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The constraints on the elements of the quark mixing matrix are updated and are used to study
rare kaon decays. The top-quark-mass-dependent limit on the mixing matrix from the measurement
of the branching ratio K; —uf is also included, and the effects on other rare decays are presented.

I. INTRODUCTION

In the standard model, quarks of different flavors are
mixed in the charged weak currents by an unitary matrix
V, the Cabibbo-Kobayashi-Maskawa (CKM) matrix.!
For three generations of quarks, the matrix contains
three real angles and only one phase which is related to
the observed CP violation.? The origin of the parameters
in this matrix is unknown,; it is therefore important to ob-
tain information on these matrix elements from experi-
mental data. The elements of the matrix ¥ can be deter-
mined from direct and indirect measurements, which
occur at the tree- and one-loop levels, respectively. The
most recent direct measurement>* is the b —u transition
matrix element which gives a nonzero value of the ratio
|V, /V.|. The current limit’ from Fermilab on the t-
quark mass, m, >89 GeV/c?, implies that the virtual ¢-
quark loop contribution to the processes involving in-
direct measurements of the CKM matrix element, such as
B2-B % mixing®® and the CP-violating parameter € in the
K°-K 9 system,’ is becoming more important. This infor-
mation on the elements of the CKM matrix can then be
used to study the short-distance part of kaon decays.®

Recently there have been two measurements of the
Dalitz decay K; —e *e "y at CERN® and BNL,!° allow-
ing the determination of the decay form factor which de-
scribes AS =1 nonleptonic weak transitions between
pseudoscalar states (K; —m,n,7'—y*y) and between
vector states [K; »>K*y—(p,0,4)y —y*y]. The mea-
surement of this form factor sheds light on the structure
of the K; —y*y vertex which could be important for
determining the long-distance contributions in K; —up
decay.!! With this information and the most recent
data'>!? on the branching ratio for K; —puji, we can fur-
ther limit the range of the CKM parameters and also the
allowed values for the z-quark mass by studying the
short-distance effect on the branching ratio. In fact a
very heavy ¢ quark implies a rate too large!* for the decay
K; —up. This constraint has, of course, important
consequences for other rare K decays such as
K" 57w, K, 7%, and K; —m% Te .

The paper is organized as follows. In Sec. II we obtain
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improved bounds on the CKM matrix parameters from
the recent measurements of |V,,/V,,|, the BY-B $ mix-
ing, and the CP-violating parameter € in the K° system.
In Sec. III we study various rare K decays. In particular,
we extract newer constraints on the z-quark mass and the
CKM parameters from the short-distance contributions
to the decay K; —up and discuss its implications on oth-
er rare kaon decays. Finally we give our concluding re-
marks in Sec. IV.

II. RANGE OF THE CKM MATRIX PARAMETERS

We use the Maiani-Wolfenstein parametrization!® of
the CKM matrix; this matrix is written as

1—1a2 A AN (p—in)
= —A 1—1a? AN , 2.1
AN (1—p—in) — AN 1

where A=0.22 is the Cabibbo angle. From the B-meson
lifetime'® [75=(1.1840.14)X 107! 5] and the semilep-
tonic decay rate to charmed final states [(10.9+0.4)%],
the matrix element ¥V, can be determined to be'®!’
0.049+0.005; this implies

A =1.0%+0.1. (2.2)

We now study constraints on the other two parameters of
the matrix in Eq. (2.1), p and 7, from the measurements
of |V, /Vul, € and B3-B Y mixing. Recently, both the
CLEO’ and ARGUS* Collaborations have reported evi-
dence for nonzero b-—u transition in the semileptonic B
decay. The ratio |V, /V,,| of the CKM matrix elements
is obtained!’ to be 0.10+0.05 by combining the experi-
mental and theoretical uncertainties. This gives the con-
straint

p>+nm*=(0.46+0.23)* . (2.3)
The CP-violating parameter € calculated from the box di-
agrams is given by
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which leads to
o= GiMyy
= aar, 122
XMy fEBg2 A\ [ — 1. B(x.)+n,B(x.,x,)
+7,A2AM1—p)B(x,)], (2.5
where
B(x)= 20 |14 22N 6x/In(x,) (2.62)
o4 (x;—1)?%  (x;—1)
and
2_
B(xi’xj)zx:cj (xfil)f()c;jt4xi)
3 (xex;)| (2.6b)
2(1=x;)(1—x;) b

with x;=m?/M}, i=c,t. Here we use the values of the
parameters quoted in Ref. 18: || =(2.26+0.02)X 1073,
Gr=1.166X10"° GeV ™% My=498 MeV/c? AMy
=3.52X10"" GeV/c? M,=80 GeV/c?, fr=160
MeV, Bg=0.7+0.2, 7%,.=0.76, n,=0.36, and
7, =0.61. The first two terms in the parentheses of Eq.
(2.5) are mostly independent of the top-quark masses for
the range of masses we are concerned with: m, > 89

GeV/c? For this range, they can be replaced by a con-
stant (~0.8X1073). Adding errors in quadrature we get
the constraint equation from Eq. (2.5):

_ 0.76+0.22 2.7)
4084 1.434%(1—p)B(x,)] '

The B-B 9 mixing parameter is defined as x, =AM /T
which can be written as

GI‘-Z‘ 2 2 * |2
Xd= 6 2MBfBBBTBMW| Vi Vel *B (x,)

T
G
= %;{MBféBBTBM%VAZKZ[( 1—pP+79*]B(x,) (2.8)
since the z-quark contribution is dominant in the box dia-
grams. The ratio r; measured by experiments is given
by3,6
2

X
=% =0.18+0.05 , (2.9
2+xd

rq

which yields

x;=0.66+0.11 . (2.10)

Using the value in Eq. (2.10) and the parameters”!®
My=5.28 GeV/c?, fp=140125 MeV, B, =0.85+0.10,
np=0.85%0.05, and 75 =(1.18%£0. 14)X 10712 5, we get
the third constraint equation which also has a depen-
dence on the t-quark mass:

3x1

(1=pP4ni=—.
P T 2B (x,)

(2.11)

In Figs. 1-3, the intersection of the three constraints,
(2.3), (2.7), and (2.11), gives the allowed regions in the p-n
parameter space for 4 =0.9, 1.0, and 1.1, and for m, of
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FIG. 1. Constraint in the p-n parameter space from |V,;,/V,,| (solid curves), the BJ-B Y mixing (dashed curves), and the CP-
violating parameter € (dotted curves) for 4 =0.9 and m, = 100, 150, 200, and 250 GeV/c?, respectively.
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FIG. 2. Same as Fig. 1 but for 4 =1.0.

100, 150, 200, and 250 GeV/c?. The x, constraint forces
p to become larger as m, increases. For the larger values
of A, there is an intermediate top-mass region where
there are two sets of allowed values for p either positive
or negative with a forbidden band in the middle. This
can be seen, for example, for 4 =1.1 and m,=150
GeV/c? This implies two bands of allowed values for
the rare decays which will be shown in the next section.

Finally we remark that the mixing matrix parameter
space can be further improved by more precise measure-
ments'® 2! of the direct CP violation, €' /€, in K — 7 de-
cay.?? This will be studied elsewhere.?’

III. RARE KAON DECAYS

The study of kaon rare decays has played a pivotal role
in formulating the standard model of electroweak in-
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teractions. It is now attracting renewed interest due to
the prospect of significantly improved ongoing experi-
ments and the possibility of a very large f-quark mass.
The rare K decays such as the neutral decays K; —ufi,
K; —7 e, and K, —7%¥ involving flavor-changing
neutral-current interactions and the charged decay
KT —atv¥ are forbidden in the lowest order but they
can occur radiatively through the typical one-loop dia-
grams shown in Fig. 4, which are sensitive to the virtual ¢
quark. The standard-model predictions on these rare K
decays depend on the f-quark mass and also on the range
of the CKM parameters. For each decay, we first obtain
the prediction for the whole range of the parameter space
and then show explicitly the effect of imposing the con-
straint from the short-distance contribution to the decay
K; —pup in the light of the new experimental data on the
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FIG. 3. Same as Fig. 1 but for 4 =1.1.
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FIG. 4. One-loop diagrams for the short-distance contribu-
tion of the rare K decays from the standard model: (a) the W
box; (b) the Z penguin; and (c) the electromagnetic penguin.

decay branching ratio'>!3 of K; —uji and the form fac-

tor” 10 of the Dalitz decay K; —e Te " y.

A. K, —pp

Recently there have been several new measurements of
K; —upi decay. The most recent data on the branching
ratio are given by (8.2+0.8+0.7) X 10™° from 114 events
in experiment E-137 at KEK'? and
(5.840.6+0.4)X10™° and (7.6+0.5+0.4)X107° from
runs of 87 and 286 events in E-791 at BNL.!3 These new
results are lower than the previous value’ of
(9.552%)X107? in the Particle Data Group (PDG) com-
pilation of 1988. Taking an average of all these measure-
ments we find that

MKy —pp)

- = = +0.59 -9
&, S — 2858 x 107

B(K, —uf)= 3.1)

If we denote the real (dispersive) and imaginary (absorp-
tive) parts of the amplitude for the decay K; —up by
Re A and Im A4, respectively, we have

B(K; —uf)=|ImA|*+|Red|?. (3.2)
The decay receives contributions from both short- and

A «(s) 1

vy 2.5ak 4

Y

KL 22

04 7

FIG. 5. Two-photon intermediate-state contribution to
K? —up decay.

long-distance effects. Although the long-distance effects
cannot be calculated exactly, one can estimate the size of
these effects and obtain a range of values for the short-
distance part in which we are interested. The absorptive
part of the amplitude Im A4 receives contributions from
various intermediate states, the dominant one being the
real one-photon (yy) intermediate state (see Fig. 5). It is
known that other contributions from various intermedi-
ate states such as 7w, 7y, etc., are all small** compared
to A,,. The two-photon contribution to (3.1) denoted by
B(K;—up),, can be calculated®® from the mea-
sured branching ratio’ of T(K;—yy)/T(K, —all)
=(5.7040.23) X 10™* and gives the unitarity bound

B (K, —pp)= B(K; —puf),,
=[Im4,, |
=(6.831+0.28)X107° . (3.3)
The difference between B(K; —u@) in (3.1) and
B (K, —pfi),, in (3.3) is
AB=B (K —uji)—B (K, —pf),,
=(0.45138)x107° . (3.4)

While Eq. (3.4) indicates that the decay K; —pun is con-
sistent with the unitarity bound, it also implies that other
possible contributions must be small. Thus from (3.2)
and (3.4) we have an allowed range for the real part of the
amplitude:

AB=|ReA|*=(0—1.1)X107° . (3.5)

The real part of the amplitude Re 4 can be written as

Red=Red p+ Agp , (3.6)

where LD and SD refers to the long- and short-distance
contributions, respectively. The long-distance part in Eq.
(3.6) comes dominantly from the virtual two-photon
(y*y*) intermediate state denoted as A, which is poor-
ly known theoretically.'"?® However it may be deter-
mined by virtue of the recent experimental value of the
form factor for the decay K; —e e “y, which involves
the K; —y—vy* vertex. Following the model of
Bergstrom, Massd, and Singer,27 the form factor AW*

for the Dalitz decay K; —e e~y can be written as

1 1 2

[A(K, >77)um]  1—0.418x '« 1—0.311x |3
L Y expt

3 1—0.418x 9(1—0.405x) 9(1—0.238x)

(3.7)
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with x =s /M2 and ay a parameter to be determined. In
the right-handed side of Eq. (3.7), the first and second
terms  correspond to K;—wmmn,n'—y*y and
K; -K*y—(p,0,¢)y —y*y transitions, shown in Figs.
6(a) and 6(b), respectively. The recent measurements at
CERN!? and BNL!! of this form factor give

ag=—0.28+0.13 (3.82)

and

ag =—0.280+0.08375-033 , (3.8b)

respectively. This indicates that the weak transition of
the vector mesons cannot be ignored. Using the central
experimental value in Eq. (3.8) and the formulas given by
Bergstrom et al. in Ref. 11 with the updated parameters’
of [(K*—K°%)=0.118 MeV, f,=4.99, and f+=5.78,
we find?®

0.6X107°<|A4,,1<1.4X107°, 3.9)

where the maximal and minimal values arise from sa-
turating one virtual photon by vector mesons (corre-
sponding to a PVy vertex) and both virtual photons (PVV
vertex), respectively. A more stringent value of | 4.,
could be obtained by the measurements of the decays
K, »pTu"y and K, —ete ete . From the values
| Ao | in Eq. (3.9) and AB in Eq. (3.4), a bound on the

_
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FIG. 6. Diagrams that contribute to K; —¥*y through
AS=1 nonleptonic weak transition between (a) pseudoscalar
states and (b) vector states.

short-distance contribution can be obtained. For exam-
ple, we get

0.1X107°<B(K; —ufi)sp (3.10a)
=|A4p|?<1.2X107°
for AB=0.45X10"° and
0.4X107°<B(K; —ufi)sp <2.2X107° (3.10b)

for AB=1.10X10"°.

The short-distance contribution Agp comes from one-
loop diagrams depicted in Figs. 4(a) and 4(b) involving
the exchange of virtual heavy quarks, in particular the ¢

quark. The branching ratio due to this contribution
:¢29,30
is*”

a2 M[z( i=ct + + T(KL)
B(K; —»ut)sp= . B(KT—pu"v,) , (3.11)
(Kp—pf)so 4m%sin*0 mﬁ 2 [V, |? G K™T)
M2

where 7; are the QCD correction factors, x,=m?/M},
r(ky)=5.18X10"% s, 7(K*)=1.237X10"% s, B(K™
—uv,) =0.64, and

3x2Inx;

)
4x; —x;

Ta-x)  4l-x)?

C,(x;)

Iz (3.12)

It is straightforward to show that the dominant contribu-
tion in Eq. (3.11) arises from the t-quark exchanges and
the corresponding QCD correction is negligible,’"* i.e.,
7n,~1. We thus obtain

B (K —ufl)sp=4.06 X107 4%|C,,(x)[*(1—p)* .
(3.13)

We plot B(K; —ufi)sp as a function of m,, for the al-
lowed range of the quark mixing matrix and for 4 =0.9,
1.0, 1.1, and 0.9—1.1 in Figs. 7(a)-7(d), respectively.
From Fig. 7 we see that the lower bounds in Eq. (3.10) do
not give a useful lower limit for the mass of the ¢ quark.
For the central value of A4, ie., 4 =1.0, the limits
B(K; —uji)sp<1.2X107° and 2.2X 107’ in Eq. (3.10)
put upper bounds on the top mass of 170 and 242
GeV/c?, while the absolute upper bounds on m, for the
whole ranges of A values are 196 and 300 GeV/c?, re-
spectively. For each top mass, an upper bound on the
branching ratio translates into a lower bound on the pa-
rameter p. This bound will show up as a straight vertical
line in our previous results of Figs. 1-3. This lower
bound on p also implies slightly higher values for the
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FIG. 7. The short-distance contribution to the branching ratio of K —ufi decays as function of m, with (a) 4 =0.9; (b) 4 =1.0;

() 4=1.1;and (d) 4 =0.9—1.1.

CP-violating parameter 7. The limits on p and 7 from
the K; —ufi decay and Figs. 1-3 are summarized in
Table I. One can see clearly that the parameter space is
greatly reduced especially for the higher top-quark mass

as expected. We also see that the parameter space from
B (K —pji)sp<2.2X107° in Eq. (3.10b) is only slightly
reduced. In this case we shall not expect large effects on
other decays.

TABLE 1. The allowed ranges of p and 7 for different values of m, for (a) no constraint on
B (K —ufi)sp, (b) B(K; >up)sp £1.2X107°, and (c) B(K; —uji)sp <2.2X107°.

(a) (b) (c)

A m, (GeV/cz) Pmin MNmin Pmin MNmin Pmin M min
0.9 100 —0.65 0.23 —0.65 0.23 —0.65 0.23
0.9 150 —0.54 0.15 —0.27 0.26 —0.54 0.15
0.9 200 —0.24 0.12 —0.10 0.18
0.9 250 0.08 0.12 0.23 0.14
1.0 100 —0.67 0.16 —0.67 0.16 —0.67 0.16
1.0 150 —0.39 0.11 —0.03 0.23 —0.40 0.11
1.0 200 0.12 0.12 0.12 0.12
1.0 250 0.17 0.09
1.1 100 —0.68 0.11 —0.26 0.29 —0.68 0.11
1.1 150 —0.26 0.09 —0.15 0.19
1.1 200 0.17 0.08 0.27 0.09
1.1 250 0.19 0.07




146

B. Kt atvw

Unlike the previous decay there is no electromagnetic
contribution involving photons to the rare decay
Kt —7tvy. The possible long-distance effects on this
decay are estimated to be negligibly small** and thus the
decay is expected to be dominated by short-distance
physics. The loop diagrams are shown in Figs. 4(a) and
4(b) with [<>v. The branching ratio is given by’%3*

) > VisViaCy(x;) 2

— - a i=ct
BK —m vw)= 871'Zsin49W |V,,s|2
XB(K T —nl%tv), (3.14)
where
C = |22 X2 (3.15)
v 4 | (x,—1)? " x—1

In this decay the c- and #-quark contributions are of the
same order of magnitude, the ¢ quark becoming more im-
portant for larger m,. The QCD corrections have been
calculated;3>3¢ these corrections were found to be impor-
tant for the ¢ quark but negligible for the ¢t quark when

m,>my. Using B(K" —7% "v)=0.048 and m =1.5

4 |-
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GeV/c?, the branching ratio is expected in the range
107 1% and it is explicitly given by

B(K"—atw)=10"%C,(x,)
+3.3X10734%(1—p)C,(x,)]?

+1.08X 10" " 4*p?[C,(x,)]?. (3.16)

The branching ratio for K ¥ — 7" v¥ as a function of the

t-quark mass and for the three different values and whole
range of the parameter A is shown in Fig. 8. From Fig.
8(d) we find B(K " —>7"vw9)=(1.2—4.0)X 107 '° for m,
ranging from 90 to 250 GeV/c?. The constraint from
K; —pp is superimposed on this, clearly ruling out the
upper range of branching ratios which is now predicted
to be (1.2—2.4)X107' and (1.2—2.9)X107'° for
B(K; —pufi)sp<1.2 and 2.2X 107, respectively. Here
the upper values correspond to a 7-quark mass of about
95 and 130 GeV/c?, respectively. Our results agree with
the conclusions given in Ref. 14 where no accidental can-
cellation between the short- and long-distance contribu-
tions to the real part of the decay K; —uu amplitude was
assumed.

(b)
A=1
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FIG. 8. Allowed branching ratio of K*¥—#7 ¥ as a function of m, with (a) 4=0.9; (b) 4= 1.0; (c) 4=1.1; and (d)
A =0.9—1.1. The dotted-dashed curves are B (K; —pujl)sp < 1.2X 10~° and the dashed curves are for B(K; —puji)sp <2.2X107°.
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C. K, —>7nl%te”
The rare decay K; —mete ™ has recently attracted
much attention theoretically and experimentally since it
may directly test the mechanism of CP violation in the
standard CKM model. We define K|, and K, to be the
CP-even and -odd states in the neutral K system, respec-
tively, and then we can write K; ~K, +¢€K ;. The decay
K; —7% Te~ receives three types of contributions: (1) a
CP-conserving one through a two-photon intermediate
state, i.e., K,—»>7yy—7’ Te™; (2) an indirect CP-
nonconserving one induced by the mixing of K°K?°
states characterized by €, ie., K; SaV* sq% e,
where V* is an effective J =1 CP-even state; and (3)
through the direct CP-violating decay of
K,—»7V*>nl%te.

The branching ratio for the CP-conserving part of
K; —m% "e ™, which depends on the decay K; —7’yy,
is estimated to be order of 107 in chiral perturbation
theory®”38 (ChPT) or 10™!! in a vector-meson-dominance
(VMD) model.3>* Recently, the NA-31 experiment at
CERN*! has indicated that the observed distribution of
the invariant yy mass in the decay K; —u’yy favors
models involving ChPT but the observed branching ratio
(2.14+0.6)X 107% is somewhat higher than the predic-
tions of ChPT. Moreover, the search for the decay
K; —>7%7v in the E-731 experiment at Fermilab*’ gives
only a limit for the branching rato, <2.7X107°. Clear-
ly, to settle down the CP-conserving contribution to
K; —7% *e ™ decay, more efforts on the measurement of
the decay K; — 7"y y are needed.

The associated branching ratio due to the indirect CP-
violating contributions is given by313743

B(K; »ml% e ),y =B(Kt—onrtete” )Il,((g—::llll))
K, -7t e)

DKt —>7tete™)

T(K; —>7% Te )y

I(K;—7%%e™)

~6X10" R, , 3.17)

where we have used B(K " —ntete )=2.7X1077 and
le|=2.26X1073 and R,=D(K,—-7le e )/T(K™
—mtete ™). The value of R, which depends on the un-
measured decay Kg—7’¢ e~ can be calculated in
ChPT* through the measured branching ratio of the de-
cay Kt —mteTe ™ and is found to be 0.25 or 2.52. This
results in two possible branching ratios*’

1.5x10712

1.5x10711 (3.18)

B(K; —»>7ml e )=

This twofold ambiguity in ChPT will be resolved from
the precise measurement of Kg—7lete” or
K + s 7T+ u + ,U,* .

Most of the direct CP contribution to the decay comes
from the short-distance electroweak effects with the loop
diagrams depicted in Fig. 4. The rate for this decay is

directly proportional to 2. Including QCD corrections
one finds3%4*

B(K; —»>7m% e )y, =2.6 X107 44 CE+CY)m* (3.19)
with
Cy=F(x,)+————[F,(x,)+(1—4sin’0y)F;(x,)] ,
sin“Qy,
(3.20)
Cy=———[Fy(x,)+Fs(x,)],
sin“Oy,
where x, =m?/M?, and
Fole)=—17 2(25—19x,)x;
1 9(1—x,)
4(3x}—30x>+54x2—32x, +8)Inx,
9(1—x,)* ’
Folx) 2x,(1—x, +Inx,) (3.21)
x,)= , .
S (1—x,)?
x,[(x,—6)x,—1)+(3x,+2)Inx, ]
Fy(x,)=— 5 .
(1—x,)

Here the m,-dependent C,, and C, functions are evalu-
ated from Ref. 32 with Agcp=150 MeV. Using
sin’0y,=0.23 and 4 =0.9—1.1, the branching ratio of
the direct CP-violating contribution to K; -7’ te ™ is
shown in Fig. 9 with the parameter 5 given in Sec. II as

well as Table I. As can be seen from Fig. 9, the lower

L 6
el -
— C
° r
+ -
) r
) r
A -
(N
e r
N— E
m 5
N L
o 2 C
ol e bvana s bavoa by beva by
0 100 140 180 220

M, (GeV/c?)

FIG. 9. Allowed branching ratio for the direct CP-violating
contribution to K; —7% te ™ with the whole range of the pa-
rameter A4, i.e., 4 =0.9—1.1. The dashed and dotted-dashed
curves are boundaries taking into account the K; —ufi decay.
Legend is the same as in Fig. 8.
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bound of ~0.4X107'? depends very weakly on the #-
quark mass, whereas the upper bound shows a stronger
dependence with the maximum predicted ~6.5X 10712
for m,~250 GeV/c? The lower limit on p obtained
from K; —pup implies higher values for n and therefore
eliminates lower values for this branching ratio especially
for the heavier ¢ quark. It can be seen also that a higher
value for B (K; —pufi)sp has only minor effect on the pre-
dictions for this decay. The branching ratio from the
direct CP-violating contribution is lower than previously
thought.’? Only if the CP-conserving and indirect CP-
violating contribution turn out to be near their lower pre-
dicted values, will the direct CP-violating contribution
become interesting. These issues can be settled by

J

B(K; »7°wW), =B (K —>7Tvw)

0

measuring  K; —»7%y, Kg—mlete™, or K7t

—7iutu”.

D. KL *—)‘H'OVV

The decay K; —7°v¥ is similar to the previous one but

it only receives contributions from the CP-violating am-
plitudes since there is no two-photon intermediate CP-
conserving process. This decay is extremely interesting
because the direct CP-violating amplitude dominates over
the indirect one as shown by Littenberg.*

By analogy with Eq. (3.17), the indirect CP-violating
contribution to the decay K; — 7°v¥ can be estimated:

LK —all) DK —7%) DK, —>7%)4

~2.1X107°B(K; -»7°vW)R,~4X 10715 |

'K, —all) (KT —>7tvw)

(K| —7%v)
(3.22)

where we have used B(K " —7"vw)~2X10"° and R, =T(K,—7"¥%)/T(K " —x7"v¥)=1. For the direct CP-

violating part, we have, from Figs. 4(a) and 4(b) with /<>v,

az i=c,t

> Im(ViVigm,C,(x;) 2

B(K " —n%*tv) LK™ —all)

B(K; —>7wW) g4, = A
us

~4.61X10"1 4%|C,(x,)|*n*,

24
87°sin"0y,

where the charm-quark contribution has been neglected.
Since this decay has the same KM matrix elements
dependence as K; —»7% e, we get a similar curve
which is shown in Fig. 10. Again the lower bound of
~0.3X 107! depends very weakly on the t-quark mass.

6
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FIG. 10. Allowed branching ratio for the direct CP-violating
contribution to K; —7°v¥. Legend is the same as in Fig. 9.

[(K, —all)
(3.23)

f

The predicted upper bound is ~5.5X 107!, For this de-
cay also, the lower limits on 7 obtained from K; —up
pushes up the lower values for the branching ratios, espe-
cially for the heavier top quark.

Clearly, the branching ratio of the direct CP-violating
contribution is much larger than that of the indirect one.
Albeit difficult to measure, this decay provides a very
clean test for CP violation in the standard model.

IV. CONCLUDING REMARKS

We have studied the ranges of the CKM mixing matrix
parameters in the standard model from the measurements
of |V, /Ve|, the BY-B 9 mixing and the CP-violating pa-
rameter € in the K° system. With these parameters we
have calculated the short-distance effects on the K de-
cays. In particular we get the following limits on the de-
cay branching ratios:

0.4X107°<B(K; —ufi)sp <5.3X1077 ,

1.2X1071°<B(K* 7 Fv)<4.0Xx 10710,
4.1)
0.4X10"2<B(K; —»7% Te )4 <6.5x107 1%,

0.3X10 "< B(K; »7%v),,<5.5X107 !
for m, <250 GeV/c2
Incorporating the recent measurements on the decay

branching ratio of K; —up and the form factor of the
Dalitz decay K; —e ey we have extracted further
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constraints on the CKM mixing parameters and upper
bounds on the t-quark mass, which are 196 and 300
GeV/c? for B(K; —ufi)sp<1.2 and 2.2X107°, respec-
tively. Taking into account these newer constraints, the
branching ratio of K " —714¥ is found to lie in the fol-
lowing tighter range:

1.2X1079<B(K T —>7tw)

<(2.4 or2.9)x1071° 4.2)

for B(K; —uji)sp <1.2 or 2.2X107°, These constraints
eliminate lower values for the direct CP-violating contri-
butions to K; -7’ e~ and K; —7"v¥ especially for
large m,. Because of the higher branching ratio and less
important effects from either indirect CP-nonconserving

or CP-conserving contributions, the decay K L—nrov'x? is

far more interesting than K; —7% *

direct CP violation.

e~ for a study of
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