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Abstract The recently announced NA62 measurement of
the K+ → π+νν̄ branching ratio, based on 2016–2024 data,
is fully consistent with its very accurate Standard Model
(SM) prediction. While it is not excluded that the final result
based on 2016–2026 data will deviate from the SM predic-
tion, the question arises whether a similar fate awaits the
KL → π0νν̄ decay. This decay is currently being searched
for by the KOTO experiment, with the present upper bound
roughly two orders of magnitude above its very precise SM
prediction. The proposed KOTO II experiment aims to pro-
vide the first discovery of the KL → π0νν̄ decay and mea-
sure its branching ratio. Building on the findings of several
previous papers we demonstrate that in the presence of suit-
ably chosen large new complex phases and of a small amount
of new right-handed s̄d couplings, in addition to the left-
handed ones, the KL → π0νν̄ branching ratio can still be
enhanced by one order of magnitude with respect to the SM
prediction while keeping both K+ → π+νν̄ and εK SM-
like. Simultaneously the decays KS → μ+μ−, studied by
LHCb, and KL → π0�+�−, searched for by KOTO II, can
be strongly enhanced and the anomaly in the ratio ε′/ε, as
claimed by Dual QCD, removed. We illustrate this with an
example of a specific Z ′ scenario.

a e-mail: monika.blanke@kit.edu (corresponding author)
b e-mail: aburas@ph.tum.de
c e-mail: cristina.lazzeroni@cern.ch
d e-mail: joel.christopher.swallow@cern.ch

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . .
2 General formulae . . . . . . . . . . . . . . . . . . . .

2.1 K+ → π+νν̄ and KL → π0νν̄ . . . . . . . . .
2.1.1 Basic Expressions . . . . . . . . . . . . .
2.1.2 Interplay of K+ → π+νν̄ and KL → π0νν̄

2.2 KL → μ+μ− . . . . . . . . . . . . . . . . . . .
2.3 KS → μ+μ− . . . . . . . . . . . . . . . . . . .
2.4 KL → π0�+�− . . . . . . . . . . . . . . . . . .
2.5 ε′/ε . . . . . . . . . . . . . . . . . . . . . . . .

3 Specific Z ′ Scenario . . . . . . . . . . . . . . . . . .
3.1 Preface . . . . . . . . . . . . . . . . . . . . . .
3.2 εK and �MK . . . . . . . . . . . . . . . . . . .
3.3 K+ → π+νν̄ and KL → π0νν̄ . . . . . . . . .
3.4 KL → μ+μ−, KS → μ+μ− and KL → π0�+�−
3.5 ε′/ε . . . . . . . . . . . . . . . . . . . . . . . .

4 Numerical Analysis for Z ′ Scenario . . . . . . . . . .
5 Summary . . . . . . . . . . . . . . . . . . . . . . . .
A CKM Parameters from BV Strategy . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . .

1 Introduction

Rare decays of kaons have, for decades, played a very impor-
tant role in testing the Standard Model (SM) and in the search
for new physics (NP). Recent reviews of these decays can be
found in [1,2]. Table 2 in [1] demonstrates in an impressive
manner the interest in these decays in the context of the search
for NP.
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The main players in this game are the decays

K+ → π+νν̄, KL → π0νν̄, KL → μ+μ−,

KS → μ+μ−, KL → πo�+�−(� = e, μ), (1)

as well as the two CP-violating observables

εK , ε′/ε. (2)

The status of these six rare decays and of the two observables,
summarised recently in [3], is as follows:

• The NA62 collaboration at CERN recently published a
measurement of the K+ → π+νν̄ branching ratio based
on 2016–2024 data with the result [4]1

B(K+ → π+νν̄)exp = (9.6+1.9
−1.8) × 10−11 . (3)

This is fully consistent with the SM estimates given below
in (15) and (17) but still leaving room for some NP con-
tributions. The NA62 experiment will complete collect-
ing its full dataset in 2026, with the 2025–2026 data—
amounting to approximately 1/3 of the full 2016–2026
dataset—still to be analysed.

• The most recent 90% confidence level (C.L.) upper bound
on KL → π0νν̄ from KOTO [6] reads

B(KL → π0νν̄)exp ≤ 2.2 × 10−9 , (4)

roughly two orders of magnitude above the SM pre-
dictions given in (15) and (17). The KOTO experiment
will improve its sensitivity by an order of magnitude by
2030, and “an indication of new physics with a signifi-
cance of 90% is possible if the observed branching ratio
differs by 40% from the SM value” [7]. The proposed
KOTO II experiment [8] targets the first discovery of the
KL → π0νν̄ decay and a measurement of its branching
ratio in the late 2030s.

• The decay KL → μ+μ− is subject to significant
long-distance contributions. Nonetheless an experimen-
tal bound on the short-distance (SD) contribution, sensi-
tive to NP, can be derived [9]:

B(KL → μ+μ−)SD ≤ 2.5 × 10−9 . (5)

• The present upper bound on KS → μ+μ− from the
LHCb collaboration, using data from 2011–2012 and

1 The impressive progress made by the NA62 collaboration on
K+ → π+νν̄ and by KOTO on KL → π0νν̄ becomes evident when
reading the extensive review on the status and perspectives on both
decays written in 2015 just after the start of the NA62 experiment [5].

2016–2018 (Run1 + Run2), reads [10]

B(KS → μ+μ−)LHCb < 2.1 × 10−10 at 90% C.L. .
(6)

This result is about a factor of 50 above the SM pre-
diction given in (39) [9,11]. LHCb expects to signif-
icantly improve the sensitivity using Run3 data, with
strong prospects to make a measurement of the branching
ratio by the end of LHC operations [12].

• The present experimental bounds on the decays KL →
πo�+�− from the KTeV experiment are

B(KL → π0e+e−) < 28 × 10−11 [13],
B(KL → π0μ+μ−) < 38 × 10−11 [14], (7)

which are still by one order of magnitude larger than
the respective SM predictions. The KOTO II proposal
includes plans to measure the branching ratios of these
decays [8].

• The K 0 − K̄ 0 CP-violating parameter εK is fully consis-
tent with the SM calculations, as emphasised in [15,16].2

• The ratio ε′/ε quantifying the amount of direct CP viola-
tion in KL → ππ decays, as measured by the NA48 col-
laboration at CERN [17] and KTeV at Fermilab [18,19],
is at least a factor of two above the SM prediction obtained
using the Dual QCD approach [20]. While the results
from the RBC-UKQCD collaboration [21] using lat-
tice QCD methods and from Chiral Perturbation The-
ory [22,23] are consistent with the experimental value,
large uncertainties do not allow definite conclusions to
be drawn. Recent reviews on this topic can be found in
[1,24].

As evident from many papers listed in Table 2 of [1] and in
Table 8 of [25], the observables listed in (1) and (2) can, in cer-
tain NP scenarios, be strongly correlated with each other. A
recent SMEFT analysis in the context of a particular Z ′ model
presented in [26] demonstrated this in an impressive manner:
assuming the flavour-changing s̄d Z ′ coupling to be purely
left-handed (LH) and imaginary, a possible enhancement of
the K+ → π+νν̄ branching ratio implies enhancements of
the rare decays KL → π0νν̄, KS → μ+μ−, KL → π0�+�−
and of ε′/ε in a correlated manner while keeping εK fully
consistent with the SM expectations and its experimental
value, as seen in Figs. 2 and 3 of [26].

As seen in Fig. 1, adapted from [27] to include the
new NA62 measurement, looking at B(KL → π0νν̄) vs
B(K+ → π+νν̄), the enhancements found in [26] take place

2 Note however the strong dependence of εK on the CKM parameter
|Vcb|, calling for a solution of the tensions in the determination of the
latter parameter.
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Fig. 1 Illustrations of common correlations in the B(K+ → π+νν̄)

versus B(KL → π0νν̄) plane. The expanding red region illustrates the
lack of correlation for models with general LH and RH NP couplings.
The green region shows the correlation present in models obeying Con-
strained Minimal Flavour Violation [32–34]. The blue region shows the
correlation induced by the constraint from εK if only LH or RH cou-
plings are present [31]. The yellow band shows the values compatible
with the NA62 measurement within 1σ [4]. Adapted from [27]

in the blue branch parallel to the Grossman-Nir bound
[28]. The type of correlation between B(KL → π0νν̄) and
B(K+ → π+νν̄) implied by the εK constraint in the pres-
ence of only LH or right-handed (RH) couplings had already
been found in the context of the Littlest Higgs model with T-
parity [29] and in the minimal 3-3-1 model [30]. The general
insight into such a correlation has been provided in [31], and
subsequently illustrated in an analysis of simplified models
with LH and RH couplings [27].

It is evident from Fig. 1 that the new NA62 measurement,
together with the absence of NP in εK , implies a possible
enhancement of the KL → π0νν̄ rate by at most a factor of
five in models with only LH or RH couplings, well below
the model-independent Grossman-Nir bound [28]. If eventu-
ally K+ → π+νν̄ were proven to be essentially unaffected
by NP, any significant enhancements of B(KL → π0νν̄),
B(KS → μ+μ−) and ε′/ε, as found in [26], would be
excluded in the case of only LH or RH couplings. The pres-
ence of both LH and RH couplings is therefore required in
order to populate regions outside the two blue branches.

In our view, the current experimental situation does not
warrant a detailed sophisticated SMEFT analysis of the type
presented in [26]. Nevertheless, this will be of significant
interest in the future, after the final result from the NA62
collaboration is published, the bounds for B(KL → π0νν̄),
B(KS → μ+μ−) improved and the situation of ε′/ε within
the SM clarified. The goal of our paper is, instead, to demon-
strate in simple terms that indeed in the presence of both
LH and RH s̄d couplings with new CP-violating phases

KL → π0νν̄, KS → μ+μ−, KL → πo�+�− and ε′/ε can
be significantly enhanced while keeping both K+ → π+νν̄

and εK SM-like.
Our paper is organised as follows. In Sect. 2 we collect

the most important formulae used in our paper. In Sect. 3
a specific Z ′ scenario is presented, for which the numerical
analysis is performed in Sect. 4. We end our paper with a
short summary and an outlook for the coming years.

2 General formulae

In this section we provide the general formulae for the
branching ratios of the relevant kaon decays, both within and
beyond the SM, where we allow for the presence of LH and
RH quark currents. These expressions are sufficient to get
an idea of the structure of various effects and to study them
numerically. Further details, in particular the derivations of
these formulae, can be found in [35] and in the original papers
listed there and below.

2.1 K+ → π+νν̄ and KL → π0νν̄

2.1.1 Basic Expressions

The branching ratios of the theoretically extremely clean
K → πνν̄ decays can conveniently be parametrised in terms
of a complex function Xeff containing both SM and NP con-
tributions. Including isospin breaking corrections, summing
over the three SM neutrino flavours,3 and generalising the
SM formulae in [36–38] to include NP effects from both LH
and RH quark currents, one finds [27]

B(K+ → π+νν̄) = κ+(1 + �EM) ·[(
ImXeff

λ5

)2

+
(

Reλc
λ

Pc(X) + ReXeff

λ5

)2
]

, (8)

B(KL → π0νν̄) = κL ·
(

ImXeff

λ5

)2

, (9)

where λ = |Vus | and λc = V ∗
csVcd . Furthermore �EM =

−0.003 [39] parametrises the electromagnetic corrections
from photon exchanges, and the normalisation factors read [39]

κ+ = (5.173 ± 0.025) · 10−11
[

λ

0.225

]8

,

κL = (2.231 ± 0.013) · 10−10
[

λ

0.225

]8

. (10)

κ+ and κL summarise all factors beyond CKM parameters, in
particular the relevant hadronic matrix elements that can be

3 In this paper, we restrict our attention to the case of SM neutrinos in
the final state.
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extracted from leading semi-leptonic decays of K+, KL and
KS mesons [39]. In obtaining the numerical values in (10)

sin2 ϑW ≡ s2
W = 0.23116, α(MZ ) = 1

127.9
, (11)

given in the MS scheme, have been used. Their errors are
below 0.1% and can be neglected. Further details can be
found in Section 9.5.3 of [35].

Finally, the function Xeff can be decomposed as follows:

Xeff = λt (XL(K ) + XR(K )) ≡ λt X tot (12)

where λt = V ∗
tsVtd , and

XL(K ) = X (xt ) + �XL(K ) (13)

represents contributions of LH currents, where X (xt ) is the
SM contribution with xt = m2

t /M
2
W and �XL(K ) denotes

NP contributions. Likewise XR(K ) represents the contribu-
tions of RH currents that are absent in the SM. Note that only
the vector parts of these currents contribute to the K → πνν̄

decays.
The NLO QCD corrections to X (xt ) have been calcu-

lated in [38,40,41], the NLO electroweak ones in [42] and
the NNLO QCD ones recently as stated below. NLO QCD
corrections to Pc(X) have been calculated in [43] and the
NNLO ones in [44,45], while the electroweak ones have been
obtained in [46]. Finally the long-distance contributions to
Pc(X) have been determined in [47].

The 2026 values of X (xt ) and Pc(X) are then given by

X (xt ) = 1.475 ± 0.008, Pc(X) = 0.405 ± 0.024 , (14)

with the latter calculated for λ = 0.225. The NNLO value
of X (xt ) given above has been extracted in [25] from [48]. It
replaces the value X (xt ) = 1.462 ± 0.017 presented in [49].

Due to the absence of Pc(X) in (9), B(KL → π0νν̄) has
essentially no theoretical uncertainties. It is only affected by
parametric uncertainties coming from mt , Imλt and κL , out
of which only the one due to Imλt is important.

Using the BV strategy of [15,16], that determines the
CKM parameters from �F = 2 observables and eliminates
through ratios the dependence on |Vcb|, the updated SM
predictions of the K+ → π+νν̄ and KL → π0νν̄ branch-
ing ratios determined independently of |Vcb| and γ read in
2026 [25]

B(K+ → π+νν̄)SM = (8.65 ± 0.42) × 10−11, (15)

B(KL → π0νν̄)SM = (3.05 ± 0.17) × 10−11 (16)

with the uncertainties in β, B̂K and Pc(X) taken into account.
These are the most precise determinations to date.

The numbers in (15), (16) should be compared with the
results of [48] where instead of eliminating |Vcb| a global UT
fit of CKM parameters has been used:

B(K+ → π+νν̄)SM = (8.55 ± 0.47) × 10−11, (17)

B(KL → π0νν̄)SM = (3.15 ± 0.23) × 10−11. (18)

One observes that there is a good agreement between these
two ways of obtaining predictions for the K → πνν̄ branch-
ing ratios. This is not surprising since the global CKM fit
is mostly based on �F = 2 observables. Needless to say,
the difference between the result in (15) and (17) is, from
the point of view of the search for NP in K+ → π+νν̄,
immaterial as it is far beyond the precision of the present
experimental data and the ones expected in the near future.
The significantly larger error in the KL → π0νν̄ branching
ratio in (18) is related to the |Vcb|4 dependence present in
B(KL → π0νν̄) that is absent in the BV strategy.

The latest NA62 measurement of the K+ → π+νν̄

branching ratio, quoted in (3), is fully consistent with the
SM estimates, while still leaving room for some NP contri-
butions. For the KL → π0νν̄ mode, the experimental sen-
sitivity has not yet reached the level of the SM prediction,
with an upper limit from the KOTO experiment quoted in (4)
leaving plenty of room for NP.

2.1.2 Interplay of K+ → π+νν̄ and KL → π0νν̄

OnceB(K+ → π+νν̄) andB(KL → π0νν̄) have been mea-
sured, the complex function Xeff can be determined, subject
to ambiguities that we will discuss below.

To this end it is useful to define

Xeff=−|Xeff |e−iβX , X tot=|X tot|eiθX , βX=β−βs −θX ,

(19)

where

Vts = −|Vts |e−iβs , Vtd = |Vtd |e−iβ . (20)

The values of CKM parameters used in our analysis are col-
lected in Appendix A.

As

Re Xeff = −|Xeff | cos βX , Im Xeff = |Xeff | sin βX ,

(21)

Equations (8) and (9) can also be written as follows:

B(K+ → π+νν̄) = κ+(1 + �EM) ·[ |Xeff |2
λ10 + 2 P̄c(X)|Xeff |cos βX

λ5
+ P̄c(X)2

]
, (22)
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where we introduced

P̄c(X) = − Reλc
λ

Pc(X) =
(

1 − λ2

2

)
Pc(X) , (23)

and

B(KL → π0νν̄) = κL · |Xeff |2
λ10 sin2 βX . (24)

Alternatively, we can solve (8) and (9) for Re Xeff and
Im Xeff [27]:

Re Xeff= ∓ λ5
[B(K+ → π+νν̄)

κ+(1 + �EM)
−B(KL → π0νν̄)

κL

]1/2

− λ4Re λc Pc(X) , (25)

Im Xeff = ±λ5
[B(KL → π0νν̄)

κL

]1/2

. (26)

These expressions can be used to directly determine Xeff

once the branching ratios of the decays K+ → π+νν̄ and
KL → π0νν̄ have been measured. As evident from the signs
∓ and ± in front of the square-root terms, a four-fold ambi-
guity remains in this determination. The upper sign in both
formulae corresponds to the case in which NP contributions
do not reverse the sign of the SM functions. As pointed out
in [50], within specific NP scenarios these ambiguities can
be resolved by considering other processes, such as the non-
leptonic B decays and the rare decays discussed in [50].4

Indeed any process sensitive to electroweak penguins that
contribute to Xeff can be useful in this respect. This also
applies to the ratio ε′/ε, as seen in the explicit expressions
in [51].

As pointed out in [50] it is possible to find a NP sce-
nario in which, despite a sizeable NP contribution to Xeff,
B(K+ → π+νν̄) does not significantly differ from the SM
estimate because the enhancement of the first term in (22) can
be compensated by the suppression of the second term. In this
way, a spectacular enhancement of B(KL → π0νν̄) by one
order of magnitude can still be obtained. Consequently, while
B(KL → π0νν̄) ≈ (1/3)B(K+ → π+νν̄) in the SM, it can
be substantially larger than B(K+ → π+νν̄) in such a NP
scenario. As illustrated already in [50] and updated below, the
huge enhancement of B(KL → π0νν̄) necessarily requires
a large weak phase βX ≈ 110◦, as

B(KL → π0νν̄)

B(KL → π0νν̄)SM
=

∣∣∣∣ X tot

XSM

∣∣∣∣
2 [

sin βX

sin(β − βs)

]2

, (27)

4 Note that constraints from B meson decays can only be meaningfully
incorporated once a NP flavour structure is assumed. For instance [50]
assumed a new flavour-universal contribution to the SM Z0-penguin
loop function C(xt ).

Fig. 2 Correlation betweenB(K+ → π+νν̄) andB(KL → π0νν̄) for
different values of the phase βX

where values of β and βs are given in Appendix A.
B(KL → π0νν̄) can then be rather close to the Grossman-
Nir bound [28]

B(KL → π0νν̄) ≤ 4.3B(K+ → π+νν̄). (28)

This model-independent upper bound on B(KL → π0νν̄)

holds in any NP scenario with SM neutrinos in the final state.
It could, however, be violated in models in which other mas-
sive dark particles appear in the final state, provided that
their effect remains hidden from the NA62 analysis due to
the experimental setup [52]. Note that at the Grossman-Nir
bound [28] the square root in (25) vanishes.

Figures 2, 3 and 4 illustrate the impact of possible NP
effects parametrised by the function Xeff on the branching
ratios of K+ → π+νν̄ and KL → π0νν̄. In Fig. 2, we show
B(KL → π0νν̄) as a function of B(K+ → π+νν̄) for fixed
values of βX . The magnitude of |Xeff| is varied along the
lines. It is evident that the NA62 constraint, shown by the red
band, implies that NP models with SM-like phases, βX ∼
24◦, predict B(KL → π0νν̄) to lie in the vicinity of its SM
value, below 5 × 10−11.

However, the prospects for B(KL → π0νν̄) change dras-
tically when allowing for a large complex phase βX . In par-
ticular, for values in the ballpark of βX ∼ 110◦ the branch-
ing ratio of KL → π0νν̄ is predicted close to the model-
independent Grossman–Nir bound [28] given in (28), shown
by the black dashed line. It is worth noting that for βX = 90◦,
shown in blue, the two branching ratios lie on a line parallel
to the Grossman-Nir bound, with the offset determined by
the charm contribution to K+ → π+νν̄.

Analogously in Fig. 3, we show B(KL → π0νν̄) as a
function of B(K+ → π+νν̄) for fixed values of |Xeff|, vary-
ing the phase βX along the different lines. We find that the
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Fig. 3 Correlation betweenB(K+ → π+νν̄) andB(KL → π0νν̄) for
different values of |Xeff|

Fig. 4 Determination of |Xeff| and βX from the K → πνν̄ decays. The
red shaded region shows the 1σ allowed range for B(K+ → π+νν̄) by
NA62, while the coloured lines display different hypothetical measure-
ments of B(KL → π0νν̄)

NA62 measurement implies |Xeff| to lie in the range

4.8 × 10−4 <∼ |Xeff| <∼ 10.9 × 10−4 . (29)

For larger (smaller) values of |Xeff|, too large (small) values
for B(K+ → π+νν̄) are predicted irrespective of the value
of βX . Thus the current O(20%) experimental uncertainty
by NA62 leads us to constrain |Xeff| up to about a factor of
two. Note that within the SM |Xeff| reduces to |λt X (xt )| =
5.3 × 10−4.

Figure 4 shows how NA62 and KOTO II can deter-
mine |Xeff | and βX : the red band indicates the 1σ range
from NA62, while the coloured lines give the predicted
KL → π0νν̄ branching ratio as indicated by the legend.
Again one clearly sees that a large CP-violating phase βX

is required for a large KL → π0νν̄ branching ratio, while
keeping the K+ → π+νν̄ branching ratio consistent with the
recent NA62 result. It is worth noting that currently, without
a measurement ofB(KL → π0νν̄), the value of βX is uncon-
strained in the model-independent consideration and it could
take any value between 0 and 360◦.

The four-fold ambiguity in the determination of |Xeff | and
βX from the K → πνν̄ decays, already discussed below eqs.
(25) and (26), becomes evident from this figure. It is impos-
sible to resolve it from these two decays alone. However, as
we mentioned already, in specific NP scenarios other decays
can help in resolving this ambiguity.

2.2 KL → μ+μ−

The decay KL → μ+μ− is subject to significant long-
distance (LD) contributions, preventing a precise predic-
tion of its branching ratio. Only the SD part of the dis-
persive contribution to KL → μ+μ− can be reliably cal-
culated. Despite this limitation, the constraint on the SD
contribution places important bounds on certain NP scenar-
ios. In contrast to K+ → π+νν̄ and KL → π0νν̄ (where
only the vector current contributes) here the axial-vector
current contributes. Relating the relevant matrix element
〈0|s̄γμPLd|KL〉 to the branching ratio B(K+ → μ+νμ) one
finds [40]

B(KL → μ+μ−)SD = κμ

(
Re Y A

eff

λ5
+ Re λc

λ
Pc(Y )

)2

,

(30)

where

κμ = 2.01 · 10−9,

Y (xt ) = (0.9882 ± 0.00024)Y0(xt ),

Pc(Y ) = 0.115 ± 0.017.

(31)

Y (xt ) is the SM contribution at the NNLO level [53], where
the LO Inami-Lim function is, to an excellent approximation,
given by

Y0(xt ) = 0.315x0.78
t , (32)

and Pc(Y ) represents the charm contribution at NNLO [54].
Similarly to Xeff , we have introduced

Y A
eff = V ∗

tsVtd (Y (xt ) + �YA(K )) = −|Y A
eff |e−iβY (33)

and

Y A
tot = Y (xt ) + �YA(K ) = |Y A

tot|eiθY (34)
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with βY = β − βs − θY . Here the NP contribution is repre-
sented by �YA(K ). For the Z ′ scenario it is given in (70).

We find then

B(KL → μ+μ−)SM
SD = (8.48 ± 0.73) × 10−10. (35)

The extraction of the SD part from data is subject to con-
siderable uncertainties. Here the important issue is the sign
of the interference of the SD dispersive part χSD of the
decay amplitude of KL → μ+μ− with the corresponding
LD parts. Allowing for both possible signs implies a con-
servative bound |χSD| ≤ 3.1 [9]. This gives then the known
upper bound [9]

B(KL → μ+μ−)SD ≤ 2.5 × 10−9 , (36)

roughly three times as large as the SM value. This bound is
also obtained for the sign favoured in [55,56] that implies
−1.7 ≤ χSD ≤ 3.1.

On the other hand the opposite sign is favoured in [57],
giving −3.1 ≤ χSD ≤ 1.7 and therefore approximately

B(KL → μ+μ−)SD ≤ B(KL → μ+μ−)SM
SD . (37)

It is well known that these bounds preclude large enhance-
ments of B(K+ → π+νν̄) for models with NP governed by
LH currents but are much less important if RH currents dom-
inate the NP contributions. Yet, in view of the recent NA62
result such an enhancement is no longer allowed anyway.

As already mentioned above it has been pointed out in [11]
and further analysed in [58–62] that a clean extraction of
the SD parameters of the decay K → μ+μ− is possible
from a measurement of the KL −KS interference term in the
time-dependent rate. Consequently direct CP violation can
be measured in this decay. This brings us to the next even
more interesting decay.

2.3 KS → μ+μ−

The decay KS → μ+μ− provides a sensitive probe of
imaginary parts of new s̄d couplings. Its branching fraction
receives LD and SD contributions, which are added incoher-
ently in the total rate [9,63]. This is in contrast to the decay
KL → μ+μ−, where LD and SD amplitudes interfere, and
moreover B(KL → μ+μ−) is sensitive to the real parts of
s̄d couplings. The SD part of B(KS → μ+μ−) is given as

B(KS → μ+μ−)SD

=τKS

G2
Fα2

8π3 sin4 θW
mK F2

K

√
1−m2

μ

m2
K

m2
μ

[
ImY A

eff

]2

= 1.04 × 10−5
[
ImY A

eff

]2
, (38)

with Y A
eff given in (33).

The SM prediction [9,11] reads

B(KS → μ+μ−)SM

= (4.99LD + 0.19SD) × 10−12 = (5.2 ± 1.5) × 10−12,

(39)

about a factor of 50 below the present upper bound in (6).
The predicted SD contribution therefore lies three orders of
magnitude below the experimental bound. As already men-
tioned previously it has been demonstrated in [60] that the
short distance contribution to KS → μ+μ− can be extracted
from data, making it another precision observable.

This is important because this decay—being dominated by
direct CP violation in models with axial-vector currents—
is very sensitive to NP contributions, as recently analysed
in [64]. For earlier studies see in particular the analyses of
Z ′ models [65], leptoquark models [66], and several models
reviewed in [35].

2.4 KL → π0�+�−

The rare decays KL → π0e+e− and KL → π0μ+μ− are
dominated by CP-violating contributions. KOTO II plans to
have a second phase (after KL → π0νν̄) to measure KL →
π0e+e− (the di-muon channel is also under investigation but
is more challenging experimentally) [8].

In the SM the main contribution comes from the indi-
rect (mixing-induced) CP violation and its interference with
the direct CP-violating contribution [67–70]. The direct CP-
violating contribution to the branching ratio is within the
SM in the ballpark of 4 × 10−12, while the CP conserv-
ing contribution is at most 3 × 10−12. Among the rare K
meson decays, the decays in question are among the the-
oretically cleanest, but certainly cannot compete with the
K → πνν̄ decays. Moreover, the dominant indirect CP-
violating contributions are practically determined by the
measured decays KS → π0�+�− and the parameter εK .
Consequently they are not as sensitive as the KL → π0νν̄

decay to NP contributions, present only in the subleading
direct CP violation. However, in the presence of large new
CP-violating phases, the direct CP-violating contribution can
become the dominant contribution and the branching ratios
for KL → π0�+�− can be enhanced significantly, with a
stronger effect in the case of KL → π0μ+μ− as already
analysed in [69–71]. Yet, even more important are the corre-
lations of these decays with KL → π0νν̄ and the ratio ε′/ε
which we will encounter in Sect. 4.
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In analogy to Xeff and Y A
eff , we have in these decays5

Y V
eff = V ∗

tsVtd (Y0(xt ) + �YV (K )) = −|Y V
eff |e−i β̄Y , (40)

Y V
tot = Y0(xt ) + �YV (K ) = |Y V

tot|ei θ̄Y , (41)

and

ZV
eff = V ∗

tsVtd (Z0(xt ) + �ZV (K )) = −|ZV
eff |e−iβZ , (42)

ZV
tot = Z0(xt ) + �ZV (K ) = |ZV

tot|eiθZ . (43)

For the Z ′ scenario �YV (K ) and �ZV (K ) are given in
(72) and (73), respectively. It should be noticed that in these
decays even at the NLO level QCD corrections do not affect
the SM one-loop functionsY0(xt ) and Z0(xt ) which formt =
162.69 GeV are given by

Y0(xt ) = 0.315x0.78
t , Z0(xt ) = 0.175x0.93

t . (44)

Only the mt independent contribution P0 is affected by QCD
and given at the NLO level by P0 = 2.88 ± 0.06 [72].

We have then [69–71]

B(KL → π0�+�−)=
(
C�

dir ± C�
int |as | +C�

mix |as |2 +C�
CPC

)
× 10−12 , (45)

where

Ce
dir = (4.62 ± 0.24)(ω2

7V + ω2
7A) ,

Cμ
dir = (1.09 ± 0.05)(ω2

7V + 2.32ω2
7A) , (46)

Ce
int = (11.3 ± 0.3)ω7V ,

Cμ
int = (2.63 ± 0.06)ω7V , (47)

Ce
mix = 14.5 ± 0.05

Cμ
mix = 3.36 ± 0.20 , (48)

Ce
CPC 
 0

Cμ
CPC = 5.2 ± 1.6 , (49)

|as | = 1.2 ± 0.2 (50)

with

ω7V = 1

2π

[
P0 + |Y V

tot|
sin2 θW

sin β̄Y

sin(β − βs)

−4|ZV
tot|

sin βZ

sin(β − βs)

] [
Im λt

1.4 · 10−4

]
, (51)

ω7A = − 1

2π

|Y V
tot|

sin2 θW

sin β̄Y

sin(β − βs)

[
Im λt

1.4 · 10−4

]
, (52)

where

β̄Y = β − βs − θ̄Y , βZ = β − βs − θZ (53)

5 Note that now β̄Y and θ̄Y have to be introduced as the KL → π0�+�−
decays are sensitive to the s̄d vector current.

with ZV
tot defined in (43).

The present experimental bounds

B(KL → π0e+e−) < 28 × 10−11 [13] ,

B(KL → π0μ+μ−) < 38 × 10−11 [14] (54)

are still roughly one order of magnitude larger than the
SM predictions, which, using the CKM parameters of
Appendix A, we find to be

B(KL → π0e+e−)SM=3.51 ± 0.86 (1.56 ± 0.54) × 10−11 ,

(55)

B(KL → π0μ+μ−)SM=1.40 ± 0.26 (0.95 ± 0.20) × 10−11 ,

(56)

with the values in parentheses corresponding to the “−” sign
in (45). The central values of these predictions are very close
to the original ones in [71] but the uncertainties decreased.

2.5 ε′/ε

The parameter ε′/ε measures the amount of direct CP vio-
lation in K → ππ decays. Its experimental world average,
obtained by combining the results from the NA48 [17] and
KTeV [18,73] collaborations, reads

(ε′/ε)exp = (16.6 ± 2.3) × 10−4 . (57)

A short description of the present status of ε′/ε within the
SM is given in [25]. For our purposes it is sufficient to state
that it is unclear at present whether the estimate of ε′/ε in
the SM agrees with the result in (57).

Indeed, the most recent result from lattice QCD, by the
RBC-UKQCD collaboration [21], reads

(ε′/ε)LQCD
SM = (21.7 ± 8.4) × 10−4 , (58)

where statistical, parametric, and systematic uncertainties
have been added in quadrature. On the other hand the most
recent estimate of ε′/ε in the SM from ChPT [22,23] reads

(ε′/ε)ChPT
SM = (14 ± 5) × 10−4 . (59)

Both results are consistent with the experimental result in
(57), but the large uncertainties still allow significant NP
contributions.

Finally, based on the insight from Dual QCD [20,74] one
finds [24]

(ε′/ε)DQCD
SM = (5 ± 2) × 10−4 , (60)

which, if true, would be one of the largest anomalies in flavour
physics.

We will not repeat the arguments of the second author [24]
why he thinks that the last result, even if rather uncertain, is
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closest to the true SM result among the three results quoted
here. Instead we simply write

ε′

ε
=

(
ε′

ε

)SM

+
(

ε′

ε

)NP

,

(
ε′

ε

)NP

= κε′ · 10−3, (61)

and, in view of the large uncertainties present in the SM
estimates of ε′/ε, we concentrate fully on the contribution
of NP. In particular, we will investigate whether a positive
shift in ε′/ε with κε′ = O(1) can be generated by a Z ′
contribution.

3 Specific Z′ scenario

3.1 Preface

An important class of models that can generate large NP
contributions to rare meson decays are Z ′ models, in which
the SM is accompanied by a new neutral vector boson
related to a new U (1)′ gauge symmetry. Within Z ′ mod-
els, the same flavour-changing quark couplings that enter
�F = 1 flavour-changing neutral currents (FCNCs) also
give rise to tree-level contributions to �F = 2 meson
mixing observables. As these can be measured with high
precision, they impose stringent constraints on the param-
eter space of Z ′ models and limit their potential effects in
FCNCs.

However, as emphasised in [75–77], the NP contributions
to �F = 2 processes are suppressed for a particular pat-
tern of left-handed �

q1q2
L (Z ′) and right-handed �

q1q2
R (Z ′)

flavour-violating Z ′ couplings to quarks q1 and q2 defined
through

Z ′

q2

q1

ig
q1q2
μ (Z ′) = iγμ[�q1q2

L (Z ′)PL + �
q1q2
R (Z ′)PR ].

(62)

As stressed in particular in [75], in the case of the decays
considered by us this implies that the �sd

R (Z ′) coupling must
be roughly two orders of magnitude smaller than �sd

L (Z ′) in
order to keep εK consistent with experiment. We will be more
explicit about this in the next section. As we shall see, this
simplifies our analysis significantly while allowing �sd

L (Z ′)
to be sufficiently large to provide significant NP contributions
to the rare kaon decays and the ratio ε′/ε considered by us.

A compendium of the Z ′ contributions to the observ-
ables considered by us has been presented in [65] and can
also be found in Section 15.4 of [35]. From these refer-
ences, we extract the expressions used in the present paper.

d

s

s

d

Z �K 0 K̄ 0

Fig. 5 Feynman diagram for K 0 − K̄ 0 mixing in Z ′ models

Note that we still keep �sd
R (Z ′) in these expressions in

order to make explicit the simplifications resulting from its
smallness.

3.2 εK and �MK

The contribution of a Z ′ boson to the parameter εK , measur-
ing CP violation in K 0 − K̄ 0 mixing, and the mass difference
�MK are depicted in Fig. 5 and given as follows

εK (Z ′) = κεeiφε

√
2(�MK )exp

Im
(
(M12)

sd
Z ′

)
,

�MK (Z ′) = 2Re
(
(M12)

sd
Z ′

)
, (63)

where κε = 0.94(2) [78,79]. They should simply be added
to the SM contributions.

In the presence of both LH and RH couplings of a Z ′ gauge
boson to SM quarks, the left-right (LR)�F = 2 operators are
generated, whose contributions to the mixing amplitude Msd

12
are enhanced through renormalisation group effects relative
to left-left (VLL) and right-right (VRR) operators. More-
over, in the case of Msd

12 additional chiral enhancements of
the hadronic matrix elements of LR operators are present. As
pointed out in [75] this fact can be used to suppress NP con-
tributions to εK and �MK through some fine-tuning between
VLL, VRR and LR contributions, thereby allowing for larger
contributions to other observables.

This idea, used in [76], is also very useful for our present
analysis. To this end, one writes the Z ′ contributions to the
mixing amplitude as follows [65]:

(M∗
12)

sd
Z ′ =

(
�sd

L (Z ′)
)2

2M2
Z ′

〈Q̂VLL
1 (MZ ′)〉sd zsd , (64)

where zsd is complex and given by

zsd =
⎡
⎣1 +

(
�sd

R (Z ′)
�sd

L (Z ′)

)2

+ 2κsd
�sd

R (Z ′)
�sd

L Z ′)

⎤
⎦ ,

κsd = 〈Q̂LR
1 (MZ ′)〉sd

〈Q̂VLL
1 (MZ ′)〉sd . (65)

Following [76], and using the technology of [80,81],
we have expressed zsd in terms of the renormalisation-
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scheme-independent matrix elements 〈Q̂VLL
1 (MZ ′)〉sd and

〈Q̂LR
1 (MZ ′)〉sd , which are defined in eqs. (35) and (36) of

[76]. Table 5 of [76] lists the values of these matrix elements
for different MZ ′ . For MZ ′ = 5 TeV − 20 TeV one finds
κsd(MZ ′) ≈ −120, so that the requirement zsd ≈ 0 implies

�sd
R (Z ′)

�sd
L (Z ′)

≈ 1

240
. (66)

We thus conclude that, in order to suppress Z ′ contributions
to K 0 − K̄ 0 mixing by means of Eq. (66), the only role of the
�sd

R (Z ′) coupling is to keep εK and �MK SM-like without
any impact on other observables. This in turn simplifies our
numerical analysis, as will be evident in the formulae below.

3.3 K+ → π+νν̄ and KL → π0νν̄

The Feynman diagrams for a Z ′ exchange contributing to
K+ → π+νν̄ and KL → π0νν̄ can be found in Fig. 6. They
imply contributions to the expressions collected in Sect. 2.1
as follows:

�XL (K ) = �νν̄
L (Z ′)

g2
SMM2

Z ′

�sd
L (Z ′)
V ∗
tsVtd

XR(K ) = �νν̄
L (Z ′)

g2
SMM2

Z ′

�sd
R (Z ′)

V ∗
tsVtd

(67)

and therefore

Xeff = λt X (xt ) + 1

g2
SMM2

Z ′
�νν̄

L

(
�sd

L (Z ′) + �sd
R (Z ′)

)
.

(68)

We further introduced

g2
SM = 4

GF√
2

α

2π sin2 θW
= 1.78137 × 10−7 GeV−2 . (69)

In what follows we neglect the small �sd
R (Z ′) contribution

in view of (66), so that XR(K ) = 0.

3.4 KL → μ+μ−, KS → μ+μ− and KL → π0�+�−

The Feynman diagrams for a Z ′ exchange contributing to the
decays KL ,S → μ+μ− and KL → π0�+�− can be found in
Fig. 7.

For the leptonic modes KL → μ+μ− and KS → μ+μ−
the relevant contribution to the expressions collected in
Sects. 2.2 and 2.3 is given by

�YA(K ) = �
μμ̄
A (Z ′)

g2
SMM2

Z ′

(�sd
L (Z ′) − �sd

R (Z ′))
V ∗
tsVtd

(70)

and therefore

Y A
eff = λt Y0 + 1

g2
SMM2

Z ′
�

μμ̄
A

(
�sd

L (Z ′) − �sd
R (Z ′)

)
, (71)

where we can again set �sd
R (Z ′) ≈ 0 in view of (66).

For the semileptonic KL → π0�+�− modes discussed in
Sect. 2.4 one finds [29,65,82]

�YV(K ) = �
μμ̄
A (Z ′)

g2
SMM2

Z ′

�sd
V (Z ′)
V ∗
tsVtd

(72)

and

�ZV (K ) = 1

4 sin2 θW

2�
μμ̄
R (Z ′)

g2
SMM2

Z ′

�sd
V (Z ′)
V ∗
tsVtd

(73)

with

�
μμ̄
A (Z ′) = �

μμ̄
R (Z ′) − �

μμ̄
L (Z ′),

�sd
V (Z ′) = �sd

R (Z ′) + �sd
L (Z ′) ≈ �sd

L (Z ′). (74)

Again in view of (66) we neglected the small contributions
from �sd

R (Z ′).

3.5 ε′/ε

Due to the large uncertainties present in the SM estimates of
ε′/ε, discussed in Sect. 2.5, we concentrate on the NP con-
tribution characterised by the parameter κε′ defined in (61).
As demonstrated in [83], the NP contribution of Z ′ mod-
els is dominated by the QCD penguin operator Q6 and the
electroweak penguin operator Q8. However, as demonstrated
in [84], the Q6 scenario is ruled out by significant contribu-
tions to εK implied by renormalisation-group effects. The
latter is not the case in the Q8 scenario. Consequently, the
NP contribution to ε′/ε in our Z ′ scenario is dominated by
the electroweak penguin operator

Q8 = 3

2
(s̄αdβ)V−A

∑
q=u,d,s,c,b,t

eq (q̄βqα)V+A . (75)

Within 10% precision it can be written as follows [83]:

(
ε′

ε

)NP

=
(

ε′

ε

)L

Z ′
= 14.5 B(3/2)

8

[
5 TeV

MZ ′

]2

Im
(
�sd

L (Z ′)
)

�
qq̄
R (Z ′) . (76)

This accuracy is sufficient for our analysis, not only because
of the non-perturbative uncertainties in the SM contribution,
but also because of the new coupling parameter �

qq̄
R (Z ′)

entering the game. In view of the smallness of the coupling
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s d

ν

ν

uu

Z �

K+ π+ s d

ν

ν

dd
KL π0

Z �

Fig. 6 Feynman diagrams for K+ → π+νν̄ (left) and KL → π0νν̄ (right) in Z ′ models

d

s

µ

µ

KL,S

s d

e, µ

e, µ

dd
KL π0

Z �
Z �

Fig. 7 Feynman diagrams for KL ,S → μ+μ− (left) and KL → π0�+�− (right) in Z ′ models

s d

q

q

dd
KL π0

π0

Z �

Fig. 8 Representative Feynman diagram for ε′/ε in the Z ′ scenario

�sd
R (Z ′), see (66), the contribution of Q′

8 is also negligible.
A representative Feynman diagram is shown in Fig. 8.

Note that in writing (76) we have introduced the real cou-
pling parameter �

qq̄
R (Z ′) as the effective flavour-conserving

Z ′ coupling to RH quarks entering the electroweak penguin
contribution to ε′/ε, while ensuring the dangerous QCD pen-
guin contribution to be small. See Section 4 of [84] for details.

In what follows we will set the non-perturbative factor
B(3/2)

8 = 0.80 as this value is consistent with both the Dual
QCD approach [20] and the lattice QCD result by the RBC-
UKQCD collaboration [21].

It should be remembered that, although there is consider-
able freedom in the values of the diagonal quark and lepton
couplings of Z ′, one must ensure that they are consistent with
the relevant LEP II and LHC bounds. Concerning the latter,

the study in [85] implies

∣∣∣�qq̄
R (Z ′)

∣∣∣ ≤ 1.7

[
MZ ′

5 TeV

] [
1 +

(
1.3 TeV

MZ ′

)2
]

. (77)

This constraint is easily satisfied by the values of �
qq̄
R (Z ′)

used in our numerical analysis. On the other hand, bounds
on the leptonic Z ′ couplings can be extracted from the final
analysis of the LEP-II data [86]. Yet, there is still considerable
freedom, as those bounds are for products of electron and
other lepton couplings. Still, to respect SU(2)L symmetry,
one has to ensure that �νν̄

L (Z ′) = �eē
L (Z ′). Furthermore,

lepton universality implies �eē
L ,R(Z ′) = �

μμ̄
L ,R(Z ′).

4 Numerical analysis for Z′ scenario

The simple Z ′ scenario considered in the present paper is
described by the following

• four real parameters

�νν̄
L (Z ′) = ���̄

L (Z ′), ���̄
R (Z ′), �

qq̄
R (Z ′), MZ ′,

(78)
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• and two complex parameters

�sd
L (Z ′), �sd

R (Z ′), (79)

which amounts to eight real parameters in total. Note that
we have assumed Z ′ to be a U (1)′ gauge boson with lepton-
flavour-universal couplings.

For our numerical analysis we choose MZ ′ = 5 TeV and,
from (66) that demonstrates �sd

R (Z ′) � �sd
L (Z ′), we set

�sd
R (Z ′) = 0. This reduces our parameter space to three real

and one complex parameter(s),

���̄
L (Z ′), ���̄

R (Z ′), �
q̄q
R (Z ′), �sd

L (Z ′), (80)

leaving us with a five-dimensional parameter space to
explore.

In our numerical analysis we investigate the following
quantities:

R+
νν̄ = B(K+ → π+νν̄)

B(K+ → π+νν̄)SM
,

R0
νν̄ = B(KL → π0νν̄)

B(KL → π0νν̄)SM
,

RL
μ+μ− = B(KL → μ+μ−)SD

B(KL → μ+μ−)SD
SM

,

RS
μ+μ− = B(KS → μ+μ−)SD

B(KS → μ+μ−)SD
SM

,

R0
π�+�− = B(KL → π0�+�−)

B(KL → π0�+�−)SM
,

κε′ = 103 ×
(

ε′

ε

)NP

. (81)

The dependencies of these quantities of interest, given in
Eq. (81), on the parameters listed in (80) are summarised in
Table 1.

With this explicit setup, we want to demonstrate that the
following set of requirements can be satisfied simultane-
ously:

1. The K 0 − K̄ 0 mixing parameters εK and �MK are SM-
like.

2. B(K+ → π+νν̄) is consistent with the SM, and within
the experimentally-allowed range from the latest NA62
measurement.

3. B(KL → π0νν̄), to be measured by KOTO II, can be
significantly enhanced by a factor of O(10) with respect
to its SM value.

4. The upper bound on the SD contribution to KL → μ+μ−
can be satisfied.

5. B(KS → μ+μ−), searched for by LHCb, can be signifi-
cantly enhanced with respect to its SM value.

6. The branching ratios of the decays KL → π0�+�− can be
significantly enhanced, while satisfying the experimental
upper limits.

7. ε′/ε can be significantly enhanced with respect to its SM
value, with κε′ = O(1).

Point 1 on this list is satisfied by our choice �sd
R (Z ′) ≈

(1/240)�sd
L (Z ′) ≈ 0 which ensures εK and �MK are SM-

like, regardless of the values of the other
parameters.

Regarding points 2 and 3, we have already seen in the
analysis in Sect. 2.1.2 that for particular values of the phase
βX it is possible in the presence of a SM-like value for the
K+ → π+νν̄ branching ratio to enhance the KL → π0νν̄

branching ratio by an order of magnitude. Within this explicit
Z ′ scenario, the allowed phase-space depends on the product
of ���̄

L (Z ′)�sd
L (Z ′). The NA62-allowed region for �sd

L (Z ′)
is an annulus in the plane of

(
Re

(
�sd

L (Z ′)
)
, Im

(
�sd

L (Z ′)
))

,

whose size depends on the chosen value of ���̄
L , as shown in

the left panel of Fig. 9.
The right panel of Fig. 9 shows how a hypothetical

future measurement of R0
νν̄ = 10 ± 1 by the KOTO II

experiment would significantly constrain the allowed cou-
pling parameters, with a residual four-fold degeneracy as
discussed in Sect. 2.1.2. In what follows, we will assume
R+

νν̄ = 1 and set ���̄
L (Z ′) = 0.5, leaving us with an

allowed set of values for �sd
L (Z ′) which define a circle in

the
(
Re

(
�sd

L (Z ′)
)
, Im

(
�sd

L (Z ′)
))

plane.
Next on our list is the constraint on B(KL → μ+μ−)SD

from (36) which implies RL
μ+μ− < 3, see point 4. RL

μ+μ−

depends on the product (���̄
R (Z ′)−���̄

L (Z ′)) ·Re
(
�sd

L (Z ′)
)
.

Therefore, the requirement RL
μ+μ− < 3 restricts the allowed

parameter space in Fig. 9 to a vertical band centred around
Re

(
�sd

L (Z ′)
) = 0, whose width depends on the value of

(���̄
R (Z ′) − ���̄

L (Z ′)). In some coupling scenarios this con-
straint would therefore exclude two of the four possible solu-
tions shown in the right panel of Fig. 9.

All remaining observables on our list, namely RS
μ+μ−

(point 5), R0
π�+�− (point 6), and κε′ (point 7) are sensitive

to CP-violating NP contributions and therefore depend on
Im

(
�sd

L (Z ′)
)
. Yet they differ in their dependence on the

flavour-conserving couplings ���̄
L ,R(Z ′) and �

qq̄
R (Z ′). The

experimental constraints on B(KL → π0�+�−) from the
KTeV experiment (see (54)), combined with the SM predic-
tions (see (55) and (56)), correspond to
constraints of

R0
πe+e− < 8 (18)

R0
πμ+μ− < 27 (40) , (82)
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Table 1 Functional dependencies of each variable, assuming a fixed value of M ′
Z = 5 TeV, �sd

R (Z ′) ≈ 0 and flavour-universal couplings to leptons

Variable ���̄
L (Z ′) ���̄

R (Z ′) �
qq̄
R (Z ′) Re

(
�sd

L (Z ′)
)

Im
(
�sd

L (Z ′)
)

R+
νν̄ � – – � �

R0
νν̄ � – – – �

RL
μ+μ− � � – � –

RS
μ+μ− � � – – �

R0
π�+�− � � – – �

κε′ – – � – �

Fig. 9 left: Constraints on R+
νν̄ and R0

νν̄ in the plane of(
Re

(
�sd

L (Z ′)
)
, Im

(
�sd

L (Z ′)
))

for different choices of ���̄
L (Z ′). The

shaded regions correspond to the allowed 1σ interval of the NA62 mea-
surement. Right: Assuming ���̄

L (Z ′) = 0.5, the NA62 constraint is

shown in green and a hypothetical future measurement of R0
νν̄ = 10±1

is shown in orange. When �sd
L (Z ′) = 0 there is no NP contribution and

this therefore corresponds to the SM

if there is positive (negative) interference between the direct
and mixing-induced contributions.6

In Fig. 10 we show the quantities of interest (see (81))
RL ,S

μ+μ− , R0
π�+�− and κε′ as functions of R0

νν̄ for two differ-

ent choices of the flavour-conserving Z ′ couplings (���̄
L (Z ′),

���̄
R (Z ′) and �

qq̄
L (R′)), as indicated in the caption. As dis-

cussed above, we enforce R+
νν̄ = 1—shown in red—which

determines the shape of the curves. The extension of the
curves to large R0

νν̄ values in the right panel is limited by
the RL

μ+μ− bound. Finally, the requirement κε′ ≥ 0 implies

Im
(
�sd

L (Z ′)
) ≥ 0 for our choice of negative �

qq̄
R (Z ′). This

determines the other endpoints of the curves.
We observe that in both cases all requirements (points 1–

7) from our list are fulfilled simultaneously. In particular, in
the scenario shown in the left panel of Fig. 10, the Grossman-
Nir bound for KL → π0νν̄ can be reached and simultane-

6 Both the numerator and denominator entering R0
π�+�− change

between the positive and negative interference scenarios.

ously all other observables can be significantly enhanced.
When assuming positive interference between the direct and
mixing-induced contributions to KL → π0e+e− we find
R0

πe+e−(+) > 8 for R0
νν̄

>∼ 4.5, which is excluded experi-
mentally according to (82). In the negative interference sce-
nario the ratio R0

πe+e−(−) remains below the experimental
constraint for the full range of allowed R0

νν̄ . (See also the

���̄
R (Z ′) = 0.3 curves in the top panel of Fig. 11 below.) Yet,

even in the negative-interference case much larger decay rates
than predicted in the SM are expected.

Specifically, for the coupling parameters shown in the
left panel of Fig. 10, when R0

νν̄ reaches the Grossman-Nir
bound while R+

νν̄ = 1, the bound RL
μ+μ− < 3 is saturated. At

the same time, the branching ratios B(KL → π0e+e−) =
25 × 10−11 and B(KL → π0μ+μ−) = 7.5 × 10−11 are
predicted for the required negative interference. The ratio
RS

μ+μ− reaches values as high as 15 while κε′ can be O(1).

Note that in the future, once the required amount of NP in ε′/ε
is more precisely known, the size of the Z ′ contribution can
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Fig. 10 R+
νν̄ , RL ,S

μ+μ− , R0
π�+�− and κε′ as functions of R0

νν̄ for two differ-

ent choices of the flavour-conserving Z ′ coupling parameters, enforcing
R+

νν̄ = 1, RL
μ+μ− < 3 and κε′ > 0. For R0

π�+�− , the solid (dashed) lines
show the case of positive (negative) interference between direct and

mixing-induced contributions. Left: ���̄
L (Z ′) = 0.5, ���̄

R (Z ′) = 0.3,

�
qq̄
R (Z ′) = −0.01. Right: ���̄

L (Z ′) = 0.5, ���̄
R (Z ′) = 0, �

qq̄
R (Z ′) =

−0.015

be changed by adjusting the value of �
qq̄
R (Z ′) accordingly,

without affecting any of the other results presented here.
Comparing the two coupling scenarios shown in Fig. 10,

we identify some differences in the quantitative pattern of
effects. The vanishing Z ′ coupling to RH leptons in the
right panel leads to a significantly larger axial-vector cou-
pling ���̄

A (Z ′) entering the KL ,S → μ+μ− decays. The
bound on RL

μ+μ− therefore does not leave enough room for

Re
(
�sd

L (Z ′)
)

to let KL → π0νν̄ reach the Grossman-Nir
bound. However, large enhancements of that branching ratio,
up to almost a factor of 8, are still possible. At the same
time, both positive and negative interference patterns remain
allowed for KL → π0�+�− and both branching ratios can
be significantly enhanced. We also notice that RS

μ+μ− can
grow much larger in the right panel which is again due to
the larger axial-vector coupling ���̄

A (Z ′). Finally the larger

value of |�qq̄
R (Z ′)| implies again possible O(1) values of κε′

despite the smaller Im
(
�sd

L (Z ′)
)
, as expected from the linear

dependence of κε′ on the �
qq̄
R (Z ′) coupling parameter.

A more detailed investigation of the possible enhance-
ments of the rates of the KS → μ+μ− and KL → π0e+e−
decays, of interest for future study at the LHCb and KOTO
II experiments, respectively, are shown in Fig. 11. Keeping
���̄

L (Z ′) = 0.5, and imposing the constraints R+
νν̄ = 1 and

RL
μ+μ− < 3, various values of ���̄

R (Z ′) are considered. In

the top panel a comparison of B(KL → π0e+e−) assuming
positive or negative interference between direct and mixing-
induced contributions (see (45)) is shown: this highlights
the significant differences in the branching ratio both for

different signs of the interference and different choices of
���̄

R (Z ′). In the lower left panel the values of RS
μ+μ− ver-

sus R0
νν̄ are shown. We find possible values of RS

μ+μ− of
more than 100, well within the range of the future sensitiv-
ity of LHCb. The lower-right panel then shows the correla-
tion between B(KL → π0e+e−) (assuming positive inter-
ference) and RS

μ+μ− . With all considered choices of ���̄
R (Z ′)

a significant enhancement of B(KL → π0e+e−) is possible,
saturating the experimental constraint which corresponds to
the maximum vertical extent of the lower-right panel. In gen-
eral KS → μ+μ− is also enhanced substantially. We find
that a scenario where only KS → μ+μ− is enhanced and
KL → π0e+e− is SM-like is disfavoured in this particu-
lar model, given the existing experimental constraints. How-
ever, the opposite case, KS → μ+μ− being SM-like while
KL → π0e+e− is significantly enhanced, is possible. There-
fore, studies of both of these decays are essential.

5 Summary

Rare and CP-violating kaon decays are among the most
promising targets in the search for NP at high scales. We have
demonstrated in the present article that this statement remains
true after the recent NA62 measurement ofB(K+ → π+νν̄)

consistent with the SM expectation, and despite the good
agreement of the K 0 − K̄ 0 mixing observables with their
SM predictions. While at first sight the agreement of the
NA62 result for B(K+ → π+νν̄) with its SM prediction
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Fig. 11 Top: comparison of B(KL → π0e+e−) versus R0
νν̄ when

assuming negative (left) and positive (right) interference. The experi-
mental constraint onB(KL → π0e+e−) < 2.8×10−11 from the KTeV
experiment [13] (see Eq. (54)) is shown in orange, where the shaded
region is excluded at 90% C.L. Lower left: study of RS

μ+μ− versus R0
νν̄ .

Lower right: Correlation between the RS
μ+μ− variable and the branching

ratio B(KL → π0e+e−) (assuming positive interference). In all cases
���̄

L (Z ′) = 0.5 is used, the constraints R+
νν̄ = 1 and RL

μ+μ− < 3 are

imposed, and results using several values of ���̄
R (Z ′) are shown

may seem disappointing, it is a very important result with
profound implications for the pattern of possible NP effects
in other rare kaon decays.

We have first investigated the impact of NP contributions
on the K → πνν̄ decays in a model-independent analysis,
stressing that in order to achieve values of B(KL → π0νν̄)

near the Grossman-Nir bound, a large phase βX ≈ 110◦
of the relevant function Xeff is required. We have also
demonstrated how measurements of the K+ → π+νν̄ and
KL → π0νν̄ branching ratios by NA62 and KOTO II, respec-
tively, can be used to determine the values of |Xeff| and βX .

We have then turned our attention to a specific Z ′ sce-
nario with flavour-violating sd couplings, in order to cor-

relate the possible NP pattern in K → πνν̄ with other
kaon decays of interest, in particular the neutral kaon mix-
ing observables εK and �MK , the branching ratios of the
decays KL ,S → μ+μ− and KL → π0�+�−, as well as the
parameter ε′/ε measuring direct CP violation in K → ππ .
Our analysis proves that large enhancements of the decays
KL → π0νν̄, KL → π0�+�− and KS → μ+μ− as well as
of the parameter ε′/ε remain simultaneously possible despite
the K 0 − K̄ 0 observables being in good agreement with
the SM prediction and the constraint from KL → μ+μ−,
even in the most pessimistic scenario of no NP in the decay
K+ → π+νν̄.
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It should be emphasised that the Z ′ scenario considered by
us is only an illustration of a particular NP scenario at work,
and other more complete NP models may predict somewhat
different patterns of effects.

Our work thus strongly encourages the continuation of
the experimental kaon physics programme, with future mea-
surements of the decays KL → π0νν̄, KL → π0e+e− and
possibly KL → π0μ+μ− by the KOTO II experiment as
well as of KS → μ+μ− by LHCb, to be complemented
by continued efforts by the theory and lattice communities
to improve the SM prediction of ε′/ε. On the theory side,
the NA62 result already has an impact on the correlations
between rare kaon and B meson decays in concrete NP sce-
narios, as evident from the DNA-charts in [87]. Indeed, the
first study of the implications of the NA62 result on such
correlations appeared recently [88]. Yet, the full assessment
will only be possible when the data on rare B and K decays
improves in the coming years.
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A CKM Parameters from BV Strategy

Basing the determination of CKM parameters exclusively on
�F = 2 observables as done in [16] and updating the value
of β = 22.62(45)◦ from HFLAV [89] relative to β = 22.2(7)

used in [16] one finds [25]

|Vcb| = 42.5(5) × 10−3, γ = 64.6(16)◦,
β = 22.62(45)◦, |Vub| = 3.76(11) × 10−3 (83)

and consequently

|Vts | = 41.8(4) × 10−3,

βs = −1.05(4)◦, |Vtd | = 8.65(15) × 10−3. (84)

We then have

Reλc = −0.2189(9), Reλt = −3.31(10) × 10−4,

Imλt = 1.44(5) × 10−4, (85)

where λc = V ∗
csVcd and λt = V ∗

tsVtd .
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