not enough to
give a value of Res compatible with experiment,
although this amplitude may contribute substantially
to Re&. This would suggest that other contributions to
the imaginary part of the oR'-diagonal term in the mass
matrix are important. Such contributions could arise
from CI' nonconservation in the E ~3+ mode, or
the DS= —AQ semileptonic modes or a possible CP
nonconserving j AS j

= 2 superweak transition" between
~o and Eo
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