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We study both CP-conserving and -violating contributions to the decay K — =
find that the decay branching ratio is dominated by the CP-conserving part.

trn"vo. We

In the standard

CKM model, we estimate that for m; ~ 174 GeV, the branching ratio due to the C P-conserving
(-violating) contributions can be as large as 4.4 x 107* (1.0 x 107'%).

PACS number(s): 13.20.Eb, 11.30.Er, 12.15.Ji, 12.39.Fe

I. INTRODUCTION

With the prospect of a new generation of ongoing
kaon experiments a number of rare kaon decays [1] have
been suggested to test the Cabibbo-Kobayashi-Maskawa
(CKM) [2] paradigm: Quarks of different flavor are mixed
in the charged weak currents by means of an unitary ma-
trix V. However it is sometimes a hard task to extract
the short-distance contribution, which depends on the
CKM matrix, because of large theoretical uncertainties
in the long-distance contribution to the decays [3].
avoid this difficulty, much of recent theoretical as well
as experimental attention has been on searching for the
two modes K+ — ntvi and K — w%vi. It is believed
that these two decays are free of long-distance and other
theoretical uncertainties [4,5].

It has been shown that the decay branching ratio of
K* — ntui is at the level of 10710 [6,7] arising pre-
dominantly from the short-distance loop contributions
containing virtual charm and top quarks. This decay is a
C P-conserving process and probably the cleanest one, in
the sense of theoretical uncertainties, to study the abso-
lute value of the CKM element V;4. The current experi-
mental limit is B(KT = T vD)expy < 5 x 10719 [8] given
by the ongoing E787 experiment at BNL. It is expected
that the experiment will reach the standard-model pre-
dicted level in a few years. On the other hand, the decay
K; — 7% depending on the imaginary part of Viq is
a CP-violating process [9] and offers clear information
about the origin of CP violation. In the standard model,
it is dominated by the Z-penguin and W-box loop dia-
grams with virtual top quark. But there has been no ded-
icated experimental search for this decay yet. Although
there are several interesting proposals to study this mode
at the next round KEK and Fermilab experiments [10],
the experimental sensitivities can only be around 1079,
whereas the decay branching ratio in the CKM model
is at the level of 107! [6]. From an experimental point
of view very challenging efforts are necessary to perform
the experiments. This is because all the final state parti-
cles are neutral and the only detectable particles are 27’s
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from 7°.

In this paper, we examine the decay Ky — ntn vo.
Like the decays of Kt — ntvi and K — nlvi, we
expect that this mode is also a clean one due to the ab-
sence of photon intermediate states.! Moreover, in con-
trast with K; — w%vp, it contains two charge particles
#+ and 7~ in the final states and it could be relatively
easy to do an experiment [12]. Therefore, it should be
interesting to give a theoretical analysis on this decay to
see whether it could be tested experimentally in future
kaon facilities.

The paper is organized as follows. In Sec. II, we study
the decay rate of Kz — 7~ vi from the short and long
distance contributions. We present our numerical results
in Sec. III. The conclusions are given in Sec. IV.

II. DECAY RATES

We start by writing the decay as

Ki(px) = 7" (p+)m (p-)v(ky)o(k-) (1)

where pk, p+, P—, k4, and k_ are the four-momenta of
K;, n*, 7, v, and 7, respectively. Similar to the de-
cays of K* — ntvp and K — n%vw, the short distance
contributions, arising from the box and penguin loop di-
agrams with virtual charm and top quarks, dominate the
decay branching ratio of K; — wtw~vi. The effective
interaction relevant for the process is given by [13]

G F 81
ViiViani
Lot = V2 4msin20y, Z aniC

1=c,t

Xdﬂz’)’“(l —’75)1/1 (2)

I,)S’yu(l —7s)

1We note that the decay of K — n+ 7 v is different from
that of K — w7 ete™ in which it is dominated by the
long distance due to the photon intermediate states [11].
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where 7. ~ 0.71 and 7, ~ 1 are the QCD correction
factors [13], z; = m?/MZ,, and

z, B@i=2) o, w+2] ®)

Culw) = (z: —1)2 z; — 1

To obtain the matrix element, we follow the analysis of
K4 decays by Pais and Treiman [15]. We define the
following combinations of four-momenta:

P=py+p-, Q=p+—p-,
(4)
L=ki+k_, N=k,—k_.

Similar to K4 decays [15], the decay K1, — ntn~vi can
be kinematically parametrized by five variables: s, =
P2, the invariant mass of the #*#~ pair; s, = L?, the
invariant mass of the v pair; 6,, the angle between p
and L as measured in the 7t 7~ c.m. frame; 6,,, the angle
between k; and P as measured in the v& c.m. frame; and
¢, the angle between the normals to the 777~ and vi
planes. The ranges of the variables are [16]

4M3§SWSM}2{7
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respectively. For the hadronic matrix element, we use
the standard parametrization

(T |8y (1 — v5)d| K°)

FP + GQ“ +i— fpvpaLVPPQa ’ (6)

M M%

where the form factors F, G, and H can be related by
isospin to the corresponding form factors in the matrix
element of (r* 7~ |8y,(1 —vs)u|K™) in K4 decay. These
form factors have been evaluated in chiral perturbation
theory (ChPT) at order p* [17,18]. It is found that

F=G=—/,
fx

(7
_ Mk
T 2m2f3

0<s, <(Mk—/3:)?,
(5) with fr = 130 MeV. From Egs. (2) and (6), we obtain the
0< 0, O, <m, amplitude of the decay K® — n+n~vi for each neutrino
0<¢p<2m, flavor as
J
A 0 + =, H v DPN | 5 M
(K° 9 n7n~vo) = \/_47rsm Z Vi VianiC, :c,) FP,+GQ, + zM2 €uvpo L” PPQ | iy* (1 — vs)us .
i=c,t
(8)
With the CPT theorem with Ky, ~ K, + ¢K; ~ (K° — K°)/+/2i, we find
_ G a V2 H v -
AKp = ntn~wp) = \/fm M { iGQ.[—A%A*nC, (ze)] + (FP +zM2 €uvpe LY PPQ )[ncC (zc)

+APX (1 - p)Cu(wt)]}ﬁz'r"(l —1)m 9

where A = 0.22 is the Cabibbo angle, A, p, and 7 are the parameters in the Wolfenstein parametrization [19] of the
CKM matrix, and we have ignored the contribution from K; part because of the smallness of the ¢ parameter. In Eq.

(9), the terms proportional to F and H, which represent / = 0 s wave and I = 1 p wave for the 777~

system, are

CP conserving and that to G, I = 1 p wave, is CP violating.
To write the partial decay rate for (1), it is convenient to introduce the following combination of kinematic and

form factors:

F; = —iFX[n.Cy(zc) + A2A%(1 — p)C,(zt)] — ox(P - L)cosb,G[A2X*C, (z)] ,

Fy = —0,(3x8,)/2G[A2X*nC,, (z4)]

i

F3 = —0,X(8r8,)/?

where

/2
2
a,,=(1—%) , X =[(P-LP—sxs, %, P L= (M} ~s:—5,).

Sx

(10)

1;;{ [1:Cu () + 4224(1 - p)Ci ()] »

(11)
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The differential decay rate is

&= _CF av2A
21276 M3 \ 4msin®Oy

2
) X0 1(8x,50,0x,0,,0)dsxds,dcosOrdcos,de . (12)

The dependence of I on 6, and ¢ is given by

I = I + I,cos20, + I3sin?6,cos2¢ + I4sin26,cosd + Issind,coso
+Igcosf, + Izsind,sing + Igsin26,sing + Igsin6,sin2¢ | (13)

where I1,..., Iy depend on s, s,, and 6,. By integrating over the angles 6, and ¢ we obtain

I(5r,8,,0,) = 4 {11 - %12

= TR + (Baf? + [Fs)sin®6s) (14

where we have used the formulas for the form factors I; and I, given by
1 3 .
hi=3 [lFﬂz + §(|F2|2 + |F3|2)Sm29«} )
1 1 . .
L=-7 [‘Fl‘z - 5(‘F2[2 + ‘F?’i?)sngw] : (15)

Combining Eqgs. (10)-(14), we get the differential decay rate of K — wtn~ v for three generations of neutrinos as

e°r &°T Y O (16)
dspds,dcosb,  \ dspds,dcosb, ds.ds,dcosf,
CcPC CPV
with
2
d3r G% av2) H? .
- = - X30,.| F?2 + zr,zrs.,‘.s,,———Sin29,r
(ds,‘.ds,,dcose,r ) cpe 21075 M2 (47rsm20w M
x[1cCy(@e) + A2AH(1 = p)C(z))? (17)
and

d3r _ G2 a2\
dsrds,dcosf, cpv 21075 M2\ 4rsin?Oy

2
) X3 (X2%cos%0, + 5.5,)G?[AZN*nC,, (z,)]* . (18)

corresponding to the C'P conserving and violating contributions, respectively. As comparisons, we give the branching
ratios for K* — n#tvo and Kp — 7% from the short distance contributions:

B(K* — ntvi) = o (

2\ 27 sin®0y

B(KL — 7%

where B(K+ — m%*v) = 0.048. It is interesting to note
that the K; — mtn~ v decay rate of the CP violating
part in Eq. (18) has a CKM dependence similar to Ky, —
7000 in Eq. (19) while that of the CP conserving part in
Eq. (17) is somewhat different from the C'P conserving
decay of Kt — wtuw.

: ) B(K" — m%"v) [(Tlc W(@e) + A2AH(1 = p)Co (=) + (A*A*C, (21))°

7(KL)

- _é o ’ 7° 2414
p) = 2 <2ﬂ'sin20W) BT e+y) (K )(A Ay (xt)) ' (19)

The long distance contribution can be calculated in
the framework of chiral perturbation theory. There are
three kinds of terms which contribute to the process of
interest, L(Az‘f:l [5], reducible anomaly (Lgra), and di-

rect anomaly (Lpa) [21]. LAS=! is the weak chiral La-
(2)



50 CP-CONSERVING AND -VIOLATING CONTRIBUTIONS TO . ..

grangian of O(p?):

LAS:I Ga-f‘rr

Gy L= TrAe¢D,U'D*U ,

(20)

where
U= exp(igb“)\“) (21)

is the nonlinear realization of the octet meson fields and

D,U =0,U —ir,,U +:Ul, (22)
is the covariant derivative with
_ g _ § ain2
l,= cost Z, (Q 6 sin BWQ) ,
(23)
_ ain2
Ty = cos9 Z,(—sin“0w Q) .

The overall normalization Gg is determined by the am-
plitude of K — 77 and the numerical value is 9 x 106
GeV~2. The matrix Q is the quark charge matrix,
Q = diag(2/3,—1/3,—1/3), which characterizes the EM

J

Lpa = 32 2

+3a3TrA L, Tx(F” + UTF4”U)L, + asTrAe L, Tr(FF”
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current coupling of Z. The parameter £ inside the left-
handed current I, is the coefficient for the singlet current
coupling of Z, and it is of unity in the limit of nonet sym-
metry. Note that we have different identification for I,
and r, than those in [5]. The reducible anomaly arises
from the kind of diagrams starting with a K-m (or K-7)
weak transition induced from L(Az')g 1. then followed by a
m (or ) pole and ended by an anomaly vertex derived
from Lwzw. The relevant pieces to our calculation in
Lwzw are given by

? vrai
LWZW = _WﬁeuuaﬂL“L L l
? v pa,.B
+1—6F’I‘r€u,,aBR“R R%r (24)
where
L, =iU'9,U,
R, =iU8,U" . (25)

The direct anomaly can be understood as the bosoniza-
tion of the product of the left-handed currents arising

from L(Az‘)s =1 and Lwzw. It reads

{Za i€ *PTeAg L, TrL, Lo Lg + a2 TeAs[U' F4*U, L, L, ]

~U'F4*U)L,} (26)

where Fg ., are the field strengths associated with the fields 7, and [, correspondingly. The coefficients a; are in
principle of order one and they can be extracted from the anomalous radlatlve modes of kaon. In terms of the kinetics
variables defined before, the decay amplitude resulting from long distance effect is given by

iv29%Gs

Ap(Kp > ntn~vo =
L(Kp > mimvy * 32n2f, MZcos?0yy

X {e‘“"’ﬁL,,Pan

+8im2f2(1 — 2sin’0w ) (P* + L“)} ,

2(3a; — 3az —aq) + 2sin®Ow (a2 + 2a4) + &

D1y (1 —vs)u

ME
MZ — M2

(27)

and the corresponding differential decay rate is then given by

9*G20.X
21979 FZ 13 M

ar _
dsrds,dcosO, -
L

+a,2,sin20,..s,..s,,[2(3a1

III. NUMERICAL RESULTS

The validity of relating m,; to the decay rate de-
pends upon the negligibility of long distance contribu-
tion. Therefore, it is important to learn the branching
ratio arising from the long distance effect. Because of
the absence of m, in the amplitude, the decay rate of

— 3a3 — a4) + 2sin®0, (a2 + 2a4) + EMZ /(ME

cos*Ow {647 f2(1 — 2sin’Ow)?

- M)’} (28)

=

long distance contribution is relatively suppressed by at
least two orders. Numerically we find

B(Lpa + Lra) ~ 4.7 x 10~20 |
(29)

B(LZy=') =5.0x 10717,
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As we shall see below it is safe to ignore the long distance
effect and we shall concentrate on the short distance ef-
fect only in the following analysis of decay rate.

To estimate the C'P conserving and violating decay
rates in (17) and (18), we need to find out the allowed
values for the CKM parameters A, p, and 7, constrained
by the experimental measurements such as €, the C P vio-
lation parameter in K — 7m; x4, the Bg—f?g mixing; and
the ratios |V,5/V2| and |V,p/Ves| of the CKM elements.
We use the same fitting procedure and the necessary
equations in Refs. [6,20]. In the fits, we take the updated
values |Vyp| = 0.0410.005 and |V,s/Ves| = 0.08040.025
and fp = 200 + 50 MeV.

Integrating over all the variables in Eqgs. (17) and (18),
we can examine the decay rates for both CP conserving
and violating parts which depend on the top quark mass
and the CKM parameters. In Figs. 1(a) and 1(b), we
plot the branching ratios of C'P conserving and violating
contributions to K; — nTn~vv as a function of the top
quark mass, showing the lower and higher values allowed
at 90% C.L., where

B(Ky - ntn vo) =T(K —» ntn vo)/T(KLp — all) .

We also show the corresponding decay branching ratios
of K*¥ - ntvi and K — m%7 in Figs. 1(c) and 1(d)
by using Eq. (19), respectively. From the figures, we
see that the CP conserving part of the branching ratio
is much larger than that of CP violating one. Clearly,
measuring the decay rate will not give us information on
the CP violation. For 150 < m; < 200 GeV, we find

1.1x10713 < B(KL — 7T+7rvl/l7)cpc <5.0x10713
5.0x 10716 < B(KL — 71'+7l'_l/17)cpv < 1.1x107 4
(30)

In particular, we obtain that for m; ~ 174 GeV, the
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branching ratio of K; — n*n v due to the CP con-
serving and violating contributions can be as large as
4.4 x 10713 and 1.0 x 107, respectively. We note that
the similar C P violating short distance contribution to
the branching ratio of K; — 777 e’e™ is estimated to
be order of 10716 [11].

We now study the differential decay spectrum in terms
of s, (0;) by integrating over s, and 0, (s, and s,)
in Eqs. (17) and (18) to see whether we would dis-
tinguish the CP conserving and violating parts. We
define the normalized invariant mass of 777~ as r =
sx/M%. To illustrate the shapes of the spectra be-
tween the C' P conserving and violating cases, we choose
m; ~ 160 GeV and CKM parameters A ~ 1, p ~ -0.2,
and n ~ 0.4. We plot the differential branching ra-
tios dB(Kp — wtn vi/dz'/? vs £'/? and dB(K, -
m v /dcosh, vs cosf, in Figs. 2 and 3. respectively.
As shown in Fig. 2, the C'P conserving and violating spec-
tra of dB(K — 7 vp)/dz'/? have similar shapes and
are dominated by small values of s,. However, in Fig. 3.
as expected, [dB(Kp — wtw vi/dcost,]cpv becomes
maximum when 6, is close to 0 or 7 and minimal when
it reaches 7/2, whereas [dB(K — n* 7~ vi)/dcoslr|cpc
does the opposite. Unfortunately, the values of the CP
violating one around 6, = 0, # may be still too small to
be tested.

IV. CONCLUSIONS

We have studied both short and long distance contri-
butions to the decay of K — m*n~vis. We have demon-
strated that the long distance effect to the decay rate is
negligibly small. We have shown that the branching ra-

T T T R T T ¥ ": | A SRR SRS B S B R
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iz o i .t
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i i t -
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dI'(KL — ‘1r+7r_1/17)/dzl/2 as a function of z'/2 = V8= /Mk
with m, = 160 GeV, A ~ 1.0, p ~ —0.2, and n ~ 0.4.

tio of the decay is dominated by the C' P conserving part.
With the updated CKM parameters, we find that the de-
cay branching ratio is predicted to be (1 —5) x 1072 for
my < 200 GeV, which could be accessible to experiments
at future kaon facilities. The CP violating contribution
to the branching ratio seems impossible to be measured in
experiments. However, it is, in principle, possible to dis-
tinguish the CP conserving and violating contributions
by measuring the spectra of the 0, angular dependence
of the differential decay rates.
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is the same as in Fig. 2.
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