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The latest search for the rare kaon decay Kþ → πþνν̄ by the NA62 experiment has produced evidence
for it with a branching fraction consistent with the prediction of the standard model. The new result implies
that in this decay, with the νν̄ pair appearing as missing energy (=E), the room for possible new physics is no
longer sizable and that therefore its contributions to underlying four-particle s → d=E operators with parity-
even ds quark bilinears have become significantly constrained. Nevertheless, we point out that appreciable
manifestations from beyond the standard model induced by the corresponding operators with mainly
parity-odd ds quark bilinears could still occur in K → ππ=E modes, on which there are only minimal
empirical details at present. We find in particular that new physics of this kind may enhance the branching
fraction of KL → π0π0=E to values reaching its current experimental upper limit and the branching fractions
of Kþ → πþπ0=E and KL → πþπ−=E to the levels of 10−7 and 10−6, respectively. Thus, quests for these
decays in existing kaon facilities such as KOTO and NA62 or future ones could provide valuable
information complementary to that gained from K → π=E.
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I. INTRODUCTION

One of the potentially promising avenues to discover
new physics (NP) beyond the standard model (SM) is to
look for processes that are expected to be very rare in the
SM. An observation of such a process having a rate much
greater than what the SM predicts would then be a
compelling indication of NP effects. Among places where
this may be realized are the flavor-changing neutral current
(FCNC) decays of light strange-flavored hadrons with
missing energy (=E). These reactions are known to be
dominated by short-distance physics [1–8] and arise
primarily from the quark transition s → d=E. In the SM,
it proceeds from loop-suppressed diagrams [2] and the final
state contains undetected neutrinos (νν̄). Beyond the SM,
there could be additional ingredients which alter the SM
component and/or give rise to extra channels with one or
more invisible nonstandard particles carrying away the
missing energy.
Over the years hunts for s → d=E have focused the

kaon modes K → πνν̄, leading mostly to limits on their
branching fractions [9–12]. The efforts are ongoing in the

KOTO [10] and NA62 [12] experiments. The former [10]
has set BðKL → π0νν̄ÞKOTO < 3.0 × 10−9 at 90% confi-
dence level (CL), exceeding but not far from the SM
expectation [13] of BðKL→π0νν̄ÞSM¼ð3.4�0.6Þ×10−11.
On the other hand, very recently NA62 [14] has prelimi-
narily reported 3.5σ evidence for the charged channel with
BðKþ → πþνν̄ÞNA62 ¼ ½11:0þ4.0

−3.5ðstatÞ � 0.3ðsystÞ�× 10−11,
which is in good agreement with the SM value [13] of
BðKþ→πþνν̄ÞSM¼ð8.4�1.0Þ×10−11 and more precise
than the earlier E949 [9] finding of BðKþ → πþνν̄ÞE949 ¼
ð17.3þ11.5

−10.5Þ × 10−11. As these measurements, notably the
Kþ ones, have moved increasingly close to their SM
predictions, the room for NP in K → π=E has become
quite small.
As it turns out, of the possible underlying s → d=E

operators [7,15,16], these decays are sensitive to only a
subset. Specifically, they can probe four-particle operators
that have parity-even ds quark bilinears but are unaffected
by those with exclusively parity-odd ds bilinears [6–8,16].
However, the latter operators can contribute to kaon
reactions emitting no or two pions, namely K → =E and
K → ππ=E, as well as to analogous decays in the hyperon
sector [6–8]. This means that, since at the moment there are
precious few data on these processes [17], searches for
them might still come up with substantial manifestations of
NP or at least yield useful information about it comple-
mentary to that supplied by K → π=E measurements.
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In this paper, we adopt a model-independent approach
to explore how big the branching fractions of the various
K → ππ=E modes might be, taking into account the avail-
able pertinent constraints. We assume especially that the
invisibles comprise a pair of spin-1=2 fermions or spinless
bosons, all of which are singlets under the SM gauge
groups. It is hoped that the outcomes of our study will
motivate renewed attempts to pursue these decays as
NP tests.
The organization of the rest of the article is the following.

In Sec. II, we describe the quark-level operators responsible
for the interactions of interest. In Sec. III, we derive the
amplitudes for the aforementioned kaon decay modes and
calculate their rates. For the majority of them, we also write
down the corresponding numerical branching fractions in
terms of the coefficients of the operators. In Sec. IV, we
compare the SM predictions for these transitions with their
current data. In Sec. V, we address the allowed maximal
branching fractions of K → ππ=E due to NP and present our
conclusions. In all the instances wewill discuss, we take the
invisibles to be light enough that their masses can be
neglected compared to those of the mesons, which helps
maximize the kaon decay rates.

II. INTERACTIONS

Depending on the types of particles carrying away the
missing energy, the effective s → d=E operators are gen-
erally subject to different sets of restrictions. If the invisible
particles are SM neutrinos, which have charged-lepton
partners because of the SM SUð2ÞL-gauge invariance, the
operators would likely have to face stringent restraints from
lepton-flavor violation data. Since these do not apply if the
invisibles are SM-gauge singlets, hereafter we consider a
couple of cases involving them.
The missing energy is carried away by a pair of spin-1=2

Dirac fermions, f and f0, in the first scenario and by a pair
of complex spin-0 bosons, ϕ and ϕ0, in the second one.1

At low energies, the relevant quark-level operators need to
respect the strong and electromagnetic gauge symmetries
and are mostly obtainable from the literature [7,15,16]. We
can express the effective interaction Lagrangians as

Lff0 ¼ −½d̄γηsf̄γηðCV
ff0 þ γ5CA

ff0 Þf0

þ d̄sf̄ðCS
ff0 þ γ5CP

ff0 Þf0

þ d̄σηκsf̄σηκðCT
ff0 þ γ5CT0

ff0 Þf0

þ d̄γηγ5sf̄γηðc̃V
ff0 þ γ5c̃A

ff0 Þf0

þ d̄γ5sf̄ðc̃S
ff0 þ γ5c̃P

ff0 Þf0� þ H:c: ð1Þ

and

Lϕϕ0 ¼ −½ðcV
ϕϕ0 d̄γηsþ cA

ϕϕ0 d̄γηγ5sÞiðϕ†∂ηϕ
0 − ∂ηϕ

†ϕ0Þ
þ ðcS

ϕϕ0 d̄sþ cP
ϕϕ0 d̄γ5sÞϕ†ϕ0� þ H:c: ð2Þ

for the two scenarios, respectively, where σηκ ¼ i½γη; γκ�=2
and the Cs, c̃s, and cs are in general complex coefficients
which have the dimension of inverse squared mass, except
for cS;P

ϕϕ0 which are of inverse-mass dimension. These are
free parameters in our model-independent approach and
will be treated phenomenologically in our numerical work
later on. In Eq. (1) there are merely two tensor operators
due to the identity 2iσαωγ5 ¼ ϵαωβψσβψ. If f0 ≠ f (ϕ0 ≠ ϕ),
we implicitly also have another Lagrangian, Lf0f (Lϕ0ϕ),
which is the same as Lff0 (Lϕϕ0) but with f and f0 (ϕ and
ϕ0) interchanged. We note that Lff0 and Lϕϕ0 could
originate from Lagrangians that are invariant under all
the SM gauge groups [7,16].

III. DECAY AMPLITUDES AND RATES

To examine the amplitudes for the kaon decays of
concern, we need the mesonic matrix elements of the
quark portions of the operators in Eqs. (1) and (2). They can
be estimated with the aid of flavor-SU(3) chiral perturba-
tion theory at leading order [6,16,22]. For KL;S → =E, the
relevant hadronic matrix elements are

h0jd̄γαγ5sjK̄0i ¼ h0js̄γαγ5djK0i ¼ −ifKpα
K;

h0jd̄γ5sjK̄0i ¼ h0js̄γ5djK0i ¼ iB0fK; ð3Þ

with fK ≃ 156 MeV [17] being the kaon decay constant
and B0 ¼ m2

K=ðm̄þmsÞ ≃ 2.0 GeV involving the average
kaon mass and the combination m̄þms ≃ 124 MeV of
light-quark masses at a renormalization scale of 1 GeV,
while for K → π=E,

hπ−jd̄γαsjK−i ¼ pα
K þ pα

π; hπ−jd̄sjK−i ¼ B0;

hπ−jd̄σακsjK−i ¼ 2iaTðpα
πpκ

K − pκ
πpα

KÞ; ð4Þ

where pK and pπ denote the kaon and pion momenta,
respectively, and aT is a constant having the dimension
of inverse mass. Assuming isospin symmetry and making
use of charge conjugation, we further have hπ0jd̄ðγη;
1; σηκÞsjK̄0i ¼ hπ0js̄ð−γη; 1;−σηκÞdjK0i ¼ −hπ−jd̄ðγη; 1;
σηκÞsjK−i= ffiffiffi

2
p

. For K → ππ=E, we find [6,16,20]

1In the recent literature covering the impact of NP on
K → ππ=E, there are other possibilities for what carries away
the missing energy. In particular, it could alternatively be due to a
single particle such as a massless dark photon [18–20] or an
invisible axion [21].
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hπ0ðp0Þπ−ðp−Þjd̄ðγη; 1Þγ5sjK−i ¼ i
ffiffiffi
2

p

fK

�
ðpη

0 − pη
−; 0Þ þ

ðpα
0 − pα

−Þq̃α
m2

K − q̃2
ðq̃η;−B0Þ

�
;

hπþðpþÞπ−ðp−Þjd̄ðγη; 1Þγ5sjK̄0i ¼ 2i
fK

�
ðpη

þ; 0Þ þ
pαþq̃α

m2
K − q̃2

ðq̃η;−B0Þ
�
;

hπþðpþÞπ−ðp−Þjs̄ðγη; 1Þγ5djK0i ¼ 2i
fK

�
ðpη

−; 0Þ þ
pα
−q̃α

m2
K − q̃2

ðq̃η;−B0Þ
�
;

hπ0ðp1Þπ0ðp2Þjd̄ðγη; 1Þγ5sjK̄0i ¼ hπ0ðp1Þπ0ðp2Þjs̄ðγη; 1Þγ5djK0i

¼ i
fK

�
ðpη

1 þ pη
2; 0Þ þ

ðpα
1 þ pα

2Þq̃α
m2

K − q̃2
ðq̃η;−B0Þ

�
; ð5Þ

hπ0ðp0Þπ−ðp−Þjd̄σηκsjK−i ¼ i
ffiffiffi
2

p
aT

fK
ϵηκμτ½4pμ

−pτ
0 þ ðpμ

− − pμ
0Þq̃τ�;

hπþðpþÞπ−ðp−Þjd̄σηκsjK̄0i ¼ 2iaT
fK

ϵηκμτð2pμ
− þ q̃μÞpτþ;

hπþðpþÞπ−ðp−Þjs̄σηκdjK0i ¼ 2iaT
fK

ϵηκμτpμ
−ð2pτþ þ q̃τÞ;

hπ0ðp1Þπ0ðp2Þjd̄σηκsjK̄0i ¼ −hπ0ðp1Þπ0ðp2Þjs̄σηκdjK0i ¼ iaT
fK

ϵηκμτq̃μðpτ
1 þ pτ

2Þ; ð6Þ

where q̃¼ pK −p0−p− ¼ pK −p− −pþ ¼ pK −p1−p2.
Although generally the matrix elements in Eqs. (4)–(6)
involve momentum-dependent form factors, to investigate
the NP influence on these processes in this study
we do not need a high degree of precision and therefore
can disregard form-factor effects. We also ignore
hπ0;−πþjs̄γηdjKþ;0i, and their charge conjugates, as they
arise from small contributions derived from the anomaly
Lagrangian, which occurs at next-to-leading order in the
chiral expansion [3,16].
We now apply these matrix elements to kaon decays

induced by Lff0 in Eq. (1) and take the f and f0 masses to
be negligible, i.e.,mf;f0 ≃ 0. Thus, forKL;S → ff̄0, with the
approximate relations

ffiffiffi
2

p
KL;S ¼ K0 � K̄0, we obtain the

amplitudes to be

MKL;S→ff̄0 ¼ iffiffiffi
2

p B0fKūfðS̃KL;Sff0 þ γ5P̃KL;Sff0 Þvf̄0 ; ð7Þ

from which follow the decay rates

ΓKL;S→ff̄0 ¼ B2
0f

2
KmK0

16π
ðjS̃KL;Sff0 j2 þ jP̃KL;Sff0 j2Þ; ð8Þ

where

S̃KLff0 ¼ c̃S
ff0 − c̃S�

f0f; P̃KLff0 ¼ c̃P
ff0 þ c̃P�

f0f;

S̃KSff0 ¼ −c̃S
ff0 − c̃S�

f0f; P̃KSff0 ¼ c̃P�
f0f − c̃P

ff0 : ð9Þ

We can see that KL;S → ff̄0 are insensitive to CV;A;S;P;T;T0

and c̃V as well as c̃A if mf;f0 ¼ 0.
For K → πff̄0, we express the amplitude as

MK→πff̄0 ¼ ūfðSKπff0 þ PKπff0γ5Þvf̄0 . The S and P terms
for K− → π−ff̄0 and KL → π0ff̄0 are

SK−π−ff0 ¼ 2=pKCV
ff0 þ B0CS

ff0 þ 4aTpK · ðpf̄0 − pfÞCT
ff0 ;

PK−π−ff0 ¼ 2=pKCA
ff0 þ B0CP

ff0 þ 4aTpK · ðpf̄0 − pfÞCT0
ff0 ;

SKLπ
0ff0 ¼ ðCV�

f0f − CV
ff0 Þ=pK −

1

2
B0ðCS�

f0f þ CS
ff0 Þ

þ 2aTpK · ðpf̄0 − pfÞðCT�
f0f − CT

ff0 Þ;

PKLπ
0ff0 ¼ ðCA�

f0f − CA
ff0 Þ=pK þ 1

2
B0ðCP�

f0f − CP
ff0 Þ

− 2aTpK · ðpf̄0 − pfÞðCT0�
f0f þ CT0

ff0 Þ: ð10Þ

These lead to the differential rates
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dΓK−→π−ff̄0

dŝ
¼ λ3=2K−π−

192π3m3
K−

�
jCV

ff0 j2 þ jCA
ff0 j2 þ 3B2

0ŝ
jCS

ff0 j2 þ jCP
ff0 j2

2λK−π−
þ 2a2TðjCT

ff0 j2 þ jCT0
ff0 j2Þŝ

�
;

dΓKL→π0ff̄0

dŝ
¼ λ3=2

K0π0

768π3m3
K0

�
jCV

ff0 − CV�
f0fj2 þ jCA

ff0 − CA�
f0fj2 þ 3B2

0ŝ
jCS

ff0 þ CS�
f0fj2 þ jCP

ff0 − CP�
f0fj2

2λK0π0

þ 2a2TðjCT
ff0 − CT�

f0fj2 þ jCT0
ff0 þ CT0�

f0fj2Þŝ
�
; ð11Þ

where ŝ represents the invariant mass squared of the ff̄0 pair,

λAB¼Kðm2
A;m

2
B;ŝÞ; Kðx;y;zÞ¼ðx−y−zÞ2−4yz: ð12Þ

Evidently, K → πff̄0, unlike K → ff̄0, can probe CV;A;S;P;T;T0 , but not c̃V;A;S;P.
For K− → π0π−ff̄0 and KL → ðπþπ−; π0π0Þff̄0, we find

MK−→π0π−ff̄0 ¼ i
ffiffiffi
2

p

fK
ūf

�
ð=p0 − =p−Þðc̃V

ff0 þ γ5c̃A
ff0 Þ þ B0

K̃2
ðc̃S

ff0 þ γ5c̃P
ff0 Þðpα

− − pα
0Þq̂α

þ 2iaT ½4pα
−pτ

0 þ ðpα
− − pα

0Þq̂τ�σατðγ5CT
ff0 þ CT0

ff0 Þ
�
vf̄0 ;

MKL→πþπ−ff̄0 ¼ i
ffiffiffi
2

p

fK
ūf

�
=pþðc̃V

ff0 þ γ5c̃A
ff0 Þ − B0

K̃2
ðc̃S

ff0 þ γ5c̃P
ff0 Þpαþq̂α þ 2iaTð2pα

− þ q̂αÞpτþσατðγ5CT
ff0 þ CT0

ff0 Þ

þ =p−ðc̃V�
f0f þ γ5c̃A�

f0fÞ þ
B0

K̃2
ðc̃S�

f0f − γ5c̃P�
f0fÞpα

−q̂α þ 2iaTpα
−ð2pτþ þ q̂τÞσατðγ5CT�

f0f − CT0�
f0fÞ

�
vf̄0 ;

MKL→π0π0ff̄0 ¼ iffiffiffi
2

p
fK

ūf

�
=pK½c̃V

ff0 þ c̃V�
f0f þ γ5ðc̃A

ff0 þ c̃A�
f0fÞ� þ

B0

K̃2
½c̃S

ff0 − c̃S�
f0f þ γ5ðc̃P

ff0 þ c̃P�
f0fÞ�ðŝ − pα

Kq̂αÞ

þ 2iaTq̂αpτ
Kσατ½γ5ðCT

ff0 − CT�
f0fÞ þ CT0

ff0 þ CT0�
f0f�

�
vf̄; ð13Þ

where

q̂ ¼ pf þ pf̄0 ; ŝ ¼ q̂2; K̃2 ¼ m2
K − ŝ; ð14Þ

with mK in K̃ being the average kaon mass. We then arrive at the double differential rates

d2ΓK−→π0π−ff̄0

dŝdς̂
¼ β3ς̂ λ̃

3=2
K−

ð4πÞ5f2K

��
1þ 12ŝ ς̂

λ̃K−

� jc̃V
ff0 j2 þ jc̃A

ff0 j2
18m3

K−
þ B2

0ŝ
jc̃S

ff0 j2 þ jc̃P
ff0 j2

12K̃4m3
K−

þ a2T

�
ŝþ 4ς̂þ 12ς̂

λ̃K−
ðm2

K− − ς̂Þ2
� jCT

ff0 j2 þ jCT0
ff0 j2

9m3
K−

�
; ð15aÞ

d2ΓKL→πþπ−ff̄0

dŝdς̂
¼ β3ς̂ λ̃

3=2
K0

4ð4πÞ5f2K

��
1þ 12ŝ ς̂

λ̃K0

� jc̃V
ff0 − c̃V�

f0fj2 þ jc̃A
ff0 − c̃A�

f0fj2
18m3

K0

þ B2
0ŝ
jc̃S

ff0 þ c̃S�
f0fj2 þ jc̃P

ff0 − c̃P�
f0fj2

12K̃4m3
K0

þ jc̃V
ff0 þ c̃V�

f0fj2 þ jc̃A
ff0 þ c̃A�

f0fj2
6β2ς̂m

3
K0

þ
�
1þ 4ŝ ς̂

λ̃K0

�
B2
0ŝ
jc̃S

ff0 − c̃S�
f0fj2 þ jc̃P

ff0 þ c̃P�
f0fj2

4β2ς̂K̃
4m3

K0

þ a2T

�
ŝþ 4ς̂þ 12ς̂

λ̃K0

ðm2
K0 − ς̂Þ2

�

×
jCT

ff0 þ CT�
f0fj2 þ jCT0

ff0 − CT0�
f0fj2

9m3
K0

þ a2Tŝ
jCT

ff0 − CT0�
f0fj2 þ jCT

ff0 þ CT0�
f0fj2

3β2ς̂m
3
K0

�
; ð15bÞ
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d2ΓKL→π0π0ff̄0

dŝdς̂
¼ βς̂λ̃

3=2
K0

8ð4πÞ5f2K

�jc̃V
ff0 þ c̃V�

f0fj2 þ jc̃A
ff0 þ c̃A�

f0fj2
6m3

K0

þ B2
0ŝ

�
1þ 4ŝ ς̂

λ̃K0

� jc̃S
ff0 − c̃S�

f0fj2 þ jc̃P
ff0 þ c̃P�

f0fj2
4K̃4m3

K0

þ a2Tŝ
jCT

ff0 − CT�
f0fj2 þ jCT0

ff0 þ CT0�
f0fj2

3m3
K0

�
; ð15cÞ

where ς̂ is the invariant mass squared of the pion pair,

βς̂ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
π

ς̂

s
; λ̃P ¼Kðm2

P; ŝ; ς̂Þ; P¼K−;K0: ð16Þ

The ŝ and ς̂ integration ranges for calculating theK− andKL

partial rates from Eq. (15) are 0 ≤ ŝ ≤ ðmK−;K0 − 2mπÞ2 and
4m2

π ≤ ς̂ ≤ ðmK−;K0 − ŝ1=2Þ2, respectively. For the mode
with the π0π− (πþπ− or π0π0) pair, mπ refers to the
isospin-average (charged or neutral) pion mass. The ex-
pressions for the KS → ππff̄0 rates equal their KL counter-
parts computed fromEq. (15) butwith the signsof c̃V;A;S;P

ff0 and

CT;T0
ff0 flipped. Clearly,K → ππff̄0, as opposed toK → πff̄0,

are sensitive to c̃V;A;S;P, besides CT;T0 , but not to CV;A;S;P in our
approximation of the hadronic matrix elements. We remark
that thef0 ¼ f possibility has previously been considered in
Refs. [6,16] andour formulas aboveapplied to that case agree
with those given therein in the mf ¼ 0 limit.
If f0 ≠ f, the extra channels K → ðπ0; πþπ−; π0π0Þf0f̄

also occur, whose rates are obtainable from those of
K → ðπ0; πþπ−; π0π0Þff̄0, respectively, by interchanging
the labels f and f0 of the coefficients. For f0 ≠ f, if c̃V;A;S;P

f0f

and CT;T0
f0f are not zero, they are generally independent from

c̃V;A;S;P
ff0 and CT;T0

ff0 and bring about K− → π0π−f0f̄ as well.
Turning to the processes induced by Lϕϕ0 in Eq. (2), we

again assume that the masses of the invisible particles, ϕ
and ϕ0, can be neglected, mϕ;ϕ0 ≃ 0. It follows that the
amplitudes for KL;S → ϕϕ̄0 are

MKL→ϕϕ̄0 ¼ iffiffiffi
2

p ðcP
ϕϕ0 − cP�

ϕ0ϕÞB0fK;

MKS→ϕϕ̄0 ¼ −iffiffiffi
2

p ðcP
ϕϕ0 þ cP�

ϕ0ϕÞB0fK; ð17Þ

which lead to the decay rates

ΓKL;S→ϕϕ̄0 ¼ B2
0f

2
K

32πmK0

jcP
ϕϕ0 ∓ cP�

ϕ0ϕj2: ð18Þ

As for the two-body modes, we find

dΓK−→π−ϕϕ̄0

dŝ
¼ λ1=2K−π−

768π3m3
K−

ðλK−π− jcV
ϕϕ0 j2 þ 3B2

0jcS
ϕϕ0 j2Þ;

dΓKL→π0ϕϕ̄0

dŝ
¼ λ1=2

K0π0

3072π3m3
K0

ðλK0π0 jcV
ϕϕ0 − cV�

ϕ0ϕj2

þ 3B2
0jcS

ϕϕ0 þ cS�
ϕ0ϕj2Þ; ð19Þ

where ŝ ¼ q̂2 with q̂ ¼ pþ p̄ being the sum of the
momenta p and p̄ of ϕ and ϕ̄0, respectively. For
K → ππϕϕ̄0, we derive

MK−→π0π−ϕϕ̄0 ¼ i
ffiffiffi
2

p ðpτ
0 − pτ

−Þ
fK

�
cA
ϕϕ0 ðp − p̄Þτ −

B0cP
ϕϕ0 q̂τ

K̃2

�
;

MKL→πþπ−ϕϕ̄0 ¼ i
ffiffiffi
2

p

fK

�
ðcA�

ϕ0ϕp
τ
− þ cA

ϕϕ0pτþÞðp − p̄Þτ

þ B0

K̃2
ðcP�

ϕ0ϕp
τ
− − cP

ϕϕ0pτþÞq̂τ

�
;

MKL→π0π0ϕϕ̄0 ¼ iðpτ
1 þ pτ

2Þffiffiffi
2

p
fK

�
ðcA�

ϕ0ϕ þ cA
ϕϕ0 Þðp − p̄Þτ

þ B0

K̃2
ðcP�

ϕ0ϕ − cP
ϕϕ0 Þq̂τ

�
; ð20Þ

from which we arrive at

d2ΓK−→π0π−ϕϕ̄0

dŝdς̂
¼ 4β3ς̂ λ̃

1=2
K−

3ð8πÞ5f2K

�
λ̃K− þ 12ŝ ς̂

3m3
K−

jcA
ϕϕ0 j2 þ λ̃K−B2

0

K̃4m3
K−

jcP
ϕϕ0 j2

�
;

d2ΓKL→πþπ−ϕϕ̄0

dŝdς̂
¼ βς̂λ̃

1=2
K0

3ð8πÞ5f2K

�
β2ς̂

λ̃K0 þ 12ŝ ς̂
3m3

K0

jcA�
ϕ0ϕ − cA

ϕϕ0 j2 þ
β2ς̂ λ̃K0B2

0

K̃4m3
K0

jcP�
ϕ0ϕ þ cP

ϕϕ0 j2

þ λ̃K0

m3
K0

jcA�
ϕ0ϕ þ cA

ϕϕ0 j2 þ 3ðλ̃K0 þ 4ŝ ς̂ÞB2
0

K̃4m3
K0

jcP�
ϕ0ϕ − cP

ϕϕ0 j2
�
;

d2ΓKL→π0π0ϕϕ̄0

dŝdς̂
¼ βς̂λ̃

1=2
K0

6ð8πÞ5f2K

�
λ̃K0

m3
K0

jcA�
ϕ0ϕ þ cA

ϕϕ0 j2 þ 3ðλ̃K0 þ 4ŝ ς̂ÞB2
0

K̃4m3
K0

jcP�
ϕ0ϕ − cP

ϕϕ0 j2
�
: ð21Þ
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The expressions for the KS → ππϕϕ̄0 rates equal their KL
counterparts calculated from Eq. (21) except that the signs
of cA;P

ϕϕ0 are flipped.
The last paragraph shows that K → ϕϕ̄0 are sensitive

exclusively to cP, whereas K → ππϕϕ̄0 can probe solely the
parity-odd couplings, cA and cP, in our approximation of
the mesonic matrix elements. By contrast, K → πϕϕ̄0
depend on the parity-even coefficients, cV and cS, but
not on cA;P. As in the fermionic scenario, if ϕ0 ≠ ϕ, the extra
channels K → ðπ0; πþπ−; π0π0Þϕ0ϕ̄ also take place, as well
asK− → π0π−ϕ0ϕ̄ if cϕ0ϕ ≠ 0. We comment that the ϕ0 ¼ ϕ
possibility has also been considered before in Refs. [8,16]
and our formulas above applied to that case are consistent
with those obtained therein for mϕ ¼ 0.
In Table I, we list the contributions of the different

constants in Eqs. (1) and (2) to the kaon decays of interest
according to thediscussionabove.We remark that in thef0 ¼
f case for f having aMajorana nature, instead of Dirac one,
f̄γηf ¼ f̄σηκf ¼ 0, which causes the CV;T;T0

ff and c̃V
ff parts to

disappear.Moreover, forϕ0 ¼ ϕbeinga real field, rather than
complex one, the cV;A

ϕϕ terms would be absent.
For later convenience, here we write down the numerical

branching fractions ofK → =E andK → ππ=E in terms of the
contributing coefficients, employing the central values of
the measured kaon lifetimes and meson masses from
Ref. [17] as well as aT ¼ 0.658ð23Þ=GeV from lattice
QCD work [23]. Before doing so, in view of Eqs. (8) and
(15) and the fact that f and f0 are not detected in the
searches, it is appropriate to define

BðK→ ðππÞff0Þ ¼ BðK→ ðππÞff̄0ÞþBðK→ ðππÞf0f̄Þ
1þ δff0

;

ð22Þ

where the factor 1=ð1þ δff0 Þ with the Kronecker delta δff0

has been added to prevent double counting when f0 ¼ f.
Thus, Eq. (8) translates into

BðKL → ff0Þ ¼ 1.45ðjc̃S
ff0 − c̃S�

f0fj2

þ jc̃P
ff0 þ c̃P�

f0fj2Þ
1014 GeV4

1þ δff0
;

BðKS → ff0Þ ¼ 2.54ðjc̃S
ff0 þ c̃S�

f0fj2 þ jc̃P
ff0 − c̃P�

f0fj2Þ

×
1011 GeV4

1þ δff0
; ð23Þ

and Eq. (15) yields

BðK− → π0π−ff0Þ
¼ ½6.28ðjc̃V

ff0 j2 þ jc̃A
ff0 j2 þ jc̃V

f0fj2 þ jc̃A
f0fj2Þ

þ 2.01ðjc̃S
ff0 j2 þ jc̃P

ff0 j2 þ jc̃S
f0fj2 þ jc̃P

f0fj2Þ
þ 6.59ðjCT

ff0 j2 þ jCT0
ff0 j2 þ jCT

f0fj2 þ jCT0
f0fj2Þ�

×
105 GeV4

1þ δff0
; ð24aÞ

BðKL → πþπ−ff0Þ ¼ f13.4½jc̃V
ff0 − c̃V�

f0fj2 þ jc̃A
ff0 − c̃A�

f0fj2� þ 67.7½jc̃V
ff0 þ c̃V�

f0fj2 þ jc̃A
ff0 þ c̃A�

f0fj2�
þ 4.31½jc̃S

ff0 þ c̃S�
f0fj2 þ jc̃P

ff0 − c̃P�
f0fj2� þ 118½jc̃S

ff0 − c̃S�
f0fj2 þ jc̃P

ff0 þ c̃P�
f0fj2�

þ 14.3½jCT
ff0 þ CT�

f0fj2 þ jCT0
ff0 − CT0�

f0fj2� þ 0.50½jCT
ff0 − CT0�

f0fj2 þ jCT
ff0 þ CT0�

f0fj2�g
105 GeV4

1þ δff0
; ð24bÞ

BðKL → π0π0ff0Þ ¼ f42.4½jc̃V
ff0 þ c̃V�

f0fj2 þ jc̃A
ff0 þ c̃A�

f0fj2� þ 80.2½jc̃S
ff0 − c̃S�

f0fj2 þ jc̃P
ff0 þ c̃P�

f0fj2�

þ 0.34½jCT
ff0 − CT�

f0fj2 þ jCT0
ff0 þ CT0�

f0fj2�g
105 GeV4

1þ δff0
: ð24cÞ

In the invisible scalar case, analogously to Eq. (22), we express

BðK → ðππÞϕϕ0Þ ¼ BðK → ðππÞϕϕ̄0Þ þ BðK → ðππÞϕ0ϕ̄Þ
1þ δϕϕ0

: ð25Þ

TABLE I. Summary of coefficients in Eqs. (1) and (2) contributing to the various FCNC kaon decays with missing energy carried
away by Dirac spin-1=2 fermions, ff̄0, or by spin-0 bosons, ϕϕ̄0, if their masses are negligible, mf;f0;ϕ;ϕ0 ≃ 0.

Decay modes K → ff̄0 K → πff̄0 K → ππff̄0 K → ϕϕ̄0 K → πϕϕ̄0 K → ππϕϕ̄0

Coefficients c̃S, c̃P CV;CA;CS;CP;CT;CT0 c̃V; c̃A; c̃S; c̃P;CT;CT0 cP cV, cS cA, cP
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From Eqs. (18) and (21) we then have

BðKL → ϕϕ0Þ ¼ 2.93 × 1014 GeV2
jcP

ϕϕ0 − cP�
ϕ0ϕj2

1þ δϕϕ0
;

BðKS → ϕϕ0Þ ¼ 5.14 × 1011 GeV2
jcP

ϕϕ0 þ cP�
ϕ0ϕj2

1þ δϕϕ0
ð26Þ

and

BðK− → π0π−ϕϕ0Þ ¼ ½0.0157ðjcA
ϕϕ0 j2 þ jcA

ϕ0ϕj2Þ þ 1.38ðjcP
ϕϕ0 j2 þ jcP

ϕ0ϕj2ÞGeV−2� 10
7 GeV4

1þ δϕϕ0
;

BðKL → πþπ−ϕϕ0Þ ¼ ð0.0334jcA�
ϕ0ϕ − cA

ϕϕ0 j2 þ 2.94jcP�
ϕ0ϕ þ cP

ϕϕ0 j2GeV−2

þ 0.169jcA�
ϕ0ϕ þ cA

ϕϕ0 j2 þ 51.3jcP�
ϕ0ϕ − cP

ϕϕ0 j2GeV−2Þ 10
7 GeV4

1þ δϕϕ0
;

BðKL → π0π0ϕϕ0Þ ¼ ð0.106jcA�
ϕ0ϕ þ cA

ϕϕ0 j2 þ 32.1jcP�
ϕ0ϕ − cP

ϕϕ0 j2GeV−2Þ 10
7 GeV4

1þ δϕϕ0
; ð27Þ

respectively.

IV. SM PREDICTIONS AND EMPIRICAL
INFORMATION

As mentioned earlier, the latest NA62 measurement on
Kþ → πþνν̄ has turned up evidence for it that is fully
consistent with the SM expectation [14]. In view of Table I,
this implies that the couplings CV;A;S;P;T;T0

f and cV;S
ϕ originat-

ing from possible NP cannot by sizable anymore.2 To
explore how much the other coefficients shown in Table I
may be affected by NP to amplify the K → =E and K →
ππ=E rates with respect to their SM values, we need to know
the latter.
In the SM, our processes of interest arise at short distance

from effective dsνlν̄l interactions, with l ¼ e, μ, τ,
described by [2]

LSM
sdνν ¼

−αeGFffiffiffi
8

p
πsin2θW

X
l¼e;μ;τ

ðV�
tdVtsXt þ V�

cdVcsXl
cÞ

× d̄γηð1 − γ5Þsν̄lγηð1 − γ5Þνl þ H:c:; ð28Þ

where αe ¼ 1=128, GF is the Fermi constant,
sin2 θW ¼ 0.231, Vqq0 are Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, Xt ¼ 1.481 from t-quark loops,

and Xe
c ¼ Xμ

c ≃ 1.2 × 10−3 and Xτ
c ≃ 8 × 10−4 are c-quark

contributions [2]. Applying the notation of Eq. (1) to
LSM
sdνν, we then have CV

νlνl ¼ −CA
νlνl ¼ −c̃V

νlνl ¼ c̃A
νlνl ¼

αeGFðλtXt þ λcXl
cÞ=ð

ffiffiffi
8

p
πsin2θWÞ ∼ −ð3þ 0.9iÞ × 10−11=

GeV2 and CS;P;T;T0
νlνl ¼ c̃S;P

νlνl ¼ 0.
Accordingly, in light of Eqs. (8) and (9) we see that

BðKL;S → νν̄ÞSM ¼ 0, given that the neutrinos are massless
in the SM. However, supplementing it with nonzero
neutrino masses and taking their biggest one from the
direct limit mexp

ντ < 18.2 MeV [17] would instead lead to
the maximal values [6] BðKL → νν̄ÞSM ≃ 1 × 10−10

and BðKS → νν̄ÞSM ≃ 2 × 10−14.
As for the four-body channels, employing Eq. (24) we

get BðK− → π0π−νν̄ÞSM ∼ 4 × 10−15 and BðKL →
ðπþπ−; π0π0Þνν̄ÞSM ∼ ð8; 5Þ × 10−14. These are in rough
agreement with more refined evaluations in the literature
[3,4,28,29]:

BðK− → π0π−νν̄ÞSM ∼ 1.2 × 10−14;

BðKL → πþπ−νν̄ÞSM ∼ 2.8 × 10−13;

BðKL → π0π0νν̄ÞSM ∼ 1.5 × 10−13: ð29Þ

with the latest CKM matrix elements [17]. The estimates
for KS → ππνν̄ are about three orders of magnitude less
than their KL counterparts. The two sets of K− and KL
numbers above indicate the level of uncertainties in our
K → ππ=E predictions in the next section.
On the experimental side, merely two of these modes

have been looked for [17], with negative outcomes which
led to the limits [30,31]

2A preliminary report from KOTO [24] has revealed that its
most recent data contain a couple of KL → π0νν̄ events sug-
gesting an anomalously high rate, which still needs confirmation
from further measurements. If this anomaly persists in the future,
it may be due to NP, as discussed in, e.g., [25–27] and the
references therein, but its effects would not be large enough to
modify our conclusions for K → ππ=E.
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BðK− → π0π−νν̄Þexp < 4.3 × 10−5;

BðKL → π0π0νν̄Þexp < 8.1 × 10−7 ð30Þ

both at 90% CL. These exceed the corresponding SM
numbers in Eq. (29) by several orders of magnitude. As
regards KL;S → =E, there have been no direct searches for
them yet. Nevertheless, from the existing data [17] on the
visible decay channels of KL;S one can obtain indirect
upper bounds on their invisible branching fractions [32].
Thus, one can infer [20]

BðKL→=EÞ<1.8×10−3; BðKS→=EÞ<7.1×10−4 ð31Þ

at the 2σ level, which are far away from the aforesaid
BðKL;S → νν̄ÞSM values. Comparing Eqs. (30)–(31) with
Eqs. (23)–(27), as well as Table I, we conclude that
currently there remains potentially plenty of room for
NP to boost the rates of these decays via c̃V;A;S;P and cA;P.

V. NP EXPECTATIONS AND CONCLUSIONS

Based on the considerations made in the previous
section, we hereafter entertain the possibility that, among
the couplings listed in the table, NP manifests itself
exclusively via those belonging to operators with parity-
odd ds bilinears, namely c̃V;A;S;P in Eq. (1) or cA;P in Eq. (2),
and demand that they fulfill the conditions

BðKL → =EÞNP < 1.8 × 10−3;

BðKS → =EÞNP < 7.1 × 10−4; ð32Þ

BðK− → π0π−=EÞNP < 4.0 × 10−5;

BðKL → π0π0=EÞNP < 8.0 × 10−7: ð33Þ

These dsff0, or dsϕϕ0, interactions additionally contribute
to the mixing of neutral kaons via one-loop diagrams with
f and f0, or ϕ and ϕ0, being in the loops and must therefore
be compatible with its data. One can see that the resulting
pertinent operators are of the form d̄ðγκÞγ5sd̄ðγκÞγ5s and
have coefficients proportional to linear combinations of
c̃xff0 c̃xf0f with x ¼ V;A; S; P, or cxϕϕ0cxϕ0ϕ with x ¼ A; P. As a
consequence, these products can evade the kaon-mixing
restrictions, which are stringent, if one of c̃xff0 and c̃xf0f for
f0 ≠ f, or one of cxϕϕ0 and cxϕ0ϕ for ϕ

0 ≠ ϕ, either vanishes or
is sufficiently smaller than the other. To illustrate the
ramifications that may arise for the various K → ππ=E
modes if NP occurs in these couplings, we can look at
several simple examples.
If it solely affects c̃S;P

ff0 with f0 ≠ f, then c̃S;P
f0f are

absent, and so the kaon-mixing constraints are avoided.
In this case, comparing Eqs. (23)–(24) to (32)–(33), we
learn that the KL → =E requirement is the most significant
and translates into jc̃S

ff0 j2 þ jc̃P
ff0 j2 < 1.2 × 10−17 GeV−4.

Combining it with the branching fractions, we arrive at the
maximal values

BðK− → π0π−ff0Þ < 2.5 × 10−12;

BðKL → πþπ−ff0Þ < 1.5 × 10−10;

BðKL → π0π0ff0Þ < 1.0 × 10−10;

BðKS → πþπ−ff0Þ < 2.7 × 10−13;

BðKS → π0π0ff0Þ < 1.7 × 10−13: ð34Þ

Interchanging the roles of c̃S;P
ff0 and c̃S;P

f0f would not alter
these numbers. They are considerably higher than the
corresponding SM expectations quoted earlier but might
not be high enough to be empirically testable any
time soon.
If only c̃V;A

ff0 with f0 ≠ f are influenced by NP, hence
c̃V;A
f0f ¼ 0, it is clear from Eq. (23) that Eq. (32) is no longer
relevant but Eq. (33) still matters, with the KL → π0π0=E
restraint being the stronger and yielding jc̃V

ff0 j2þ
jc̃A

ff0 j2 < 1.9 × 10−13 GeV−4. With this, we obtain

BðK− → π0π−ff0Þ < 1.2 × 10−7;

BðKL → πþπ−ff0Þ < 1.5 × 10−6;

BðKL → π0π0ff0Þ < 8.0 × 10−7;

BðKS → πþπ−ff0Þ < 2.7 × 10−9;

BðKS → π0π0ff0Þ < 1.4 × 10−9; ð35Þ

which greatly exceed their counterparts in Eq. (34) and some
of which may be within the reach of ongoing or upcoming
kaon factories. We would achieve the same results with c̃V;A

f0f
alone instead. It is worth pointing out that this kind of
possibility can be realized in a scenario involving scalar
leptoquarksplus light sterileneutrinosactingas the invisibles
[7]. Furthermore, the model can also generate substantial
enhancement in the rates of the aforementioned FCNC
hyperon decays with missing energy [7], which are poten-
tially detectable in the BESIII experiment [33,34].
If now NP enters exclusively through cP

ϕϕ0 with ϕ0 ≠ ϕ,
implying cP

ϕ0ϕ ¼ 0, then a comparison of Eqs. (26)–(27)
and (32)–(33) reveals that the KL → =E requisite in
Eq. (32) is the most important, from which we get
jcP

ϕϕ0 j2 < 6.1 × 10−18 GeV−2. This translates into

BðK− → π0π−ϕϕ̄Þ < 8.5 × 10−11;

BðKL → πþπ−ϕϕ̄Þ < 3.3 × 10−9;

BðKL → π0π0ϕϕ̄Þ < 2.0 × 10−9

BðKS → πþπ−ϕϕ̄Þ < 5.8 × 10−12;

BðKS → π0π0ϕϕ̄Þ < 3.5 × 10−12 ð36Þ
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which are larger than the corresponding values in Eq. (34)
by roughly an order of magnitude. In contrast, if NP solely
impacts cA

ϕϕ0 with ϕ0 ≠ ϕ, hence cA
ϕ0ϕ ¼ 0, the situation

turns out to be analogous to that reflected by Eq. (35).
More explicitly, in view of Eqs. (27) and (33), from the
KL condition in the latter we extract jcA

ϕϕ0 j2 < 7.5×

10−13 GeV−4, which leads to

BðK− → π0π−ϕϕ̄Þ < 1.2 × 10−7;

BðKL → πþπ−ϕϕ̄Þ < 1.5 × 10−6;

BðKL → π0π0ϕϕ̄Þ < 8.0 × 10−7

BðKS → πþπ−ϕϕ̄Þ < 2.7 × 10−9;

BðKS → π0π0ϕϕ̄Þ < 1.4 × 10−9: ð37Þ

These numbers are identical to those in Eq. (35).
In Table II we collect our findings in Eqs. (34)–(37) and

the associated coefficients. We note that, as alluded to in
Sec. I and discussed in Refs. [6–8], in the cases seen in this
table with high branching fractions the corresponding
predictions for their hyperon counterparts are magnified
in like manner and might therefore be within the sensitivity
ranges of searches in the near future.
To conclude, motivated by the latest NA62 measurement

on Kþ → πþνν̄, which is in good agreement with the SM
and consequently implies stringent constraints on NP
which might be hiding in K → π=E, we have explored

how other types of FCNC kaon decays with missing energy
might shed additional light on potential NP in the under-
lying s → d=E transition. Focusing on scenarios in which
the missing energy is carried away by a pair of invisible
new particles of spin 1=2 or 0, we have argued that there are
four-particle operators contributing to s → d=E which are
not restricted by K → π=E and accordingly could still
significantly affect K → =E and K → ππ=E, on which the
empirical details are currently meager. We have demon-
strated especially that the branching fractions of K → ππ=E
could yet be amplified far beyond their SM expectations, to
levels which might be within the reach of ongoing experi-
ments, specifically KOTO and NA62, or upcoming ones
such as KLEVER [35]. Our results, which are illustrated
with the instances summarized in Table II, will hopefully
help stimulate new quests for these decays as NP probes.
Last but not least, we have pointed out that similar kinds of
enhancement would occur in the hyperon sector, which
may be detectable by BESIII or future charm-tau factories
[36,37], and thus it could offer complementary NP
tests.
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