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Abstract. We discuss rare kaon decays that violate charged-lepton flavour conservation in supersymmetric
theories with and without R parity, in view of possible experiments using an intense proton source as
envisaged for a neutrino factory. In the minimal supersymmetric standard model, such decays are generated
by box diagrams involving charginos and neutralinos, but the limits from yu — ey, pu—e conversion and
Ampg constrain the branching ratios to challengingly small values. However, this is no longer the case in
R-violating theories, where such decays may occur at tree level at rates close to the present experimental
limits. Within this framework, we obtain bounds on products of LLE and LQD operators from the
experimental upper limits on K° — ,uie¢ and K*° — wi’ouie; decays. We also note the possibility of
like-sign lepton decays K+ — w7¢%¢* in the presence of non-zero br-br mixing. We conclude that rare
kaon decays violating charged-lepton flavour conservation could be an interesting signature of R violation.

1 Introduction

The recent Super-Kamiokande data [1] have triggered an
upsurge of interest in extensions of the standard model
with massive neutrinos and/or violation of the charged-
lepton numbers in processes such as u — ey, p — 3e,
T — py and p — e conversion on heavy nuclei [2-6]. The
present experimental upper bounds on the most interest-
ing of these processes are

BR(u — ey) < 1.2x 1071 [7]
BR(u" —efete) < 1.0 x 10712 [g],
BR(pu Ti— e Ti) <6.1x107 [9],

BR(T — py) < 1.1 x107% [10]. (1)
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Our main interest in this paper is in rare kaon decays, for
which the current experimental bounds are

BR(K? — pte®) < 4.7x 10712 [11],

BR(KY = ete™) = (87757 x 10712 [12],

BR(K? — ptp™) = (718 £0.17) x 1072 [13],
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the ECFA/CERN study of Neutrino Factory & Muon Storage
Rings at CERN

BR(KT = ntute
BR(KT = ntpu~et
BR(KY — ruFeT
BR(KT — ntete”

BR(KY — nlete™
BR(KT — ntputpu~
BR(KY — n%utu~
BR(Kt — 7 pte?
BR(KT — 7 ete?
BR(KT — 7 ptu™®

<28 x 107 [14],

<52x1071 [15],

<3.1x1072 [16],

< (2.9440.05+0.14) x 1077 [17],
<4.3x107% [18],

< (7.6+£2.1)x107% [19],
<51x1077 [20]
<50x1071 [15
<6.4x107% [15
<3.0x1077 [15]. (2)
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Projects are being proposed that could be used to improve
these limits significantly, e.g., some of the powerful proton
sources being proposed for neutrino factories [21] could
provide intense secondary kaon beams.

Any observable rate for one of these processes would
constitute unambiguous evidence for new physics. The
rates for such processes remain extremely suppressed if we
simply extend the standard model to include right-handed
neutrinos, but larger rates are possible in more ambitious
extensions of the standard model. Supersymmetry is one
example of new physics that could amplify rates for some
of the rare processes (1) and (2), either in the minimal su-
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persymmetric extension of the standard model (MSSM)
or in its modification to include violation of R parity.

In previous works, rare charged-lepton decays and
anomalous 4 — e conversions on heavy nuclei have re-
ceived considerable attention [6], leading to a good under-
standing of the correlations between the predicted rates
and possible violations of leptonic universality and/or
exotic Yukawa couplings with AL # 0. It is natural
to include rare kaon decays in this analysis, because
strangeness-changing decays occur in the standard model.
As mentioned above, there is now considerable discussion
of intense proton sources to be used as muon sources for
neutrino factories [21]. If the protons have high energy
above ~ 15 GeV, as in some neutrino factory designs, they
would also be copious sources of kaons. These might pro-
vide a new opportunity to study rare K decays with high
statistics, and we are interested to know whether these
might cast additional light on neutrino masses and mixing.
Specifically, as we show in this paper, rare K decays that
violate charged-lepton number allow one, in the context
of the MSSM, to correlate the (s)quark and (s)lepton mix-
ing, whilst in R-violating supersymmetry one can probe
interesting products of Yukawa couplings.

This paper is organized as follows. In Sect. 2, we ana-
lyze the decays K° — pFeT in the MSSM, finding rates
that are relatively small, although for certain model pa-
rameters they may be within the reach of an imaginable
kaon beam at a neutrino factory. In Sect.3, we analyze
the same decays in R-violating supersymmetric models,
finding that the rates could in principle be much larger,
close to the present experimental limits. Indeed, these ex-
isting upper limits on these decays already impose inter-
esting upper limits on products of LLE and LQD cou-
plings. We also point out that b;,—bg mixing in the pres-
ence of R violation could lead to the like-sign-lepton de-
cays KT — 7T ¢*¢* although the existing experimental
limits on these processes do not impose interesting upper
limits on couplings. Taken together, our results indicate
that rare K decays could provide interesting signatures
for supersymmetric models, in particular those with R vi-
olation.

2 Rare kaon decays in the MSSM

In this section, we evaluate the rates for rare kaon decays
in the MSSM with massive neutrinos, using the see-saw
mechanism [22], which we consider to be the most natural
way to obtain neutrino masses in the sub-eV range. In
particular, we assume Dirac neutrino masses m> of the
same order as the charged-lepton and quark masses, and
heavy Majorana masses M, , leading to a light effective
neutrino-mass matrix of the form

T
Meg = my,) - (M)~ -my) (3)

Neutrino-flavour mixing [23] may then occur through ei-
ther the Dirac matrix m> and/or the Majorana mass ma-
trix M, , which may also feed flavour violation through to
the charged leptons. In non-supersymmetric models with
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massive neutrinos, the amplitudes for charged-lepton-
flavour violation are proportional to inverse powers of the
right-handed neutrino-mass scale M, , and thus the rates
for rare decays are extremely suppressed [2]. On the other
hand, in supersymmetric models one must also take the
dynamics of sneutrinos v into account, and these pro-
cesses may only be only suppressed by inverse powers
of the supersymmetry-breaking scale, which characterizes
myp and is at most O(1) TeV [3].

The magnitudes of the predicted rates depend on the
details of the masses and mixings of sparticles includ-
ing the sneutrinos. If their soft supersymmetry-breaking
masses are non-universal at Mgy, large rates are in gen-
eral predicted [24]. However, even if the soft supersymme-
try-breaking masses are universal at Mgy, renormaliza-
tion effects in the MSSM with right-handed neutrinos spoil
this diagonal form [3-5] at lower scales. This is because the
Dirac neutrino and charged-lepton Yukawa couplings and
masses my cannot, in general, be diagonalised simulta-
neously. Since both these sets of lepton Yukawa couplings
appear in the renormalization-group equations, the lepton
and slepton mass matrices also may not be diagonalised
simultaneously at low energies.

To illustrate this point, let us consider the simplest
example of a model based on Abelian flavour symmetries
and symmetric mass matrices [25]. Requiring large (2-3)
mixing in this model [26] severely constrains the possible
flavour charges and thus the forms of the charged-lepton
and the neutrino-mass matrices. A representative example
is given by Ansatz A of [5]:

&g 8 el
meox | & € é/? |,
g/2 gl/2 1

B3 (/2

mP o | & e /2|, (4)

€72 /2

where € = €!/2 = 0.2. We already see that the two matrices
cannot be simultaneously diagonalised and indeed,

1 €2 7€7/2
Vi=|-& 1 ¢&/2
/2 _gl/2 q
1 & —&
Vip=1|-&1 & [. (5)
& —e 1

Within this general framework, there is ambiguity in the
specification of numerical coefficients in the matrix ele-
ments, which are expected to be of order unity. We return
later to this point.

For a generic texture where the charged-lepton and
neutrino matrices are not simultaneously diagonal, the
slepton mass matrix acquires non-diagonal contributions
from renormalization at scales below MayT. In the basis
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where my is diagonal, these corrections take the form [3]

Maur

3+a?)In
(34 a*)n 20

Im? AbApm3 5, (6)

1672

where Ap is the Dirac neutrino Yukawa coupling, My
is the scale where the effective neutrino-mass operator
is formed, a is related to the trilinear mass parameter
Ay = amg /s, and mg/; is the presumed common value mg
of the scalar masses at the GUT scale.

In the case of non-universal soft masses, these cor-
rections are generically negligible. However, the rates for
AL # 0 processes are generally too large in such non-
universal models [5]. On the other hand, models with
scalar-mass universality at Mgy, such as no-scale [27]
and gauge-mediated models [28], may yield acceptable
rates for AL # 0 processes. In such models, the contri-
butions (6) related to neutrino masses dominate and lead
to non-negligible rates for the lepton-flavour-violating pro-
cesses which are determined by the off-diagonal terms in
the Yukawa matrix An. The various different solutions of
the solar neutrino deficit [29,30], with a small/large mix-
ing angle and with eV or ~ 0.03 eV neutrinos, predict in
general different rates for charged-lepton-flavour violation:
the larger the p—e mixing, and the larger the neutrino-
mass scales that are required, the larger the rates. Thus,
degenerate neutrinos with bimaximal mixing may be ex-
pected to yield significantly larger effects than, for in-
stance, hierarchical neutrinos with a small vacuum mixing
angle. Note, in particular, that the just-so solutions to the
solar neutrino problem with dm? ~ 1071%eV? predict, in
the case of hierarchical neutrino masses, rates that are
small, even if the first/second-generation neutrino mixing
is large.

In this MSSM framework, rare kaon decays are gener-
ated by box diagrams involving chargino and neutralino
exchanges. For instance, for K9 — pu*e¥ we have the di-
agrams' of Fig.12. It is clear that K= — 750, eT de-
cays can be generated in a similar way, but in this case
the experimental bounds are worse by almost two orders
of magnitude, and we do not discuss them in detail.

Our procedure for evaluating these contributions is as
follows.

(1) We first find the maximal squark mixing that is al-
lowed by the neutral-kaon mass difference Amyg [33].

(2) We next find the maximal slepton mixing allowed by
i — ey and p—e conversion in nuclei in a model-
independent way.

! The contribution from the first diagram when the neu-
tralino is a purely photino state has been discussed in [31]

2 Kaon decays in left-right symmetric models have been
analysed in [32]. In principle, using the mixing in the quark
sector — in particular between s and d quarks — we can also gen-
erate K — pe by penguin diagrams. In the cases where all the
quark mixing is in the down sector, or the right-handed mix-
ing in the down sector is much bigger than the one in the left
(which is the one bounded by Vckw ), the rates might be of rel-
evance. However, we do not address here this model-dependent
issue
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Fig. 1. MSSM box diagrams for K° — p*eT. There is another
neutralino exchange diagram corresponding to the permutation
of the y and e. Since x° is a Majorana spinor, there are contri-
butions from the neutralinos that differ in the number of mass
insertions

A

(3) Having fixed these values, finally we calculate the
rates for rare kaon decays.

As we noted previously, the p—e mixing is constrained
by the form of the neutrino textures and thus by the re-
cent neutrino data: in general, degenerate neutrinos with
large angle MSW oscillations require smaller soft masses
to be consistent with the observed rates. However, as we
found in [5], even for the small-angle MSW solutions of the
solar neutrino deficit, we can obtain large rates for values
of mg and my,, well below 500 GeV. The latest Super-
Kamiokande data [34] on solar neutrinos favour large mix-
ing angles, which might suggest larger p—e-flavour viola-
tion. Thus, considering models with small mixing angles
is conservative.

For illustration, we focus here on one such model,
namely variant A; of the texture (4) and (5), which has
the numerical values of the ambiguous O(1) coeflicients
fixed as described in [5]. For definiteness, we choose its
“inverted” option with negative off-diagonal entries in the
Dirac neutrino coupling matrix [5]. Our results are pre-
sented in Fig. 2, where we summarise our predictions for
BR(K — pe), in association with the predictions for
BR(px — ev) and BR(p — e) for different values of tan (3
and m;/,. We parametrise the supersymmetric masses
in terms of the universal GUT-scale parameters mg and
my /2, for sfermions and gauginos respectively, and use the
renormalization-group equations of the MSSM to calcu-
late the low-energy sparticle masses. Other relevant free
parameters of the MSSM are the trilinear coupling A (for
which we start with the initial condition Ag = —my /2),
the sign of the Higgs mixing parameter p, and the value
of tan 4. Models with different signs of p give similar re-
sults: here we assume p < 0.

As expected, the larger the value of tan( and the
smaller the soft supersymmetric terms, the larger the
branching ratios, apart from certain cancellations. In the
case tan 3 = 10 and m o = 250 GeV, we see that, for the
range mo > 170 GeV where BR(u — evy) and BR(u—e)
conversions are consistent with the current experimental
bounds (1), BR(K — pe) is at most 2 - 10718, However,
for the same value of m;/p, when tan 8 = 20 we find a
significantly larger branching ratio at the small values of
mg ~ 170 GeV. Moreover, for smaller m;,, = 150 GeV,
we gain almost two orders of magnitude when we consider
myg in the low-mass window between 100 and 150 GeV. We
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Fig. 2. Illustrative predictions for BR(K — pe), BR(i — ey) and BR(u — e) for different values of tan 8 = 10 (left column),
20 (right column) and m4,, = 150 (dashed lines), 250 GeV (solid lines), as functions of mg (in GeV)

recall [5] that these lower values of my 5, mo are consis-
tent with accelerator constraints and generically yield cold
dark matter densities in the range preferred by cosmology
[35].

We do not discuss here other model textures for the
mass matrices. Rather, our point here has been to demon-
strate that, despite the limits from u — ev, p—e conversion
and Amg, the branching ratio of K — pe may be within

the reach of the next generation of experiments, namely in
the range 10716 — 10718, at least if tan 3 is large and the
soft, supersymmetry-breaking terms are small. The sensi-
tivities (1) to u — ey and p—e conversion could be im-
proved significantly even before a neutrino factory comes
into operation, and such a machine would offer enhanced
prospects for probing them. It is therefore likely that the
best prospects for discovering charged-lepton-flavour vi-
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olation may be offered by p—e conversion and yu — ev.
However, rare kaon decays provide a complementary probe
which also gives information on the squark mixing, in the
context of the MSSM.

3 Rare kaon decays
in R-violating supersymmetry

We now discuss kaon decays violating charged-lepton
flavour beyond the context of the MSSM. As is well known,
the gauge symmetries of the MSSM allow additional di-
mension-four Yukawa couplings, of the form
AL;L;jEy, NL;QjDy, N'UD;Dy,

where the L(Q) are the left-handed lepton (quark) su-
perfields, and the E,(D,U) are the corresponding right-
handed fields. If all these couplings were present simulta-
neously in the low-energy Lagrangian, they would gener-
ate unacceptably fast proton decay. Therefore, extra sym-
metries must be invoked to forbid all (R parity [36]), or
subsets (baryon and lepton parities [37]) of these cou-
plings. In the latter case, very interesting baryon- and
lepton-number-violating processes may occur [38].

Imposing electroweak SU(2) and colour SU(3) invari-
ance, one finds that there are just 45 R-violating couplings
in total. Besides proton decay, there are many experimen-
tal constraints on these couplings, both individually and in
various combinations, from the non-observation of modifi-
cations to standard model processes and of possible exotic
processes [39,40]. In order to understand the possible hier-
archies of R-violating couplings, models of flavour symme-
tries have been invoked [42]. For instance, it was found in
a previous work [43] that theories with symmetric fermion
mass textures lead to the expectation that R-violating
couplings are small: < 1073-10* for 100 GeV sfermion
masses, whilst, in models with asymmetric fermion mass
textures, dominance by a single coupling may be permit-
ted, without however excluding several products of cou-
plings from being non-negligible.

In this paper, therefore, we allow for the general pos-
sibility that several R-violating operators may be large,
and discuss the limits on their combinations that are ob-
tainable from kaon decays. In this class of models, whilst
p — ey occurs at the one-loop level, p — 3e, u—e con-
version, K0 — p*eF and K+° — 750,%eF may occur
at tree level via different combinations of couplings. For
instance, in the case of LQD couplings, 1 — 3e gives the
limit [39]

_ 2
(L1Q:D;)(LsQ,D;) < 10~ (M?gev) NG

whilst p—e conversion in titanium gives

N
(La@Q1Dy)(L1Q1Dy) < 107° (&) . (8)

_ _ m z 2
(L2Q;D1)(L1Q;Dy) <1078 (100(?‘;3\/') , 9
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and the bound

_ 2
(L@uD(L:@2D) < 107 () o

is obtainable from Amg [40].

What is the connection of these results with neutrino
masses? If R parity is violated, neutrino masses are gener-
ated via one-loop diagrams involving the vertices z/iczkdj,
oed;dy; for LQD operators and the vertices viewly, U5l
for LLE operators. Focusing on LQD couplings and as-
suming that the left-right squark soft mixing terms are
diagonal in the physical basis and proportional to the as-
sociated quark mass, the induced masses are given by

y <f(m§./m§~k) s f(mdk/m(ij)> R

where f(r) = (zInx — 2 + 1)/(z — 1)2, mq, is the down
quark mass of the ith generation inside the loop, m; is

an average of (Zu and czm squark masses, and n, = 3 is
the colour factor.

Requiring that these contributions be consistent with
the neutrino data gives bounds on the associated R-
violating products. We can see from the above expres-
sion that the heavier the fermions in the loop (including
the associated fermion mass arising from the soft mixing
term), the stricter the bounds [44]. For example, demand-
ing me, < 2.5eV for sparticle masses of 100 GeV leads

t0 Ajg3gs < 3.8 - 1077, whilst for AjgoAgee the bound
drops to 2.3-10~* [44]. For higher sfermion masses, larger
R-violating couplings are allowed. In Super-Kamiokande-
friendly solutions with hierarchical neutrinos the bounds
are stricter by two orders of magnitude.

Note, however, that neutrino masses do not strictly
constrain K — pe (and in certain cases the rest of the
flavour-violating processes), since

(1) neutrino masses may only constrain products of LLE
or LQD operators, not mixed LLE-LQD products;

(2) even for the diagrams with products of only LQD op-
erators, rare kaon decays involve quarks of the light-
est and second-lightest generations. In this case the
bounds from neutrino masses are significantly weaker,
and the stricter limits come from the current measure-
ments of the rare kaon decays themselves. The same
is true for u — e conversion and even for y — ey via
LLE couplings. For fermions of the first two gener-
ations, the bounds from the lepton-flavour-violating
processes themselves tend to dominate.

Two-body K° decays to muons and electrons proceed
via the diagrams shown in Fig. 3.
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At the quark level, the effective Lagrangian for such
processes has the form? [40]

1T, o
Lisoirer = v {)‘ijk)‘:'m (srdv) (051 0xR)

+ XikjAis1 (3ndR) (G leL) }
B ATt Akiz
2m?2

Ui

GrRdr) (G " k) - (12)

The two different contributions from s-channel and t-
channel diagrams put limits on different couplings [40],
as we discuss below.

We have derived Feynman rules for the relevant effec-
tive kaon, pion and lepton interactions. Based on these
Feynman rules, we have recalculated the important kaon
decay processes, and update the limits on the products of
R-violating couplings using the present experimental lim-
its (2). The diagrams of Fig.3 lead to the the following
effective Lagrangian for K°/*¢~ interactions:

Fro
Lot = g2
X [)‘fjk)\;u (EﬁkR) - )‘ikj>‘;§1 (%EkL)] KO(pK)
K —
- mAz‘ﬂ)\;mPl;{ (EjL%ka) KO(pK)7 (13)

where Fro = m3. fx /(ms +ma), ms +mg =~ 0.15GeV is
the sum of the current masses of the s and d quarks, and
fr = 0.1598 GeV is the kaon decay constant. The value of
Fro is related to the pseudoscalar (0/37°d|K°) = —Fgo
matrix element, and is obtained from fx by using the
Dirac equations for quarks. All QCD corrections are in-
cluded in this phenomenological approach. In the follow-
ing, we assume that the R-violating couplings are real and
that only one of their products in (12) is non-zero.

We have implemented the Feynman rules in the Com-
pHEP package [45], using the effective Lagrangian (13),
and have obtained the following results:

oy QigrAine)* Fio
Dot et ) = Gt pea
mp +mj,
x| 1-— ]f A(mKo,mgj,mgk), (14)
Mo
o NN
FK(J*)Z]._E: (i) = 72567Tm%im;(o (15)

3 Note that, for energies of the order of the kaon mass, both
s- and t-channel diagrams yield contact interactions
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Fig. 3. Quark/sfermion diagrams in-
volving R-violating couplings that yield
two-body K° — ¢T¢F decays

2

(mg, — m3,)

2
m2 ) ) A(mKo,mgj,mgk),
K

X (m%j + m?k_ —
where A(a, b, ¢) = ([a®>— (b+c)?][a® — (b—c)?])'/? is the tri-
angle function. As there exist two similar contributions in
the s-channel, coming from terms with different couplings
NijkAig and AikjNiep, as seen in the first line in (13), we
give only one of them in (14).

We obtain the following nominal numerical results for
K9 — ¢+t¢~ decay via U exchange, and the corresponding
limits on the A\ products (for the numerical results for
I'o_y+o— we have used the nominal values A = X =1
and mp(g) = 100 GeV):

Tio_set,- = 1.57 x 10712 GeV,
100 GeV

mgy

100 GeV

my

2
)\121/\§12 X < > <6.2 X 1079,

2
Ait2Ajgy X ( ) <6.2x1077,
Igo_ye—yt = 1.57 x 1072 GeV,
100 GeV
Ait2Aj1o X (e
mg

100 GeV

mgy

2
) <6.2x107,
2
)\7:21/\221 X < > <6.2 X 1079,
Tgo_yete— = 1.72 x 10712 GeV,
100 GeV
Ait1 g X (e
mg
100 GeV

mg

2
) <1.0x1078,
2
Ai11Ajg) X < > <1.0x1078,
Igoyy+,- =142 x 1072 GeV,
100 GeV

my

100 GeV

mgy

2
AizaAjpg X ( ) <2.6x1077,

2
NioaNigy X ( ) <26x1077.  (16)

For K° — ¢+¢~ decay via up-squark exchange we have the
following limits:

Tio_set - = 1.61 x 1071° GeV,
100 GeV

A1 \l2 X <~
Igo_ye—yt = 1.61 x 107'° GeV,

2
) <19x%x1077,
mg

100 GeV
1i1 A0 X (

mg

2
) <1.9x1077,
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-

bL,H.

Tro_yote- = 8.25 x 10720 GeV,
100 GeV

11 2 X (~
Tro_yp+ - =319 x 107'° GeV,

2
) <47 %1075,
mg

100 GeV
hi1 A X (

(17)

2

) <54 x107°.
mg
We have used in our calculations the decay width Iy, (K7)
= 1.273x107'7 GeV and the experimental limits on K° —
0T¢~ decay widths shown in (2).

We now discuss the diagrams for 3-body kaon decays
to pions and two charged leptons, of which there are two
qualitatively different kinds.

(1) The kaon may decay into a pion of the same charge, in
which case the leptons in the final state must have op-
posite signs: K+ — 7E¢F¢'* and K° — 7%/F¢'*. The
corresponding diagram for the first process is shown
in Fig. 4.

(2) The kaon may decay into a pion with the opposite
charge, in which case the leptons in the final state
must have the same signs: K+ — 77 ¢+ ¢+, Represen-
tative diagrams for this process are shown in Fig. 5.
This process involves two heavy virtual particles, the
W boson and a down squark. One should note that
decay width of this process is directly proportional to
the mixing between the left- and right-handed squark
states, denoted by by, and bgr, respectively. If there
is no mixing, this same-sign-lepton process mentioned
vanishes. One can expect sizeable mixing only for
squarks of the third generation (and especially in the
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Fig. 4. Diagrams involving R-
violating couplings that yield the three-
body leptonic decays KT — w4~ "

Fig. 5. Diagrams involving R-
violating couplings that yield three-
body like-sign leptons decays K+ —
—oref
Tl

high-tan 3 region), which is why we have used Z;LJDL in
the diagram.
The possibilities for K+ — 7¢F ¢+ or KO — 70¢F '+
decay may be further subdivided into two groups.
(1) Diagrams involving only squarks, via which experi-
mental upper limits bound products of LQD opera-
tors.

(2) Diagrams involving also sleptons, which yield bounds
on products of LQD and LLFE operators.

The diagrams of Fig. 4 lead to the the following effec-
tive Lagrangian for K7~ ¢*/~ interactions:

X NieNiaz (G ler) + NikiAivt (Giplas)]
xK* (pr)m™ (=pr),
f+ *
+74m2 AJi1 Nio
X (px + pe)" (Gryulen) K ()7~ (=px),  (18)
where My ~ 0.49 GeV is the constituent mass of the s
quark. In the general case, the vector matrix element of
the K — 7 transition is parametrised by two momentum-
dependent form factors fi(t) and f_(¢):
(O]3y"d| K™ (pr )7~ (=pr))
= (" (pr) 57" d| K™ (pK))
= (pK +p7r)#f+(t) + (pK - pﬂ')#f— (t)’
where t = (px —py)? is the squared momentum transferred
to the lepton pair. The experimental data on semileptonic
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kaon decay are adequately described by a linear approxi-
mation for f,:

f+(t) = f+0) [1+ A (t/m2)]

where Ay ~ 0.03 and f_ ~ —0.3140.15. In the case of ex-
act flavour SU(3) symmetry, the following relations hold:
f+(0) = 1 and f_(0) = 0. Due to the Ademollo-Gatto the-
orem, the first form factor is renormalized only at second
order in the SU(3)-violating interactions, and is therefore
expected to be close to unity. The Ademollo-Gatto theo-
rem is not applicable to f_, whose value is close to zero,
as follows from experiments and the Callan-Treiman rela-
tion:

fK
f-(m%) = T (m3) =~ —0.15.
For our estimations, we set f1(0) = 1 and neglect f_.

To estimate the scalar form factor, we use the relativistic
quark model, which gives [41]

(0[3d| K+ (pr)m ™ (=px)) = (7" (pr)|5d| KT (px ) ~ —2M,

where we keep only the leading term and drop the mo-
mentum dependence, and M; ~ 0.49 GeV as before. In
the approximation of unbroken SU(3) symmetry, the cor-
responding form factors for the neutral kaons are smaller
by a factor of 21/2.

We can now estimate the decay rates of the charged
kaons:

_ (NijrAji)* M
r - i) = or s
K+—nte; o (%) 25673 mg, m3, .,
(mK+—m,r+)2
X A(t7m€j7m5k)A<t’mK+’mﬂ'+)
(me;+my,)?
de?
< (2 —mi —m?, ) S 19)
T (Y
K om0 ™ 20483 mE m3
(mK+—m,r+)2
> A(t7mej7m(k)A(t,mK+7m7T+)

(me;+me,)?
X [(mf,(+ +m2, + m?j +mi — t2> Fy(t) — Fy(t)
m?j + m?k

2

2

2 2 2 2
(t — mej — mzk) — 2mﬂ,+mK+

o dt?

x [ (2 m2)]*

Where Fl(t) = qmax(t) + Qmin(t)7 FQ(t) ==
qmax(t)Qmin (t) + qfnin (t))/37 and

1 2
)= (e i, )
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- (A(ta mfjvmék) - A(ta mK+7m7T+))2‘| )

1 2
42 (mK*

- (A<t7 mfj ) m€k> + A<t7 mK+7m7'r+))2

2
Gmin(t) = —mii +mj — m?k>

For the decay rates of the neutral kaons, the SU(3) fac-
tor of 1/2 and the corresponding masses for the neutral
mesons myo and mro must be taken into account.

We obtain the following nominal numerical results for
K+t — 7t¢t¢~ and K% — 7%t ¢~ decays via ¥ exchange,
and the corresponding limits on the A\’ products (for the
numerical results we have used the nominal values A =
N =1 and myg) = 100 GeV):

It yptetp- = 138 x 10719 GeV,

100 GeV
Ai21 Aj1a X (

my

100 GeV

mgy

2
) <4.5%x1076,

2
itz Njgy X < ) <4.5 %1079,

FKDAH‘-Deﬁ»M— =771 x 10716 GeV,
100 GeV
X | =

mgy

2
)\iglA{ > S 7.2 X 1076,

2

100 GeV

mp

2
Ait2Ajg1 X ( ) <7.2x1078,

Ticv gty = 1.38 x 10715 GeV,

100 GeV

Ai12Aj1o X (e
mp

100Gev

mgy

2
) <1.0x1079,
2
Ai21 N1 X < > <1.0x1079,
Tgo_ypoe—,+ = 7.71 x 10710 GeV,
100 GeV

v

100 GeV

mgy

2
Ait2 A1 X ( ) <7.2x1078,

2
Ai21 Ajg1 X ( ) <7.2x%x107,
Trt yrtete— = 2.14 x 1071 GeV,
100 GeV
Ai11 N X (
my
100 GeV

mgy

2
) <88x1075,

2
Ai11\jg1 X < ) <88x 1075,

Tro_yn0pre— = 1.17 x 10715 GeV,

100 GeV
Ait1Aj1g X <

mgp

100 GeV

mgy

2
) <6.8x1076,

2
Ait1\jpy X < ) <6.8x 1079,

Ties omtptp— = 758 x 10710 GeV,
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100 GeV

mgy

100 GeV

my

2
)\i22)\;12 X ( > <8.2x 10757

2
Ni22 Ajg1 X ( > <82x107%,
To_yp0,+ - = 4.38 x 10719 GeV,
100 GeV

v

100 GeV

mgy

2
Ai2a iy X ( ) <1.2x1075,

2
AizaNigy X ( ) <12x107°. (21

For the decays via up-squark exchange we have the
following limits:

FK*—nr*e*/L* =1.61 x 10_16 GeV,
100 GeV
91 \1i2 X (

mg
To_ypoe+,— = 9.06 x 10717 GeV,
(100 GeV

mg

2
) <1.3x1075,

2
oy Mo X > <21x1075,

Tt smtep+ = 1.61 x 10719 GeV,
100 GeV \”

1i1 A2 X (mf) <3.0x107°,

To_ypoe— i+ = 9.06 x 10717 GeV,

, (100 GeV

2
L1 A\bin X ) <2.1x1077%,

mg
Tgt omtete— = 2.38 x 10716 GeV,

100 GeV
&il)‘/ (

2
lia ¥ ) <2.7x107%,

u

Tro_yr0pre— = 1.31 x 10716 GeV,
100 GeV

11 a2 X (~
Tttty = 9.33 x 10717 GeV,

ma
100 GeV
5i1 9o X (

Tico_yrp0,+ - = 5.48 x 10717 GeV,

myg
1
Agi1 Adin X (()OGeV

2
) <2.0x1075,

2
) <23 x1074,

mg

2
) <34x1075  (22)

We have used in our calculations the decay width
Foxp(KT) = 5.314 x 10717 GeV and the present limits on
the Kt — 7t~ and K — 7%T¢~ decay widths (2).
Note that there are different constraints from the K+ —
mtety™ and Kt — nte~ut decays, because of the rather
different experimental limits BR(KT — 7Fetp™) < 6.9x
1072 and BR(K* — 7te put) < 2.8 x 10711, The limit
obtained from K° — ¢/~ is typically 1-2 orders of mag-
nitude better than that derived from K+ — 7 £T¢~ de-
cay.

As already mentioned, diagrams with non-zero sbot-
tom-quark mixing may lead to like-sign leptons, as seen
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vi T
eF

Fig. 6. Diagrams for the like-sign lepton decay K+ —
ﬂ'_éjéj, in terms of the effective standard-model-like interac-
tions Kfv and 7lv and effective K¢“v and 7¢€v interactions

related to R-violating operators

in Fig.5. They arise from the effective lepton-number-
violating contact interactions

Mo Moo VIR =
- T () (G0 ) + e, (23)
d

ﬁ:

where Vir denotes left-right squark mixing matrix ele-
ment.

There are two different topologies, shown in the first
and second row of Fig.5, respectively. Diagrams in the
first row lead to an effective tree-level process, since the
W boson and squark masses are much bigger than the typ-
ical energy scale, which is of the order of the kaon mass.
Diagrams in the second row cannot be reduced to tree-
level diagrams, since one has a neutrino propagator in the
loop. However, this last set of diagrams give a contribution
that is typically about 2 orders of magnitude lower than
the diagrams of the first row [46]. Therefore, for the sake of
simplicity, we neglect the second-row diagrams, and have
derived an effective Lagrangian only for the first two dia-
grams of Fig. 5. Two kinds of effective interaction appear:
standard-model-like K/v and 7fv interactions and new ef-
fective interactions related to R-violating operators of the
forms K¢“v and m(€v.

The effective Lagrangian for those interactions take the
following forms:

Licrig, = VasV2Gr fepl Tinbin) K (), (24)
Loip-p = VaaV2Gr frplt (Tiyulin) 7 (pr),  (25)

where fx and f; = 0.1307 GeV are the kaon and pion de-
cay constants, respectively, Gg = 1.16639 x 107> GeV 2
is the Fermi constant and Vg, V,,q are CKM matrix ele-
ments, and

7 )‘sz)‘/'lkVLR
EK*(IZ;)CW( k) - 4,”]1%
d
x Fier (G)%) K+ (o), (26)
1 )‘ﬂﬂ)‘/‘lkVLR
[,7T+(g;)cu7( k‘) - 47‘;%
dy,

x Fo+ (WWL) 7 (pr), (27)

where Fg+ = m%(Jer/(ms + mu)a Frv = m,21-+f7r/(md +
My ), Ms + My, ~ 0.15GeV, and mg + m, ~ 0.01 GeV.
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The Feynman diagrams for K+ — wféj'éj decay are
given in terms of these effective interactions, as shown in
Fig. 6. They yield the matrix elements

Mo N VIRE,
p = Xtk (28)
ka
v GF ¢ Cleg K+
X “Sﬁmezi “51) ) iR ()7 (Pr),
and
N, )\’ VirF
M= DRI LR (29)
dy

X Vud?/gfﬂ'mfi ((KJL)Ciyl ElR) K+(pK) (pﬂ')

vi

Recalling that Vis/Viya = 0.2, Fg+ =~ Fr+ and fg =~ fr,
the main contribution comes from the last matrix element
with ¢ = 2, because the matrix element is chirally sup-
pressed in the other case. As an example, one can obtain
a constraint on the product of A\ ,\|;; and Vir from
K+ — m=etut decay. In this case, we have the following
numerical result?:

(KT —retp™)

= VLQR( k2)‘11k)

4
« (120G 5 1072 e, (30)
mjk
or
100GeV ’
VLR (Ao Ai1x) X <W> < 10. (31)
dy,

It is apparent that kaon decay into a pion and a like-
sign lepton pair is too strongly suppressed to be useful at
present: the corresponding bounds on the X'\’ product are
currently of the order of 100.

4 Conclusions

We have discussed in this paper flavour-violating decays of
kaons into charged-lepton pairs in supersymmetric theo-
ries, in both the minimal supersymmetric standard model
and R-violating models. In the first case, these decays are
generated by box diagrams involving charginos and neu-
tralinos, and both the squark and the slepton mixings en-
ter in the analysis. The process looks promising for cor-
relating the (s)quark and (s)lepton mixing by a combined
study of rare charged lepton and kaon decays. Despite
the limits from p — e, pu—e conversion and Amy, the
kaon decay branching ratios for large tan § and small soft
supersymmetry-breaking terms may be accessible to a fu-
ture generation of experiments using new intense proton
sources.

4 In [47] a similar constraint was found with a different choice
of diagrams
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In the case of R-violating supersymmetry, such rare
kaon decays may occur at tree level. In this case, u — ey
again occurs via one-loop diagrams, whilst u—e conver-
sion may also occur at tree-level, but via a set of opera-
tors different from those relevant to kaon decays. In this
framework, we studied the expected rates for the decays
K — p*e¥ and K — mpe, for all two- and three-body pro-
cesses. Using the current experimental data, we obtained
the bounds on products of LLE and LQD operators sum-
marized in (16) and (17). We have also noted the possi-
bility of like-sign lepton events in the presence of non-zero
by,—br mixing, but for this to occur at a significant rate
one would need large R-violating couplings.

Our final conclusion is that lepton-flavour-violating
rare kaon decays have the potential to provide important
information on the issue of flavour physics. Any future
observation would, in addition, help distinguish between
different supersymmetric theories.

Acknowledgements. We thank Gerhard Buchalla for useful dis-
cussions.

Appendix

A The rate for K — pe decay
via box diagrams in the MSSM

The branching ratio for K — pe is given by

2.65)\2

BR(K = pe) = 2GF sin? Oy

(KL +|Kr[*), (32)

where A = (mq + ms)m,/m%, and Ki,, Kg are given by
the following expressions:

Kp, = K¢ + (K%Y 4 K'®), (33)
K = K§ + (KpY + K123, (34)
with
1 A
Kﬁ = ZJ4(A,B,X,Y) ( QCffg(QCsBX C;J,BZX)/CeAY

R(d) ~L(d)* ~L(£ R(£)*
1 * *
M my, (CHAOUCHE O
L(d (¢
+ )‘Cdzg))(csBX C/,LB})/OEAY )’
Kﬁ = _KL|L<—)R7

where mg, , and mi
masses, in the chargino contribution. Moreover,

denote chargino and sneutrino

. d*k
iJya,B,x,y) = / @) (37)
k2
x 2 2 2 Y
(67 = RZ,) (02 = 312, ) (K% — 2 ) (2 = 2 )
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. d*k
ilya,B,xy) = / 2n) (38)
o 1
(k2 — M%A)(k2 - M%B)(kQ - mlgx)(k2 - mlgy)’

whilst the mixing coefficients C® appear in the fermion—
sfermion—chargino interaction Lagrangian:

Lim = L(CIAY P+ LAY PL) X aPx
+ 7 (CRY) Py + CHY PO X
+ di(CHY Pr+ CLY PR iix
+ ZAXP +01AX )X hdx 4+ hee.,  (39)

and their explicit expressions are given, for instance, in
[48].

The fermion—sfermion-neutralino interaction Lagran-
gian is similarly written as

Dpy+N-p 40

Ling = fi(N, zAX R+ L)XAva (40)

where f stands for [,v,d and u. The neutralino box con-

tributions corresponding to the permutations of the u and

e in the external lines, K{'(2) and K}(2), are then found
to be

A R(d) A/R R(£) A R(0)%
2Nd/§)(2NsB(X) NMBSX)/NeA(Y)

R(d) ArL(d)* A7L(£) A7R(£)*
+ NUINSY Ny N

Kn(l) *J4(A B,X,Y) (

1 * *
~ iy meg (VNS N N

+ ANHANHD N D), (an)
K = K" |Lor, (42)
and
K = Lo (5 VNS NN

- NN NEN)

b L ymgs g, (VE N N VRO

- ANE NHNHY N, ()
Ki? = — K @|Lop. (44)
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