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We stress the importance of the precise measurements of the branching ratios for rare decays
K+ → π+νν̄, KL → π0νν̄, KS → µ+µ− and KL → π0`+`− for the search of new physics
(NP). In particular the correlations between these branching ratios on the one hand and their
correlations with the ratio ε′/ε in KL → ππ decays, the CP-violating parameter εK and the
K0 − K̄0 mass difference ∆MK , on the other hand, should help to disentangle the nature of
possible NP.

Among the rare Kaon decays just listed K+ → π+νν̄ is CP conserving while KL → π0νν̄,
KS → µ+µ− and KL → π0`+`− proceed only in the presence of CP violation. The latter fact
makes the search for these decays very important with the goal to find new sources of CP
violation possibly responsible for the matter-antimatter asymmetry in the universe. A recent
extensive review of these decays can be found in [1].

Within the SM these decays are loop-induced semileptonic FCNC processes, receiving only
contributions from Z0-penguin and box diagrams. A particular and very important virtue of
K+ → π+νν̄ and KL → π0νν̄ decays is their clean theoretical character. This is related to
the fact that the low energy hadronic matrix elements required for the calculations of their
branching ratios are just the matrix elements of quark currents between hadron states, which
can be extracted assuming isospin symmetry from the leading (non-rare) semileptonic decay
K+ → π0e+ν that is very well measured. Isospin breaking and electroweak corrections are
also known [2].

The case of KS → µ+µ− and KL → π0`+`− is different as they are subject to long distance
contributions. However, over the past years the understanding of the latter contributions has
been improved by much [3–7]. This applies also to KL → µ+µ− which already for many
years bounded the estimates for the K+ → π+νν̄ rate in various NP scenarios, depending
on whether NP contributions are dominated by left-handed or right-handed currents. On the
other hand as stressed in [5] KL → π0µ+µ− and KL → π0e+e− considered simultaneously offer
a powerful test of scalar and pseudoscalar currents.

The investigation of these low energy rare decay processes in conjunction with their theo-
retical cleanliness allows to probe, albeit indirectly, high energy scales of the theory far beyond
the reach of the LHC. They are also very sensitive to the values of the CKM parameters, in
particular to Vtd and Imλt = ImV∗tsVtd so that the latter could in principle be extracted from
precise measurements of the decay rates for K+ → π+νν̄ and KL → π0νν̄, respectively. More-
over, the combination of these two decays offers one of the cleanest measurements of sin 2β [8]
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with β being one of the angles of the Unitarity Triangle. However, the very fact that these
processes are based on higher order electroweak effects implies that their branching ratios are
expected to be very small and not easy to access experimentally.

As of 2020 one can look back at four decades of theoretical efforts to calculate the branching
ratios for these decays within the SM. Among early calculations are [9, 10] in which QCD
corrections were neglected. The first LO QCD corrections have been calculated in [11, 12]
and the NLO ones in the 1990s [13–16]. Already the NLO calculations reduced significantly
various renormalization scale uncertainties present at LO. Yet, in the last twenty years further
progress has been made through the following calculations:

• NNLO QCD corrections to the charm contributions in K+ → π+νν̄: [17–19].

• Isospin breaking effects and non-perturbative effects: [2, 20].

• Complete NLO electroweak corrections to the charm quark contribution to K+ → π+νν̄:
[21].

• Complete NLO electroweak corrections to the top quark contribution to K+ → π+νν̄
and KL → π0νν̄: [22].

As far as KL,S → µ+µ− and KL → π0`+`− are concerned

• The NLO QCD calculations have been performed in [14, 16] and [23], respectively and
the NNLO ones for KL → µ+µ− in [24].

• The long-distance contributions have been investigated in [3–7].

Reviews of these decays can be found in [1,25–29] and the power of them in testing energy
scales as high as several hundreds of TeV has been demonstrated in [30]. This list of theoretical
papers demonstrates very clearly the importance of these decays.

The SM predictions for K → πνν̄ decays are given as follows [31,32]

B(K+ → π+νν̄)SM = (8.5+1.0
−1.2)× 10−11 , B(KL → π0νν̄)SM = (3.2+1.1

−0.7)× 10−11 . (1)

and for the remaining decays one finds [3–5,32]:

B(KS → µ+µ−)SM = (5.2± 1.5)× 10−12 , B(KL → π0e+e−)SM = 3.54+0.98
−0.85(1.56+0.62

−0.49)× 10−11 ,

B(KL → π0µ+µ−)SM = 1.41+0.28
−0.26(0.95+0.22

−0.21)× 10−11 , (2)

where for the KL → π0`+`− decays the numbers in parenthesis denote the destructive inter-
ference case.

On the experimental side the NA62 experiment at CERN is presently running and is
expected to measure the K+ → π+νν̄ branching ratio with the precision of 10% by 2024, as
described in [33], that would improve the accuracy of the previous measurement by a factor
of five. The expected measurement of KL → π0νν̄ by KOTO at J-PARC [26,34] should reach
the SM level by 2024.

The most recent result for K+ → π+νν̄ from NA62 [35, 36] and the 90% confidence level
(CL) upper bound on KL → π0νν̄ from KOTO [37] read respectively

B(K+ → π+νν̄)exp = (11.0+4.0
−3.5 ± 0.3)× 10−11 , B(KL → π0νν̄)exp ≤ 3.0× 10−9 . (3)
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In their most recent status report [38] on KL → π0νν̄ the KOTO collaboration presented
data on four candidate events in the signal region, finding

B(KL → π0νν̄)KOTO = 2.1
+2.0(+4.1)
−1.1(−1.7) × 10−9 , (4)

at the 68 (95) % CL. The central value is by a factor of 65 above the central SM prediction
and in fact violates the Grossman-Nir bound which at the 90% CL together with the present
NA62 result for K+ → π+νν̄ amounts to 0.8 × 10−9. Theoretical analyses of this interesting
data can be found in [39–42].

As far as KS → µ+µ− and KL → π0`+`− are concerned only upper bounds on them from
LHCb on KS → µ+µ− [43] and from KTeV on KL → π0`+`− [44, 45] are known

B(KS → µ+µ−)LHCb < 0.8(1.0)× 10−9 , B(KL → π0e+e−)KTeV < 28× 10−11 ,

B(KL → π0µ+µ−)KTeV < 38× 10−11 , (5)

The main theoretical uncertainties in the SM predictions for K+ → π+νν̄ and KL → π0νν̄
stem from the CKM parameters, in particular |Vcb| in the case of K+ → π+νν̄ and both |Vcb|
and |Vub| in the case of KL → π0νν̄. In the case of K+ → π+νν̄ an improved estimate of
long distance effects in charm contributions is desirable. Lattice QCD should be helpful in
this respect and in fact first steps in this direction have been made by the RBC-UKQCD
collaboration [46, 47]. It is expected that in the second half of 2020 the errors in (1) will be
decreased below 0.5 and 0.3 for K+ → π+νν̄ and KL → π0νν̄, respectively. This precision is
also expected on the experimental side, in particular for K+ → π+νν̄.

While precise measurements of all these channels constitute important tests of the SM,
their particular role in the coming years will be in the context of the search for NP through
deviations from SM predictions. An extendable list of possible avenues for the exploration of
these decays is as follows:

• Correlations between these decays among themselves with constraints from εK as already
investigated in the past in particular in [8,48,49] but also with ε′/ε and ∆MK investigated
recently [50, 51]. Not only an efficient search for new CP-violating phases can be made
in this manner but also getting a handle on right-handed currents is possible.

• Of importance are also correlations between these decays and rare B-meson decays, in
particular with B → K(K∗)νν̄ [52–54] but also with Bs,d → µ+µ−.

• These decays have been analyzed in numerous SM extensions with a detailed review in
the recent book [1].

Here we mention supersymmetric models [55–57], selected models with Z ′ exchanges
[58–60], induced FCNCs mediated by the Z boson [61, 62] as well as the analyses of
these decays in the context of the violation of lepton flavour universality (LFUV) should
be mentioned. These are within models with vector-like quarks [32], leptoquark models
[63, 64] and also in K → πνν̄ decays [65] through the presence of the 3rd generation
neutrinos. The tests of LFUV can also be made through K → π``′ and K → ``′ [66].

Finally the presence of lepton number violating decays K → πνν would signal the
Majorana character of the neutrinos. As analysed recently in [67] these decays could
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be distinguished from K → πνν̄ through kinematical distributions. They are sensitive
to scalar currents and to NP scales as high as 20 TeV. Although neutrino-less β decay
probes higher scales, it is limited to first generations of leptons and quarks only, while
the rare Kaon decays in question open up a window to different quark and neutrino
flavours.
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