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A R T I C L E I N F O A B S T R A C T 

Editor: S.-L. Zhu The recent observation of the 𝐾+ → 𝜋+𝜈𝜈̄ decay by NA62 is an important milestone in precision flavor physics. 
Together with evidence of 𝐵+ →𝐾+𝜈𝜈̄ reported by Belle-II, they are the only FCNC decays involving third-family 
leptons where a precision close to the SM expectation has been reached. We study the implications of these recent 
results in the context of a new physics scenario aligned to the third generation, with an approximate 𝑈 (2)5 flavor 
symmetry acting on the light families. We find that the slight excess observed in both channels supports the 
hypothesis of non-standard TeV dynamics of this type, as also hinted at by other 𝐵-meson decays, consistently with 
bounds from colliders and electroweak observables. We further discuss how future improvements in precision 
could affect this picture, highlighting the discovery potential in these di-neutrino modes.

1. Introduction

Direct and indirect searches for physics beyond the Standard Model 
(SM) impose stringent constraints on models addressing the electroweak 
hierarchy problem, which call for new degrees of freedom at TeV ener

gies. As shown in Ref. [1], a consistent New Physics (NP) framework 
compatible with current data arises if we assume that the new dynam

ics predominantly couples to third-generation fermions while exhibiting 
weaker and flavor-universal interactions with the lighter families. This 
general framework is motivated both by the observed mass hierarchies 
and the electroweak hierarchy problem, as well as by the lack of sig

nificant deviations in flavor-changing processes along with the relative 
weakness of bounds from direct searches that focus solely on third

generation fermions.

The analysis of Ref. [1] has highlighted the interplay of constraints 
from direct searches, electroweak precision observables (EWPO), and 
flavor-changing processes in constraining and possibly detecting this 
framework. Among flavor observables, a very interesting role is played 
by 𝐾 → 𝜋𝜈𝜈̄ and 𝐵 → 𝐾 (∗)𝜈𝜈̄. These are the only flavor-changing 
neutral current (FCNC) transitions involving third-generation lepton 
pairs (specifically, tau neutrinos) for which current measurements have 
achieved the necessary sensitivity to probe the corresponding SM pre

dictions. Motivated by recent experimental results on these modes [2,3], 
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particularly by the clear observation of 𝐾+ → 𝜋+𝜈𝜈̄ by NA62 [2], in this 
paper we analyze the present and near-future impact of these modes in 
constraining such motivated class of NP models.

We analyze the problem employing a general Effective Field The

ory approach (EFT), focusing on dimension-six semileptonic operators 
built in terms of SM fields. The class of models we are interested in is 
characterized by a minimally-broken 𝑈 (2)5 flavor symmetry acting on 
the lightest two SM families [4--6], which allows us to reduce the num

ber of relevant operators (and corresponding free parameters). As we 
shall show, using only five parameters we can analyze consistently a 
large set of observables that includes direct searches, EWPO, and rare 
flavor-changing processes. Within this context, we illustrate the key role 
of the two neutrino modes in determining the allowed parameter space. 
This exercise is particularly interesting since all the flavor observables, 
namely the lepton universality ratios 𝑅𝐷 and 𝑅𝐷∗ , the FCNC decays 
𝐵→ 𝐾 (∗)𝜇𝜇̄, and the two neutrino modes, exhibit deviations from the 
corresponding SM predictions. While none of them is statistically very 
significant at present, their combination provides and interesting coher

ent picture.

The paper is organized as follows. Before discussing possible NP ef

fects, in Section 2 we briefly review the SM predictions for (𝐾+ →
𝜋+𝜈𝜈̄) and (𝐾𝐿 → 𝜋0𝜈𝜈̄), focusing in particular on the uncertainty 
related to |𝑉𝑐𝑏|. In Section 3 we introduce the EFT framework and in 
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Section 4 we proceed with the numerical analysis. There we also com

pare our findings with explicit NP models and discuss future prospects. 
The results are summarized in the Conclusions. Numerical values and 
analytical expressions for all the observables considered in Section 4
are reported in Appendix A.

2. SM predictions for (𝑲 → 𝝅𝝂𝝂)

Within the SM, short-distance contributions to the 𝐾 → 𝜋𝜈𝜈̄ and 𝐵→
𝐾 (∗)𝜈𝜈̄ decays are described by the following effective Lagrangian

eff =
4𝐺F√

2
𝛼

2𝜋
∑

𝓁=𝑒,𝜇,𝜏

[
𝜆𝑡
𝑠𝑑
𝐶SM
𝓁,𝑠𝑑 𝑂

𝜈
𝓁,𝑠𝑑 + 𝜆𝑡

𝑏𝑠
𝐶SM
𝓁,𝑏𝑠 𝑂

𝜈
𝓁,𝑏𝑠

]
+ h.c. , (1)

where

𝜆
𝑞

𝑖𝑗
= 𝑉 ∗

𝑞𝑖
𝑉𝑞𝑗 , 𝑂𝜈

𝓁,𝑖𝑗 = (𝑑𝑖𝐿𝛾𝜇𝑑
𝑗

𝐿
)(𝜈̄𝓁

𝐿
𝛾𝜇𝜈𝓁

𝐿
) ,

𝐶SM
𝓁,𝑏𝑠 = − 1 

𝑠2
𝑊

𝑋𝑡 , 𝐶SM
𝓁,𝑠𝑑 = +𝐶SM

𝓁,𝑏𝑠 −
𝜆𝑐
𝑠𝑑

𝑠2
𝑊
𝜆𝑡
𝑠𝑑

𝑋𝓁
𝑐
,

𝑉𝑖𝑗 denotes CKM matrix elements, and the loop functions 𝑋𝑡 and 𝑋𝓁
𝑐

have been computed in [7--10]. The leading top-quark contribution 
yields

𝑋𝑡 = 1.48 ± 0.01 , 𝐶SM
𝓁,𝑏𝑠 = −6.32 ± 0.07 . (2)

In the case of 𝐾+ → 𝜋+𝜈𝜈̄ and 𝐾𝐿 → 𝜋0𝜈𝜈̄, extracting the hadronic 
matrix element from leading semileptonic 𝐾 decays, and taking into ac

count various subleading corrections, leads to the following phenomeno

logical expression [11]

(𝐾+ → 𝜋+𝜈𝜈̄) = 𝜅+(1 + ΔEM) ×
[( Im𝜆𝑡

𝑠𝑑

𝜆5
𝑋𝑡

)2

+
(Re𝜆𝑐

𝑠𝑑

𝜆 
(𝑃𝑐 + 𝛿𝑃𝑐,𝑢) +

Re𝜆𝑡
𝑠𝑑

𝜆5
𝑋𝑡

)2]
,

(𝐾𝐿 → 𝜋0𝜈𝜈̄) = 𝜅𝐿𝑟𝜖𝐾

( Im𝜆𝑡
𝑠𝑑

𝜆5
𝑋𝑡

)2
, (3)

where 𝜆 ≐ |𝑉𝑢𝑠|. Here 𝛿𝑃𝑐,𝑢 denotes the corrections from dimension

eight operators and long-distance contributions [12,13], ΔEM encodes 
the effect of NLO QED corrections [14], 𝑟𝜖𝐾 takes into account the in

direct CP-violating contribution [11], while the impact of the hadronic 
matrix element is encoded in the normalization factors 𝜅+,𝐿. The nu

merical values of these coefficients are reported in Appendix A.

2.1. The impact of |𝑉𝑐𝑏|
At present, the leading source of uncertainty in predicting 𝐾 → 𝜋𝜈𝜈̄

rates within the SM lies in the CKM inputs and, particularly, on |𝑉𝑐𝑏|. 
The dependence from |𝑉𝑐𝑏| is hidden in the factor 𝜆𝑡

𝑠𝑑
that, employing 

the improved Wolfenstein parametrization [15], can be rewritten as

𝜆𝑡
𝑠𝑑

= 𝜆|𝑉𝑐𝑏|2 [(𝜌̄− 1)
(
1 − 𝜆2

2 

)
+ 𝑖𝜂̄

(
1 + 𝜆2

2 

)]
, (4)

implying (𝐾 → 𝜋𝜈𝜈̄) ∝ |𝑉𝑐𝑏|4.

Despite the many efforts in the recent years, the exclusive and in

clusive determinations of |𝑉𝑐𝑏| are still in tension. In particular, a lower 
value of |𝑉𝑐𝑏|, as the exclusive determinations suggest, would push the 
predictions for these two decay modes towards lower values. We opt for 
the following strategy: we combine the global fit for the inclusive de

termination [16] together with the recent exclusive one in [17].1 This 
leads to

1 The exclusive determination in [17] agrees with previous analyses in [18--

21] and with the global fits in [22--24].

Fig. 1. Parametric dependence of (𝐾+ → 𝜋+𝜈𝜈̄) on |𝑉𝑐𝑏|, within the SM (green 
band). The red band denotes the current |𝑉𝑐𝑏| value in Eq. (5). The gray band 
indicates the 1𝜎 interval of the current experimental measurement of (𝐾+ →
𝜋+𝜈𝜈̄) [2], while the dotted lines denote the projected NA62 uncertainty at the 
end of Run 3.

|𝑉𝑐𝑏|incl+excl = (41.37 ± 0.81) × 10−3 , (5)

where the uncertainty has been iflated to account for the tension 
between the two determinations. We can see the dependence of the 
𝐾+ → 𝜋+𝜈𝜈̄ branching fraction on |𝑉𝑐𝑏| in Fig. 1. Here the green band 
is the parametric dependence of the theoretical prediction from |𝑉𝑐𝑏|, 
the gray band is the up-to-date experimental measurement and in red 
we represent the value for |𝑉𝑐𝑏| in Eq. (5). From the plot it is clear how 
a lower |𝑉𝑐𝑏| value would increase the tension with the SM prediction 
with respect to our choice in Eq. (5). This problem will become even 
more evident in the next few years, in view of projected NA62 uncer

tainty on (𝐾+ → 𝜋+𝜈𝜈̄) of ∼ 15% at the end of Run 3.

As pointed out in Ref. [25,26], one can eliminate the |𝑉𝑐𝑏| depen

dence of (𝐾+ → 𝜋+𝜈𝜈̄) constructing appropriate ratios with Δ𝐹 = 2
observables (in particular 𝜖𝐾 ). However, given the latter are affected 
by NP of different dynamical origin with respect to the one relevant to 
𝐾 → 𝜋𝜈𝜈̄, this complicates the subsequent NP analysis. Our scope is to 
obtain a SM prediction of (𝐾 → 𝜋𝜈𝜈̄) which is both conservative and 
based on SM inputs which are not affected by NP (at least within our 
framework).

To this purpose, we determine the CKM parameters in the following 
way. We fix 𝜌̄ and 𝜂̄ using the Ufit global fit to observables sensitive 
to the angles only [22,23]. We then extract 𝜆 from super-allowed 𝛽 de

cays, and finally use the |𝑉𝑐𝑏| value in (5) to determine 𝐴 ≐ |𝑉𝑐𝑏|∕𝜆2. 
Proceeding this way we obtain

𝜆 =0.2251 ± 0.0008 , 𝜌̄ =0.144 ± 0.016 ,

𝐴 =0.816 ± 0.017 , 𝜂̄ =0.343 ± 0.012 .
(6)

With these inputs, we predict

(𝐾+ → 𝜋+𝜈𝜈̄)SM =(8.09 ± 0.63) × 10−11 , (7)

(𝐾𝐿 → 𝜋0𝜈𝜈̄)SM =(2.58 ± 0.30) × 10−11 , (8)

that we employ as the reference SM values in the rest of this work.

3. EFT framework

As anticipated, we work within an EFT framework assuming heavy 
NP predominantly coupled to third-generation fermions. More pre

cisely, we assume that the only dynamical fields are the SM ones, 
and we neglect 𝑈 (2)5--invariant operators involving light fermions. 
On the other hand, since we are interested in describing flavor mix

ing in the quark sector, we consider operators built in terms of the 
leading 𝑈 (2)𝑞--breaking spurion 𝑉 [27] which is responsible for the 
heavy→light mixing in the quark Yukawa couplings. The spurion, which 
transforms as a doublet under 𝑈 (2)𝑞 , is parameterized as
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Table 1
List of observables considered in the analysis, and their sensitivity to the 
EFT parameters. In the last column we highlight the present hints of devi

ations from the SM, as emerging from data.

𝐶𝑆 𝐶+
𝓁𝑞 𝐶−

𝓁𝑞 𝜀 𝜅 Exp. indication

𝜎(𝑝𝑝→ 𝓁𝓁) ✓ ✓ ✓ bounds on NP
EWPO ✓ ✓ bounds on NP
𝑅𝐷 , 𝑅𝐷∗ ✓ ✓ ✓ ✓ NP∕SM > 0
(𝐵→𝐾 (∗)𝜇𝜇̄) ✓ ✓ NP∕SM < 0
(𝐵→𝐾𝜈𝜈̄) ✓ ✓ |SM +NP|2 > |SM|2
(𝐾 → 𝜋𝜈𝜈̄) ✓ ✓ |SM +NP|2 > |SM|2

𝑉 = −𝜀𝑉𝑡𝑠

(
𝜅𝑉𝑡𝑑∕𝑉𝑡𝑠

1

)
. (9)

The parameters 𝜀 and 𝜅 are assumed to be real and 𝑂(1): 𝜀 control the 
overall size of the spurion (the normalization is chosen such that 3→ 2
mixing is positive for 𝜀 > 0 in the standard CKM convention), while 𝜅
quantfies possible deviation from a minimal 𝑈 (2)𝑞--breaking structure. 
The minimal framework corresponds to the limit 𝜅 = 1 [4,27].

In this setup there is an intrinsic ambiguity on what we denote as 
third generation in the left-handed quark sector, or better which are the 
𝑈 (2)𝑞 singlet fields. For definiteness, we choose a down-aligned basis, 
where the quark doublets are written as 𝑞𝑖

𝐿
= (𝑉𝑗𝑖𝑢

𝑗

𝐿
, 𝑑𝑖

𝐿
)𝑇 , with 𝑢𝑖

𝐿
and 

𝑑𝑖
𝐿

denoting the quark mass eigenstates, such that

𝑞3
𝐿
=
(
𝑉𝑢𝑏𝑢𝐿 + 𝑉𝑐𝑏𝑐𝐿 + 𝑉𝑡𝑏𝑡𝐿

𝑏𝐿

)
(10)

is a 𝑈 (2)𝑞 singlet. On the lepton side, we focus only on amplitudes sensi

tive to third-generation leptons, hence the only relevant lepton fields to 
consider are 𝓁3

𝐿
= (𝜈𝜏 , 𝜏𝐿)𝑇 and 𝜏𝑅. With these assumptions, the leading 

semileptonic operators involving only 𝑈 (2)5--singlet fields are

𝑄±
𝓁𝑞 = (𝑞3

𝐿
𝛾𝜇𝑞3

𝐿
)(𝓁3

𝐿
𝛾𝜇𝓁

3
𝐿
) ± (𝑞3

𝐿
𝛾𝜇𝜎𝑎𝑞3

𝐿
)(𝓁3

𝐿
𝛾𝜇𝜎

𝑎𝓁3
𝐿
) ,

𝑄𝑆 = (𝓁3
𝐿
𝜏𝑅)(𝑏̄𝑅𝑞3𝐿) . (11)

The Wilson Coefficients associated to these three operators are dimen

sionful parameters that we express in units of TeV−2:


NP
eff ⊃

∑
𝑘 
𝐶𝑘𝑄𝑘 + h.c. . (12)

In principle, in addition to the three operators in Eq. (11) we should 
consider all terms generated by the insertion of one or two spurions in 
each of them, separately, via the replacement 𝑞3

𝐿
→ 𝑉𝑖𝑞

𝑖
𝐿

. In practice, 
to avoid the proliferation of free parameters, we assume that the un

derlying NP leads to a rank-one structure in quark flavor space [28]. 
In other words, we assume that NP is aligned to a specific direction in 
flavor space, and the insertion of spurions describes the misalignment 
of this direction relative to that of the 𝑞3

𝐿
field in (10). In practice, this 

condition is achieved via the replacement

𝑞3
𝐿
→ 𝑞3

𝐿
+ 𝑉𝑖𝑞

𝑖
𝐿

(13)

in the three operators in Eq. (11). In Sect. 4 we will discuss what are the 
implications of the rank-one hypothesis, relative to the more general 
case, and we will provide explicit examples of ultraviolet (UV) comple

tions where this condition is fufilled.

The EFT framework we are considering is then described by five 
independent parameters: 𝐶+

𝓁𝑞 , 𝐶
−
𝓁𝑞 , 𝐶𝑆 , 𝜀, and 𝜅. The list of the observ

ables included in the analysis and the way they are affected by these 
parameters is summarized in Table 1.

3.1. Flavor-changing amplitudes

Before presenting the numerical results, it is useful to discuss the 
implications of the 𝑈 (2)𝑞 breaking assumptions on the different flavor

changing amplitudes. While the complete EFT predictions are illustrated 
in detail in the appendix, here we provide some simplfied formulae 
which illustrate the main effects.

Let’s start from the contributions to 𝑅𝐷 and 𝑅𝐷∗ . Here NP interferes 
with a tree-level SM amplitude, hence can be treated as a small correc

tion. Considering only the vector operators in (11) and expanding to 
first order in their coefficients leads to

𝑅𝐷(∗)

𝑅SM

𝐷(∗)

≈ 1 + 2Re
(
𝐶𝑉𝐿

)
≈ 1 − 𝑣2 (1 + 𝜀)

(
𝐶+
𝓁𝑞 −𝐶−

𝓁𝑞

)
, (14)

where 𝑣 = (
√
2𝐺𝐹 )−1∕2 ≈ 246 GeV, the explicit expression of 𝐶𝑉𝐿 can 

be found in (A.8) and we have neglected sub-leading terms of 𝑂(𝜆2). As 
can be noted, the observable receives a non-vanishing correction also in 
absence of spurion contributions (𝜀→ 0 limit), while the effect of the 
spurion is constructive for 𝜀 > 0. As is well known, the vector operators 
𝑄±

𝓁𝑞 lead to a universal shift in 𝑅𝐷 and 𝑅𝐷∗ , only the scalar operator 
differentiates among the two observables (see appendix).

As far as FCNC processes are concerned, it is easy to realize that 
𝑏→ 𝑠 transitions are sensitive to the insertion of a single spurion (NP 
amplitude proportional to 𝜀), while 𝑠→ 𝑑 modes are affected by the 
insertion of two spurions, with an amplitude proportional to 𝜀2𝜅. In the 
neutrino modes, NP modfies (at the tree level) the coefficients of the 
effective Lagrangian in Eq. (1) involving tau neutrinos:

|𝐶SM
𝜏,𝑏𝑠

|→ ||||𝐶SM
𝜏,𝑏𝑠

− 𝜀
𝜋𝑣2

𝛼
𝐶−
𝓁𝑞

|||| ,
|𝐶SM

𝜏,𝑠𝑑
|→ ||||𝐶SM

𝜏,𝑠𝑑
+ 𝜅𝜀2

𝜋𝑣2

𝛼
𝐶−
𝓁𝑞

|||| .
(15)

The effect is potentially sizable, given the SM amplitude is loop sup

pressed. Note that, since 𝐶SM
𝜏,𝑏𝑠

≈ 𝐶SM
𝜏,𝑠𝑑

, the interference between SM and 
NP amplitude is opposite in the two modes in the limit 𝜅 = 1 and 𝜀 > 0. 
Since in our framework there are no scalar nor right-handed current op

erators affecting the di-neutrino modes, a firm prediction of this setup 
is a universal modfication of (𝐵+ → 𝐾+𝜈𝜈̄) and (𝐵 → 𝐾∗𝜈𝜈̄) rela

tive to their SM values. This differs from what happens in more general 
beyond-SM frameworks [29--31].

The last flavor-violating effect we consider is the modfication of the 
𝑏→ 𝑠𝓁𝓁 amplitude (𝓁 = 𝑒,𝜇) which occurs from the QED running of 
the (𝑏̄𝐿𝛾𝜇𝑠𝐿)(𝜏𝐿𝛾𝜇𝜏𝐿) operator into 𝑄9 ∝ (𝑏̄𝐿𝛾𝜇𝑠𝐿)(𝓁𝛾𝜇𝓁) [32,33]. This 
results into a lepton-universal shift of the Wilson coefficient 𝐶9 , dfined 
as in [32], which can be written as [34]

𝐶NP
9

𝐶SM
9

≈ 𝜀𝑣2

3 

𝐶+
𝓁𝑞

𝐶SM
9

log

(
Λ2

𝑚2
𝜏

)
≈ 0.23 × 𝜀𝐶+

𝓁𝑞 . (16)

The numerical expression has been obtained setting Λ = 1 TeV (see the 
appendix for more details). As for 𝑅𝐷(∗) , also in this case the NP effect 
can at most be a small correction with the respect to the SM, given both 
NP and SM amplitudes are loop suppressed.

4. Numerical analysis

We now proceed with a combined numerical analysis of the different 
observables listed in Table 1. We can distinguish three classes of observ

ables: i) EWPO and direct searches, which provide stringent bounds on 
𝐶±
𝓁𝑞 and 𝐶𝑆 ; ii) 𝑅𝐷 , 𝑅𝐷∗ and (𝐵 → 𝐾 (∗)𝜇𝜇̄), where NP is at most a 

small correction with respect to the SM; iii) the two neutrino modes, 
where 𝑂(1) modfications of the SM amplitude are possible.

There is a partial ``factorization'' of the different constraints: ob

servables i) and ii) provide a stringent determination of 𝐶+
𝓁𝑞 and 𝜀, as 

illustrated in Fig. 2. Obviously, the preference for non-vanishing values 
of 𝐶+

𝓁𝑞 and 𝜀 is driven by the set ii). In particular, a positive value of 𝜀 is 
favored by Eq. (14), since it allows a constructive interference between 
spurion and non-spurion terms in 𝑅𝐷 and 𝑅𝐷∗ , hence maximal contri
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Fig. 2. Constraints in the 𝐶+
𝓁𝑞--𝜀 plane. The green areas denote the parameter 

regions favored at 1𝜎 and 2𝜎 from a fit to all the observables but the two di

neutrino rare modes.

Fig. 3. Constraints in the 𝐶−
𝓁𝑞--𝜀 plane. The brown areas denote the parameter 

regions favored at 1𝜎 and 2𝜎 from a fit to all the observables but di-neutrino 
modes. The regions favored by (𝐵→𝐾 (∗)𝜈𝜈̄) and (𝐾+ → 𝜋+𝜈𝜈̄), separately, 
in the limit 𝜅 = 1, are indicated in blue and red, respectively (1𝜎 bands). The 
green areas are the regions favored by all data at 1𝜎 and 2𝜎 (1𝜎 only around 
the best fit point).

bution at fixed 𝐶±
𝓁𝑞 , whose absolute size is constrained by set i). The 

maximal value of 𝜀 is not determined by data but by model-dependent 
considerations: since we assume 𝜀 =𝑂(1), we have added a theoretical 
likelihood to suppresses values of |𝜀| above 3. Scalar contributions do 
not alter this picture, being strongly constrained by direct searches (the 
best fit value of 𝐶𝑆 is compatible with zero).

The two di-neutrino modes have a marginal role in constraining 𝐶+
𝓁𝑞

and 𝜀. On the other hand, despite their sizable experimental uncertainty, 
they already provide a significant constraint on the value of 𝐶−

𝓁𝑞 . As 
shown in Fig. 3, the parameter 𝐶−

𝓁𝑞 is largely unconstrained by the ob

servables in sets i) and ii), beside its maximal allowed size, while the 
information from the two di-neutrino modes provides a relevant con

straint. Note that in Fig. 3 the band denoted (𝐵→𝐾 (∗)𝜈𝜈̄) corresponds 
to the combined constraint from (𝐵+ → 𝐾+𝜈𝜈̄) and (𝐵 → 𝐾∗𝜈𝜈̄), 
which in our framework have the same functional dependence.

In the limit of minimal 𝑈 (2)𝑞 breaking, i.e. setting 𝜅 = 1, there is 
good compatibility of the constraints from the two rare modes already 
at 1𝜎, in the parameter region for 𝜀 favored by the other data. This is 
non trivial given the decrease of (𝐾+ → 𝜋+𝜈𝜈̄), compared to its SM 

Fig. 4. Prediction of (𝐾+ → 𝜋+𝜈𝜈̄) as function of 𝜀, for 𝜅 = 1, using the value of 
𝐶−
𝓁𝑞 determined from all the other observables at 1𝜎 (red band). The blue band 

indicates the preferred 𝜀 values (1𝜎) from the global fit without (𝐾+ → 𝜋+𝜈𝜈̄). 
The gray band indicates the experimental determination of (𝐾+ → 𝜋+𝜈𝜈̄) at 
1𝜎. The red and gray dashed lines illustrate the change of the respective regions 
assuming near-future experimental projections for (𝐾+ → 𝜋+𝜈𝜈̄) and (𝐵 →
𝐾 (∗)𝜈𝜈̄) (see text). The red dashed lines are not centered with respect to the 
red band given the central value of 𝐶−

𝓁𝑞 changes with the projected branching 
fractions. We do not include a future projection on the 𝜀 (blue) band since this 
is not controlled only by the di-neutrino modes.

value, for 0 < 𝜀 < 2, as indicated in Fig. 4. When all data are combined, 
a positive value of 𝐶−

𝓁𝑞 is preferred.

4.1. Discussion

From the numerical results presented above we can derive the fol

lowing conclusions.

• The factorization of the constraints implies that the rank-one hy

pothesis we have implemented is not really tested by present data. 
As far as the observables i) and ii) are concerned, the only relevant 
spurion term is 𝑄+

𝓁𝑞 (with one spurion): a generic coupling for this 
operator can thus be reabsorbed in the value of 𝜀. As far as the two 
di-neutrino modes are concerned, possible 𝑂(1) couplings in the rel

evant operators can be reabsorbed in the values of 𝐶−
𝓁𝑞 and 𝜅. In 

other words, given current precision, five effective parameters are 
necessary to describe the system in full generality given the main 
dynamical assumptions of a mildly broken 𝑈 (2)5 flavor symmetry.

• A non trivial test we can perform with present data is the viability 
of the hypothesis of a minimal breaking of 𝑈 (2)𝑞 , combined with 
the rank-one relation between (𝐵→𝐾 (∗)𝜈𝜈̄) and (𝐾+ → 𝜋+𝜈𝜈̄). 
Figs. 3,4 show that this hypothesis, which corresponds to fix 𝜅 = 1
and reduce the number of free parameters from 5 to 4, is well sup

ported by present data. A further reduction from 4 to 3 parameters, 
obtained setting 𝐶𝑆 = 0, is also well supported by data.

• The two di-neutrino modes test scales well above those directly 
probed at colliders. A clear illustration of this fact is shown in 
Fig. 5, where the value of 𝐶−

𝓁𝑞 is expressed in term of the corre

sponding effective scale Λ. In principle, combining two modes could 
lead to a determination of 𝜀 completely independent from that ob

tained from the other flavor-changing observables. Right now this 
is not very significant given the large experimental uncertainties. 
Note that the study of normalized kinematic distributions for the 
di-neutrino modes would not add additional information since in 
our setup we generate only SM-like effective operators below the 
electroweak scale (see [31,35] for non-SM like examples).

• Assuming minimal 𝑈 (2)𝑞 breaking, the combination of the two di

neutrino modes leads to a 2𝜎 hint of NP. This is evident in Fig. 6, 
where we show the favored region in the (𝐵+ →𝐾+𝜈𝜈̄)--(𝐾+ →
𝜋+𝜈𝜈̄) plane from the global fit. As also shown in Fig. 6, relaxing 
the assumption of minimal 𝑈 (2)𝑞 breaking the two modes become 
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Fig. 5. Λ vs. 𝜀 plane, where Λ is dfined by 𝐶−
𝓁𝑞 = 1∕Λ2. The blue and red 

areas indicate present 1𝜎 constraints from (𝐾+ → 𝜋+𝜈𝜈̄) and (𝐵→𝐾 (∗)𝜈𝜈̄), 
setting 𝜅 = 1. The 95% CL exclusion limit from direct searches and EWPO are 
also indicated. The dashed lines illustrate the change of the respective regions 
assuming near-future experimental projections for (𝐾+ → 𝜋+𝜈𝜈̄) and (𝐵 →
𝐾 (∗)𝜈𝜈̄).

Fig. 6. Correlation between (𝐵+ →𝐾+𝜈𝜈̄) and (𝐾+ → 𝜋+𝜈𝜈̄), normalized to 
their SM predictions. The red areas denote the parameter regions favored at 
1𝜎 and 2𝜎 from a global fit in the limit of minimal 𝑈 (2)𝑞 breaking (𝜅 = 1). The 
dashed and dotted blue curves are 1𝜎 and 2𝜎 regions from a global fit where 𝜅 is 
a free parameter. The gray bands indicate the current experimental constraints, 
while the dashed gray lines highlight near-future projections assuming halved 
experimental uncertainties.

uncorrelated and the combined significance for a deviation from 
the SM drops below 95% CL.2

• In Figs. 4--6 we illustrate how the individual constraints on the 
two modes, or the respective measurements, could change in the 
near future, assuming same central values but halved experimen

tal errors. As can be seen in Fig. 5, this would allow us to derive a 
stringent range for 𝜀, testing the overall consistency of this frame

work and, in particular, the validity of the assumption 𝜀 =𝑂(1). As 
already stated, a firm prediction of this framework is a relative de

2 The small tension of the results of the global fits with the experimental de

termination of (𝐵+ →𝐾+𝜈𝜈̄) is caused by the inclusion of (𝐵→𝐾∗𝜈𝜈̄) data 
in the global fit.

viation from the SM identical in (𝐵+ →𝐾+𝜈𝜈̄) and (𝐵→𝐾∗𝜈𝜈̄), 
we thus expect the central value of (𝐵+ →𝐾+𝜈𝜈̄) to decrease, as 
indicated in Fig. 6. If the central value of (𝐾+ → 𝜋+𝜈𝜈̄) would 
remain unchanged, the combination of the two modes under the 
hypothesis of minimal 𝑈 (2)𝑞 breaking, as in Fig. 6, would point 
toward a deviation from the SM well above the 3𝜎 level.

4.2. Comparison with explicit models

Vector leptoquark The non-vanishing values of 𝐶±
𝓁𝑞 and 𝜀 are qualita

tively in good agreement with the effects associated to a TeV-scale vector 
leptoquark coupled mainly to the third-generation (see e.g. [36--38]). 
While the values of 𝐶+

𝓁𝑞 and 𝜀 cofirm previous findings along this di

rection [34], the di-neutrino modes provide an additional support to this 
picture indicating |𝐶+

𝓁𝑞|≫ |𝐶−
𝓁𝑞|. This is expected given |𝐶+

𝓁𝑞| arises by 
the tree-level exchange of the leptoquark, while |𝐶−

𝓁𝑞| is generated at 
the loop level [38].

It is worth stressing that both magnitudes and signs of the NP ampli

tudes are consistent with predictions made, before the observations of 
the two decay modes, in complete models where the leptoquark is a mas

sive gauge boson arising from 𝑆𝑈 (4)[3] ×𝑆𝑈 (3)[12] → 𝑆𝑈 (3)𝑐 [38--41]. 
In this case, the constructive interference between SM and NP ampli

tudes in 𝐵 → 𝐾 (∗)𝜈𝜈̄ is unambiguously related to the enhancement of 
𝑅𝐷(∗) , as shown first in [38] (based on the results in [39,40]).

The 𝐾 → 𝜋𝜈𝜈̄ amplitude is more complicated, since non-minimal 
𝑈 (2)𝑞 terms are naturally present; however, as shown in [41], con

straints from Δ𝑆 = 2 amplitudes point to a scenario that, once expressed 
in our notation, effectively corresponds to 1.0 ≲ Re(𝜅) ≲ 1.5.

A discussion of the correlations between 𝐾 and 𝐵 decays under the 
𝑈 (2) hypothesis in the scalar leptoquark scenario can be found in [42].

𝑍′ boson A generic 𝑍′ boson coupled to left-handed quarks and lep

tons provides a useful example to illustrate some of the challenges in 
generating large corrections to the di-neutrino widths in explicit mod

els. Consider a massive 𝑍′ coupled to the following current

𝐽
𝜇

𝑍′ =𝑄𝑞(𝑞3𝐿 + 𝑉 ∗
𝑖
𝑞𝑖
𝐿
)𝛾𝜇(𝑞3

𝐿
+ 𝑉𝑖𝑞

𝑖
𝐿
) +𝑄𝜏𝓁

3
𝐿
𝛾𝜇𝓁3

𝐿
. (17)

Integrating out the 𝑍′ leads to

𝐶−
𝓁𝑞 = 𝐶+

𝓁𝑞 = − 𝑔2

𝑀2
𝑍′

𝑄𝑞𝑄𝜏 , (18)

𝐶 (1)[3333]
𝑞𝑞

= − 𝑔2

2𝑀2
𝑍′

𝑄2
𝑞
. (19)

The term in (19) is the coefficient of the four-quark operator, in the 
notation of Ref. [1]. This is severely bounded by Δ𝐹 = 2 amplitudes: 
generalizing the up-aligned result of [1] (which corresponds to setting |𝜀| = 1 in our case), leads to

|||𝐶 (1)[3333]
𝑞𝑞

||| < (𝜀Λ𝐵𝑠)−2 , (20)

with Λ𝐵𝑠 = 7.6 TeV. On the other hand, from Fig. 5 we deduce that 
fitting the central values of the two di-neutrino modes requires

|||𝐶−
𝓁𝑞
||| ≈ [𝜀 × (1 TeV)]−2 . (21)

Satisfying Eqs. (18)--(21) is possible, but only if |𝑄𝜏∕𝑄𝑞| ≳ 30, which ap

pears a rather tuned choice. This excludes, for instance, the 𝑍′ bosons 
arising from flavor deconstruction of 𝑈 (1) gauge groups [43--45]. The 
difference with respect to the leptoquark case discussed above, also aris

ing from flavor deconstruction, is that deconstructing the 𝑆𝑈 (4) group 
one can conceive a flavor misalignment of charged currents (leptoquark

mediated) and neutral currents (𝑍′-mediated), avoiding the strong tree

level bounds from Δ𝐹 = 2 transitions [46].
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5. Conclusions

The recent observation of the 𝐾+ → 𝜋+𝜈𝜈̄ decay by NA62 [2], and 
the evidence of 𝐵+ → 𝐾+𝜈𝜈̄ reported by Belle-II [3], represent a ma

jor step forward in flavor physics. These long-sought rare decays are 
unique probes of short-range dynamics and, as pointed out in a number 
of recent works [28--31,47,48], they are sensitive to a variety of SM ex

tensions. Given the two neutrinos cannot be detected, also extensions of 
the SM with exotic invisible light states may affect these decay modes 
(see e.g. [49--56]).

In this paper, we have analyzed these processes in a specific class of 
SM extensions with heavy new particles. More precisely, we have con

sidered an EFT based on the hypothesis of TeV-scale NP coupled mainly 
to quarks and leptons of the third generation. On general grounds, this 
hypothesis is particularly interesting for addressing both the hierarchy 
problem and the flavor hierarchies [1,57]. Moreover, it is a setup where 
sizable deviations from the SM can consistently occur in the rare di

neutrino modes, despite the tight NP bounds derived from 𝐵𝑠 → 𝜇+𝜇−

and other flavor-changing processes. Indeed, as already stated in the in

troduction, 𝐾 → 𝜋𝜈𝜈̄ and 𝐵→𝐾 (∗)𝜈𝜈̄ are the only FCNC transitions in

volving third-generation leptons for which current measurements have 
reached the SM level.

In the motivated NP framework we have considered, 𝐾 → 𝜋𝜈𝜈̄ and 
𝐵→𝐾 (∗)𝜈𝜈̄ amplitudes are naturally linked. The link is non trivial and 
provides a key information to determine the flavor structure of the un

derlying dynamics. Despite affected by a significant uncertainty, present 
data hint to an enhancement of both decay rates compared to the cor

responding SM expectations. As we have shown, this hint is compatible 
with being generated by a unique effective operator, with an alignment 
in flavor space following from the hypothesis of a minimally broken 
𝑈 (2)𝑞 flavor symmetry. This flavor structure is also fully compatible, 
and naturally linked, with other hints of deviations from the SM in 
𝐵→𝐷(∗)𝜏𝜈 and 𝐵→𝐾 (∗)𝜇𝜇̄ decays and, at the same time, is compati

ble with bounds from electroweak physics and direct searches. Enhanced 
rates for the two di-neutrino modes were indeed predicted [38,41], be

fore the recent measurements [2,3], in complete UV models addressing 
these other observations. Needless to stress that future data on all these 
modes are needed to understand how solid this picture is. In the case 
of 𝐵→𝐷(∗)𝜏𝜈 and 𝐵→ 𝐾 (∗)𝜇𝜇̄, further theoretical scrutiny of the SM 
uncertainties is also needed.

Given their theoretical cleanliness, the di-neutrino modes play a spe

cial role in shedding more light on this framework. As we have shown, 
already a reduction of a factor of two of present uncertainties could bring 
the evidence of NP, from the di-neutrino modes only, above the 3𝜎 level 
(if the overall picture would not change significantly). More generally, 
the analysis we have presented provides a clear illustration of the high 
discovery potential and the unique discriminating power of these rare 
modes, especially when combined. They allow us to test high-scale NP 
in motivated models that are still inaccessible via direct searches. Their 
experimental study should be pursued up to the few % level, i.e. up to 
the level of the irreducible SM uncertainties, since they provide an in

valuable tool to search or constrain new dynamics.
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Appendix A. Inputs

In this appendix, we provide a complete list of the observables and 
the experimental inputs included in the analysis and we discuss the 
parametrization of NP effects in terms of effective Wilson coefficients. 
We focus solely on the operators and coefficients relevant to our SMEFT 
framework. More general discussions can be found in the cited refer

ences.

A.1. Collider observables

We consider High-𝑝𝑇 Drell-Yan tails, using LHC Run-II di-tau and 
mono-tau data. The likelihood is constructed using HighPT [58], and 
running effects for these observables are neglected.

A.2. Electroweak observables

The Electroweak observables we consider are all the traditional 𝑍-

and 𝑊 -pole observables as listed e.g. in [59]. We use the same 𝛼, 𝐺𝐹 , 
and 𝑚𝑍 input scheme and neglect SM uncertainties in all observables. 
New Physics contributions are computed in SMEFT in the linear approx

imation, i.e. only the dimension-six-SM interference terms are consid

ered. For the explicit expressions of the observables in terms of SMEFT 
coefficients see [60]. Renormalization Group (RG) effects are taken into 
account in the first leading log approximation from a reference scale 
Λ= 1 TeV to 𝑚𝑍 .

A.3. LFU in 𝜏 decays

We consider lepton flavor universality in leptonic 𝜏 decays. The rel

evant observables are the ratios |||𝑔𝜏∕𝑔𝜇(𝑒)|||, dfined as

|||||
𝑔𝜏

𝑔𝜇(𝑒)

||||| =
(𝜏 → 𝑒(𝜇)𝜈𝜈̄)∕(𝜏 → 𝑒(𝜇)𝜈𝜈̄)SM

(𝜇→ 𝑒𝜈𝜈̄)∕(𝜇→ 𝑒𝜈𝜈̄)SM
. (A.1)

The corresponding experimental values are reported by HFLAV [61]:|||||
𝑔𝜏

𝑔𝜇

|||||
exp

= (0.9 ± 1.4) 10−3 , 
||||𝑔𝜏𝑔𝑒 ||||

exp

= (2.7 ± 1.4) 10−3 ,

with a correlation 𝜌𝜏 = 0.51. NP effects can modify these ratios through 
the effective four leptons operators

eff ⊃ 𝐶𝜈𝜇(𝜈̄
𝜇

𝐿
𝛾𝛼𝜈𝜏

𝐿
)(𝜏𝐿𝛾𝛼𝜇𝐿) +𝐶𝜈𝑒(𝜈̄𝑒𝐿𝛾

𝛼𝜈𝜏
𝐿
)(𝜏𝐿𝛾𝛼𝑒𝐿) . (A.2)

Neglecting quadratic corrections, we can write with good accuracy|||||
𝑔𝜏

𝑔𝜇(𝑒)

||||| ≃ 1 − 𝑣2

2 
Re[𝐶𝜈𝑒(𝜇)] . (A.3)

The operators in Eq. (11) can contribute to these observables through 
RG mixing effects. Taking into account the leading-log evolution in the 
SMEFT:

𝐶𝜈𝜇(𝑒) ≃
𝑚2
𝑡
𝑁𝑐

8𝜋2
log

(
Λ2

𝑚2
𝑡

)
𝐶3
𝓁𝑞(Λ) , (A.4)

where Λ= 1 TeV is the UV scale, and 𝐶3
𝓁𝑞 = (𝐶+

𝓁𝑞 −𝐶−
𝓁𝑞)∕2.

A.4. LFU in 𝑅𝐷(∗)

Semileptonic charged-current 𝑏 → 𝑐𝓁𝜈 transitions can be tested 
through the LFU ratios

𝑅𝐷(∗) =

(
𝐵→𝐷(∗)𝜏𝜈

)

(
𝐵→𝐷(∗)𝓁𝜈

) .
We use the HFLAV values [61] for both the experimental averages and 
the SM predictions of 𝑅𝐷(∗) , namely:
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𝑅SM
𝐷

= 0.298 ± 0.004 , 𝑅SM
𝐷∗ = 0.254 ± 0.005 ,

𝑅
exp

𝐷
= 0.342 ± 0.026 , 𝑅

exp

𝐷∗ = 0.287 ± 0.012 ,

𝜌 = −0.39 .

(A.5)

Following Ref. [62,63], we dfine the effective Lagrangian

eff = −
4𝐺𝐹𝑉𝑐𝑏√

2

[
(1 +𝐶𝑉𝐿

)(𝑐𝛾𝜇𝑃𝐿𝑏)(𝜏𝛾𝜇𝑃𝐿𝜈𝜏 )+

+𝐶𝑆𝑅
(𝑐𝑃𝑅𝑏)(𝜏𝑃𝐿𝜈𝜏 )

]
,

(A.6)

and simply parametrize the EFT dependence of these observables, nor

malized to the SM prediction, as:

𝑅𝐷

𝑅SM
𝐷

= |1 +𝐶𝑉𝐿
|2 + 1.01|𝐶𝑆𝑅 |2 + 1.49 Re[(1 +𝐶𝑉𝐿

)𝐶∗
𝑆𝑅

] ,

𝑅𝐷∗

𝑅SM
𝐷∗

= |1 +𝐶𝑉𝐿
|2 + 0.04|𝐶𝑆𝑅 |2 − 0.11 Re[(1 +𝐶𝑉𝐿

)𝐶∗
𝑆𝑅

] .
(A.7)

These low energy coefficients can be easily matched onto our SMEFT 
basis as follows:

𝐶𝑉𝐿
= 𝑣2

𝑉𝑐𝑏
(𝑉𝑐𝑑𝑉 ∗

𝑡𝑑
𝜅 𝜀 𝐶3

𝓁𝑞 + 𝑉𝑐𝑠𝑉
∗
𝑡𝑠
𝜀 𝐶3

𝓁𝑞 − 𝑉𝑐𝑏𝐶
3
𝓁𝑞) ,

𝐶𝑆𝑅
= 𝑣2

2𝑉𝑐𝑏
(𝑉𝑐𝑑𝑉 ∗

𝑡𝑑
𝜅 𝜀 𝐶𝑆 + 𝑉𝑐𝑠𝑉

∗
𝑡𝑠
𝜀 𝐶𝑆 − 𝑉𝑐𝑏𝐶𝑆 )∗ ,

(A.8)

where 𝐶3
𝓁𝑞 = (𝐶+

𝓁𝑞 − 𝐶−
𝓁𝑞)∕2. The CKM factors 𝑉𝑐𝑖 stem from the choice 

of working with a down-aligned basis and the 𝑉 ∗
𝑡𝑖

come from the inser

tion of spurions. The complex conjugation appears because, according 
to our definitions, 𝐶𝑆 multiplies the hermitian conjugate of the operator 
associated with 𝐶𝑆𝑅 .

RG effects are significant in presence of scalar operators and thus 
they can not be neglected for this observable. We perform the running 
numerically using DSixTools [64,65], evolving the operators up to the 
TeV scale.

A.5. FCNC processes 𝑏→ 𝑠𝓁𝓁

The effective Lagrangian describing 𝑏→ 𝑠𝓁𝓁 (𝓁 = 𝑒,𝜇) transitions, 
after integrating out the SM degrees of freedom above the 𝑏-quark mass, 
can be written as

eff (𝑏→ 𝑠𝓁𝓁) =
4𝐺𝐹√

2
𝑉𝑡𝑏𝑉

∗
𝑡𝑠

10 ∑
𝑖=1 

𝐶𝑖𝑄𝑖 , (A.9)

where

𝑄9 =
𝑒2

16𝜋2
(𝑠̄𝐿𝛾𝜇𝑏𝐿)(𝓁𝛾𝜇𝓁) , (A.10)

and the explicit form of all the other operators can be found in [32]. 
Within our approach, NP induces vanishing tree-level contributions to 
all the 𝐶𝑖 in (A.9). However, a sizable RG-induced contribution occurs 
from the QED running of the (𝑏̄𝐿𝛾𝜇𝑠𝐿)(𝜏𝐿𝛾𝜇𝜏𝐿) operator into 𝑄9 [32, 
33]. This leads to [34]

Δ𝐶9 ≐ 𝐶NP
9 ≈ 𝜀𝑣2

3 
𝐶+
𝓁𝑞 log

(
Λ2

𝑚2
𝜏

)
, (A.11)

to be compared with 𝐶SM
9 = 4.2. Based on the recent analyses of 𝐵 →

𝐾 (∗)𝜇𝜇̄ data in [66,67], taking into the SM uncertainties associated to 
charm-rescattering [68], we set Δ𝐶exp

9 = 𝐶
exp
9 −𝐶SM

9 = −0.6 ± 0.2.

A.6. FCNC processes 𝑑𝑖 → 𝑑𝑗𝜈𝜈̄

We consider the neutrino golden-channel decays


𝐵𝐾(∗)
𝜈𝜈̄

=

(
𝐵→𝐾 (∗)𝜈𝜈̄

)

(
𝐵→𝐾 (∗)𝜈𝜈̄

)
SM

,


𝐾𝜋
𝜈𝜈̄

=

(
𝐾+ → 𝜋+𝜈𝜈̄

)
 (𝐾+ → 𝜋+𝜈𝜈̄)SM

,

mediated by the flavor-changing neutral current (FCNC) processes 𝑏→
𝑠𝜈𝜈̄ and 𝑠→ 𝑑𝜈𝜈̄.

For 𝐵𝐾
𝜈𝜈̄

we use the experimental average that combines the recent 
Belle-II result with previous searches [3] and divide it by the SM pre

diction of [69], resulting in (𝐵𝐾
𝜈𝜈̄

)exp = 2.93 ± 0.92. We also consider 
the upper limit (𝐵 → 𝐾∗𝜈𝜈̄) < 2.7 ⋅ 10−5 at the 90% CL, as reported 
by Belle [70]. Assuming the SM expectation as central value, it yields 
(𝑅𝐵𝐾∗

𝜈𝜈̄
)exp = 1.0 ± 1.1.

Using the effective Lagrangian in Eq. (1) and defining 𝐵𝐾(∗)
𝜈𝜈̄

= 1 +
𝛿𝐵𝐾(∗)

𝜈𝜈̄
, the NP contribution reads

𝛿𝐵𝐾(∗)
𝜈𝜈̄

=
2Re[𝐶SM

𝜏,𝑏𝑠
𝐶𝜏,𝑏𝑠]

3|𝐶SM
𝜏,𝑏𝑠

|2 +
|𝐶𝜏,𝑏𝑠|2
3|𝐶SM

𝜏,𝑏𝑠
|2 , (A.12)

where 𝐶SM
𝜏,𝑏𝑠

= −6.32(7). The tree level matching of the effective coeffi

cient 𝐶𝜏,𝑏𝑠 onto the SMEFT basis is

𝐶𝜏,𝑏𝑠 = −𝜀𝜋𝑣
2

𝛼
𝐶−
𝓁𝑞 .

For 𝐾𝜋
𝜈𝜈̄

we use the SM prediction of Eq. (3) where the numerical 
values of the coefficients are:

𝑃𝑐 =
(0.2255

𝜆 

)4
× (0.3604 ± 0.0087) ,

ΔEM = − 0.003 , 𝛿𝑃𝑐,𝑢 = 0.04(2) .

The hadronic matrix elements and the coefficient 𝜅+ are discussed in 
detail in [14,71]. We use this estimate for 𝐾𝜋

𝜈𝜈̄
along with the ex

perimental average provided in [2], which includes the recent NA62 
measurement. The ratio of these two values yields (𝐾𝜋

𝜈𝜈
)exp = 1.6±0.4. 

Again, calling 𝐾𝜋
𝜈𝜈̄

= 1 + 𝛿𝐾𝜋
𝜈𝜈̄

, we can write the NP contribution as:

𝛿𝐾𝜋
𝜈𝜈̄

=
2Re[𝐶SM

𝜏,𝑠𝑑
𝐶𝜏,𝑠𝑑 ]

3|𝐶SM
𝜏,𝑠𝑑

|2 +
|𝐶𝜏,𝑠𝑑 |2
3|𝐶SM

𝜏,𝑠𝑑
|2 ,

where 𝐶SM
𝜏,𝑠𝑑

= 𝐶SM
𝜏,𝑏𝑠

−
𝜆𝑐
𝑠𝑑

𝑠2
𝑊
𝜆𝑡
𝑠𝑑

𝑋𝜏
𝑐

[7--10]. The matching of this low-energy 

coefficient to the SMEFT reads

𝐶𝜏,𝑠𝑑 = 𝜀2𝜅
𝜋𝑣2

𝛼
𝐶−
𝓁𝑞 .

Data availability

No data was used for the research described in the article.
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