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Rare decays provide a complementary window to direct collider searches as probes
of physics beyond the Standard Model. We present an overview of the New Physics
sensitivity provided by existing and future measurements of rare leptonic and
semileptonic K decays within the context of several classes of models.

Introduction

Rare K decays have historically provided strict constraints on the construction
of New Physics models. Amongst these many decays those involving leptons
are the most theoretically clean. Here we will provide an overview of what
these modes are telling us about the parameter spaces of several New Physics
scenarios. We can categorize these rare K decays into several distinct classes,
which we will discuss in turn, as follows:

e Non-Standard Model Modes. These consist of a handful of decays such as

Ky — eu, K —» mey and K — X which just don’t fly in the Standard
Model (SM). The simple observation of any of these modes would signal
New Physics.

e Precision Modes. These decay modes occur in the SM but have associ-

ated with them T-odd correlations which possibly lead to C' P-violating
observables that can only be probed by high precision experiments. Ex-
amples are the measurements of the transverse p polarization in either
K — mpv or K — uvry.
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e Short Distance Dominated Modes. These particularly clean modes oc-
cur in the SM but rate enhancement or suppression would signal New
Physics. Kt — 7tvv and the CP-violating K7, — m%vv channels pro-
vide the best examples and are very well understood in the SM.

e Long-Distance Dominated Modes. These include such decays as K —
(Y0, K — (70~ ~v and K — w{T¢~ which provide fertile testing grounds
for chiral perturbation theory(ChPT) ! but which have somewhat di-
minished sensitivity to New Physics due to long distance uncertainties.
(Perhaps K — pt ™ is an exception.) We will have nothing to say about
these modes in the discussion below.

2 Non-Standard Model Modes

Both K, — e and K — mep proceed through operators of the form

2

OV’A = 2?\2(2 J'Y;L[CLqPL + CRqPR]S . ﬂ’y“[CLzPL + CR[PR]G + h.c. R
X

2

Os.p = QQTX)Q(CI[C'LQPL + CyyPrls - AlC} P + ClyyPrle + hec., (1)
but are complementary in that < 0|04 p|K ># 0 and < 7|Oy,5|K ># 0
with all other matrix elements being zero. As it stands, the form of the above
operators conserve generation number. It is important to remember that other
operators of the same kind may exist wherein the roles of e and p are inter-
changed so that generation number is no longer conserved. In principle, all
operators such as those above may be generated either through loops or via
tree-level exchanges. Branching fractions for the above decays can be immedi-
ately calculated from these operators and the well-known SM matrix elements
apart from small isospin corrections, e.g., the branching fraction for Kj — eu
due to Oy4 is

By =1124-10"'2 [#X M]4 (Cre —Cry)?* (C3,+Chy)s  (2)
g Mw

with qualitatively similar results holding for the other modes and operators,
apart from chiral enhancement factors in the cases of S- and P-type couplings.
These results are summarized in Fig. 1 assuming gx = g, the weak coupling
constant, and the product of the coefficients C;’s is set to unity. Since the
present limit 2 on the branching fraction for Ky — ep is 3 - 10712 at 90%
CL, we see that for tree-level exchanges with weak couplings, mass scales >

100 TeV, beyond the reach of any planned collider, are already being probed.
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Somewhat lower scales, but no less impressive, are probed by the corresponding
K; — m%ep and KT — nteu modes with branching fraction upper limits 2
of 3.2-1072 and 4 - 10~"', respectively, at the 90% CL. Unfortunately, due to
the ~ M% scaling of the branching fractions for both K7, — ey and K — wep
decay modes, the mass range being probed will improve quite slowly as bounds
on these branching fractions improve.

R-parity violating interactions that also violate lepton number can mediate
both K; — eu and K — mep processes through tree-level exchanges. The
relevant trilinear terms in the superpotential are given by Wg = A\ L;L; E} +
hV ik LiQi Dy (where i, j, k are family indices and symmetry demands that ¢ < j
in the term proportional to ). In the case of, e.g., K;, — epu, the reaction
occurs through both s-channel 7 exchange(which induces S,P-type operators)
as well as t-channel 4 exchange(which induces V,A-type operators via a Fierz
transformation)®. Interestingly if the 7 exchange dominates, both the processes
K — etu~ and K, — e~ pT can occur but need not have equal branching
fractions. If the (@) channel dominates then the very strong existing bound on
the branching fraction severely constrains the product of the relevant Yukawa
couplings to be < 7-1079(1-107) for 100 GeV SUSY particle masses.

Similarly, leptoquark(LQ) exchange * can also be responsible for these
lepton number violating processes by inducing V,A-type operators. Using the
current branching fraction bound results in a roughly model-independent limit

of Mpg > 150@ TeV where AN is the product of the relevant Yukawas.
This is one of the major reasons for believing that L(Q couplings are family
diagonal.

The two-body decay K — wX where X is invisible can occur in many
scenarios, e.g., the familon model®. If one describes such decays via an effective

interaction of the form

L= %8“}((@%3) + h.c., (3)

then the lack of observation of this decay by E-787% at the 90% CL of 3.0-10~'°
implies F' > 3.1- 10" GeV, an impressively large scale.

3 Precision Modes

In the absence of final state interactions(FSI) the T-odd transverse p polariza-
tion, PE ~ 8y (Pr XP,) ineither K — muv or K — pvy is a new measure of
C'P violation as it is effectively zero in the SM. Fortunately, the effects of FSI
have been shown to be reasonably small (or at least not dangerously large) ”
particularly for the K’ — 7 case. For K — wuv one expects FSI at the level of
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Figure 1: Branching fractions for K, — eu(top) and K — weu(bottom) as a function of My
assuming gx = ¢. In the top panel the solid(dotted) curve corresponds to A(P) exchange.
In the bottom panel, the K7, mode is represented by the solid(S) and dashed(V) curves while
the KT mode is represented by the dash—dottzfd(s) and dotted(V) curves.



~ 1076 whereas for K — pvy they are expected to be ~ 1073, Both processes
can be analyzed in a model-independent manner using the formalism of Wu
and Ng8.

The most general dimension-six interaction responsible for K — wuv as-
suming only left-handed neutrinos can be written as

L= Lsm +2[u(Gs + Gpys)s)(pPrv) + 2[uy,(Gv + Gavys)sl(py" Prv), (4)
but the A, P terms do not contribute to this decay having zero matrix elements
due to parity conservation. (They will contribute in the case of the K — uvvy

decay.) From L one obtains an effective Hamiltonian which has the same
structure as in the SM:

Hepr = %Vusuw)v*(l — 1) )oW) [fi (pk + pr)r + fL (P —px)r] . (B)

where fi = fi(1+ 1), f+ being the well-known SM form-factors and

5. — V2Gy
T GFVus ’
V2Gsmi [+ ¢
_ = It _ 9
0 o + G Vs (my — mgym, Lf- ( r) + m%(] ) (6)

with 7 = (mr /mg)?. A short analysis then shows that for this mode P! (m) ~
Im(§) = Im[f"/f.] ~ ImGs, so that only this quantity needs to be calcu-
lated in any given model ?. If G cannot be generated or if it is real then
PI(r) remains zero. The current experimental results summarized by the
PDG !0 are PE(K*) = —0.0031 £+ 0.0053 and PMT(KO) = 0.0021 £ 0.0048.
In addition, KEK-246 has recently reported !! a new preliminary result of
PI(K*) = —0.0025 + 0.0058. In the future, KEK-246 expects to reach an
experimental sensitivity of 0.0013 whereas AGS-936 and AGS-923 expect to
reach sensitivities of 0.00035 and 0.00013, respectively '2.

K — pvy can be analyzed in a similar manner. The matrix element
has two contributions, one due to Inner Bremsstrahlung(IB) where the pho-
ton comes off one of the charged legs or the Kpuv vertex, and a Structure
Dependent(SD) term arising from loops. THese can be written symbolically
as

Mg ~ frK"e,,
MSD ~ L,,HMVEZ , (7)
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with L, and K* being vectors formed from the leptonic momenta, €, is the pho-
ton polarization vector and, with p(q) being the K () momenta, the hadronic
tensor is

H" =F\[—g"p-q+p"q¢"] + iFye"  q:p, . (8)

The New Physics is encoded in the primed quantities: fj, = fx(1—Ap—A4),
Fi = Fa(l — Ay) and F{, = Fy(1 + Ay), with the unprimed quantities
corresponding to their SM values. (Fy = —0.0945 and F4 = —0.0425 in chiral
perturbation theory at the one-loop levell.) The A; are given by

\/5 Gpm%(
GrVus [ (ms +mg)my,

Apay = , Ga, Gv |, 9)

with the G; as defined in the effective Lagrangian above. A short analysis then
shows that Pf(v) = FiIm(A s+ Ay)+FoIm(Ap) where Fq » are phase space
factors of order ~ —0.1. Here we note that G's does mot contribute; nor will
a common overall shift in the V-A coupling since then the sum Ap = Ay +
A4 will be zero. Thus, for example, in the Left-Right Symmetric Model '3,
PI(m) =0 but PT(y) ~ =2-10? [¢/1072] Im[e“V,/|VL]], where ¢(w) is
the Wi — Wg mixing angle(phase) and V& are the left- and right-handed
CKM matrices which need not be directly related. As shown by Wu and
Ng®9? g significant Ag can also be generated by large stop mixing. In models
with leptoquarks, R-parity violation or an enriched Higgs sector %14, one
generates both Im(Gg p) # 0 with comparable magnitudes leading to values
of PE(’/T,’)/)’S in the few - 1073 range and with the same sign. This level of
polarization should be observable in the future.

This discussion demonstrates that the two modes K — wuv and K —
pry are complementary in their sensitivity to operators with different tensor
structures generated by New Physics.

4 Short-Distance Dominated Modes

K* = ntvv and K1, — 7% are two of the most well understood rare decays
in the SM'® with anticipated branching fractions of (9.1+3.2)-107! and (2.8+
1.7) - 10711, respectively. (Note most of the uncertainty in these values arises
from our poor knowledge of the input parameters and not from theoretical
uncertainties.) E-787% has recently obtained evidence for the charged decay
mode with a branching fraction of B = (4.2757) - 1071, consistent with the
SM but leaving room for New Physics. In the case of the neutral mode there
is presently only an upper bound !¢ from KTEV which is B < 1.6 - 1076 at
90% CL.



In almost all models with only left-handed v’s the effective Hamiltonian
describing this decay can be written as

QGF «
V2 msin? Oy

with A; = V;AVig and X g being model-dependent. (Note that it is possible
that more general coupling structures which include scalar and pseudoscalar
terms may be generated via box diagrams in some more exotic models not
discussed below.) In the SM, Xz = 0 and X, = X; + %Pc, with the top
contribution being X; ~ 1.5, A being the usual Wolfenstein parameter and
P, = 0.40 £ 0.06 being the highly suppressed charm contribution. From this
Hamiltonian one obtains the following branching fractions:

Hepr = AeSY"(XLPL + XgPr)d vy, Prve + hec.,  (10)

X+ X
B(K* - ntvw) = 4.11- 10—11|m 2
A4
(XL + X
B(K;, — n°vir) = 1.80- 107" [Im%]z, (11)

and thus only the additional contributions to X, g need to be calculated within
a given New Physics model to obtain constraints.

Let us quickly survey a few New Physics models which may modify the
branching fractions for these decays. (i) One simple scenario is that of a fourth
generation '7 ¢ which gives a contribution AX = );\—ii’Xt/ with 1.5 < Xy <
5, depending on the mass of #'. This implies that % > A2 — X to make
any reasonable contribution and, hence, is sensitively dependent on what is
assumed for the generalized CKM matrix structure. (i) A second example
is the set of Two-Higgs Doublet Models '® with natural flavor conservation.
Here it is well-known that the new contributions to X beyond the SM are
small, of order a few per cent, for all charged Higgs masses and values of tan 3
when other experimental constraints are imposed on the model. (ii¢) Various
anomalous WW Z couplings consistent with LEP and Tevatron direct bound
measurements have been shown to make only a small ' contribution to Xp.
(iv) Any leptoquark? mediating these decay modes through tree-level exchange
has been shown to be quite heavy, i.e., Mrg > (25— 50)v/ AN TeV, depending
on the detailed nature of the leptoquark. (v) R-parity and lepton-number
violating d~L, r exchanges in the ¢-channel have been shown ? to contribute to
both X r and allow for final states with mixed neutrino flavors so that the
Xp,r’s would in this case pick up a pair of generation labels! For d masses of
order 100 GeV, the E-787 result forces the products of the relevant Yukawa
couplings in this case to be < 10~(4=5).
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As a last example we consider the case of R-parity conserving SUSY 2°.
There are many potential contributions to the decay amplitude to consider
arising from both boxes and Z-penguins containing SUSY partners in addition
to those arising from the usual charged Higgs/top exchange. These include the
intermediate states of (i) d; @& g, (ii) d; ® Xj and (iii) @; © f(j In addition,
box diagrams will now also involve ¢ and 7 exchanges but § boxes are absent
due to color conservation. As is well-known 2, unlike in the case of |AS] = 2
transitions, the chargino-squark contributions are expected to be dominant.
Furthermore, penguins are generally found to dominate over contributions from
boxes.

Due to the complexity of the general SUSY parameter space certain ap-
proximations are employed in evaluating the various contributions; these center
on the structure of the 6 x 6 squark mass matrices. Conventionally, these ma-
trices are written down in the so-called super-CKM basis in which the flavor
structure of the quark-squark-gaugino vertices is the same as in quark-quark-
gauge boson vertices. As discussed?° by Buras et al., the calculation simplifies
by a change to a different basis where di d} X% and d;, @}, x;* are flavor diagonal
and the diﬁ%xi flavor structure is described by the CKM matrix. This basis
is arrived at from the super-CKM basis by rotating the up-type left-handed
squark fields as @y, — Vi, with V bing the CKM matrix. In this case the
flavor change in the left-handed sector occurs through the non-diagonality of
the sfermion propagators. If the off-diagonal terms(A) in the sfermion mass
matrices are small in comparison to the average sfermion mass, 17, it is possible
to expand these fermion propagators in powers of § = A/m?2. The remaining
issue is then to know how many powers of § to keep in the evaluation of the
various diagrams. Until recently, it has been believed (see Nir and Worah and
Buras et al. 2°) that a single mass-insertion approximation 2! is sufficient for
obtaining reasonable estimates for the SUSY contributions to the K+ — ntvi
and K; — m%v& decay amplitudes. In that approximation, it has been shown
that departures by factors of 2 ~ 3 from the SM decay rate expectations are
possible once other constraints on the SUSY parameter space are taken into
account.

More recently, Colangelo and Isidori 2° have argued that this single mass
insertion approximation is not sufficient to account for all potentially large
SUSY effects and that one must include at least two mass insertions. (In
their approach one also perturbatively expands the matrices responsible for
diagonalizing the chargino mass matrix to keep track of powers of SU(2).

breaking terms.) They find that the dominant SUSY contribution to X, can
be quite large and is given by ~ g=3t where A, = (87 )7, (67 g)ea = [Ae[e™ and
the §’s are given by the LR elements of the u-squark mass matrix in the new
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basis: (07 )%, = [M(LR)}]as/m?2, . These authors then examine all of the

other low-energy constraints on the parameter At from K , D, and B physics
while simultaneously evaluating its maximum contribution to X. One finds
that the branching fraction for K+ — 7+ w¥ can be increased by as much as
an order of magnitude while that for K;, — 7°vi depends strongly on the
new physics phase 6;. For large values of ; near 90° the enhancement in
the branching fraction for this mode may be almost as large as two orders of
magnitude, which is a very exciting prospect.

It is clearly quite important to verify and improve upon the E-787 result for
the KT — 7t v branching fraction and to try to observe the decay K7, — 7°vw
as soon as possible.

5 Summary

Rare K decays involving leptons do indeed provide a complementary window to
direct collider searches as probes of New Physics beyond the Standard Model.
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