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The mixing and the CP-nonconserving effects are studied for KO K'— 2y. The Kobayashi-
Mashawa scheme can give observable CP-nonconserving effects different from those of the su-
perweak interaction. Experimental ways to detect such effects are pointed out.
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It has been twenty years since the first observation!
of CP nonconservation, K; — 27, and the charge
asymmetry of K; — mwev were reported. So far these
are still the only instances of CP nonconservation ob-
served. Further, both phenomena originate from the
same CP-nonconserving source, the K% K° transi-
tion in the mass matrix. CP-nonconserving effects can
also arise from weak decay amplitudes. A nonzero €’
would be such an effect.>* Unfortunately, A/ =+
dominance gives € a suppression factor of twenty as
compared to e, |€'| < |e|/20. Recent analyses in the
Kobayashi-Maskawa (KM) scheme of CP nonconser-
vation have shown that such CP-nonconserving effects
from decay amplitudes can be significant in & decays,’
giving partial-decay-rate differences between particles
and their antiparticles. It would be interesting to see if
there are other such decay-amplitude CP-noncon-
serving effects in the K decays. The K — 2y is such a
candidate, especially since the rate for K; — 2y is
about one-half the rate of K, — #w%#°. Here, we give
a detailed analysis of CP-nonconserving effects in
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K0%— 2y in the KM scheme. Special attention is paid
to how the decay-amplitude effects can be dis-
tinguished from the mass-matrix effects. The latter
can be calculated precisely from the measured CP-
nonconservation effects of K; — 27 and K; — mwev.
We shall show that, on the basis of current order-of-
magnitude estimates, the decay-amplitude CP-
nonconserving effects in the KM scheme can be signi-
ficant, giving a 0.1% to 0.2% effect comparable to that
from the pure mass-matrix effects in the partial-
decay-rate difference. We then discuss the possible
ways to detect such effects. Our calculations and con-
clusions are substantially different from those of a re-
cent analysis by Decker, Pavlopoulos, and Zoupanos.®
These differences will be discussed at the end of the
paper.

Formulation.— The two-photon system is a mixture
of the CP-even state, 2v ., and the CP-odd state, 2y _.
The decay rates are given by

Ty (K—=2y:)=mg|ld+1¥/64m, T=T,+T_. (1)

The time evolution of K°, K°— 2y is

(2a)

(<) o -
where |K 1) =|Kg;), N are normalization factors, and m + are the parameters characterizing CP nonconserva-

tion (e.g., n4+ —, Moo):

i
7I¢=|71;t|€¢iE

(-) . (=)
The time-integrated rates are [ (-r1)=f0 'drT (KO
— 2y)(7). The interesting measurable CP-non-
conserving quantities are the partial-decay-rate differ-
ence,

T(K°—= 29)(7) —T(K°—2y) (1)

A = —
() I(K°= 2y)(7) +T(K°— 2y)(7)’ ®
and the integrated partial-decay-rate difference,
A=) —TGEDIL G +TGEPTI™L (@)
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AK =2y D)IAK:—= 2y )] '=lr:—1-)/Q+)]r++(1—-€)/(1+€)], (2b)
re=lrele®t= FA(K°— 2y )[A(K°— 2y )]~ 1.

(2¢)

With the measured A(KL—»%73=3.13><10—12

MeV ™! the unknown quantities in K °— 2y are n 4
(or equivalently r.) and R=T(Ks— 2y.)/T(K,
—2y_).

Note that € is phase-convention dependent.’ If a
common phase convention can be found such that
r4y=r_=1, then from Eq. (2)

e=mi=m_. ()
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If such a convention cannot be found, then there must
be CP-nonconserving effects from the decay ampli-
tudes.

There has been a long history’ 13

of estimating

A( K%— 2y .) based upon diagrams of quarks (uii
for 2y _), and diagrams with dominant physical inter-
mediate states (27 intermediate states for 2y ., vari-
ous pole intermediates for 2y _). We shall use these
methods and results, and incorporate our own, which
are based upon the most recent knowledge, to estimate
the CP-nonconserving effects in the KM scheme. To
present a contrast, we first discuss the superweak
model. '

Superweak model.— In this model the CP nonconser-
vation comes solely from the mass matrix; therefore
the conditions of Eq. (5) are satisfied. Therefore the
only unknown quantity that needs to be calculated is
r (KS - 2’)’ + ) .

This CP-even transition is dominated by the =+ 7~
intermediate state (the lowest-order one-loop quark di-
agram is known?® not to contribute to K¢ — 2y, ). The
Kg— 2y, via the w7~ intermediate state has been
calculated to be®~!1

(=) (=)
A(K?’—= 2y, )=20A( K = a¥t7 ),  (6)

where « is the fine-structure constant and {,, results
from the loop integration of the 27 intermediate state,
with the assumption of constant off-shell 4 (X°
— 27) in the loop integration. In the superweak
model 4 (K°— 27) =4 (K°— 27). We use the ex-
perimental values for A(K°— w*w~)=4(K°
— at7T)=274x10"% MeV~!, 4 (K, — 2y), and
the calculated®!! ¢,, to obtain

R =24 N

The predictions for A(7) from this result are given in
Fig. 1. The corrections to Eq. (7) from other physical
intermediate states are rather small. A possible source
of deviation from this value of R is the deviation of
the off-shell 4 (K®— =+ 7 ~) from being constant.

Kobayashi-Maskawa model.—The KM scheme gives
CP-nonconserving effects both in the K°= K° mass
matrix and in_the decay amplitudes; thus A4 (K?°
— a7 )/A(K°— w7 ~) in Eq. (6) is no longer
real.

However, because of this # 7w~ dominance in
Kg— 2y, it is easily shown by substitution of Eq. (6)
into Eq. (2) that the KM case for Kg— 2y, is the
same as for the superweak case, i.e., n.=m4+_, Or
equivalently |r,|=1, ¢, =2ty where® ty=Imay/
Reay, and ag is the I =0 part of K — 27. This con-
clusion is quite general, more so than the derivation
for the value of R in Eq. (7), since R depends on the
evaluation of ¢,,,.

+

(=)
To calculate n_, we need to calculate K °— 2 _.
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FIG. 1. The time evolution for the partial-rate difference
A(7): the solid (broken) lines are from the superweak
(KM) model; for parameters see the text.

First we discuss the quark contributions from the uu,
cc,and tt :

GFC!
V2

For K°— 2y_, V3V, is replaced by V,Vy in this
equation. It is known?® that |4,| >> |4.|, 14,]. Both
A, and A, are real, while 4, has an absorptive part
ImA,. As we shall show later, together with the imag-
inary part from V;, ImA, can contribute to CP-
nonconserving effects. Here, we generalize the calcu-
lation of Ay in Ref. 12 to include the KM phase 3.
Using their results for 4;, we find that the quark con-
tribution is rather small,

|Ag (KL — 29)/ Aexp (KL — 2y) | = 10%-27%

for m, =330 MeV and 0, respectively. The low-mass
intermediate-state contributions are usually handled by
the pole-dominance model.

In the pole-dominance model the K%— 2y _ ampli-
tude is dominated by the «°, n, and ' pole contribu-
tions.” #1213 For (#° Hy, |K® , we use the soft-pion
reduction!® of the K — 2 amplitude, and obtain

(7| H | K2 |2=2.6x 10712 MeV?,

3 ViVuA,. ®

i=u,ct

Ap(K°—2y_)=

where f,=0.95m,. For ng, we use the SU(3) relation
(gl Hw KO = (1//3)(w°|Hy|K®) . For the singlet
no, {molHw!|K® needs to be calculated. Following
Ref. 15 and Donoghue and Holstein!® we define a
complex parameter p,

(ol Hw|K®) = —2(3)V2p (| Hy K.

We then relate the physical states'” n, n' to mg, ng by
M = ngcosh — Mo sind and n’' = ngsind + nycosh. Putting
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all these relations together, we obtain

1 C A(n— 2y)
Ap(KO— 2y )= (aO|H|KY A (n®— 29)]— L 4 L Cm ¥
pl y-) <7T| I YA (m Y m,%—m,% NE] m,%—m,%A(ﬂ'O—'z‘)’)

Ll Sy A —2y)

V3 m,g—mj, A(7'—29) T

9

where Cn=0059+2\/§p siné, Cn,=sin9—2\/§p cosf. In our convection the sign of the ratio 4 (n'— 2y)/
A (7%= 2y) is the same sign as for 4 (n— 2y)/4 (#°— 2y), in order to satisfy the U-spin relation,!? 4 ()
— 2y)cosf + A4 (n' — 2y)sing= (1//3)4 (w°— 2vy). With use of the experimental values,!”

4 (n—2y)[4 (7%= 2y)171=0.783£0.061, |4 (n' — 2y)[4(#"— 2y)]1"1|=1.38+0.2,
A(7%— 2y)=2.53x10"°5MeV ™},

we find that the K; — 2y amplitude is totally accounted for by the 7, m, and ' pole contributions provided that!?
p=0.94, or p=0.06, allowing a small (10~3) imaginary part. By use of the vacuum insertion calculation, it was
shown in Refs. 13 and 16 that Rep=(3/—1)/2, Imp= —3(1—f)ty/2. The parameter f is the fraction of the
Al = % transition amplitude that comes from the ‘‘penguin’’ diagram. So for the two solutions of p=1andp=0,
f=1 or %, respectively. When f =1, the ‘‘penguin’ is the only contribution for the AI=—; transition, and
Imp =0; then arg(mo| Hy |K°) = arg(7°|Hy|K®). When 1, there are other contributions, which are real, other
than the “‘penguin’ in the A/ = 5 transition; then arg(mo|Hy | K% =arg(7°|H,;/ | K°).

We shall see later that this is responsible for the difference of v, between the KM model and the superweak
result. There are indications!? that the ‘““penguin’’ is not the sole source of the Al = —; transition and f < —; is ac-
tually consistent with the present botind on €'/e. Next, by virtue of arg(7°|Hy |K®) = arg(7'%°|H,, |K°) = ¢, ob-
tained from the current algebra and the partially conserved axial-vector-current relation we determine from Eq. (9)

that argdp (K°%— 2y _) =1,{1—3.4(1— 1)} =1t{. Then we write

(=) (=)
ACK =2y )=Ap+Ap=A( K= 2y Y1 +it§) —i(Ga/N2m) fx Vi Ve ImA,

(-)
=A(K%—> 2y _)(1+itf—i0.3ImA4,).

Putting this result into Eq. (2) gives |r_|=1
—0.6¢y ImA,,, and 9_ =2¢j. We see here that for |r_|
being from unity, imaginary parts from both weak and
strong interactions are needed. The partial-rate differ-
ence at 7 =0,

Ira 2= 1 P2 2= 1)
2(1+1(r|?)

only results?® from |r;|=1.
To estimate ¢y, we use the current experimental
bounds (with one standard deviation) on €'/e,

to=—+220e "4 =~ —7.4x 1074,

A(r=0)=

’

Using this number and our calculated R = 2.4 we find
for p=094, |r_|=1—1t, and 6_=2¢, that
n_=2.65x10"3'4" which is very close to the su-
perweak result. For p=0.06, [r_|=1+1.7¢, 6_
= —2.81y, or equivalently, |n_|=3.65x10"3 and
¢_ =75°, we show its corresponding A(7) (the dash-
dotted curve) in Fig. 1. They differ from the su-
perweak results by — 0.1%. For comparison we also
show the corresponding case for R =1. In addition,
we also present a case (the dashed curve) for

1770

lr_1=1+1.7¢y, 6_—4.8ty, or, equivalently, |xn_|
=4.43%x1073 ¢_=78° for both R =2.4and 1. As R
increases, the deviation from the superweak results
decreases; it becomes unnoticeable at R =10. One
important feature is that the KM scheme differs from
the superweak scheme mainly during small 7 < 57y,
Thus if time-integrated observations are made, the in-
tegration range ought not to exceed 57g.

These results are fundamentally different from
those of Ref. 6. From the brief descriptions in their
paper, we think that the differences are due to their
different quark intermediate-state calculation (none of
Refs. 9-13 are cited in their paper) and to their ap-
parent ignorance of the pole contributions. Further,
all the points made below, except for point 2, are dif-
ferent from those of Ref. 6, or are absent.

Concluding remarks and experimental outlook.— (1)
The ratio R is calculated to be R =4(K
— 2y)A (K, — 2y) = 2.4, based on the very general
observation that K¢ — 2y is dominated by the 27 in-
termediate state. The only assumption here is that the
amplitude 4 (Kg— 2#) used in the loop integration of
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K¢ — 27— 2y is constant.

(2) Based upon the same principles as for the calcu-
lation of R, one finds that the CP-nonconserving ef-
fect in Kg— 2y, is purely from the mass-matrix ef-
fect, just as in the superweak model, i.e.,
Imyel=23x10"3=n,_,and ¢, =45°~¢, _.

(3) The method of estimating n_ for K; — 2y is
quite complicated and depends upon how the poles 7°,
mg, Mo contribute and the intricate relationship between
the pole and the quark contributions. We think that
the estimate is at best an order-of-magnitude estima-
tion. In our calculations, we obtain two solutions,
depending upon whether the 4 (K°— ;) amplitude
has the same phase as 4 (K°— (mwm),;—,) or not.
From partial conservation of axial-vector-current and
SUB), 4(K°— 7% and 4 (K°— 74) have the same
phases as A(K — (2@);-¢). If argd (K — mg)
=argd (K — (w7);—-¢), the CP nonconservation in
K; — 2y _ is the same as in the superweak case. If
argd (K — mng)=argd (K — =), the CP nonconserva-
tion in K; — 2y _ could be quite different from the
superweak case by about 0.1% to 0.2%, namely,
Im_1=1(3.7 to 44)x1073, ¢_=75° to 78°, for our
calculated value R =2.4. Such a difference persists for
small values of R, but it decreases as R increases. The
two different solutions will also have very different im-
plications?! for the mq contribution to ImAf;, of the
K%= KO transition. Therefore, experiments on the
CP-nonconservation effects in K; — 2y_ are ex-
tremely interesting and will contribute to our under-
standing, which is now very crude, of the hadronic
dynamics in weak decays.

(4) To see such decay-amplitude CP-nonconserving
?ff;acts, experiments capable of measuring the

K 9— 2y difference A(r) or A;(r{) are called for.
The current low-energy antiproton ring experiments at
CERN 22 are ideal for this study. One important point
to note in experiments which are capable of measuring
only the time-integrated partial decay rates A;(r) is
that the range of time integration should not be too
large, since the decay-amplitude effects are prominent
only for the brief interval (+ < 575) following the mo-
ment when K%K?© are tagged. This is obvious from
Fig. 1.

It is important to note in the figure that the behavior
of A(r) [even more so for A;(7,)] with such decay-
amplitude CP-nonconserving effects for a given value
of R (say, 2.4) can be mimicked by a similar A(r)
without decay-amplitude CP-nonconserving effects,
but for a different R (say 1.0). Therefore, it is desir-
able first to make an accurate measurement of R by
measuring /(7) and 7(7). Then with such measured
R, the decay-amplitude CP-nonconserving effects can
be determined by experiments measuring A(7) or
A;(71). Then the time evolution experiments are
called for.
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