1 Kaon decays

1.1 Introduction

The rare decays K+ — 77vi and K, — 7vv play an important role in the search for the
underlying mechanism of flavour mixing and CP violation [1-3]. As such they are excellent
probes of physics beyond the Standard Model (SM). Among the many rare K- and B-
decays, the KT — ntvi and K — 7°v# modes are unique since their SM branching ratios
can be computed to an exceptionally high degree of precision, not matched by any other
flavour-changing neutral current (FCNC) process involving quarks.

The main reason for the exceptional theoretical cleanness of the Kt — 7#tvy and K —
v decays is the fact that, within the SM, these processes are mediated by electroweak
amplitudes of O(G%), described by Z°-penguins and box diagrams which exhibit a power-
like GIM mechanism. This property implies a severe suppression of non-perturbative effects,
which is generally not the case for meson decays receiving contributions of O(Gras) (gluon
penguins) and/or O(Gpaey,) (photon penguins), which therefore have only a logarithmic-
type GIM mechanism. A related important virtue, following from this peculiar electroweak
structure, is the fact that K — mr amplitudes can be described in terms of a single effective
operator, namely

oa = (S.7"dy) (vpyuvr) - (1)
The hadronic matrix elements of Q%7 relevant for K — wvv amplitudes can be extracted
directly from the well-measured K — mwer decay rates, taking into account tiny Isospin
Breaking (IB) corrections [4]. The latter have recently been estimated beyond the the leading
order and turn out to be a negligible source of uncertainty [5].

In the case of K; — 7’vi, which is CP-violating and dominated by the dimension-
six top quark contribution, the SM Short-Distance (SD) dynamics is then encoded in a
perturbatively calculable real function X that multiplies the CKM factor A\, = V;iV;. In
the case of K — mTvw also a charm quark contribution proportional to A. = V£V, has to
be taken into account, but the recent NNLO QCD calculation of the dimension-six charm
quark corrections [6,7] and the progress in the evaluation of dimension-eight charm and
Long-Distance (LD) up quark effects [8] elevated the theoretical cleanness of Kt — ntuw
almost to the level of K — 7%v. More details will be given in the following.

The important virtue of K — wrv decays is that their clean theoretical character remains
valid in essentially all extensions of the SM and that Q“7, due to the special properties of
the neutrinos, remains the only relevant operator. Consequently, in most SM extensions the
New Physics (NP) contributions to K+ — 7wy and K, — 7°vi can be parametrized in
a model-independent manner by just two parameters, the magnitude and the phase of the
function [9]
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that multiplies A; in the relevant effective Hamiltonian. In the SM, |X| = Xgy and 0x = 0.
The parameters | X| and x can be extracted from B(Kj — 7'vi) and B(KT — ntvw)
without hadronic uncertainties, while the function X can be calculated in any extension of

X = [X[ex
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Figure 1: Left: B(KT — 7wtww) vs. B(Kp — nlvw) for various values of By = 3 —
0x (including E949 data) [13]. The dotted horizontal lines indicate the lower part of the
experimental range [10-12] and the grey area the SM prediction. We also show the Grossman-
Nir (GN) bound [14]. Right: The ratio of the K — wvw branching ratios as a function of
Bx for | X| =1.25, 1.5, 2.0. The horizontal line is again the GN bound.

the SM within perturbation theory. Of particular interest is the ratio

2 [sin(ﬁ - ex)r
sin 3 '

Bearing in mind that 3 ~ 21.4° shows that K; — 7w is a very sensitive function of the
new phase fx. The pattern of the two K — mvv branching ratios as a function of 6y
is illustrated in Fig. 1 (left). We note that the ratio of the two modes shown in Fig. 1
(right) depends very mildly on |X| and therefore provides an excellent tool to extract the
non-standard CP-violating phase 0.

B(K,—rv) | X
B(KL — 7TOI/I7)SM N XSM

(3)

1.2 Kt — ntviv and K; — w°%v in the SM

After summation over the three lepton families the SM branching ratios for the K — 7w
decays can be written as

Im\ 2 /Re\ Re), 2
B(K* — mvp)sm = ki [(%XSM) (%XSM = (Pt 5Pc,u>) Y
ImM\ 2
B(Kp — 7vi)sm = ki, ( e tXSM) ; (5)

where A = |V,,|, while #, = (5.165 = 0.025) - 10~ (\/0.225)% and r;, = (2.231 = 0.013) -
10719(X\/0.225)® include the IB corrections in relating K — wvv to the K — wev rates [5].1.

+

! This value of x, corresponds to the photon-inclusive K™ — 7t rate. The (tiny) modifications due

to possible photon-energy cuts can be found in Ref. [5]
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The dimension-six top quark contribution Xgy = 1.464+0.041 [6,7] accounts for around 63%
and almost 100% of the total rates. It is known through NLO [16,17], with a scale uncertainty
of slightly below 1%. In K+ — 77v, dimension-six charm quark corrections and subleading
dimension-eight charm and LD up quark effects, characterized by P. = 0.38 +0.04 [6,7] and
dP., =0.04+0.02 [8], amount to moderate 33% and a mere 4%. Light quark contributions
are negligible in the case of the Kj — 7°vi decay [18].

Taking into account all the indirect constraints from the latest global Unitarity Triangle
(UT) fit, the SM predictions of the two K — 7w rates read [19]

B(KT — atup)gy = (8.224+0.84) - 10711 B(K; — 7°vp)gy = (2.76 £+ 0.40) - 1011,
(6)
The quoted central value of K™ — 7w corresponds to m. = 1.3 GeV and the given error
breaks down as follows: residual scale uncertainties (13%), m. (22%), CKM, a5, and my
(37%), and matrix-elements from K — mer and light quark contributions (28%). The main
source of uncertainty in K; — 7'vv is parametric (83%), while the impact of scales (12%)
and IB (5%) is subdominant. SM predictions of X' — mvv with total uncertainties at the level
of 5% or below are thus possible through a better knowledge of my, of the IB in the K — =
form factors, and/or by a lattice study [20] of higher-dimensional and LD contributions.

While the determination of |Vi4|, sin2f3, and v from the K — 7vw system is without
doubt still of interest, with the slow progress in measuring the relevant branching ratios
and much faster progress in the extraction of the angle v from the B, — DK system to be
expected at the LHC, the role of the K — mvv system will shift towards the search for NP
rather than the determination of the CKM parameters.

In fact, determining the UT from tree-level dominated K- and B-decays and thus inde-
pendently of NP will allow to find the true values of the CKM parameters. Inserting these,
hopefully accurate, values in Egs. (4) and (5) will allow to obtain very precise SM predictions
for the rates of both rare K-decays. A comparison with future data on K — wrv may then
give a clear signal of potential NP contributions in a theoretically clean environment. Even
deviations by 20% from the SM expectations could be considered as signals of NP, while
such a conclusion cannot be drawn in most other decays in which the theoretical errors are
at least 10%.
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1.3 Kt — ntviv and K; — 7°vv beyond the SM
1.3.1 Minimal Flavour Violation

In models with Minimal Flavour Violation (MFV) [21,22] both decays are, like in the SM,
governed by a single real function X that can take a different value than in the SM due to
new particle exchange in the relevant Z%-penguin and box diagrams. Restricting first our
discussion to the so-called constrained MFV (CMFV) (see [23]), in which strong correla-
tions between K- and B-decays exist, one finds that the branching ratios for K+ — ntuw
and Kj — n%vi cannot be much larger than their SM values given in Eq. (6). The 95%
probability bounds read [24]

B(Kt — atvo)oypy < 1191071 B(K; — 7°vi)oppy < 4.6 - 1071 (7)



Explicit calculations in a model with one Universal Extra Dimension (UED) [25] and in
the littlest Higgs model without T-parity [27] give explicit examples of this scenario with
the branching ratios within 20% of the SM expectations. The latest detailed analysis of
K — mvp in the Minimal Supersymmetric SM (MSSM) with MFV can be found in [26].

Probably the most interesting property of this class of models is a theoretically clean
determination of the angle 3 of the standard UT, which utilizes both branching ratios and is
independent of the value of X [28,29]. Consequently, this determination is universal within
the class of MF'V models and any departure of the resulting value of 3 from the corresponding
one measured in B-decays would signal non-MFV interactions.

1.3.2 Littlest Higgs Model with T-parity

The structure of K — mvr decays in the Littlest Higgs model with T-parity (LHT) differs
notably from the one found in MFV models due to the presence of mirror quarks and
leptons that interact with the light fermions through the exchange of heavy charged (Wﬁ)
and neutral (79, AY) gauge bosons. The mixing matrix V4 that governs these interactions
can differ from Vgoky, which implies the presence of non-MFV interactions. Instead of a
single real function X that is universal within the K-, B4- and B,-systems in MFV models,
one now has three functions

Xk = |Xkle®s, X4 = |Xale™, X = |Xle™, (8)

that due to the presence of mirror fermions can have different phases and magnitudes. This
possibility can have a major impact on the K — wvv system, since the correlations between
K- and B-decays are partly lost and the presence of a large phase fx can change the
pattern of these decays from the one observed in MFV. A detailed analysis [15] shows that
both branching ratios can depart significantly from their SM values, and can be as high as
5.0 - 10719 As shown in Fig. 2 (left), there are two branches of allowed values with strong
correlations between both branching ratios within a given branch. In the lower branch
only B(K™ — 7tvp) can differ substantially from the SM expectations reaching values
well above the present central experimental value. In the second branch B(K; — w'vi)
and B(K™ — 7Tvp) can be as high as 5.0 - 1071 and 2.3 - 107!% respectively. Moreover,
B(K; — 7vv) can be larger than B(K™ — ntvw) which is excluded within MFV models.
Other features distinguishing this model from MFV are thoroughly discussed in [15].

1.3.3 Supersymmetry

Within the MSSM with R-parity conservation, sizable non-standard contributions to K —
mvvU decays can be generated if the soft-breaking terms have a non-MFV structure. The
leading amplitudes giving rise to large effects are induced by: 1) chargino/up-squark loops [9,
30-32] ii) charged Higgs/top quark loops [33]. In the first case, large effects are generated
if the left-right mixing (A term) of the up-squarks has a non-MFV structure [22]. In the
second case, deviations from the SM are induced by non-MFV terms in the right-right down
sector, provided the ratio of the two Higgs vacuum expectation values (tanf = v, /vq) is
large (tan 8 ~ 30 — 50).
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Figure 2: Left: B(K; — 7°vw) vs. B(K" — 7"vw) in the LHT model [15]. The shaded area
represents the experimental lo-range for B(K™ — ntvw). The GN bound is displayed by
the dotted line, while the solid line separates the two areas where B(K} — 7’vi) is larger or
smaller than B(K+ — 7Tvw). Right: B(K — n%Te™) (upper curve) and B(K; — 7°utpu™)
(lower curve) as functions of B(K; — 7°vv) in the LHT model [15].

The effective Hamiltonian encoding SD contributions in the general MSSM has the fol-
lowing structure:

MG o< > ViVia [Xp (57" de) (Tvenn) + Xr(5ry*dr) (Buymn)] (9)

l:enu‘ﬂ—

where the SM case is recovered for Xz = 0 and X = Xgq\. In general, both X and X, are
non-vanishing, and the misalignment between quark and squark flavour structures implies
that they are both complex quantities. Since the K — 7 matrix elements of (5.7*dr) and
(Spy*dR) are equal, the combination X + X allows us to describe all the SD contributions
to K — mvw decays. More precisely, we can simply use the SM expressions for the branching
ratios in Egs. (4) to (5) with the following replacement

Xsu — Xsm + X777 + X375 (10)

In the limit of almost degenerate superpartners, the leading chargino/up-squarks contri-
bution is [31]:

Xz(i ~ 1 |:(51%R)23(511L%L)31:| _ 1 (M3)2L3R(M3)3R1L'

~ — 3 - 11
96 At 96 (M2)LL(M2)rr )

As pointed out in [31], a remarkable feature of the above result is that no extra O(My /Msusy)
suppression and no explicit CKM suppression is present (as it happens in the chargino/up-
squarks contributions to other processes). Furthermore, the (6} 5)-type mass insertions are
not strongly constrained by other B- and K-observables. This implies that large departures
from the SM expectations in K — 7wvv decays are allowed, as confirmed by the complete
analyses in [26,34]. As illustrated in Fig. 3 (left), K’ — mvw are the best observables to de-
termine/constrain from experimental data the size of the off-diagonal (0} ;) mass insertions
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Figure 3: Supersymmetric contributions to K — 7vv. Left: Dependence of various FCNC
observables (normalized to their SM value) on the up-type trilinear terms A;3 and Asg, for
A;j < MAp and tan § = 2-4 (other key parameters in GeV: p = 500 + 10, M, = 300 £ 10,
Mg, = 600 £ 20, Mz, = 800 % 20, Ay = 1000) [26]. Right: Sensitivity to (6%5)23(0%5z)s1 of
various rare K- and B-decays as a function of My+, setting tan 3=50, u <0 and assuming
almost degenerate superparteners (the bounds from the two K" — wvv modes are obtained
assuming a 10% measurements of their branching ratios while the By 4 — p*p~ bounds refer
to the present experimental limits [33]).

or, equivalently, the up-type trilinear terms A3 [(Mﬁ)iL;),R ~ myA;3). Their measurement is
therefore extremely interesting also in the LHC era.
In the large tan g limit, the charged Higgs/top-quark exchange leads to [33]:

mgmg t4 (6% )31 (0%)50 (5 5 €% pt>
XHi ~ B RR R B B . 192
R K 2M32, )+ A M2, ) (1+ €itg)t Fir(yurr) (12)

where y,p = m2/M%, fu(z) = z/4(1 — z) + zlogz/4(x — 1)* and € rrtg = O(1) for
tg = tan ~ 50. The first term of Eq. (12) arises from MFV effects and its potential
tan 3 enhancement is more than compensated by the smallness of m4s. The second term
on the r.h.s. of Eq. (12), which would appear only at the three-loop level in a standard loop
expansion can be largely enhanced by the tan* 3 factor and does not contain any suppression
due to light quark masses. Similarly to the double mass-insertion mechanism of Eq. (11),
also in this case the potentially leading effect is the one generated when two off-diagonal
squark mixing terms replace the two CKM factors Vi, and V.

The coupling of the (Spy*dgr)(7ry,v1) effective FCNC operator, generated by charged-
Higgs/top-quark loops is phenomenologically relevant only at large tan § and with non-MFV
right-right soft-breaking terms: a specific but well-motivated scenario within grand-unified
theories (see e.g. [35,36]). These non-standard effects do not vanish in the limit of heavy
squarks and gauginos, and have a slow decoupling with respect to the charged-Higgs boson



mass. As shown in [33] the B-physics constraints still allow a large room of non-standard
effects in K' — 7vw even for flavour-mixing terms of CKM size (see Fig. 3 right).

1.4 Conclusions

The rare K — 7wvv decays are excellent probes of New Physics. Firstly, their exceptional
cleanness allows to access very high energy scales. As stressed recently in [15,26, 37, 38],
NP could be seen in rare K decays without significant signals in By ;-decays and, in specific
scenarios, even without new particles within the LHC reach. Secondly, if LHC finds NP, its
energy scale will be fixed. Then, the measurements of the two K — wvv rates would be very
helpful in discriminating among NP models.

It is worth stressing that if a deviation from the SM is seen in one of the two K — wvw
channels, a key independent information about the nature of NP can be obtained also from
the two K; — 7w%*¢~ (¢ = e,pu) modes. The latter are not as clean as the neutrino
modes, but are still dominated by SD dynamics and very sensitive to NP [39-42]. Different
correlations among these four channels are expected in different NP models (see e.g. Fig. 2).
These correlations can be used as powerful tests to shed light on the nature of NP. In all cases
where visible effects are found, the information extracted from the four modes is essential to
establish the NP flavour structure in the s — d sector. Rare K decays are thus an integral
part, along with B-physics and collider observables, of the grand project of reconstructing
the NP model from data.
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