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%e calculate the rate and the CP-nonconservation asymmetry for the rare decay 8 Kl+I
(l = e or y, ). In the standard model with three generations we find the branching ratio to be of the
order of 10, and the CP-nonconservation asymmetry at most about 1%. The decay proceeds via
the flavor-changing loop structure of the standard model, and unlike K —m e+ e suffers few un-
certainties and can therefore be used as a probe of new physics. ~e also comment on other rare
decay modes of the 8 meson.

PACS numbers: 13.20.Jf, 11.30.Er, 12.15.Ji

One interesting type of physics that the Supercon-
ducting Super Collider (SSC) as well as other upcom-
ing machines will allow is the study of rare-8-decay
branching ratios down to the level of 10 7 to 10
Furthermore, new detection techniques, 2 such as ver-
tex detectors, and the fact that the 8 meson has a rela-
tively large lifetime3 will be helpful in these experi-
ments.

The interest in rare 8 decays'4 9 stems from the
possibility of measuring hitherto unmeasured higher-
order corrections to the standard model, including
non-Abelian couplings. Kaon decays are similar in
these and in other respects, but suffer from uncertain-
ties due to long-distance effects which are very diffi-
cult to disentangle reliably from short-distance contri-
butions. to In this Letter we consider a rare 8 decay,
namely 8- Ki+/ (/= e or p, ) which seems to be
the most promising candidate for a measurable rare
decay process, and which proceeds via the flavor-

changing weak transition in the standard model. With
three generations, we find that the branching ratio for
the inclusive decay 8 Ki+ / + p ranges from
around 2X10 6 to 3X10 6 as m, changes between 4()
and 240 GeV, with very little sensitivity to unknown
mixing angles. The CP-nonconserving asymmetry
which depends of course on mixing angles is also con-
sidered, and is found to be limited to about 1.5%. The
exclusive mode 8- Ki+/ (/=e or p, ) is about a
factor of —,

' as abundant as the inclusive one and ex-
hibits a similar asymmetry. Any significant deviation
of the experimental results from our predictions would
indicate a departure from the standard model" indicat-
ing interesting new physics such as the existence of a
fourth generation, supersymmetry, flavor-changing
neutral currents, etc. Other rare decay modes of 8
mesons, '2 including purely nonleptonic ones, will also
be briefly discussed.

The matrix element for the quark-level process (see
Fig. 1) is"

I """""'= —t (GF/2~2) (&/ir ) Gi u2y"(I —y5) uiu4y„tt3,

where

Gi = Ac(F[ Fit ) + Au(Ft F[ ), (2)

with AJ U& U/t„ the U's being elements of the Kobayashi-Maskwa matrix'~ (j= u, c,t), and A„+A, + A, = 0. In
general two classes of diagrams, denoted by R and A (see Fig. 1) contribute to the form factors F~. We use the
calculation reported elsewhere, '5'6 and immediately observe that for the top-quark contribution, k2= 0 can be
safely assumed. The resulting values' of Fit for m, =40, 60, 80, 160, and 240 GeV are respectively 0.62, 0.28,
0.05, —0.45, and —0.70. Let us now discuss the calculation of F~ (k2) with j= cor u. First, note that if m& (( 1

with mj = mj/M„, the contribution of the unphysical Higgs scalar is neghgible. Furthermore, it is straightforward
to show that unlike the t-quark case, only the A diagrams contribute dominantly for j= u, c, since ~lnmj ~ && mj,
and the logarithm is present in A, but absent from R. We then obtain

t1 I 1-y
Fji (k ) = —2ejJ dy„dx[y(x—1) +2x(x —1))/[y+ mj (1 —y) —k x(1 —x)], (3)
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TABLE I. Values of the coefficients a; and integrands I;
appearing in branching ratios and asymrnetries. P& given in
Eqs. (4) and (5) are to be evaluated at k' = zmt2.
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FIG. 1. Diagrams A and R (where each stands for a set of
diagrams) for b sl+i . @ is the unphysical Higgs boson
required in R~ gauges.
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where y, x are Feynman parameters, k = k /Mt22, and e&
= —', is the charge of j. Equation (3) leads to

ReF~& (k ) = —4ej& dxx(1 —x)ln~m~ —k x(1 —x){,

and

1m' (k ) = [ —,
'

e&m(b—z+ —b2 ——,
' b3+ + —,

' b3 )]8(kz —4mj), (5)

with b ~ = 1 + [1—4( m& /k2) ]'i .
Let us first consider the inclusive rate 8- El+ l + X which we take to be equal to the quark-level process

b sl+ i . After squaring Vin Eq. (1) and integrating over the three-body phase space one finds
1I'(8 Kl+ l +X) = (GFzMss/192+3)(n/2m)2

i dz(1 —z)'(1+2z) IGi(k'= zm ) {2J gmin

where z;„=4(mt/ms)2 and Gi is given in Eq. (2). We can rewrite the above equation as an expression for the in-
clusive branching ratio

s = (10 y/ T) 'i

s2= (10 '/T)ti'[ —csyti'+ (3 —ss2y)ti'].
(10)

Te4 10

8(8 Kl+ l + X) = X a, dz(1 —z)2(l+2z)1&,J ~mini 1

where a, , 1, are given in Table I, and T is defined
through the 8 lifetime, '9

v's=10 T sec,

with 1 ( T & 2.3 It is obvious that since from experi-
ment"

B(b~ u)=0.04y, y- l.
then the c and t quarks contribute more than the u

quark, Although T has the indicated uncertainty at
present, the branching ratio in Eq. (7) is practically in-
dependent of T, since T ' appears in Kobayashi-
Maskawa angles in the numerator of Eq. (7) through
a, .2' In Fig. 2 the inclusive branching ratio is shown
(solid line) as a function of m, for22 ss =0.1, cs ) 0,
y = 0.5, and T= 1. s2 and s3 are given by23

5,0

2.0
CQ

exclusive

1,0g
1 I I I 1 I I I I

40 80 ~20 ~60 200

mt (GeV)

240

(7)

As ss,y, T vary over their allowed region (including a
reversal of the sign of Cs) the branching ratio changes

FIG. 2. Branching ratios for the inclusive 8—Al+ I + X
(solid line) and exclusive 8 Kl+ i (dashed line)
processes.
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a = —,
' s,'y"'s, R [ —c,y"'+ (3 —s,'y)'/'l,

where

dz(1 —z) (1+2z)(ls —Iio)

dz ( I —z) 2 (1+2z) li

(12)

(13)

The maximum value allowed for the asymmetry is ob-
tained for s8=0.87, cii & 0, andy =1. It is given by

max(a) =0.06R. (14)

»»g. 3 we plot the value of max(a) (solid line) as a
function of m, ; it is of the order of 1%-1.5%.

We now discuss the exclusive decay 8 K/+/
which is much easier to reconstruct. The estimate of
the exclusive mode is subject to an uncertainty due to
the transition from the quark to the meson level. We
Use

(K+ isy„biB+)
= f+(k')(2p +k) +f (k2)k (15)

(for definition of momenta see Fig. 1). Therefore, the
matrix element for the exclusive process is

1

@exclusive GF —Gi f+ (2p2+ k)~ u4y„u3.
242

(16)

After squaring, integrating over phase space, and using
f+ (k') = m'/(m' —k2) we find

I
1= ( Te4/2m ) gai dz(1 —z) I, , (17)

~min

~here a~, l, are in Table I. The exclusive branching ra-
tio and the corresponding asymmetry24 are plotted in
Figs. 2 and 3 (dashed lines). The rate is smaller by

by at most 10'/0.

Let us now consider the CP-nonconserving asym-
metry which should exhibit itself through a rate differ-
ence between 8+ and 8

I ~
—I p

rb+rb

a, uz(I —z)'(1+2z)(I, /„—)
aJ (11)

as„~z(I—z)'(I+ 2z) (Is —/io) —r,
'

where I & is the inclusive width for 8 K/+/ + X
[Eq. (7)], and a, , l, were given in Table I. Since as is
proportional to A„,only when A„&0is there a possi-
bility of CP asymmetry (a&0), and when we vary sii,

y, and T over their allowed region the asymmetry
changes accordingly. From Eqs. (10) and (11) we ob-
tain
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FIG. 3. The maximum value of the CP-nonconservation
asymmetry a [defined in Eq. (11)] vs m, for the inclusive
(solid line) and exclusive (dashed line) processes.

about a factor of 2 as compared to the inclusive case.
Clearly, the largest uncertainty is due to our ignorance
regarding the form factor in Eq. (15), i.e., our choice
of f+ as having a form motivated after a similar form
which successfully parametrizes kaon' and D decays. 2'

We therefore find that the branching ratios are of
the order of 10 6, and measurable, while the asym-
metries are bounded by 1% or so. As emphasized, we
have estimated the long-distance (LD) contributions26
to 8 KI+ / and find them to be less than 2% of the
short-distance (SD) contribution. 2' The calculation in-
volves virtual photon emission preceded or followed
by 8 K transition. This transition is estimated from
the effective nonleptonic Hamiltonian which is dom-
inated by the penguin graph. Using vacuum saturation
we find that the ratio of LD to SD amplitude is less
than

2&, (mb ) FqFz in(m, /m&) ( 0.02.
mp~ ln( m,/m, )

Details of this calculation will be presented elsewhere
A source of background for the processes we have
considered arising from the decay of charmonia pro-
duced in 8 KQ or 8 —K/X can be easily removed
by cutting of the dilepton mass around the mass of Q.

Finally we note that there are other rare decay
modes of 8 mesons which proceed via the flavor-
changing loop. 28 First, there are the 8 K+y+X
(no charm) andz 8 K'+ y decays which proceed
through diagrams similar to Fig. 1.' The branching
ratios are of the order of 10 4. Then there are ex-
clusive modes which receive no contribution except
for higher-order loops in the standard model, for ex-
amPles 8 9 Bq @Ks, 8, $@. The branching ratios
are difficult to estimate reliably. They may be well
above 10 s.s All these decays should also exhibit CP
nonconservation in the standard model (unless Ui
=0) which will be hard to detect, since it is again ex-
pected to be at most of the order of 1% in the standard
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model as discussed abo~e.
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