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R (1077
SM prediction [1] 2477+ 0.001
PDG 2006 [2] 245+0.11
KLOE [3] 2.493+0.025+0.019
NA48/2 °07 prel. [4] 2500+ 0.016

Figure 1: Current experimental data &§ *.

1. Introduction

High precision electroweak tests, such as deviations fltwenSM expectations of the LFU
breaking, represent a powerful tool to probe the SM and, detacconstrain or obtain indirect
hints of new physics beyond it. Kaon and pion physics areals/grounds where to perform such
tests, for instance in the — ¢v, andK — ¢v, decays, wheré = e or . In particular, the ratios

<@(P—> [JV)

e/ 1 e/u
— 1+ ArYH =
Re A B(P— ev)

(1.1)
can be predicted with excellent accuracies in the SM, batiPfe- 1T (0.02% accuracy [1]) and
P =K (0.04% accuracy [1]), allowing for some of the most significeests of LFU. These pre-
cision tests are equally interesting and fully complemmsgnta the flavour-conserving electroweak
precisions tests and to the FCNC tests performdifattories: the smallness of NP effects is more
than compensated by the excellent experimental resolatidrthe good theoretical control.

The limiting factor in the determinatioﬁﬁ/“ is theK — ev rate, whose experimental knowl-
edge has been quite poor so far.

The current world average composed of the recent KLOE ré3uRS " = (2.4934 0.025+
0.019) x 10-° and the three 1970s measurements [Eﬁé‘ = (2.4674+0.024) x 10~° (see Fig. 1).

It has 1% relative precision and is compatible with the SM.

The NA62 experiment at CERN collected a large sampl&Kof— etv decays during a
dedicated run in 2007. The preliminary result of the analydia partial data sample of 51089
K+ — e*v candidates i®Y" = (2.5004 0.016) x 10-5 [4], consistent with the SM expectation.
Exploiting the full 2007—08 data set, the NA62 experimenCBRN aims to reach the precision of
0.4% for Rk.

In the following, we consider low-energy minimal SUSY exg&Ems of the SM (MSSM) with
R parity as the source of new physics to be testeaﬁz)’f/ [5]. The question we intend to address is
whether SUSY can cause deviations frpm- e universality inK|, at a level which can be probed
with the present attained experimental sensitivity, ngnagithe percent level. We will show that
i) it is indeed possible for regions of the MSSM to obtm'rﬁ/P“ of ¢(10-?) and ii) such large
contributions toK,» do not arise from SUSY lepton flavor conserving (LFC) effetist, rather,
from LFV ones.
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2. Lepton Universality in K — /v

Due to the V-A structure of the weak interactions, the SM dbutions toK,, are helicity
suppressed; hence, these processes are very sensitive-8Vheffects (such as multi-Higgs ef-
fects) which might induce an effective pseudoscalar hadnaeak current. In particular, charged
Higgs bosonsH*) appearing in any model with two Higgs doublets (includihg BUSY case)
can contribute at tree level to the above processes. Théetrelepartial width is given by [6]:

E(K AN [1—tar?B (r:f )T 2.1)

e

Eq. (2.1) clearly show that a tree level contribution doesritoduce any lepton flavour dependent
correction. The first SUSY contributions violating tpe- e universality inK — ¢v decays arise
at the one-loop level with various diagrams involving exudes of (charged and neutral) Higgs
scalars, charginos, neutralinos and sleptons. For ouppariit is relevant to divide all such contri-
butions into two classes: i) LFC contributions where therghd meson M decays without FCNC
in the leptonic sector, i.eK — fvy; ii) LFV contributions K — 4vg, with i andk referring to
different generations (in particular, the interestingecad! be fori = e u, andk = 1).

2.1 The lepton flavour conserving case

One-loop corrections tB« include box, wave function renormalization and vertex dbnt
tions from SUSY particle exchange. The dominant diagramsaiaing one loop corrections to the
IWv, vertex have the following suppression factors (compardtddree level graph) [5]

pen . B (M (2.2)
16 Mgy, \ M +m2 '
;, T,

for loops generated by charginos/neutralinos and sleptBuen if we assume& (1) a quite large
mass splitting among slepton masses we end upr\ﬂii‘hg 1074,

In conclusion, SUSY effects with flavor conservation in teptbnic sector can differently
contribute to thek — eve andK — pvy, decays, hence inducingja— e non-universality inRg,
however such effects are still orders of magnitude belowld¢kel of the present experimental
sensitivity onRg. The same conclusions hold f&y;.

2.2 The lepton flavour violating case

It is well known that models containing at least two Higgs lolets generally allow flavour
violating couplings of the Higgs bosons with the fermionstHe MSSM such LFV couplings are
absent at tree level. However, once non holomorphic termgemerated by loop effects (so called
HRS corrections [7]) and given a source of LFV among the sleptHiggs-mediated (radiatively
induced)H/;¢; LFV couplings are unavoidable [8].

It has been shown [5] that Higgs-mediated LFV couplings cgieea breaking of ther — e
universality in the purely leptonik® decay.
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One could naively think that SUSY effects in the LFV chanri€ls- ¢;v¢ are further sup-
pressed with respect to the LFC ones. On the contrary, athatgggs mediated SUSY LFV con-
tributions, in particular in the kaon decays into an elettoo a muon and a tau neutrino, can be
strongly enhanced.

The quantity which now accounts for the deviation from ghe e universality reads:

Yi F(K — evi)

UGS R

RLFY —
with the sum extended over all (anti)neutrino flavors (ekpentally one determines only the
charged lepton flavor in the decay products).

The dominant SUSY contributions RkFV arise from the charged Higgs exchange. The ef-
fective LFV Yukawa couplings we consider are

(H*v, — TMﬂAS' tarfB  (—e p. (2.3)
A crucial ingredient for the effects we are going to discissthe quadratic dependence onfdn
the above coupling: one power of ausomes from the trilinear scalar coupling in Fig.1, while the
second one is a specific feature of the above HRS mechanism.
The LFV A¥ parameters are induced at one loop level and it turns outiiat 102 [5].
Making use of the LFV Yukawa coupling in Eqg. (2.3), it turnst tlat the dominant contribution

to Arye reads [5]:
RV ~ RM [1+ (;Iﬁ) (%) |03L2 tarf’B] : (2.4)

In Eq. (2.4) terms proportional ta3? are neglected given that they are suppressed by a factor
mg/m?, with respect to the term proportional Ag".

TakingA3l~5.10-4, tanB =40 andMiy =500GeV we end up wittRFY ~RM (1+0.013). We
see that in the large (but not extreme) Baregime and with a relatively heawy ™, it is possible
to reach contributions tdr, 4,5, at the percent level thanks to the possible LFV enhancements
arising in SUSY models.

In Fig. 2, on the left, we repodr ¢/H as a function of4(1 — ey) and Z(1 — en) while, on
the right, we reporfr,/ ¢/H as a function oMy. The plots have been obtained by means of a scan
over the following parameter spaden. r, Mg, Mg, My, Mg, M) < 2.5TeV, u <5TeV, [rr| < 0.5,
|&L|=0 and tarB < 60 and imposing all the constraints discussed in [5]. Blaats defer to the
points satisfying thég — 2),, anomaly at the 95% C.L., i.e. 110°° < Aa, < 5x 10°°. Fig. 2
clearly shows that there are quite a lot of points in the @gtng region where.001< Are/“ <0.01
accounting for thég— 2),, anomaly and that are compatible with the experimental caimss of
PB(T1—ey) andB(1—en).

We also emphasize that experimentally visible eﬁectﬁriﬁ(“ (at the 01% level) can be
reached up to charged Higgs masses at the TeV scale, as shéug 2 on the right. Moreover,
we also stress that the present experimental bounm%’h at the % level already set constraints
on the SUSY parameter space.
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Figure 2:  Left: Ard* as a function of%(t — ey) and #(t — en). Right: Ard* as a func-

tion of My. Both plots have been obtained by means of a scan over thewfotj parameter space:
(nLR,nb,mj,m,},,m,g,MH) < 2.5TeV, u<5TeV, |drr| < 0.5, |&L|=0 and ta8 < 60. Black dots refer

to the points satisfying ¥ 107° < (g—2), < 5x 10°°.

Turning to pion physics, one could wonder whether the amn]smuantit)m%ﬁ’w is able to
constrain SUSY LFV. However, the correlation betwéefig)s, andAr, 4,
2
my nt .
Ao ~ <7> (—") Arg 4, 25
TSy m, + My g KSUsY (2.5)

clearly shows that the constraints &rg i, force Arzqis, to be much below its actual experimental

upper bound.

A key ingredient for the generation of LFU breaking effects krge tai8 values so, it is
legitimate to ask how natural this framework is.

In this respect, we remind that values of fan- 30-50 can allow the unification of top and
bottom Yukawa couplings, as predicted in well-motivatedngi-unified models [9]. Moreover,
from a low energy point of view, large t#hvalues lead to interesting phenomenological virtues
[10]: the presentg— 2), anomaly and the upper bound on the Higgs boson mass can be easi
accommodated, while satisfying all the present tight qairds in the electroweak and flavor sec-
tors. Additional low-energy signatures of this scenarialdgossibly show up in the near future
in Z(B— 1tv) and#(Bsq — ¢*¢ ). Additionally, in the regime with large tgB, the relic-density
constraints can be easily satisfied mainly in the so c&llfghnel region [11].

3. RareK decays

FCNC are among the most powerful windows into physics beybedSM. Indeed, they are
generated only at the quantum level therefore they arecpdatly sensitive to electroweak scale
physics. As a result, if NP occurs at a scale not much abovédklescale, we expect significant
deviations with respect to the SM expectations.
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short-distancg irreducible SM BR
Channel contribution | th. erroron| (central
(rate %) s.d. contrib. value)
K. — mPvv > 99% ~ 1% 3x10°1
Kt — vy 88% ~ 3% 8x 10711
KL — mlete” 38% ~ 15% 35x10°11
KL — mutu~ 28% ~30% |15x10°

Table 1: Short-distance sensitivity of the four “golden channetsttie Kaon sector. The second column
stands for the contribution to the total rate arising froecéiloweak dynamics while the third column stands
for the irreducible error in the short-distance amplitude.

In the kaon sector, it is typically difficult to keep long-t#iace effects within a sufficiently
accurate level to perform precise tests of short-distagoardics. This happens in the four golden
modesK, — mPvv, KT — v, K — nPete, andK, — mPu*u~, which represent a unique
window ons — d FCNC transitions [12]. As shown in Table 1, the theoretidahoness of these
four modes is not the same. The two neutrino channels argtsnally clean and their decay
rates have been computed with a unique accuracy, much bélyanceached by any other FCNC
process in th& andK systems [13].

3.1 SM predictions

K — mvv The unique theoretical cleannesof- nvv decays within the SM arises from the
fact that these processes are loop inducedX(@?)) by means of a power-like GIM mechanism
(largely) dominated by top-quark loops. This implies a sev&ippression of non-perturbative ef-
fects [16, 14, 15]. In contrast, typical loop-induced pisas governed by gluon (photon) penguins
are ofO(Gg ds) (O(Ggaem)) and the corresponding GIM mechanism is of logarithmicetyyghich
results in a much less severe suppression of long-distdfemxse

Moreover, both in the SM and in MFV models, the leading cutibns toK — rrvv ampli-
tudes can be described by a single dimension-six effecpegator,

Qu =SYH(1—y)d vyu(l—ys)v. (3.1)

The hadronic matrix elements @f relevant toK — rvv amplitudes can be extracted directly
from the well-measurell — rrev decays, including isospin breaking corrections [17].

Within the SM, the main theoretical error in the evaluatidnthe K™ — mrvv amplitude
comes from the subleading, but still sizable, charm couatidn. This theoretical error became
safely negligible after the NNLO QCD calculation [18] of tbkarm contribution to the Wilson
coefficient ofQgy.

The error associated to non-perturbative effects arouddalow the charm scale (dimension-
eight operators and light-quark loops) has also been diethtind reduced [15]. As a result, the
present updated prediction for the charged channel reads:

BKT - mhvv) = (82+1.0) x10 1L, (3.2)
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Figure 3. Dependence of various FCNC observables (normalized toSh&ivalue) on the up-type trilinear
terms @;3) and on squark masses in the general MSSM [24] Upper g#dK+ — " vv) (blue/dark gray),
BBy — utu~) (red/gray lower-regionAMg, (green/gray upper-region) as a functionfag. Lower plot:
& (bordeaux/dark gray) ang®(K. — mvv) (light blue/light gray) as a function of the lightest up-g/p
squark mass.

Theoretically, thek, — mvv process is even cleaner [19]. In fact, here only the CP-tiima
part of the dimension-six effective Hamiltonian (where th@rm contribution is safely negligible)
contributes tok, — mPvv. Intermediate and long-distance effects in this processcanfined
only to the indirect-CP-violating contribution [20] and ttee CP-conserving one [16], which are
both extremely small. This enables us to write an expredsiothe K. — vy rate in terms of
short-distance parameters

BKL — mPvv)gy = 4.16x 1010

[mm) 15 T0Via) 1°
167 GeV AS ’

(3.3)

which has a theoretical error below 3%.
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3.2 RareK decays beyond the SM

The short distance nature of tee— dvv transition is the reason its strong sensitivity to pos-
sible NP effects [21]. Observable deviations from the SMifmtégons are expected in many spe-
cific frameworks. In particular, large effects are expedtednodels with non-MFV structures,
such as scenarios with enhancééghenguins [22], the MSSM with nhon-MFV soft-breaking terms
[23, 24, 25] or withR-parity violation [26]. The effects are much smaller in mizdghich respect
the MFV criterion, such as the low-energy supersymmetmmnados analyzed in Ref. [24, 27], or
the little-Higgs and large-extra-dimension models disedsin Ref. [29] and Ref. [28]. Present
experimental data do not allow yet to fully explore the hdjbeovery potential of these modes.
However, it is worth to stress that the evidence ofkhie— vV transition obtained at BNL [30]
already provides highly non-trivial constraints on thelist@ scenarios with large new sources of
flavour mixing.

Within a MFV framework, deviations from the SM expectation&K — mvv are highly cor-
related to the spectrum of the new degrees of freedom [24$, tven in this pessimist scenario,
precise measurements of these modes would be very valualgeesence of non-MFV structures,
the twoK — mvv modes are usually the most sensitive probes of new sourd&s/of symmetry
breaking which also violates tH&J (2)_ gauge symmetry (such as the up-type trilinear terms in
the MSSM, see Fig. 3). Within these general framewaorks,ifsogmt new information can also be
extracted from th&, — 1°¢*¢~ modes [22, 24].

4. Conclusions

Kaon physics has played a crucial role in the past in the wtaleding of the flavour structure
of the SM. However, it is worthwhile to stress that kaon obables are expected to play a very
important role also in the future, when we will deal with théempt to reconstruct the flavour
sector of the NP scenario that will hopefully emerge at theCL#h this document, we focused
on particularly interesting kaon observablesRis= I' (Ke2) /I (Ky2) and the rare kaon decays
K — mvv. The former represents among the most sensitive probegptdh &niversality breaking
effects arising in NP scenarios like Supersymmetry; thetdare of special importance to probe the
flavour structure of beyond SM theories and hence to addrekaraderstand the flavor problem in
the quark sector.
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