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Recently, the KOTO experiment reported their new preliminary result of searching for the decay
KL → π0νν̄. Three candidate events were observed in the signal region, which exceed significantly the
expectation based on the standard model. On the other hand, the new NA62 and previous BNL-E949
experiments yielded a consistent result and confirmed the standard model prediction in the charged meson
decayKþ → πþνν̄. Furthermore, the two decays are bound by a well-motivated relation from an analysis of
isospin symmetry that is hard to break by the new physics of heavy particles. In this work, we study the
issue by a systematic effective field theory approach with three of the simplest scenarios, in which the KL

may decay into a new light neutral particle X, i.e., KL → π0X, KL → γγX, or KL → π0XX. We assess the
feasibility of the scenarios by simulations and by incorporating constraints coming from NA62 and other
relevant experiments. Our main conclusion is that the scenario K → πXX for a long-lived scalar X seems
more credible than the other two when combining distributions and other experimental constraints while
the region below the KOTO’s blind box provides a good detection environment to search for all three
scenarios for a relatively heavy X.

DOI: 10.1103/PhysRevD.102.055005

I. INTRODUCTION

The flavor changing neutral current decays of the neutral
and charged kaons K → πνν̄ provide a clean venue to
examine precisely the standard model (SM) and to search
for new physics beyond it. Recently, the KOTO experiment
reported their preliminary result for the decay KL → π0νν̄
using data collected during years 2016–2018 [1]. With
the KOTO single event singularity (SES), SESπ0νν̄ ¼
6.9 × 10−10, which is larger than the SM prediction
BðKL → π0νν̄ÞSM ¼ ð0.34� 0.06Þ × 10−10 [2], a total of
0.10� 0.02 events would be expected. But surprisingly,
three candidate events apparently fell into the signal region.
As the experimental analysis is still in progress, any
theoretical attempt to interpreting the potential discrepancy
has to be taken with great caution. On the other hand, if the
three candidate events were confirmed in the future, it
would imply a decay branching ratio [3]:

BðKL → π0νν̄ÞKOTO ¼ 2.1þ2.0ðþ4.1Þ
−1.1ð−1.7Þ × 10−9; ð1Þ

at 68% (95%) C.L., and would pose a strong challenge to
the SM.
In the charged sector, the NA62 experiment recently

reported their result [4]:

BðKþ → πþνν̄ÞNA62 ¼ ð0.47þ0.72
−0.47Þ × 10−10; ð2Þ

which is consistent with a previous measurement by
the BNL-E949 Collaboration, BðKþ → πþνν̄ÞE949 ¼
ð1.73þ1.15

−1.05Þ × 10−10 [5]. Combining the two one obtains

BðKþ → πþνν̄ÞExp ¼ ð0.86þ0.62
−0.58Þ × 10−10; ð3Þ

or an upper bound at 95% C.L.,

BðKþ → πþνν̄ÞExp ≤ 2.05 × 10−10: ð4Þ

This confirms the SM prediction BðKþ → πþνν̄ÞSM ¼
ð0.84� 0.10Þ × 10−10 [2].
This potential tension between the neutral and charged

sectors is even exacerbated due to a theoretical relation
between the two. Based on the well-motivated assumption
that the decays are dominated by the interactions with
isospin change ΔI ¼ 1=2, they are related by the so-called
Grossman-Nir (GN) bound [6],

BðKL → π0νν̄Þ≲ 4.3BðKþ → πþνν̄Þ: ð5Þ
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Together with the bound in the charged sector of Eq. (4),
this implies BðKL → π0νν̄Þ < 8.8 × 10−10 at 95% C.L.,
which would lead to at most 1.3 instead of 3 candidate
events at KOTO. This bound is hard to break as it is
immune to low energy effects at leading order of new heavy
particles, and may only be violated by ΔI ¼ 3=2 inter-
actions of higher dimensional operators between quarks
and neutrinos; for recent discussions and attempts, see, for
instance, Refs. [7–10].
The challenge here is to accommodate the KOTO result

while respecting the measurements at NA62 and others.
In this work, we propose to relax the tension by assuming
a light neutral particle that can appear in the final states of
kaon decays. We will consider three scenarios, one
of which has been suggested in the literature, and will
assess by simulations whether they are practically feasible.
Since π0 decays into a pair of photons and the neutrino
pair appears as missing energy, there are three simplest
scenarios that could mimic the SM decay searched for at
KOTO, namely, KL → π0X, KL → γγX, and KL → π0XX,
in which X appears as missing energy.
We will first examine in Sec. II the most popular scenario

K → πX [3,11–17]. We will assess whether it is feasible by
simulating its event distribution and comparing it with that
measured at KOTO. We will also incorporate constraints
coming from other measurements on KL and Kþ decays. In
Sec. III we consider the loop-induced process ofKL → γγX
which could disguise itself as a signal event for the decay
searched for at KOTO but has no counterpart at NA62. If
the new particle couples only in pairs to quarks for one
reason or another, it will also appear in pairs in the kaon
decays. We will therefore make an analysis on the decays
K → πXX in Sec. IV. As we are conscious of the prelimi-
nary status of the KOTO result, we will show what
constraint could be set on the KL decay branching ratio
if any of the three candidate events were confirmed or
completely falsified in the future. In the course of our
analysis we will make some suggestions that may deserve
further study in the KOTO and NA62 experiments. We
summarize our main results in the last section. Our analysis
in the following sections is based on the effective field
theory approach. The effective interactions at leading order
and the amplitudes and branching ratios for various decays
are detailed in Appendixes A, B, and C, and the simulation
setup and validation is discussed in Appendix D. We
mention for completeness that if there are new light
particles other than the X particle that mediate the decays
considered here, they could break the GN bound in a
different manner or change the decay kinematical distri-
butions to avoid the GN bound. We refer the interested
reader to Refs. [10,18] on this approach.

II. KL → π0X

The signal region for the KL → π0νν̄ search at KOTO is
also suitable for the two-body decay KL → π0X, where X

acts as missing energy. Assuming parity and working to
leading order in low energy expansion, X can be a scalar or
vector particle. However, as shown in Fig. 1, the signal
distributions in the Zvtx − PT plane of the two decays are
different. Here Zvtx is the π0 decay vertex position projected
onto the KL beam direction, and PT is its transverse
momentum with respect to the beam. We have performed
the simulations by applying the kinematical cuts proposed
in KOTO’s 2015 data analysis [19] and assuming the signal
region chosen from its 2016–2018 data analysis [1]. While
the decay KL → π0νν̄ has a relatively uniform distribution
in the signal region, KL → π0X concentrates in a narrow
interval of PT . Furthermore, the heavier the X is, the lower
the maximal PT is. For a heavy X, it is hard to accom-
modate the candidate events with a high PT at KOTO.
The branching ratio for KL → π0X corresponding to a

specific number of candidate events, Nsignal, that can be
accommodated is estimated by the relation

BðKL → π0XÞKOTO ¼ Nsignal · SESπ0X ð6Þ

¼ Nsignal · SESπ0νν̄ ·
ϵπ0νν̄

ϵπ0XðmXÞ
: ð7Þ

Here ϵ is the detection efficiency in the signal region at
KOTO [1] upon imposing various kinematical cuts [19].
We have estimated the ratio of the two efficiencies by
simulations and then used the above quoted SESπ0νν̄ (with
an assumed relative error of 10%) to obtain SESπ0X. The
total background is 0.10� 0.02 in the signal region (about
one half from the decay KL → π0νν̄ and another half from
its SM background) and 0.08� 0.06 in the region below
the blind box [1]. The branching ratio for KL → π0X with
two-sided 68% C.L. limits is shown in Fig. 2 as a function
of mX in various mass intervals where a specific number
Nsignal of candidate events are accommodated. Note that the
choice of the interval delimiters is not sharp but only a
rough estimate based on simulations. When X is so heavy
(roughlymX > 190 MeV) that none of the candidate events
can be accommodated or even all of its signals drop below
the blind box (mX > 270 MeV), we then use the above
background estimates to set a 90% C.L. upper bound on the
decay branching ratio.
Now we examine whether the decay KL → π0X offers a

feasible interpretation to the candidate events observed in
the KOTO signal region by a comprehensive analysis of the
decay distribution and the limits set by other experiments.
We consider first the X mass intervals mX ∈

ð100; 165Þ ∪ ð260; 354Þ MeV. These intervals were not
taken into account in the NA62 experiment since its
sensitivity to the decay Kþ → πþX is considerably
degraded by the large backgrounds Kþ → πþπ0ðγÞ and
Kþ → πþπ0π0; πþπþπ−, respectively. Thus, the restrictive
GN bound is practically not in action. Nevertheless, the
second interval is obviously not supported by the KOTO
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signals as seen in Fig. 1 and the first one cannot provide
a perfect solution either. For X in the first interval, i.e.,
mX ∼mπ0 , the decay KL → π0X can only accommodate
two candidate events but not the one with a high
PT ∼ 238 MeV. If X is stable and invisible and if we
leave aside the last event, we may obtain the branching
ratio with two-sided limits at 68% (95%) C.L. at, e.g.,
mX ¼ 135 MeV,

BðKL → π0XÞKOTO ¼ 1.12þ1.21ðþ2.70Þ
−0.74ð−0.97Þ × 10−9: ð8Þ

It might be appropriate to recall that a stable and invisible
X has been studied as a light dark matter particle that
appears singly or in a pair in rare kaon to pion decays;
see, for instance, Refs. [20–22]. But such a stable particle
would hardly relax the tension between the NA62 and
preliminary KOTO results due to the GN bound. Our
strategy is to utilize their different experimental settings so
that X escapes the KOTO detector but decays in the NA62
detector without breaking the GN bound. The only poten-
tial loophole may appear in the region around mX ∼mπ

which has been cut in the NA62 experiment. But as
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FIG. 2. Branching ratio for KL → π0XSðVÞ with 68% C.L. limits
in various mass intervals that can accommodate a specific number
of candidate events, and its 90% C.L. upper limit as a function of
mass in the KOTO signal region (solid line) and in the region
below the blind box (dashed line). The dots correspond to the
points mXSðVÞ ¼ 1; 10; 20;…; 130; 135; 140;…; 290; 300 MeV.

FIG. 1. Reconstructed events (blue scatters) in the Zvtx − PT plane after all the cuts for KL → π0νν̄ (top left) and for KL → π0XS with
mXS

¼ 10 MeV (top right), 135 MeV (bottom left), and 220 MeV (bottom right). The results for a vector XV are the same, as shown in
Eqs. (B1) and (B2). The region surrounded by the red solid (black dashed) lines is the signal region (blind box) implemented in the
KOTO analysis [1] which yielded the three candidate events in red squares.
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analyzed above, even this fortuitous situation does not
work out perfectly.
For X of the other mass, it must be so long lived to be

invisible at KOTO while short lived to decay into SM
particles to be vetoed at NA62, thus avoiding the constraint
from the GN bound. In order to incorporate all three
candidate events, X must be light enough, mX ≲ 60 MeV,
but still it is difficult to offer a feasible solution. First of all,
not all observed events are gracefully in the main distri-
bution region as can be seen in Fig. 1. More importantly, as
we will detail below, this light mass region is tightly
constrained by other experiments.
For mX ≲ 60 MeV, the signals of Kþ → πþX at NA62

would be predominantly located in its signal region 1 for
the Kþ → πþνν̄ search [4] with missing mass squared
m2

miss ∈ ð0; 0.01Þ GeV2, where no events were observed.
Since we did not simulate the decays Kþ → πþX; πþνν̄ at
NA62, we attempted an estimate on some simplifying
assumptions and by employing its combined 2016 and
2017 data. We assumed an equal SES ¼ ð0.346� 0.017Þ ×
10−10 [4] for both decays and an mX-independent effi-
ciency. Utilizing the expected signals (0.81� 0.10)
and background (0.60� 0.06) for Kþ → πþνν̄ correspond-
ing to their total expectations in signal regions 1 and 2
at NA62 [4] and their distributions [23], we obtained
BðKþ → πþXÞNA62 < 0.4 × 10−10 at 90% C.L. Very
recently, the NA62 group presented their preliminary result
through systematic simulations based on the 2017 data,
and set a limit BðKþ → πþXÞNA62 < ð0.5 − 2.0Þ × 10−10

at 90% C.L. for the low mX region [24]. By applying its
bound shape (which is related to theKþ → πþX efficiency)
to the combined 2016 and 2017 data, we arrive at a slightly
better bound,

BðKþ → πþXÞNA62 < ð0.4 − 1.6Þ × 10−10; ð9Þ

for mX ∈ ð0; 100Þ MeV. We will make our further analysis
based on this bound. A similar limit, BðKþ → πþXÞE949 <
ð0.5 − 1.2Þ × 10−10, was obtained by E787/E949 [25].
Now we can employ the above results to obtain a strong

constraint on the branching ratio of KL → π0X. We first
recall that the real, physical branching ratio may differ its
measured value in a specific detector (det) in an experiment
such as KOTO or NA62 if X decays [3]:

BðK → πXÞreal ¼ BðK → πXÞdete
L
p

mX
cτX ; ð10Þ

where τX is the lifetime of X, and p=mX and L are the
effective boost factor and detector size, respectively. We
apply the above relation to both KL → π0X at KOTO and
Kþ → πþX at NA62, and employ Eq. (5) for real branching
ratios to link the two, so that we have

ðr− 1Þ lnBðKLÞreal ≳ r lnBðKLÞKOTO − ln ½4.3BðKþÞNA62�;
ð11Þ

where B with a subscript indicates its measured or real
value, and r ¼ ðL=pÞNA62=ðL=pÞKOTO. We use the
values ðL=pÞKOTO ¼ ð3 mÞ=ð1.5 GeVÞ and ðL=pÞNA62 ¼
ð150 mÞ=ð47 GeVÞ. One word of explanation concerning
the choice p ≈ 47 GeV at NA62 follows. The X particle is
emitted spherically symmetrically from the Kþ decay at
rest. When the latter is boosted to an energy of 75 GeV,
we analyzed that the momentum of the X is evenly
distributed in the range pX ∈ ð40; 60Þ GeV for the momen-
tum of the πþ that falls in the signal region at NA62, pπþ ∈
ð15; 35Þ GeV [24]. Upon comparing with Ref. [16] we
found that the choice pX ≈ 47 GeV fits best their simu-
lation result and is also consistent with the result in Ref. [3].
We note in passing that the stated choice EX ≈ 37 GeV in
Ref. [3], though followed in many later papers, actually
neither fits its own numerical result nor falls in the
observed pπþ range at NA62. Plugging in the central value
of BðKLÞKOTO from Fig. 2 and the upper bound on
BðKþÞNA62 in Eq. (9), we arrive at the lower bound:

BðKL → π0XÞreal > ð0.5 − 3.1Þ × 10−8; ð12Þ

at 90% C.L. for mX ∈ ð0; 100Þ MeV. Applying this bound
to Eq. (10) for the KOTO detector, we obtain an upper
bound on the lifetime τX of X as a function of mX shown in
Fig. 3. A similar analysis is done for the E949 experiment
which searched for the two-body decay Kþ → πþX of a
stopping Kþ and has the parameters LE949 ¼ 1.5 m and
pX ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

K;m
2
π; m2

XÞ
p

=ð2mKÞ with the usual triangular
function λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2bc − 2ca.
The Kμ2 experiment [26] set an upper bound on BðKþ →
πþXÞ independently of whether the X decays or not. We
translate it via the GN bound into an upper bound on
BðKLÞ, and then apply it to the KOTO detector again
through Eq. (10). This then yields a lower bound on τX
which is also shown in Fig. 3.
This lower bound of order 10−8 has been strictly

restricted or excluded by other measurements. Being light,
X can only decay to eþe− and/or γγ. For X → eþe−, we
have used the light scalar search result at Orsay eN → eNϕ
with ϕ → eþe− [28,29] to obtain the constraints shown in
Fig. 3. (For other potential constraints, see discussions
in Ref. [16].) We see that there is a small survival space
for mX < 60 GeV, i.e., with mX ∈ ð45; 60Þ MeV and
τX ∈ ð0.04; 0.11Þ ns. For X → γγ, the limits mainly come
from the measurements of BðKL → π0γγÞ and its spectrum
at KTeV [31] and NA48 [30]. The results BðKL→π0γγÞ¼
ð1.29�0.03�0.05Þ×10−6 at KTeV and BðKL → π0γγÞ ¼
ð1.36� 0.03� 0.03Þ × 10−6 at NA48 are consistent with
the SM prediction ∼1 × 10−6 [32–35]. Furthermore, both
theoretical calculations and experimental observations give
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a consistent distribution which is dominated by the invari-
ant mass interval mγγ ∈ ð160; 360Þ MeV. In the following
we take the NA48 experiment to describe how to employ its
result to set a lower bound on τX for a light X as shown
in Fig. 3.
The NA48 experiment detects four photons in the decay

KL → π0γ3γ4 with π0 → γ1γ2, assuming that all photons
originate from the same KL decay vertex. For a branching
ratio satisfying the bound Eq. (12), the X particle from the
decay KL → π0X will mostly decay in the KOTO detector
and thus definitely decay in the NA48 detector considering
its parameters LNA48=pNA48 ¼ ð100 mÞ=ð15 GeVÞ. This
means that the decay KL → π0X with X → γγ could mimic
the KL → π0γγ signal at NA48. Since the X generically
decays at a displaced vertex, the momenta of its daughter
photons (γ3γ4) will have a larger opening angle (θ34)
than they would have if they had originated from the same
vertex as the other photon pair (γ1γ2) due to momentum
conservation. Using the kinematical relation cos θ34 ¼
1 −m2

34=ð2E3E4Þ, where E3;4 and m2
34 are respectively

the energies and invariant mass squared of the photons γ3γ4,
we see that a given mX will appear as a smaller m34 < mX
in the NA48 analysis; in other words, the true value of mX
looks as though it is being shifted downwards in the
invariant mass analysis of NA48. If the lower limit
equation (12) held true for a light X, one would expect
a peak or at least enhancement around m34 < mX <
60 GeV in the data. However, no such enhancement was

observed in the experiment. Actually, NA48 reported no
signal events for m34 ∈ ½0; 40� MeV, and set the limit
BðKL → π0γγÞ < 0.6 × 10−8 (90% C.L.) for m34 ∈
½30; 110� MeV [30]. Using the data provided in [30], we
have estimated the upper bound for m34 ∈ ½0; 40� MeV,
and found it to be about the same as for m34 ∈
½30; 110� MeV. Taking into account the constraint y ¼
jpK · ðk3 − k4Þj=m2

K < 0.2 at NA48, we found by a
simple simulation that the acceptance for the two-body
decay chain KL → π0X with X → γγ is about half
of that for the three-body decay, which implies
BðKL → π0XwithX → γγÞ≲ 1.2 × 10−8. We then use it
to obtain a lower bound for τX as shown in Fig. 3. We can
see that there is no survival space for KL → π0X with
X → γγ. These are great obstacles to the interpretation of
the KOTO result in terms of the decay KL → π0X,
especially when X is a light particle.

III. KL → γγX

In the KOTO experiment the directions of the photon
pair were not recorded, and the reconstruction of the decay
KL → π0νν̄ was based on the assumption that the photon
pair arises from the π0 decay, which in turn is a product of
the KL decay in the beam line. This motivates us to
consider the decay KL → γγX in which the photon pair
would be misidentified as coming from the π0 decay and X
appears as missing energy. It is worth mentioning that
this process is not constrained by the GN bound as its
counterpart in the charged sector is absent. Hence the X
here could, in principle, act as dark matter, but this scenario
is not supported by the preliminary KOTO result of
distributions discussed below.
The decay KL → γγX can appear at the one-loop order.

The effective field theory calculation of the decay rate is
delegated to Appendix B. Assuming parity symmetry, X
could be a pseudoscalar or an axial vector. In this section,
we analyze its phenomenological aspects by simulations.
The distribution in the Zvtx − PT plane of the reconstructed
events is depicted in Fig. 4 at three typical masses of the
pseudoscalar XP. A similar distribution was found for the
axial-vector case and thus not shown separately. As we can
see from the figure, the KOTO’s three candidate events
could be covered over a range of mX, but the decay events
more tend to be located below the signal region. If we
naively insist that the KOTO’s three events are faked by
KL → γγX, more events should be found below the signal
region, which however is not the case. Therefore, we will
not pursue this idea further, but employ KOTO’s results
to work out an experimental upper limit on the decay
KL → γγX instead.
We choose as our signal region for KL → γγX specified

by Zvtx ∈ ½2.9; 5.1� m and PT ∈ ½0; 120� MeV, which
excludes KOTO’s three events but includes most of our
decay events with a background of 0.08� 0.06. According

0 20 40 60 80 100
10 12

10 11

10 10

10 9

10 8

FIG. 3. Excluded regions in the mX − τX plane for the decay
KL → π0X. The purple (blue) region is excluded by the GN
bound using measurements of KL at KOTO [1] and of Kþ at
NA62 [4,24] (E949 [25]). The orange region corresponds to the
exclusion of Kþ → πþX from Kμ2 [26]. The gray region is
excluded by the untagged KL decay branching ratio [27]. The
cyan region bounded by the solid (dashed) curve is excluded by
Orsay [28] ([29]). The black dashed curves correspond to
BðKL → π0XÞ ¼ 10−4, 10−6, and 10−8, and the green curve is
the lower bound on τX from NA48 [30] assuming X → γγ.
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to the observed zero event in the region [1], we obtain an
upper limit on BðKL → γγXPÞ and relevant Wilson co-
efficients as a function of mXP

in the top and bottom panels
of Fig. 5, respectively. Also included is the projected future
detection capability of KOTO (dashed curves) when an
SESπ0νν̄ ¼ 3.0 × 10−11 is reached. In the bottom panel, we
also display limits coming from other experiments: Kþ →
πþπ0νν̄ at E787 [36], KL → π0π0νν̄ at E391a [37], and the
K0 − K̄0 mixing [27]. For a light XP, the limit is dominated

by KL → π0π0XP, while for a heavy XP the strongest limit
comes from the K0 − K̄0 mixing; in between (roughly for
mXP

∈ ð220; 350Þ MeV) the KOTO can yield the best
upper bound in the future. Similar limits for an axial-
vector XA are shown in Fig. 6.

IV. KL → π0XX

Finally, we discuss the case in which a pair of X particles
appear in the K meson decays for which the kinematics will
be very different from that of K → πX that we studied in
Sec. II. For a fermionic X this has been suggested in
Ref. [18]. We consider here a bosonic X which, for one
reason or another, only couples in pairs to the quarks and
may be a scalar or vector of either parity. Our simulation

FIG. 4. Reconstructed events (blue scatters) in the Zvtx − PT plane after all the cuts for KL → γγXP with mXP
¼ 10 MeV (left),

320 MeV (middle), and 430 MeV (right). With the same KL sample, the difference in the total number of scatters for various mXP
arises

from different cut efficiencies.
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FIG. 5. Top: upper limit on BðKL → γγXPÞ from KOTO’s
current data (solid) and projected future capability (dashed).
Bottom: upper limits on Wilson coefficients: jCP

sdj from Kþ →
πþπ0 þ invisible by E787 experiment (red solid), jReðCP

sdÞj from
K0 − K̄0 mixing (green solid), Kþ → πþπ0 þ invisible by E391a
experiment (blue solid), KL → γγXP by KOTO’s current result
(purple solid) and future expectation (orange dashed).

100 200 300 400 500
10 10

10 9

10 8

10 7

10 6

10 5

10 4

ExcludedE by currentn KOTO (90%CLL)

ExcludedE by futuree KOTO (90%CLL)

100 200 300 400 500
10 10

10 9

10 8

10 7

10 6

FIG. 6. Same as in Fig. 5 except for an axial vector XA.
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results for the signal distribution in the Zvtx − PT plane are
shown in Fig. 7 at three different masses. We find that the
events for a light X are almost evenly distributed in the
signal region as in the case for KL → π0νν̄ but differ
significantly from the decay KL → π0X as shown in Fig. 1.
As X becomes heavier, the maximal PT also drops. But
the truncation of the distribution around the maximal PT
is not as sharp as in the two-body decay, and this leaves
some space to explain the KOTO signal with a high PT . For
even larger masses, the distribution will shift below the
blind box.
The branching ratio for KL → π0XX from the above

simulation is shown in Fig. 8. The KOTO candidate signals
prefer a light scalar XS withmXS

≲ 30 MeV, which must be
unstable and have an appropriate lifetime to avoid the GN
bound. The requirement is that with a high probability the
two XS’s should be both invisible to KOTO while at least
one of them decays into SM particles (γγ or eþe−) which
can be vetoed at NA62. This implies in passing that the X
particle would unlikely play the role of stable dark matter.
Qualitatively speaking, in terms of kinematics, the exper-
imental constraints on the πXSXS mode are looser than
those on the πXS mode. But to assess the feasibility of the
scenario, we have to determine the appropriate lifetime and
mass of XS. The physical branching ratio for K → πXSXS
at KOTO or NA62 can be expressed as

BðK → πXSXSÞreal ¼ BðK → πXSXSÞdet
Z

e
ðL1p1þ

L2
p2
ÞmXS
cτXS

× fðL1; L2; p1; p2ÞdL1dL2dp1dp2;

ð13Þ

FIG. 7. Reconstructed events (blue scatters) in the Zvtx − PT plane after all the cuts for KL → π0XX with mX ¼ 10 MeV (left),
70 MeV (middle), and 100 MeV (right) for a scalar (top) or vector (bottom) X.
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FIG. 8. Same as Fig. 2 but for KL → π0XX with a scalar (top)
or vector (bottom) X.
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where f represents the probability that the two XS’s
propagate respectively at the momentum p1, p2 for a
distance L1, L2 to exit the detector without decay. The
integration over the signal region ensures that all situations
of the K decay have been taken into account. However, it is
difficult for us to manage a systematic simulation to cover
all information due to the complexity of the displaced-
vertex simulation. Considering that the two XSs have a
large boost at both KOTO and NA62, they should have
a high probability of flying in the beam direction with a
small angle to the veto plates. For further estimation, we
found that p1 ¼ p2 ≡ E and L1 ¼ L2 ≡ L serve as a good
approximation, which leads to the simplification:

BðK → πXSXSÞreal ≈ BðK → πXSXSÞdet
×
Z

dLdEe
2L
E

mXS
cτXS FðL;EÞ: ð14Þ

The two-dimensional probability function FðL; EÞ is much
simpler compared to the four-dimensional one. For KL →
π0XSXS at KOTO, it can be extracted from our current
simulation; forKþ → πþXSXS at NA62, we have adopted a
rough simulation in which only some cuts on the signal
region are considered.
As an example of simulation we consider the scenario

that a scalar XS of mass mXS
¼ 10 MeV decays into

a photon pair. The branching ratio measured at KOTO
can be read off in Fig. 8, with the central value being
BðKL → π0XSXSÞKOTO ¼ 2.7 × 10−9. For NA62, assum-
ing that Kþ → πþXSXS has the same acceptance as
Kþ → πþνν̄, we obtain BðKþ → πþXSXSÞNA62 < 1.60 ×
10−10 at 95% C.L. By incorporating all these into Eq. (14),
we obtain BðKL → π0XSXSÞreal as a function of the lifetime
τXS

shown in Fig. 9 as the green curve, and an upper limit
on it (red curve) from NA62 with the aid of the GN bound.
This yields the allowed region with τXS

≲ 2.2 × 10−7 s,

within which the veto information can also be gained from
the figure: at least 74.6% of the Kþ → πþXSXS signals are
vetoed at NA62, while for τXS

≳ 10−8 s the two XS’s at
KOTO nearly do not decay before exiting the detector. On
the other hand, the untagged KL branching ratio [27]
constrains BðKL → π0XSXSÞ < 1%, which leads to τXS

≳
1.7 × 10−10 s. But we emphasize once again that this is
only a rough estimate, and an appropriate determination of
the lifetime and mass of XS could only be achieved by a
systematic detector simulation. We advocate that the KOTO
and NA62 Collaborations will take this endeavor in their
future experimental analysis.

V. CONCLUSION

We have investigated by simulations the feasibility to
interpret the recent KOTO result in terms of a new neutral
particle that appears in the kaon decays. Since π0 decays
into a pair of photons and neutrinos appear as missing
energy, we have considered three scenarios, i.e., KL →
π0X; γγX; π0XX. Our results can be summarized as follows.
The simplest scenario KL → π0X is difficult to accommo-
date all three candidate events at KOTO, especially the one
with a high PT . The signal events for a relatively heavy X
are mainly distributed below the KOTO’s signal region,
which have been employed to work out a bound on the
decay branching ratio. While the KOTO result tends to
favor a light X, our comprehensive analysis on the NA62
and other experiments sets a strong constraint on the
scenario KL → π0X: the decay X → γγ is essentially
excluded while the decay X → eþe− leaves open a very
small region in themX − τX plane. Since the scenarioKL →
γγX has no constraint at NA62, it is free of the GN bound.
While the three candidate events can be accommodated, the
distributions do not fit: more events would be expected
below the blind box. We have used the latter to set a
constraint on the branching ratio, and compared it with
those from other measurements and the expected KOTO’s
future capability. In terms of the signal distribution, the
KOTO candidate events favor the third scenario KL →
π0XSXS, where XS is a scalar with mXS

≲ 30 MeV. To
accommodate the measurements at NA62, XS should be
unstable but long lived, whose lifetime is estimated to be
1.7 × 10−10 s ≲ τXS

≲ 2.2 × 10−7 s at mXS
¼ 10 MeV. But

a more precise result would necessitate sophisticated
simulations which we hope the KOTO and NA62
Collaborations will perform in their future experimental
analysis.
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APPENDIX A: EFFECTIVE FIELD THEORY
FRAMEWORK

For our purpose of accounting for the KOTO anomaly
we assume a new real neutral particle X of mass below a
few hundred MeV. It may be a scalar (XS), pseudoscalar
(XP), vector (XV), or axial-vector (XA) particle as appro-
priate to the scenario under consideration. We start with the
low energy effective field theory that contains the X particle
in addition to the light quarks and leptons and has the QCD
and QED gauge symmetries. As we are mainly concerned
with the transitions between the down and strange quarks,
we only consider their couplings to the X field:

LX ¼ CS
prðdpdrÞXS þ CP

prðdpiγ5drÞXP

þ CV
prðdpγμdrÞXμ

V þ CA
prðdpγμγ5drÞXμ

A; ðA1Þ

where p, r refer to the d, s quarks and the Wilson
coefficients are 2 × 2 Hermitian matrices in the d, s space.
When studying the third scenario K → πXX, we switch off
the above single-X couplings but switch on the following
double-X couplings:

LXX ¼ ðs̄dÞðgSXXX þ gVXX
μXμÞ þ H:c:; ðA2Þ

where X and Xμ may have any parity without affecting our
discussions in the work.
Below the chiral symmetry breaking scale the Nambu-

Goldstone bosons become the dynamical degrees of free-
dom, whose low energy physics is determined at leading
order by [38,39]

Lχ ¼
F2
0

4
TrðDμUðDμUÞ†Þ

þF2
0

4
TrðχU† þ Uχ†Þ; ðA3Þ

where U ¼ exp ði ffiffiffi
2

p
Φ=F0Þ exponentiates the octet

Nambu-Goldstone bosons

Φ ¼

0
BBB@

π0ffiffi
2

p þ ηffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
6

p K0

K− K̄0 −
ffiffi
2
3

q
η

1
CCCA; ðA4Þ

and

DμU ¼ ∂μU − ilμU þ iUrμ; ðA5Þ

χ ¼ 2Bðs − ipÞ: ðA6Þ

As usual, F0 is the decay constant in the chiral limit and B
parametrizes the quark condensate hq̄qi ¼ −3BF2

0. The
new field X gets involved in the form of additional terms in
the external sources to QCD, which are Hermitian matrices
in the light flavor space:

lμ ¼ CVXμ
V − CAXμ

A; ðA7Þ

rμ ¼ CVXμ
V þ CAXμ

A; ðA8Þ

s ¼ CSXS; ðA9Þ

p ¼ −CPXP; ðA10Þ

in the case of single-X couplings in Eq. (A1), and

spr ¼ δ3pδ
2
rðgSXXX þ gVXXμXμÞ

þ δ2pδ
3
rðgS�X XX þ gV�X XμXμÞ; ðA11Þ

in the case of double-X couplings in Eq. (A2). Note that the
QED interaction is contained as usual in the sources lμ, rμ,
which we do not write explicitly. The effective interactions
contained in Eq. (A3) will be applied to calculate the
quantities in the following appendices.

APPENDIX B: DECAY AMPLITUDES AND
DISTRIBUTIONS

The decay width for KL → π0X is, for a scalar XS,

dΓπ0XS

dpπ;z
¼ B2

16πm2
KL

½ReCS
sd�2; ðB1Þ

where pπ;z is the π0 momentum component in the KL beam
direction, or, for a vector XV,

dΓπ0XV

dpπ;z
¼ λðm2

KL
; m2

π0
; m2

XÞ
16πm2

KL
m2

X
½ImCV

sd�2; ðB2Þ

with λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2yz − 2zx.
The decay KLðkÞ → γðq1Þγðq2ÞXðpÞ involves only neu-

tral particles, and can only take place at the one-loop order
whose Feynman diagrams are shown in Fig. 10. The result
is finite, and the (spin-summed) squared matrix element is,
for a pseudoscalar XP,

jMPj2 ¼
�
αBReCP

sd

6
ffiffiffi
2

p
πF0s

�
2

jfðrπÞ þ fðrKÞj2; ðB3Þ
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where rπ;K ¼ s=ð4m2
π�;K�Þ, s ¼ ðq1 þ q2Þ2, and α ≈ 1=137

is the fine structure constant, or for an axial vector XA,

jMAj2 ¼
�

αReCA
sd

8
ffiffiffi
2

p
πF0mXA

s

�
2

jfðrπÞ þ fðrKÞj2

× λðm2
KL
; m2

XA
; sÞ: ðB4Þ

The one-loop function is

fðrÞ ¼ 4þ
(
− 4

r arcsin
2ð ffiffiffi

r
p Þ; r≤ 1

1
r ½2 lnð

ffiffiffi
r

p
−

ffiffiffiffiffiffiffiffiffiffi
r− 1

p Þþ iπ�2; r > 1
: ðB5Þ

For simulations, we use the distribution

dΓγγXPðAÞ

ds dt
¼ 1

512π3m3
KL

jMPðAÞj2; ðB6Þ

where t ¼ ðk − q1Þ2.
The decay width for KLðkÞ → π0ðpÞXðq1ÞXðq2Þ is

easily computed to be, for a scalar XS or vector XV,
respectively,

dΓπ0XSXS

ds dt
¼ B2ðRe gSXÞ2

128π3m3
KL

; ðB7Þ

dΓπ0XVXV

ds dt
¼ B2ðRe gVXÞ2

128π3m3
KL

½2þ ð2rX − 1Þ2�; ðB8Þ

where rX ¼ s=ð4m2
XÞ, s ¼ ðq1 þ q2Þ2, and t ¼ ðk − q1Þ2.

APPENDIX C: OTHER EXPERIMENTAL
CONSTRAINTS

In this appendix we list other experimental constraints
that have been used in Sec. III for a comprehensive
analysis. The experimental upper limits on the four-body
kaon decays are [36,37]

BðKþ → π0πþνν̄Þ < 4.3 × 10−15; ðC1Þ

BðKL → π0π0νν̄Þ < 8.1 × 10−7: ðC2Þ

The corresponding amplitudes for the decay KðkÞ →
πðp1Þπðp2ÞXðqÞ read, for a pseudoscalar XP,

MðKþ → πþπ0XPÞ ¼
B
2F0

CP
sd

u − t
m2

K −m2
X
; ðC3Þ

MðK̄0 → π0π0XPÞ ¼
BCP

ds

2
ffiffiffi
2

p
F0

sþm2
X −m2

K

m2
K −m2

X
; ðC4Þ

and for an axial vector XA,

MðKþ → πþπ0XAÞ ¼ i
CA
sd

F0

ðp2 − p1Þ · ϵ�; ðC5Þ

MðK̄0 → π0π0XAÞ ¼ i
CA
dsffiffiffi
2

p
F0

k · ϵ�; ðC6Þ

where s ¼ ðp1 þ p2Þ2, t ¼ ðk − p1Þ2, u ¼ ðk − p2Þ2, and ϵ
is the polarization vector of XA.
Moreover, the K0 − K̄0 mixing can give limits on the

couplings. The experimental measured quantities are
the KL − KS mass difference ΔMK and the CP violation
parameter ϵK [40–42], whose current experimental values
are [27],

ΔMK ¼ ð3.484� 0.006Þ × 10−12 MeV; ðC7Þ

jϵKj ¼ð2.228� 0.011Þ × 10−3: ðC8Þ

Considering the theoretical uncertainties from long-
distance contributions in ΔMK , we require the new con-
tribution not exceed the experimental value. Relatively, the
calculation of ϵK is more credible; hence, we require the
new contribution to be less than 30% of its experimental
value. The limits on the Wilson coefficients then read, for a
pseudoscalar XP,

jðReCP
sdÞ2 − ðImCP

sdÞ2j <
1

2
RA; ðC9Þ

jReCP
sdImCP

sdj <
0.3ffiffiffi
2

p jϵKjRA; ðC10Þ

with RP ¼ ΔMKmKðm2
K −m2

XP
Þ=ðB2F2

KÞ, and for an axial
vector XA,

jðReCA
sdÞ2 − ðImCA

sdÞ2j <
1

2
RA; ðC11Þ

jReCA
sd ImCA

sdj <
0.3ffiffiffi
2

p jϵKjRA; ðC12Þ

with RA ¼ ΔMKm2
XA
=ðF2

KmKÞ.

APPENDIX D: SIMULATION OF KL DECAY

In this appendix we will briefly describe how we do the
simulations for various KL decays. A systematic simula-
tion is complicated and time consuming, so we content

(a) (b) (c)

FIG. 10. Feynman diagrams (a,b,c) for KL → γγX at first
nonvanishing order. The large (small) dot stands for the effective
X (standard QED) interactions in Eq. (A3).
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ourselves with a simplified version of it in this work. We
find that even in this simple framework we can get accurate
results as in a systematic simulation. In the following,
we will explain our procedure and compare our result on
KL → π0X with KOTO’s to verify our simulation.
We first generate initial KL particles according to the

momentum distribution of KL measured experimentally
[43], which will have a certain probability of decay in the
detector. All of the KL decay modes in this paper produce
two photons, and the distributions of the energies and
positions of the photons are largely dependent on the
probability distribution functions. For the two-body decay
KL → π0X, we use a uniform distribution function as in
Eqs. (B1) and (B2). For the three-body decay KL → π0νν̄,
we adopt the same distribution function as in Eq. (S1) in
the supplemental material of Ref. [3]. The distribution
functions of KL → Xγγ and KL → π0XX are determined
by Eq. (B6), and Eqs. (B7) and (B8), respectively. It is
worth mentioning that for the decay modes KL → π0νν̄,
KL → π0X, and KL → π0XX, the two photons are origi-
nated from the π0, while for KL → Xγγ, the two photons
are directly generated by KL; only the former decays will
lead to an invariant mass of the two photons mγγ ≃mπ0 .
Then the photons are captured by the CsI calorimeter in the
detector, and we record their energies and positions in our
simulation. In order to better simulate the detector’s
response to the photons, we include the energy and position
resolution of the CsI calorimeter, which can be found
in Ref. [44].
By assuming that the two photons produced on the beam

axis are from π0 decay (in the interesting case ofKL → Xγγ
the two photons are also required to have an invariant mass
mγγ ≃mπ0 in order to fake the signals), we can reconstruct
the decay location Zvtx and π0’s transverse momentum PT
by combining the information of the photons’ energies and

positions. Then we use the same selection criteria as KOTO
[19] to analyze the reconstructed events. We use the signal
region in KOTO’s analysis of 2015 data [19] for validation,
whose result is shown in Fig. 11, but employ the new signal
region [1] to analyze our decay modes. It should be noted
that we do not consider shape-related cuts and veto cuts,
whose efficiencies are considered the same for different
processes and can be estimated as r ¼ ϵKOTO

π0νν̄
=ϵπ0νν̄, where

ϵπ0νν̄ is from our rough simulation and ϵKOTO
π0νν̄

is the real
acceptance from KOTO’s systematic simulation. We cal-
culate the real acceptance of each process by multiplying
our result with r. After applying the reconstruction and
various kinematical cuts, we finally obtain the distributions
of signal events in the Zvtx − PT plane, and the branching
ratios and Wilson coefficients of some processes can be
evaluated accordingly.
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