PHYSICAL REVIEW D, VOLUME 70, 093003
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We study constraints on new physics from the recent measurement of Brf(K* — 7" v») by the E787
and E949 Collaborations. In our analysis, we consider two models of new physics: (a) extra down-type
singlet quark model and (b) R-parity violating minimal supersymmetric standard model. We find that
K* — 7" vp along with other processes such as K; — utu~, € /e provide useful bounds on the
parameter Uy, characterizing the off-diagonal Z — d — § coupling of model (a). The bounds on Re(U,,)
from (K, — utu™)sp and Im(U,,) from €’/€ are so tight that the branching ratio of K* — 7+ v can
exceed the standard model value by at most a factor of 2. For model (b), we also obtain stringent bounds
on certain combinations of the product of two A}  couplings originating from L number-violating
operator L;Q;Dj using Kt — 7tvv and K;, — u" u~ processes. Even with the stringent constraints
on U, [in model (a)] and on products of two K couplings [model (b)], we find that the branching ratio
B(K;, — 7°vp) can be substantially different in both of the above models from those predicted in the

standard model.
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L. INTRODUCTION

Recently, experiment E949 at Brookhaven National
Laboratory detected an event for the rare decay K™ —
77" vp. Combining the previously reported two events by
experiment E787, a branching ratio B(K* — 7t vp) =
(1.47713%) X 1071° [1] has been obtained. The central
value of this branching ratio is about twice that of the
standard model (SM) prediction B(K" — 7w vp) =
(7.2 £2.1) X 10~ [2-7]. The SM prediction and the
combined E787 and E949 results are consistent with
each other within 1 standard deviation. Future improve-
ment of the experimental sensitivity will verify whether
any meaningful difference emerges. If the experimental
result converges to the present central value, it would be
an indication of new physics beyond the SM. In exten-
sions of the SM, there are new sources for flavor changing
neutral currents, which can affect the branching ratio for
K* — 7" v and reproduce the central value obtained by
E787 and E949 [5,7-12].

In this work, we analyze the effect of the new E787 and
E949 results on two classes of model beyond the SM. The
first one is the flavor changing neutral current (FCNC)
mediated by a Z boson in the extra down-type quark
singlet model. These extra down-type singlet quarks ap-
pear naturally in each 27-plet fermion generation of Eg
grand unification theories [13—-16]. The mixing of these

*Electronic address: desh@uoregon.edu
"Electronic address: dghosh@physics.uoregon.edu
Corresponding author.
On leave from Department of Physics, National Taiwan
University, Taipei, Taiwan.
Electronic address: hexg@phys.ntu.edu.tw

1550-7998/2004 /70(9)/093003(10)$22.50

70 093003-1

PACS numbers: 12.15.—y, 12.60.—i, 14.70.—e

singlet quarks with the three SM down-type quarks in-
duces tree-level FCNCs by Z exchange. These tree-level
FCNC couplings can have significant effects on various
kaon decay processes including K — 7y .

The second model we consider is the R-parity violating
minimal supersymmetric standard model (MSSM). The
superpotential of the MSSM contains operators which
violate lepton (L) and baryon (B) numbers. The simulta-
neous presence of both lepton and baryon number violat-
ing operators leads to rapid proton decay, which
contradicts the experimental bound on proton lifetime
[17]. In order to keep the proton lifetime within the
experimental limit, one has to impose certain additional
symmetry in the model so that the baryon and lepton
number violating interactions vanish. In most cases, a
discrete multiplicative symmetry called R parity [18] is
imposed, where R = (—1)*3%L%25 and S is the spin of the
particle. Under this new symmetry, all baryon and lepton
number violating operators in the superpotential with
mass dimension less than or equal to 4 vanish. This not
only forbids rapid proton decay but also predicts a stable
lightest supersymmetric particle, which escapes detec-
tion providing a unique signature of R-parity conserving
MSSM. However, this symmetry is ad hoc in nature, with
no strong theoretical arguments in support of it. There are
many other discrete symmetries, such as baryon parity
and lepton parity, both of which can remove the unwanted
operators from the superpotential, thus preventing rapid
proton decay. Since there is no direct evidence supporting
either R-parity conserving or £ MSSM, it is interesting to
probe the consequences of the £ model (in such a way that
either the B or L number is violated but not both) in light
of some recent low energy data. Already, extensive studies
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have been done to look for the direct as well as indirect
evidence of R-parity violation from different processes
and to put constraints on various £ couplings [19-26]. We
consider constraints on the product of two K couplings
that ensue from K* — 7" v decay as well as other kaon
processes, such as K; — utu Kt - a7tute . In
some cases, the bounds obtained in this analysis are
stronger than the existing one. Interestingly, even with
such a stronger bound, for some combinations of £ cou-
plings, the Br(K, — 7°v¥) is well above the standard
model prediction.

The rest of this paper is organized in the following way.
In Sec. II we discuss the tree-level FCNC effects in the
extra down-type singlet quark model. We will then con-
strain this new FCNC parameter using the latest data on
Br(K" — 7 vw), Br(K, — u* u )sp, and €'/€ in kaon
decay into two pions. After constraining the FCNC pa-
rameter space, we look for the prediction for the CP
violating processes: K; — 7vv and K, — 7’e™e” in
the allowed range of parameter space. In Sec. III we
obtain constraints on the product of two R couplings
using the current data on Br(K* — 7" v) and Br(K; —
u w)gp, followed by the prediction of K, — 7°v¥ and
process in the allowed range of the B couplings. We
summarize our results in the last section.

IL. Z MEDIATED FCNC WITH EXTRA
DOWN-TYPE SINGLET QUARK

FCNC mediated by a Z boson contributing to K™ —
7+ v can be generated in many ways when going beyond
the SM. A simple possibility arises from one new vector-
like down-type singlet quark in addition to the SM fer-
mions. In the weak interaction basis, W and Z interactions
with quarks (in the current basis) can be written as

Ly=—-2 00y D0wWr,

NG

Ly =~ [00y*U) — Dyy*Dj — 253,(Q,0°y*U°
w

+ 0,D°y*D° + 0,D%y*D")]Z,. (1)

where U° = (u, ¢, t), D° = (d, s, b) are the usual three
generations of quarks in the SM, and DY = 4% is the
additional down-type of quark singlet. One can easily
generalize the model to include n generations of vector-
like down-type quarks by using DY = (d¥, ..., dY).

In general, DY can mix with the ordinary quarks in D°.
The down quark mass matrix M, is diagonalized by 4 X 4
unitary  matrices VﬁTMdef = diag(my, mg, my, my),
while the up quark mass matrix M, is diagonalized by
3 X 3 unitary matrices VAT M, VR = diag(m,, m,, m,). We
indicate mass diagonal basis D = (d, s, b, d’) and in this
basis, we have
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Ly = _il_]L'yﬂVDLW+,

V2

g — — —
L, = _E[UL'Y'MUL — Dy y*Dy, — 25%,(0,Uy*U
— g —
+ Q,Dy*D)]Z, — fDLi'y'uUijDLij,r (2
W

where Q, , are the electric charges of up and down quarks
in a unit of proton charge. U;; = ViVL, is a 4 X 4
matrix, and V = V,erVg, which is a 3 X 4 matrix differ-
ent from the usual Kobayashi-Maskawa (KM) matrix
Vim- We shall be concerned with only the U, element
of the U matrix in this paper.

In the absence of d’, the theory reduces to the SM. The
top left 3 X 3 block matrix in V corresponds to the usual
Vim matrix. The rest of the matrix elements in V are
expected to be small since deviations away from the SM
are constrained to be small from various experimental
data.

A. K" — 7" v process

The FCNC interactions as described by £, in Eq. (2)
can contribute to K™ — 7t vy decay at tree level by
exchanging the Z boson as shown in Fig. 1. The relevant
Lagrangian is given by

2

8 - _
Ly = ——— UwSLy*d; Z Ve, YuVL, (3)
4cyymy e

Using (0|5y*ysd|K*) = ifxp% and including the SM
contribution, one obtains [11]
Br(K* — 7fwvp)  rgea?
Br(K* — 7% v) 275y |V, |?

D> 1AM+ AZP

{=e,u,7
AM = xe x§, + AL mFXo(x,). 4)

The factor rg+ = 0.901 accounts for isospin breaking

\{
\{

1 vV

» »
> Ll

FIG. 1. Feynman diagram for Z exchange tree-level contri-
bution to the K* — 7 vp process.
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corrections [27], @ = 1/128, sy = sinfy. AM is the SM
contribution with the charm contributions at
next-to-leading order (NLO) found to be Xy{* = (10.6 =
1.5) X 1074, X3, = (7.1 = 1.4) X 107* [4]. Al is defined
as V};V;,. The top contribution is proportional to the term
with A’ ;. n¥ is a QCD correction factor which is equal to
0.994. The function X, is given by

3x— 6 2
+ 2 lnx} =20 (5

07 8lx—1 (x—1)

X [x +2
Using the current best fit values for the Wolfenstein
parameters, A =0.224, A=0.839, p=0.178, 7 =
0.341, and an experimental value of Br(K" — 7% v) =
0.0487, we obtain the SM value of (7.28*513) X 107! for
Br(K™ — 7" vv). The theoretical error on the branching
ratio is computed by allowing A!, and the charm NLO
corrections (Xni', X%;) to vary within 1o from their
central value. The central value of the SM branching ratio
is a factor of 2 smaller than the experimental central
value.

The term A% in Eq. (4) characterizes a new contribu-
tion from the FCNC Z interaction, which is given by

2
s
Af=——""Uu (©6)

With this new contribution, it is possible to reproduce the
experimental central value; for example, with Re(U,,;) =
0.339 X 107 and Im(U,,) = 0.055 X 107>, we obtain
Br(K* — 7w vp) = 1.47 X 107'° using the central val-
ues of A¢,, AL, and the charm NLO corrections.

One can also turn the argument around. By using the
experimental data on Br(K* — 7" v7), one can constrain

- 2.9 -2 -1.9 -1 -0.5 0 05 1 ]
Re(U.J)

FIG. 2. The shaded region is 90% C.L. allowed parameter
space in the Re(U,,)-Im(U,,) plane from Br(K* — 7+ vp) data.
The area enclosed by the two solid horizontal and two vertical
dotted lines is allowed by Br(K; — u* u ™ )sp and €'/e, re-
spectively, at 90% C.L. Both Re(U,,) and Im(U,,) are measured
in units of 1073,
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the new FCNC parameter U,,. In Fig. 2 the gray shaded
region represents a 90% C.L. allowed region in the
Re(U,,)-Im(U,,) plane from Br**(K™ — 7t vv). The
thickness of the band includes the 1o theoretical error
arising from the Cabbibo-Kobayashi-Maskawa (CKM)
parameters and the charm NLO contribution. From
Fig. 2 one can see that the recent data on Br(Kt —
mtvv) still allows a large part of the parameter space
of U,,. However, in the next two subsections we will show
that the current information on the short-distance con-
tribution to K;, — " u~ and the data on €’/e constrain
the above allowed parameter space of U, quite severely.

B. Constraints from other kaon processes

The same flavor changing Z interaction in Eq. (2) will
also have effects on other flavor changing kaon processes.
The AS = 1 and AS = 2 effective Lagrangians relevant
for our discussions are given by

2
- 8 - 7
LA = 2 Uy y*d fy RIL = 2053,

4cg,m?
G o
£AS22 — _F|:U2d - 88— Usd )\adYO(xa):|
\/E S 47TS%V o(:ZC,t !
X §L7MdL§LdeL’ @

where Yy(x) = (x/8)[(x —4)/(x — 1) + 3xlogx/(x — 1)?].
The second term in LA5=2 is due to a one loop effect,
which is important for gauge invariance but is numeri-
cally small [11]. Taking f = v, e, u, L*5=! can contribute
to processes such as K* — 7" vy, K, — 7'vp, K, —
wn”, and K;, — 7% e”. Taking f = u, d, L*S~! can
contribute to € /e, while LA5=2 can contribute to €x and
AMK.

L Constraint from K, — u* u~

An interesting limit on the FCNC parameter U,,; comes
from the short-distance contribution to the decay K; —
ut . The K; — u' u~ branching ratio can be decom-
posed into the dispersive part (ReA) and the absorptive
part (ImA). The absorptive can be determined very accu-
rately from the branching ratio Br(K; — y7y) and the
resulting |ImA|> alone almost saturates the branching
ratio Br(K; — utu”) = (7.07 +£0.18) X 1077  [11],
leaving very little room for the dispersive contribution
ReA. ReA can be further decomposed in ReA; + ReAgp.
Combining results from Refs. [7,28], we have a 90% C.L.
bound on Br(K; — utu)sp =2.5X 1077,  with
[ReAgp|> =Br(K;, — " u )sp. In our analysis we
use this value of Br(K; — u* u~)sp to constrain the
FCNC parameter Re(U,,). The expression for Br(K; —

pF 7 )sp is given by [11]
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2

Br(K, — n*u )sp _ Tk, a
= — [Ty + Re(A%)]?
BI‘(K+ — ,LL+V) T+ 7T2S%V|VMS|2[ M ( K)]

®)
where

Tsm = YniRe(AS,) + i Yo(x,)Re(AS). )
At 90% C.L. we get the following bound on Re(U,,):
—1.12 X 107> = Re(U,,) = 3.45 X 1075, (10)

The lower bound is obtained by taking Re(AS,) =
(—=0.2204 — 0.0023), Re(Al,;) = (—3.04 —0.31) X 1074,
and the charm NLO contribution Yy, = (2.94 + 0.28) X
10~*. The upper bound is obtained by using Re(A¢,) =
(—=0.2204 + 0.0022), Re(Al,;) = (—3.04 +0.32) X 1074,
and the charm NLO contribution Yy, = (2.94 — 0.28) X
1074, In Fig. 2 the above bound is shown by the area
enclosed by vertical dotted lines. This shows that a sub-
stantial part of the parameter space, which was allowed
by Br(K* — 7t vp), is ruled out by Br(K; — u™ u ™ )gp.

2. Constraint from €'/ e

Following the notation of Ref. [11], we write the ex-
pression for €/e:

€/e=Fa(x)Im(AL,) + A, (1D)

where F.(x,) can be found in Ref. [11]and A, = — %%” X

(Px + Py + Pz)Im(Uy,), with Px y 7 given in Ref. [11].
The bound on Im(U,,;) from €’/ e depends upon the sign

of Im(U,,). For Im(U,,) > 0, the upper bound looks like

_ (6//E)exp _ (6//6)SM

Im(Usd)— 2 .
_%(Px'kpy'kpz)

12)

The experimental value for €//€ is (1.8 = 0.4) X 1073,
To maximize the Im(U,,), one should take maximum and
minimum values for (€//€)®™? and (€'/€)SM, respectively.
The minimum value for (¢//€)S™M can be obtained by
taking the lowest allowed values of Im(A’,), Bs, and Bg
(defined in Ref. [11]). With these choices of input parame-
ters, we found

Im(U,,) < 3.72 X 107°. (13)

Now, for Im(U,,;) < 0, we have

(/™ ~ (¢/e

_Im(Usd) = 52 .
_TW(Px"_PYJFPz)

(14)

In this case, we take (¢//€)3M and (€//€)>" . This can be

min*
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achieved by taking the largest allowed values of Im(A’ ),
Bg, and Bg. This gives us

~Im(U,;) =< 1.91 X 107°. (15)

Clearly, the bounds on the FCNC parameter Im(U,,)
depend upon the experimental values of (€/€)y.« and
(€'/ €)min- Finally, combining Egs. (13) and (15) we get
a bound on Im(U,,;) at 90% C.L.:

~1.91 X 1076 = Im(U,;) = 3.72 X 10°°. (16)

In Fig. 2 this bound is depicted by the area enclosed by
two parallel solid lines. This bound further constrains the
parameter space of U,,, which was otherwise allowed by
Br(K™ — 7t vp) and Br(K;, — u u™ )sp.

3. Remark on AMy and €g

The contributions from the new Z flavor changing
neutral current to AM% and €% are given by

GaM3, f%BxM ,
My = P 80 LA m Yot
v
41183
+ ALm, Yolx)] + —F ncU?d}, (17)
o Im(ME,
AMZ = 2Re(M¥), € = i/ m( 12).
V2AM

We observe that AM g and €y evaluated from the above
are close to the standard model predictions after con-
straints from K* — 7tvy and K;, — u* u~ are taken
into account. Uncertainties in long distance contributions
to AMy make this process unsuitable for obtaining strong
constraints.

4. Predictions for K™ — 7 vv, K, — 7°vb, and
K; — mlete”

In the previous discussions, we have shown how recent
data on Br(K" — 7" v¥), Br(K, — ut ™ )sp, and €'/
could be used to constrain the tree-level FCNC parameter
U,, in the extra down-type singlet quark model. In view
of the tight constraints on U, obtained, we now examine
the range of allowed branching ratios for K* — 7" v,
K, — 7°vp, and K; — 7%e*e” within the allowed pa-
rameter space of Ug,.

In Fig. 3 we show the variation of Br(K* — 7" vp) (in
units of 1071°) in the allowed Re(U,,)-Im(U,,) plane. It
turns out that the branching ratio can reach up to 1.5 X
10719 at the edge of the allowed parameter Re(U ) and
Im(U ). Another point to note is that the branching ratio
depends very weakly on the FCNC parameter Im(U ;). In
the computation of this branching ratio, we consider only
the central values for all theoretical input parameters.

The channel K, — 7 in the SM and in the model
under consideration is dominantly CP violating. In the
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FIG. 3 (color online). Variation of Br(K™ — 7t v%) (in units
of 10719 in the allowed parameter space of Re(U,,;) and
Im(U,,) (both in units of 107°) as shown by the rectangular
box in Fig. 2.

standard model this decay mode is determined mostly by
the intermediate top quark state and the uncertainty due
to the charm contribution is negligible compared to
K™ — @t v channel. We have [11]

Br(K; — 7°vi) Tx, a?

—y, KX
Br(K* — metv) Krrp 20254V, 2

X3 Im(AM + AR (18)

{=e,u,7

where ASM and AZ are defined in Egs. (4) and (6),
respectively. The standard model branching fraction for
the process K; — 70w is 2.937034 X 107! in the same
ballpark as other estimates [7,29,30]. The errors corre-
spond to the 1o error in the CKM elements. In Fig. 4, we
show the variation of Br(K;, — 7°v#) (in units of 10710)
in the allowed Re(U,,)-Im(U,,) parameter space. As a CP

-0.2 -0.1 0 0.1 0.2 0.3

Im (Usq)

FIG. 4. Variation of Br(K;, — #°»%) (in units of 107'9) in the
allowed range of Im(U,,) (in units of 1079).
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violating process, the branching ratio is solely dependent
upon the Im(U,,) part of the FCNC parameter U, and it
can reach as high as 10 X 107! at the edge of the allowed
region. Presently, there is an upper bound on the branch-
ing ratio of 5.9 X 1077 at 90% C.L. [17].

We now discuss the CP violating mode K; — 7’¢™e™.
It has recently been shown [31-33] that there are two
main contributions to this process: the amplitude arising
from the short-distance physics and a mixing contribu-
tion arising from conversion of K; to Kg and subsequent
decay of K into 77°¢" e . Using the experimental input
on Br(Ky — m%e™e™), it has been shown that this mixing
contribution dominates over the short-distance contribu-
tion in the rate by a factor of 5—6. As a result of this, the
new physics contribution to the short-distance amplitude
through Z exchange, using constraints on the parameter
U,, in Fig. 2, hardly affects the total rate. The experi-
mental bound on K; — 7% *te™ is larger than theory
prediction by an order of magnitude, so no stronger
bounds on U,,; can be obtained.

III. FCNC FROM R-PARITY VIOLATING
INTERACTIONS IN MSSM

The most general superpotential of the MSSM can
contain R-parity violating interaction terms:

! J

where E¢, U¢, and D$ are ith type singlet lepton, up-type,
and down-type quark superfields, respectively, and L; and
Q; are SU(2) doublet lepton and quark superfields, re-
spectively. The symmetry of the superpotential requires
Aije = —Ajix and Ay = —Aj . It is clear from Eq. (19)
that the first two terms violate the lepton number, whereas
the last one violates the baryon number. The simultaneous
presence of both lepton and baryon number violating
terms in the superpotential will lead to rapid proton
decay. To prevent this, we can have either lepton or baryon
number violating terms but not both in the superpotential.
The R interactions, in general, can have 27 A’-type and 9
each of A and A”-type new couplings, which in general
can be complex. The phase of a single coupling can be
absorbed in the definition of the sfermion field, but the
product of couplings can have a nontrivial phase. In our
analysis we assume that only the Aj; type of lepton
number violating couplings are present. Furthermore,
we constrain the product of two A’-type couplings at a
time and assume that there are no accidental cancellations
and that only one product dominates at a time.

From the J superpotential [Eq. (19)] one can write
down the effective Lagrangian relevant for our purpose
generated by the exchanging of different sfermions:
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Aﬁ. A . ) ; ) ; ) ) )
Gk . o Lol . .= _y .ol
Ly=— = oiytvidiy,dy + epytepiny,ug — viyterdyy,uy — ey viiny,di]
"k
A: A A A AL A
kK / ijk i k! _i / ijk U/k _ /
72m l'y/‘de’,%'dek 72 2 L?’MeLd];e?’udk m2 jLﬂY ”LadRa?’p,dk,g
i ﬁ'L' e
)1} A
Jjk k! f
2m2u djﬁy dLadRadekB. (20)
vy

In the above, a and 8 are color indices.

A. Constraints from K" — 7 v process

In B MSSM, the K* — 7" v process receives two
nonzero contributions from the exchange of d% and d
squarks. Keeping the SM contribution, one obtains

rK+ 012 Z |ASM
T2V, P K

{=e,u,7

+ AR 2+ ZIAK” } @21

i#i

Br(K™ — 7t vp)
Br(K* — 7%t )

where the contribution from the lepton number violating
operator L;Q;Dj is given by

I3
AR = WS%V ’\z ]ZAUI _ )‘z lk/\tZk (22)
Kit  PDGra| 2m2 omz |
£ d dy

There are two contributions arising from the product of
two types of A’ coupling; in one case ()lf,,jz)t;jfl), the
propagator squark comes from left-handed doublet quark
superfield Qj, whereas in the other case (A}, A%,), the
propagator squark comes from right-handed singlet quark
superfield DS. In our analysis we take one combination of
couplings to be nonzero at a time by setting all others to
zero. The limits on £ couplings are usually quoted for
mj = 100 GeV. Following this general practice, through-

Allowed by 90% C.L.

Im (Kij2 K1)

-0.5-0.25 0 0.250.50.75 1

Re (A2 1)

\
out our analysis we assume sfermion masses to be degen-
erate with my = 100 GeV, and limits for higher mj can

be obtained easily by scaling.

From Egs. (21) and (22) we see that only in the case of
same flavor neutrinos in the final state (i = i") will the R
contributions interfere with the standard model one. In
Fig. 5(a), the area within the circle represents the 90%
C.L. allowed region in the Re()L,ﬂ)t’*l) Im(Aj;, A7)
[first combination of R couplings in Eq. (22)] plane.
Similarly, the 90% C.L. allowed regions for the second
combination of £ couplings is shown in Fig. 5(b) in the
Re(Al,, A%, )-Im(AL A%5,) plane. The solid contour repre-
sents the 7" v,v, and 7" v, v, (with i = 1,2) final state,
while the dashed one corresponds to the 7 v, v, (with
i = 3) final state. The product of £ couplings are in units
of 1073, The marginal difference between the solid and
the dashed contours arises due the difference in the charm
contribution at NLO for e, i, and 7. The relative shifts of
the bounds between Figs. 5(a) and 5(b) can traced to the
relative sign difference between two combinations of R
couplings in Eq. (22).

In the scenario with i # i’, the  operators contribute to
the amplitude M (K" — 7t v) incoherently, without
interfering with the standard model. Moreover, both com-
binations of K couplings in Eq. (22) will have the same
contribution to the K* — 7t v¥ process. From the ex-
perimentally observed branching ratio of the Kt —

mtvb process, we obtain | )\f.,ﬂ)tgjl |=<0.89 X 1075 at

Allowed by 90% C.L.

Im (XincXiok)

-1.0 -0.5 0.5

Re (7\111(7\1210

FIG. 5 (color online). 90% C.L. allowed regions for the product of R couplings (with i = i’) (in units of 1073), which interfere
with the SM from Br(K" — 7% v¥) data. The solid and dashed contours correspond to the (i = e, u) and (i = 7) cases, respectively.
(a) and (b) correspond to the first and second combinations of £ couplings in Eq. (22), respectively.

093003-6



CONSTRAINTS ON NEW PHYSICS FROM K — vy

90% C.L. for mj = 100 GeV. The same bound will also

apply for the other combination of R couplings A/, A5, in
Eq. (22).

1 Constraints from K, — u* u~ process

The K; — " u~ process bounds the real part of the
product A5, A%;,. The expression of the branching ratio
Br(K, — u*u " )sp has been given in Eg. (8). The R
contribution can be easily included by replacing AiL in
Eq. (9) by —(ms3,/v2Gra) Xy A5, /2m? ;- Using the 90%
CL. upper bound on the Br(K, — u*u )sp =
2.5 X 107? (as mentioned before), we obtain

—3.719 X 1076 < Re(Ay;; A5,) < 114X 1076 (23)

for m; = 100 GeV.

2. Constraints from K™ — 7w+ ute™ process

This lepton number violating process has no contribu-
tion from the standard model. However, in the £ model,
A1j1A3}, coupling can induce such a decay process medi-

ated by virtual #; . The branching ratio is given by

Br(K* = mtute”)  rgea?
Br(K* — 70" ) 2753y Vs I?

AR @
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AR _ 775%4/ )‘/1/'1’\/272 (25)
K \/EGFa 2m?, )
Lti

Experimentally, we have only an upper bound on the
branching ratio, Br(K*™ — 7t ute™) <2.8 X 107! at
90% C.L. Using this bound we obtain at 90% C.L.

| A1j1A%5 |=2.684 X 107° (26)

for m_ ; = 100 GeV. However, in Ref. [34] the authors

have obtained a stronger bound of | A};A5, |=
8.0 X 1077 from the K; — e process.

We now display in Table I the best current upper bounds
on the product of two R couplings with the processes
which provide the limit. We present bounds obtained by
us from K™ — 7" v as well as some earlier bounds from
other processes such as AMy and y — e conversion in the
nuclei which are sometimes stronger.

From our analysis, it is clear that the bounds obtained
on the different combinations of R couplings from the
K* — ot v process are of the order of 107>, In the case
where the pair of K couplings interfere with the standard
model, we obtain bounds on the real and the imaginary
part of the pair separately from Fig. 5, while in the
noninterfering case, we obtain a bound on the magnitude
of the pair of R couplings involved. Note that earlier
bounds on the above combination were ~O(1073), allow-

TABLE I.  Current relevant upper bounds on the values of products of two £ couplings. Bounds corresponding to Refs. [35,36] for

certain combinations are stronger than the one obtained here.

Couplings Bounds Source
A —1.168 X 107° = Re(Al;; A,) = 0.67 X 1073

—0.85 X 1075 = Im(A};; Aly) = 1.0 X 1073 K" — 7t vp
| AjpAhy | 4.8 X 1077 AMy [35]
| Al Al | 4.6 X 1077 AMy [35]
pUNOLS —0.67 X 1075 = Re(M3,A5) = 1.17 X 1073

—1.0 X 107 = Im(A};,Af5,) = 0.85 X 1073 Kt —atwp
| A Aly | 4.8 X 1077 AMy [35]
| AyyyAdyy | 4.6 X 1077 AMy [35]

222221

Nyzp A%5 —3.719 X 107° = Re(Aj3,A55)) = 1.14 X 107° Kp— purp”

—1.0 X 107 = Im(A5;,A%5,) = 0.85 X 1073 Kt —atvp
| Ay Asy | 4.8 X 1077 AMy [35]
Xy pASy) —0.67 X 107° = Re(A;pA%)) = 1.168 X 1077
(=23 —1.0 X 107° = Im(A;,A%;;) = 0.85 X 107° K*— 7 vp
| AT Ay | 4 %1077 uTi— eTi [36]
| Ady Al | 43 %1077 pTi— €Ti [36]
| AL A | 0.89 X 107 Kt — atvp
| A Ao | 0.89 X 1073 K" — 7 vp
| A Aiog | 0.89 X 1073 K" — 7" vp
| A3 13 A% |' 0.89 X 1073 Kt — m oo
| AppAin I 0.89 X 1073 K" —atvp
*The K; — e process puts stronger limits (8 X 1077) on the combinations | A5, Al |, | AhynAly, |, and | Ay, Ay | [34].
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ing significant room for enhancement of the process
K* — 7" vp. The other process K, — u"u~ puts a
limit on Re(A};,A%,), which is of the order of 107°.
The AMg and u — e conversion in the nuclei provide
bounds of the order of 10~7 on some combinations of R
couplings which are otherwise weakly constrained by our
analysis."

3. Prediction for K, — 7°vv process

In the presence of the L number violating A, L;Q;Dy

operator, several products of two J couplings can con-
tribute to the CP violating process K; — 7’vv. We have

> lIm(AM

{=e,u,7

Br(K, — 7vp)
=K
Br(Kt — 7% v)

+ AﬁLM)'z + Z|A§Lii/|2:|, (27)

il
2
oo T @
’
k Tk 2772S“1}V|Vus|2
2 LA I L A U
AR = TSw [)‘i’jl’\tﬂ A Aipin
K. il 22 2 2
m=; 2m= 2m=;
V2Gral 2mg, a de
Ay A
+ llk212k . (28)
2m0-lk
R

One notes that for i = i/, the decays are CP violating,
but for i # i, the decays are not necessarily CP violating,
which is very different from the SM [38].

As we see from Eq. (28), several combinations of two R
couplings are involved in this case. In our numerical
calculation we consider each combination of £ couplings
one by one. For i = i’ these R contributions interfere with
the standard model one, while for i # i/, these new op-
erators create a neutrino pair which is not a CP eigenstate.
We treat these two cases separately. First, we assume i =
i’; in this case the branching ratio Br(K; — 7°v) can
reach as large as 2.0 X 107 for the allowed values of
Ni31AT3p Agza A3y, A3 A%y, AsgpAsy, couplings. In fact,
we find that for all the relevant pairs of K couplings
(with i = i) whose bound is ~O(1077), the maximum
value of the branching ratio is 2.0 X 107°, which is al-
most 2 orders of magnitude larger than the standard
model prediction: 2.9370% < 107!!. Experimentally,
we have only an upper limit for this branching ratio,
which is 5.9 X 1077 at 90% C.L. In the second scenario,
where i # i/, K;, — pe and uTi — eTi set bounds of the
order of @(1077) on the magnitude of the following

"Note that we do not use €'/ € to put bounds on products of A’
couplings because the theoretical expression for this quantity
involves R scalar couplings, involving more model dependence
[37].
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combination of K couplings: | Aj; Ahy |, [ Ab Al | |
Ny Al [s I Ay Alyy | and | Ad3,A05, | . As can be seen
from Table I, the bound on the magnitude of other combi-
nations of K couplings is 0.89 X 1073 obtained from
K* — 7" vp. We find that the branching ratio can reach
up to 1.39 X 107 for the pair of £ couplings in Eq. (28)
whose magnitude satisfies the above mentioned limit.

IV. CONCLUSIONS

In this paper, we have examined the effects of new
physics originated from two different kind of models on
several rare flavor changing processes involving the K
meson: K" —7tvp, K, —utu-, €/e, K, —
mete”, K, — @%vp. In the first model, in addition to
the SM quarks we also have one extra down-type singlet
quark. The presence of such an additional singlet quark
leads to a new off-diagonal Z mediated FCNC coupling
U;;, between the SM quarks of flavor i and j. In this paper
we have considered off-diagonal Z coupling between first
two generation down-type SM quarks, denoted by a com-
plex parameter U,,;. We then obtained a 90% C.L. bound
on this mixing parameter using known experimental data
on K* - 7tvp, K, = utu~, and €'/e. It turned out
that the allowed parameter space of U, from the K™ —
7t v process is severely constrained from €’/e (imagi-
nary part of Ugy): —191X107°%=Im(U,,) =
3.72 X 1076, while (K, — u* ™ )gp constrains the real
part of U,;: —1.12X 107> = Re(U,,) = 3.45 X 107°,
We did not find any significant deviation from the SM
prediction of K — K° oscillation. The value of Br(K™ —
7t vv) can reach up to 1.5 X 107!0 at the edge of the
allowed parameter space of U,,. Moreover, we can also
reproduce the central value of experimentally measured
Br(K* — 7t vp). We have also studied other CP violat-
ing kaon processes K, — 7vv and K, — 7m’e*e™ in the
allowed parameter space of U,,. The value of Br(K; —
m'v) can reach as high as 10 X 107! at the edge of the
allowed parameter space. At present from experiment we
have an upper limit on this branching ratio 5.9 X 1077 at
90% C.L. [17]. We found that the process K; — et e is
very weakly dependent on the new physics parameter
U,,, because of the fact that the dominant contribution
to this decay amplitude arises from the mixing of K; and
K, followed by K¢ — 7¥e* e~ decay.

The second model we have considered is the  MSSM.
We have computed the bounds on the product of two R
couplings of the type A'A’ using K" — #tvy, K, —
utu,and K — 7t ute” processes. We have assumed
that the product of two R couplings are, in general,
complex and all the sfermion masses are degenerate
with mass of 100 GeV in order to compare with earlier
bounds obtained in literature. One can obtain bounds for
any other sfermion mass by scaling. In deriving the
bounds, full standard model amplitudes have been taken
into account. One should note that, in several cases, our
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bounds are complementary to the bounds obtained from
other processes such as AMy, K; — pe, and uTi — €Ti.
We have found that processes suchas K™ — 7t vy, K, —
m'v¥ can be significantly enhanced compared to their
standard model predictions. The constraints on the prod-
uct of R couplings A};;A}%, from the decay mode K; —
mlete” is ~O(107*), which is 1 order of magnitude
weaker than the bound obtained from K* — 7" vi. As
we have explained before, the dominant contribution to

the K, — 7%e*e™ process arises from the mixing be-

PHYSICAL REVIEW D 70 093003

tween K; and K. After taking into account this mixing
contribution, the standard model prediction for Br(K; —
mlete”) = (3.27}3) X 107! [31], whereas the experi-
mental upper bound in 5.1 X 107'° at 90% C.L., leaving
very little room for the new physics contribution.
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