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Power of rare processes for new physics searches

[Past] [Present/Future]
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 and  in SMKL → π0νν̄ K+ → π+νν̄

Need CP violation
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 and  in SMKL → π0νν̄ K+ → π+νν̄

Br(KL → π0νν̄) = (3.4 ± 0.6) × 10−11 Br(K+ → π+νν̄) = (8.4 ± 1.0) × 10−11

Need CP violation

Loop-suppressed, GIM-suppressed, and Cabibbo-suppressed.  Very rare.
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[Buras et al., 1503.02693]



The Grossman-Nir bound

Γ(KL → π0νν̄)
Γ(K+ → π+νν̄)

=
(Im z)2

|z |2 ≤ 1 with some complex number .z

Note that the two process are the same except that
[Grossman&Nir, hep-ph/9701313]
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More precisely, due to a small isospin breaking effect, this becomes

BR(KL → π0νν̄)
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≤ 4.3

Note that the two process are the same except that

Therefore,

This is a very robust bound. The " " doesn't even have to be  but 
could be a new BSM particle. As long as isospin is a good symmetry, 

we have
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≤ 4.3

[Grossman&Nir, hep-ph/9701313]



The KOTO events @KAON2019 (10-13 Sep., 2019, Italy)

Single event sensitivity = 6.9 × 10−10

Background estimation = 0.05 ± 0.02
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The same day, NA62 reported Br(K+ → π+νν̄)Opening the Box

3510/09/2019 Giuseppe Ruggiero - Kaon 2019
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Single event sensitivity = (0.389 ± 0.021) × 10−10

Background estimation = 1.50 ± 0.30

[G. Ruggiero, KAON2019]



The same day, NA62 reported Br(K+ → π+νν̄)
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The KOTO experiment recently reported four candidate events in the signal region of KL ! ⇡0⌫⌫̄
search, where the standard model only expects 0.10±0.02 events. If confirmed, this requires physics
beyond the standard model to enhance the signal. We examine various new physics interpretations of
the result including: (1) heavy new physics boosting the standard model signal, (2) reinterpretation
of “⌫⌫̄” as a new light long-lived particle, or (3) reinterpretation of the whole signal as the production
of a new light long-lived particle at the fixed target. We study the above explanations in the context
of a generalized new physics Grossman-Nir bound coming from the K+ ! ⇡+⌫⌫̄ decay, bounded by
data from the E949 and the NA62 experiments.

Introduction. Despite being one of the greatest suc-
cesses of theoretical physics, it is clear that the standard
model (SM) is not a complete description of nature. One
of the best ways to search for new physics (NP) beyond
the SM is to look for events that are predicted to be ex-
tremely rare in the SM by a theoretically clean calcula-
tion. An observation of just a few such events could then
constitute a robust evidence of NP. From this perspec-
tive, rare decays of K mesons via flavor changing neutral
current and/or CP violation (CPV) provide ideal probes
of NP as they are highly suppressed in the SM and are
theoretically clean [1].

Two golden channels are the KL ! ⇡0⌫⌫̄ and K+
!

⇡+⌫⌫̄ decay processes. Within the SM, these are sup-
pressed by a loop factor, the GIM mechanism [2], and the
CKM elements, and predicted to have branching ratios
smaller than 10�10 [3–5]. These processes are being cur-
rently probed by the KOTO and the NA62 experiments,
both aim to reach the corresponding SM sensitivity. Re-
cently, both experiments have announced new prelimi-
nary results for KL ! ⇡0⌫⌫̄ [6] and K+

! ⇡+⌫⌫̄ [7]
searches, respectively.

Strikingly, the new KOTO result contains four candi-
date events in the signal region of the KL ! ⇡0⌫⌫̄ search,
where the SM expectation is mere 0.10± 0.02 events [6]
(0.05 ± 0.01 signal and 0.05 ± 0.02 background). While
one of the events is suspected as a background from an
upstream activity, the remaining three events are quite
distinct from presently known backgrounds. In this Let-
ter, we assume that these three events are signals and
explore implications, although taking four events as sig-
nal would not essentially a↵ect our NP interpretations.

If the photons and missing energy in the signals are
interpreted as ⇡0⌫⌫̄, the KOTO single event sensitivity,
6.9⇥ 10�10 [6], implies (for two-sided limits)

B(KL ! ⇡0⌫⌫̄)KOTO = 2.1+2.0 (+4.1)
�1.1 (�1.7) ⇥ 10�9 , (1)

at the 68 (95)% confidence level (CL), statistical uncer-
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FIG. 1. The recent result of KOTO [6] (NA62 [7]),
Eq. (1) (Eq. (2)), is represented by the green (blue) band.
The red ellipses show our simultaneous fits to both. The
GN bound with (without) interference with the SM is shown
by the solid (dashed) blue line. The red dots are the best fit
points on those lines. Only statistical uncertainties are taken
into account.

tainties included. The central value is about two orders
of magnitude larger than the SM prediction, B(KL !

⇡0⌫⌫̄)SM = (3.4 ± 0.6) ⇥ 10�11 [3–5], which corresponds
to p-value at the 10�4 level for the SM and background
expectations. On the other hand, for the upper bound
on the K+

! ⇡+⌫⌫̄ decay rate, the E949 experiment ob-
tained B(K+

! ⇡+⌫⌫̄) < 3.35⇥ 10�10 at 90% CL [8, 9],
while the recent preliminary update [7] by the NA62 ex-
periment is

B(K+
! ⇡+⌫⌫̄)NA62 = 0.47+0.72

�0.47(< 2.44)⇥ 10�10 , (2)

at the 68 (95)% CL for two-sided (one-sided) limit, con-
sistent the SM prediction of B(K+

! ⇡+⌫⌫̄) = (8.4 ±

1.0) ⇥ 10�11 [3–5]. In Fig. 1, we summarize the KOTO
and NA62 results (green and blue bands, respectively)
and the SM prediction (green dot), and also show our
fit to these experimental results (red ellipses), where in
the plot the systematic uncertainties in the backgrounds

}KOTO only

}NA62 only
IFNow, we said       KOTO's 3 events are signals, then...
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into account.

tainties included. The central value is about two orders
of magnitude larger than the SM prediction, B(KL !

⇡0⌫⌫̄)SM = (3.4 ± 0.6) ⇥ 10�11 [3–5], which corresponds
to p-value at the 10�4 level for the SM and background
expectations. On the other hand, for the upper bound
on the K+

! ⇡+⌫⌫̄ decay rate, the E949 experiment ob-
tained B(K+

! ⇡+⌫⌫̄) < 3.35⇥ 10�10 at 90% CL [8, 9],
while the recent preliminary update [7] by the NA62 ex-
periment is
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! ⇡+⌫⌫̄)NA62 = 0.47+0.72

�0.47(< 2.44)⇥ 10�10 , (2)

at the 68 (95)% CL for two-sided (one-sided) limit, con-
sistent the SM prediction of B(K+

! ⇡+⌫⌫̄) = (8.4 ±

1.0) ⇥ 10�11 [3–5]. In Fig. 1, we summarize the KOTO
and NA62 results (green and blue bands, respectively)
and the SM prediction (green dot), and also show our
fit to these experimental results (red ellipses), where in
the plot the systematic uncertainties in the backgrounds
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p = 1.6 × 10−4
SM

GN violated!?
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expectations. On the other hand, for the upper bound
on the K+

! ⇡+⌫⌫̄ decay rate, the E949 experiment ob-
tained B(K+

! ⇡+⌫⌫̄) < 3.35⇥ 10�10 at 90% CL [8, 9],
while the recent preliminary update [7] by the NA62 ex-
periment is

B(K+
! ⇡+⌫⌫̄)NA62 = 0.47+0.72

�0.47(< 2.44)⇥ 10�10 , (2)

at the 68 (95)% CL for two-sided (one-sided) limit, con-
sistent the SM prediction of B(K+

! ⇡+⌫⌫̄) = (8.4 ±

1.0) ⇥ 10�11 [3–5]. In Fig. 1, we summarize the KOTO
and NA62 results (green and blue bands, respectively)
and the SM prediction (green dot), and also show our
fit to these experimental results (red ellipses), where in
the plot the systematic uncertainties in the backgrounds
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IFNow, we said       KOTO's 3 events are signals, then...
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The KOTO experiment recently reported four candidate events in the signal region of KL ! ⇡0⌫⌫̄
search, where the standard model only expects 0.10±0.02 events. If confirmed, this requires physics
beyond the standard model to enhance the signal. We examine various new physics interpretations of
the result including: (1) heavy new physics boosting the standard model signal, (2) reinterpretation
of “⌫⌫̄” as a new light long-lived particle, or (3) reinterpretation of the whole signal as the production
of a new light long-lived particle at the fixed target. We study the above explanations in the context
of a generalized new physics Grossman-Nir bound coming from the K+ ! ⇡+⌫⌫̄ decay, bounded by
data from the E949 and the NA62 experiments.

Introduction. Despite being one of the greatest suc-
cesses of theoretical physics, it is clear that the standard
model (SM) is not a complete description of nature. One
of the best ways to search for new physics (NP) beyond
the SM is to look for events that are predicted to be ex-
tremely rare in the SM by a theoretically clean calcula-
tion. An observation of just a few such events could then
constitute a robust evidence of NP. From this perspec-
tive, rare decays of K mesons via flavor changing neutral
current and/or CP violation (CPV) provide ideal probes
of NP as they are highly suppressed in the SM and are
theoretically clean [1].

Two golden channels are the KL ! ⇡0⌫⌫̄ and K+
!

⇡+⌫⌫̄ decay processes. Within the SM, these are sup-
pressed by a loop factor, the GIM mechanism [2], and the
CKM elements, and predicted to have branching ratios
smaller than 10�10 [3–5]. These processes are being cur-
rently probed by the KOTO and the NA62 experiments,
both aim to reach the corresponding SM sensitivity. Re-
cently, both experiments have announced new prelimi-
nary results for KL ! ⇡0⌫⌫̄ [6] and K+

! ⇡+⌫⌫̄ [7]
searches, respectively.

Strikingly, the new KOTO result contains four candi-
date events in the signal region of the KL ! ⇡0⌫⌫̄ search,
where the SM expectation is mere 0.10± 0.02 events [6]
(0.05 ± 0.01 signal and 0.05 ± 0.02 background). While
one of the events is suspected as a background from an
upstream activity, the remaining three events are quite
distinct from presently known backgrounds. In this Let-
ter, we assume that these three events are signals and
explore implications, although taking four events as sig-
nal would not essentially a↵ect our NP interpretations.

If the photons and missing energy in the signals are
interpreted as ⇡0⌫⌫̄, the KOTO single event sensitivity,
6.9⇥ 10�10 [6], implies (for two-sided limits)

B(KL ! ⇡0⌫⌫̄)KOTO = 2.1+2.0 (+4.1)
�1.1 (�1.7) ⇥ 10�9 , (1)

at the 68 (95)% confidence level (CL), statistical uncer-

��%

��%
��%

��������-���
�����

���� ��

��

���� ��%(��)

���� ��%(��)

���� ���� ���� ���� ���� ���� ����
�

�

�

�

�

�

�

�

ℬ(�+→ π+νν)⨯���

ℬ
(�

�
→

π�
νν
)⨯
��
�

FIG. 1. The recent result of KOTO [6] (NA62 [7]),
Eq. (1) (Eq. (2)), is represented by the green (blue) band.
The red ellipses show our simultaneous fits to both. The
GN bound with (without) interference with the SM is shown
by the solid (dashed) blue line. The red dots are the best fit
points on those lines. Only statistical uncertainties are taken
into account.

tainties included. The central value is about two orders
of magnitude larger than the SM prediction, B(KL !

⇡0⌫⌫̄)SM = (3.4 ± 0.6) ⇥ 10�11 [3–5], which corresponds
to p-value at the 10�4 level for the SM and background
expectations. On the other hand, for the upper bound
on the K+

! ⇡+⌫⌫̄ decay rate, the E949 experiment ob-
tained B(K+

! ⇡+⌫⌫̄) < 3.35⇥ 10�10 at 90% CL [8, 9],
while the recent preliminary update [7] by the NA62 ex-
periment is

B(K+
! ⇡+⌫⌫̄)NA62 = 0.47+0.72

�0.47(< 2.44)⇥ 10�10 , (2)

at the 68 (95)% CL for two-sided (one-sided) limit, con-
sistent the SM prediction of B(K+

! ⇡+⌫⌫̄) = (8.4 ±

1.0) ⇥ 10�11 [3–5]. In Fig. 1, we summarize the KOTO
and NA62 results (green and blue bands, respectively)
and the SM prediction (green dot), and also show our
fit to these experimental results (red ellipses), where in
the plot the systematic uncertainties in the backgrounds

GN bound with

SM interference

GN bound without

SM interference

}KOTO only

}NA62 only

1d best fit with GN bound saturated
= 2.1σ = 2.6σ

IFNow, we said       KOTO's 3 events are signals, then...

p = 1.6 × 10−4
SM

GN violated!?



Scenario I: Additional UV contributions to K → πνν̄

Enhance SM rate with  , whereΔℒint = ∑ Ci𝒪i

𝒪S = L̄σ̄μL Q̄2σ̄μQ1

𝒪T = Lτaσ̄L Q̄2τaσ̄μQ1

𝒪R = L̄σ̄μL scσμd̄c



Scenario I: Additional UV contributions to K → πνν̄

These operators interfere with SM, so this corresponds to the solid red 

dot in the previous plot.

Enhance SM rate with  , whereΔℒint = ∑ Ci𝒪i

So it's still  away and that's the best this scenario could do.2.1σ

Best fit coefficients:

𝒪S = L̄σ̄μL Q̄2σ̄μQ1

𝒪T = Lτaσ̄L Q̄2τaσ̄μQ1

𝒪R = L̄σ̄μL scσμd̄c

CS,R − CT ≈ e−3πi/4 / (75 TeV)2



Possible correlations with other processes:

Scenario I: Additional UV contributions to K → πνν̄

If we assume lepton flavor universality, scenario is constrained by

KL → π0e+e− KL → π0μ+μ− KS → μ+μ−

which have .Br ≲ (a few) × 10−10



Possible correlations with other processes:

Scenario I: Additional UV contributions to K → πνν̄

If we assume lepton flavor universality, scenario is constrained by

KL → π0e+e− KL → π0μ+μ− KS → μ+μ−

which have .Br ≲ (a few) × 10−10

(2) Impose  by turning or "custodial symmetry" by 

    Agashe, Contino, Da Rold, and Pomarol.  

CS = CR

(1) Turn on the operators for  only.ντ

Solutions:



Possible correlations with other processes:

Scenario I: Additional UV contributions to K → πνν̄

If we assume lepton flavor universality, scenario is constrained by

KL → π0e+e− KL → π0μ+μ− KS → μ+μ−

which have .Br ≲ (a few) × 10−10

(2) Impose  by turning or "custodial symmetry" by 

    Agashe, Contino, Da Rold, and Pomarol.  

CS = CR

(1) Turn on the operators for  only.ντ

Solutions:

Either way, effects correlated with KOTO will appear in, e.g.,

τ → KSπ−νττ → K−ντ
etc.



Scenario II: Replacing " " by a new invisible particle νν̄ X

So, it could be  with a new neutral particle.KL → π0X X =
At KOTO, the " " just means a missing momentum.νν̄

A simplistic example:


             


with   and an O(1) phase.

Δℒint ∼
∂μX

fX
scσμd̄c

fX ∼ 109 GeV



Scenario II: Replacing " " by a new invisible particle νν̄ X

Recall KOTO signal region:
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Preliminary

 needs a  in this range:π0 pT

130 MeV < pT < 250 MeV

So, it could be  with a new neutral particle.KL → π0X X =

 being invisible is not enough.X

[S. Shinohara, KAON2019]

At KOTO, the " " just means a missing momentum.νν̄

A simplistic example:


             


with   and an O(1) phase.

Δℒint ∼
∂μX

fX
scσμd̄c

fX ∼ 109 GeV
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FIG. 2. Left: branching ratio of KL ! ⇡0⌫⌫̄ or ⇡0X that can accommodate the KOTO signal. The dotted blue (solid gray)
line corresponds to the central value of KL ! ⇡0X (⇡0⌫⌫̄) interpretation, with blue shaded band (dashed horizontal lines) for
two-sided 68% confidence interval. An uncertainty of Monte-Carlo statistics is less than 10% thus omitted here. The dashed
(dotted) vertical line corresponds to mX = 180(280)MeV, and its lefthand side is compatible with the observed events (the
signal region). Right: the new particle has finite lifetime considering the GN bound and K+ ! ⇡+⌫⌫̄ search, and the allowed
parameter space for two body decay KL ! ⇡0X in mass and lifetime of X is shown. The K+ ! ⇡+X bound is translated to KL

bound assuming a saturation of the GN bound. The purple (blue) shaded region is constrained by NA62 [7] at 95% CL (E949 [9]
at 90% CL). Too short lifetime leads to B(KL ! ⇡0X) > 1%, which is inconsistent with untagged KL branching ratio [12].
The B(KL ! ⇡0X) = 10�4, 10�6 and 10�8 are indicated on the plot. The green shaded region is constrained from KTEV
search for KL ! ⇡0�� assuming B(X ! ��) = 1 [13].

the KL ! ⇡0X decay is limited by the phase space as

p⇡
0

T,max
=

q
�(m2

X ,m2

KL
,m2

⇡0)/2mKL with �(a, b, c) =

a2 + b2 + c2 � 2(ab + bc + ca). Ignoring detector ef-
fects, the signal of the 2-body decay with mX > 280MeV
(p⇡

0

T,max
< 130 MeV) does not overlap with the KOTO

signal region. It is notable that all of the three KOTO
events in question have p⇡

0

T & 190MeV, which may indi-
cate that mX . 180 MeV is favored.

To take into account the e�ciency di↵erence from
⇡0⌫⌫̄, we correct the KOTO signal yield of Eq. (1) by
the ratio of e�ciencies estimated by our simulation as

B(KL ! ⇡0X)KOTO

B(KL ! ⇡0⌫⌫̄)KOTO

=
✏⇡0⌫⌫̄

✏⇡0X(mX)
, (6)

where ✏ is the e�ciency of kinematic cuts of an ear-
lier KOTO analysis [20] and new signal region of recon-
structed momentum and decay vertex [6]. The result is
shown in the left pane of Fig. 2. The simulation details
are presented in the Supplemental Material.

Similarly to the KL ! ⇡0⌫⌫̄ case, the rare decay of
K+ search will constrain this scenario. This is because,
even in this case, a generalized version of the GN bound
still holds [21],

B(KL ! ⇡0X) . 4.3B(K+
! ⇡+X). (7)

The upper bound on two body decay B(K+
! ⇡+X)

is O(10�10
� 10�11) [9], which is generally stronger than

that on B(K+
! ⇡+⌫⌫̄) except for |mX�m⇡0 | . 25MeV

and for mX & 2m⇡0 , because the search is su↵ered from

K+
! ⇡+⇡0(�), ⇡+ + 2⇡ backgrounds [7, 9, 22, 23]. For

example, for mX = (0) 100MeV the expected number of
events in KOTO is bounded to be smaller than 0.7 (0.3)
at 90% CL.
This situation is changed when the invisible particle X

is unstable and can decay into the visible particles such
as photons. Once X decays, say, to photons, the events
are vetoed or go to di↵erent search categories where the
bound on branching ratio is significantly weaker due to
large SM contributions of KL(K+) ! ⇡0(⇡+) + ⇡0 or
⇡0(⇡+) + �� with Refs. [13, 24, 25].
The dependence of the e�ciency on X lifetime of

KL ! ⇡0X is di↵erent than that of K+
! ⇡+X be-

cause the boost factors, p/mX and the e↵ective detector
size, L of NA62 or E949, which are di↵erent than those
of KOTO. E↵ective branching ratios are

B(K!⇡X; detector) = B(K ! ⇡X) exp
h
�
L

p

mX

c⌧X

i
, (8)

which are measured by experiments. Through the GN
bound, Eq. (7), the bound on the lifetime is obtained by
taking a ratio,

B(K+
! ⇡+X)95%CL

NA62

B(KL ! ⇡0X)KOTO

>
B(K+

! ⇡+X; NA62)

B(KL ! ⇡0X; KOTO)

�
1

4.3
exp


�
mX

c⌧X

✓
LNA62

pNA62

�
LKOTO

pKOTO

◆�
, (9)

where we use the central value of Eq. (6) and the bound
B(K+

! ⇡+X)95%CL

NA62
= 1.6⇥ 10�10 which is the NA62

This  requirement prefers light .pT mX

Works nicely for KOTO, especially for !mX < 180 MeV

As  increases,  tends not 

to have enough  so more BR 

is needed. Eventually, it will 

never have enough .

mX X
pT

pT

Scenario II: Replacing " " by a new invisible particle νν̄ X



But since , GN bound applies without interference with SM,

corresponding to the empty red circle, so now it's  away!  

X ≠ νν̄
2.6σ
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FIG. 2. Left: branching ratio of KL ! ⇡0⌫⌫̄ or ⇡0X that can accommodate the KOTO signal. The dotted blue (solid gray)
line corresponds to the central value of KL ! ⇡0X (⇡0⌫⌫̄) interpretation, with blue shaded band (dashed horizontal lines) for
two-sided 68% confidence interval. An uncertainty of Monte-Carlo statistics is less than 10% thus omitted here. The dashed
(dotted) vertical line corresponds to mX = 180(280)MeV, and its lefthand side is compatible with the observed events (the
signal region). Right: the new particle has finite lifetime considering the GN bound and K+ ! ⇡+⌫⌫̄ search, and the allowed
parameter space for two body decay KL ! ⇡0X in mass and lifetime of X is shown. The K+ ! ⇡+X bound is translated to KL

bound assuming a saturation of the GN bound. The purple (blue) shaded region is constrained by NA62 [7] at 95% CL (E949 [9]
at 90% CL). Too short lifetime leads to B(KL ! ⇡0X) > 1%, which is inconsistent with untagged KL branching ratio [12].
The B(KL ! ⇡0X) = 10�4, 10�6 and 10�8 are indicated on the plot. The green shaded region is constrained from KTEV
search for KL ! ⇡0�� assuming B(X ! ��) = 1 [13].

the KL ! ⇡0X decay is limited by the phase space as

p⇡
0

T,max
=

q
�(m2

X ,m2

KL
,m2

⇡0)/2mKL with �(a, b, c) =

a2 + b2 + c2 � 2(ab + bc + ca). Ignoring detector ef-
fects, the signal of the 2-body decay with mX > 280MeV
(p⇡

0

T,max
< 130 MeV) does not overlap with the KOTO

signal region. It is notable that all of the three KOTO
events in question have p⇡

0

T & 190MeV, which may indi-
cate that mX . 180 MeV is favored.

To take into account the e�ciency di↵erence from
⇡0⌫⌫̄, we correct the KOTO signal yield of Eq. (1) by
the ratio of e�ciencies estimated by our simulation as

B(KL ! ⇡0X)KOTO

B(KL ! ⇡0⌫⌫̄)KOTO

=
✏⇡0⌫⌫̄

✏⇡0X(mX)
, (6)

where ✏ is the e�ciency of kinematic cuts of an ear-
lier KOTO analysis [20] and new signal region of recon-
structed momentum and decay vertex [6]. The result is
shown in the left pane of Fig. 2. The simulation details
are presented in the Supplemental Material.

Similarly to the KL ! ⇡0⌫⌫̄ case, the rare decay of
K+ search will constrain this scenario. This is because,
even in this case, a generalized version of the GN bound
still holds [21],

B(KL ! ⇡0X) . 4.3B(K+
! ⇡+X). (7)

The upper bound on two body decay B(K+
! ⇡+X)

is O(10�10
� 10�11) [9], which is generally stronger than

that on B(K+
! ⇡+⌫⌫̄) except for |mX�m⇡0 | . 25MeV

and for mX & 2m⇡0 , because the search is su↵ered from

K+
! ⇡+⇡0(�), ⇡+ + 2⇡ backgrounds [7, 9, 22, 23]. For

example, for mX = (0) 100MeV the expected number of
events in KOTO is bounded to be smaller than 0.7 (0.3)
at 90% CL.
This situation is changed when the invisible particle X

is unstable and can decay into the visible particles such
as photons. Once X decays, say, to photons, the events
are vetoed or go to di↵erent search categories where the
bound on branching ratio is significantly weaker due to
large SM contributions of KL(K+) ! ⇡0(⇡+) + ⇡0 or
⇡0(⇡+) + �� with Refs. [13, 24, 25].
The dependence of the e�ciency on X lifetime of

KL ! ⇡0X is di↵erent than that of K+
! ⇡+X be-

cause the boost factors, p/mX and the e↵ective detector
size, L of NA62 or E949, which are di↵erent than those
of KOTO. E↵ective branching ratios are

B(K!⇡X; detector) = B(K ! ⇡X) exp
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, (8)

which are measured by experiments. Through the GN
bound, Eq. (7), the bound on the lifetime is obtained by
taking a ratio,
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where we use the central value of Eq. (6) and the bound
B(K+

! ⇡+X)95%CL

NA62
= 1.6⇥ 10�10 which is the NA62

This  requirement prefers light .pT mX

Scenario II: Replacing " " by a new invisible particle νν̄ X

Works nicely for KOTO, especially for !mX < 180 MeV

As  increases,  tends not 

to have enough  so more BR 

is needed. Eventually, it will 

never have enough .
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But we can "weaken'' GN if we can let  decay visibly (so " ") 

in such a way that  is more visible at NA62 than at KOTO.

X X ≠ νν̄
X

Whether it's NA62 or KOTO, once an  decays to photons, it would be

swamped by enormous BG, e.g., , , etc.

X
K+ → π+π0 KL → π0π0
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But we can "weaken'' GN if we can let  decay visibly (so " ") 

in such a way that  is more visible at NA62 than at KOTO.

X X ≠ νν̄
X

Then, the value of  inferred by experiment  will beBr(K → πX) i

Whether it's NA62 or KOTO, once an  decays to photons, it would be

swamped by enormous BG, e.g., , , etc.

X
K+ → π+π0 KL → π0π0
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]

 = length over which  decays would be missedLi X
 = momentum of  in experiment pi X i
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But we can "weaken'' GN if we can let  decay visibly (so " ") 

in such a way that  is more visible at NA62 than at KOTO.

X X ≠ νν̄
X

Then, the value of  inferred by experiment  will beBr(K → πX) i

Whether it's NA62 or KOTO, once an  decays to photons, it would be

swamped by enormous BG, e.g., , , etc.

X
K+ → π+π0 KL → π0π0

Br(K → πX)i = Br(K → πX) exp[−
mX

τX

Li

pi
]

 = length over which  decays would be missedLi X
 = momentum of  in experiment pi X i

LKOTO

pKOTO
≃

3 m
1.5 GeV

≪
150 m

37 GeV
=

LNA62

pNA62

It turns out

Scenario II: Replacing " " by a new invisible particle νν̄ X



Interplay between KOTO and NA62 suggests very specific light NP!
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FIG. 2. Left: branching ratio of KL ! ⇡0⌫⌫̄ or ⇡0X that can accommodate the KOTO signal. The dotted blue (solid gray)
line corresponds to the central value of KL ! ⇡0X (⇡0⌫⌫̄) interpretation, with blue shaded band (dashed horizontal lines) for
two-sided 68% confidence interval. An uncertainty of Monte-Carlo statistics is less than 10% thus omitted here. The dashed
(dotted) vertical line corresponds to mX = 180(280)MeV, and its lefthand side is compatible with the observed events (the
signal region). Right: the new particle has finite lifetime considering the GN bound and K+ ! ⇡+⌫⌫̄ search, and the allowed
parameter space for two body decay KL ! ⇡0X in mass and lifetime of X is shown. The K+ ! ⇡+X bound is translated to KL

bound assuming a saturation of the GN bound. The purple (blue) shaded region is constrained by NA62 [7] at 95% CL (E949 [9]
at 90% CL). Too short lifetime leads to B(KL ! ⇡0X) > 1%, which is inconsistent with untagged KL branching ratio [12].
The B(KL ! ⇡0X) = 10�4, 10�6 and 10�8 are indicated on the plot. The green shaded region is constrained from KTEV
search for KL ! ⇡0�� assuming B(X ! ��) = 1 [13].

the KL ! ⇡0X decay is limited by the phase space as

p⇡
0

T,max
=

q
�(m2

X ,m2

KL
,m2

⇡0)/2mKL with �(a, b, c) =

a2 + b2 + c2 � 2(ab + bc + ca). Ignoring detector ef-
fects, the signal of the 2-body decay with mX > 280MeV
(p⇡

0

T,max
< 130 MeV) does not overlap with the KOTO

signal region. It is notable that all of the three KOTO
events in question have p⇡

0

T & 190MeV, which may indi-
cate that mX . 180 MeV is favored.

To take into account the e�ciency di↵erence from
⇡0⌫⌫̄, we correct the KOTO signal yield of Eq. (1) by
the ratio of e�ciencies estimated by our simulation as

B(KL ! ⇡0X)KOTO

B(KL ! ⇡0⌫⌫̄)KOTO

=
✏⇡0⌫⌫̄

✏⇡0X(mX)
, (6)

where ✏ is the e�ciency of kinematic cuts of an ear-
lier KOTO analysis [20] and new signal region of recon-
structed momentum and decay vertex [6]. The result is
shown in the left pane of Fig. 2. The simulation details
are presented in the Supplemental Material.

Similarly to the KL ! ⇡0⌫⌫̄ case, the rare decay of
K+ search will constrain this scenario. This is because,
even in this case, a generalized version of the GN bound
still holds [21],

B(KL ! ⇡0X) . 4.3B(K+
! ⇡+X). (7)

The upper bound on two body decay B(K+
! ⇡+X)

is O(10�10
� 10�11) [9], which is generally stronger than

that on B(K+
! ⇡+⌫⌫̄) except for |mX�m⇡0 | . 25MeV

and for mX & 2m⇡0 , because the search is su↵ered from

K+
! ⇡+⇡0(�), ⇡+ + 2⇡ backgrounds [7, 9, 22, 23]. For

example, for mX = (0) 100MeV the expected number of
events in KOTO is bounded to be smaller than 0.7 (0.3)
at 90% CL.
This situation is changed when the invisible particle X

is unstable and can decay into the visible particles such
as photons. Once X decays, say, to photons, the events
are vetoed or go to di↵erent search categories where the
bound on branching ratio is significantly weaker due to
large SM contributions of KL(K+) ! ⇡0(⇡+) + ⇡0 or
⇡0(⇡+) + �� with Refs. [13, 24, 25].
The dependence of the e�ciency on X lifetime of

KL ! ⇡0X is di↵erent than that of K+
! ⇡+X be-

cause the boost factors, p/mX and the e↵ective detector
size, L of NA62 or E949, which are di↵erent than those
of KOTO. E↵ective branching ratios are

B(K!⇡X; detector) = B(K ! ⇡X) exp
h
�
L

p

mX

c⌧X

i
, (8)

which are measured by experiments. Through the GN
bound, Eq. (7), the bound on the lifetime is obtained by
taking a ratio,

B(K+
! ⇡+X)95%CL

NA62

B(KL ! ⇡0X)KOTO

>
B(K+

! ⇡+X; NA62)

B(KL ! ⇡0X; KOTO)

�
1

4.3
exp


�
mX

c⌧X

✓
LNA62

pNA62

�
LKOTO

pKOTO

◆�
, (9)

where we use the central value of Eq. (6) and the bound
B(K+

! ⇡+X)95%CL

NA62
= 1.6⇥ 10�10 which is the NA62

So, GN can indeed be effectively "weakened"!

Scenario II: Replacing " " by a new invisible particle νν̄ X

B(KL → π0X)



Scenario III: No , no , not even νν̄ π0 KL

KOTO only sees energy deposits at ECAL. So, a  just looks like:π0

How does KOTO reconstruct 's  and decay vertex?π0 pT

E1

E2

beam axis



Scenario III: No , no , not even νν̄ π0 KL

KOTO only sees energy deposits at ECAL. So, a  just looks like:π0

By two assumptions:

(2) The  vertex is somewhere along beam axisγγ

(1) The  invariant mass = γγ mπ0

How does KOTO reconstruct 's  and decay vertex?π0 pT

==> the angle  between the two photonsθ
m2

π0 = p1⋅p2 = E1E2(1 − cos θ)==>

E1

E2

beam axis

Vertex determined!
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Scenario III: No , no , not even νν̄ π0 KL

 = neutral, long-lived, hardly absorbedX
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An example:
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The idea:

proton beam

gold target
ECAL

KL
γ
γ

γ
γ " "π0νν̄

π0νν̄

X

 = neutral, long-lived, hardly absorbedX
, followed by p + Au → X + crap X → γγ

An example:

Δℒint =
αs

8π
X
fg

Ga
μνG̃aμν +

αem

8π
X
fγ

FμνF̃μν

Scenario III: No , no , not even νν̄ π0 KL

Probably works but an actual assessment requires detector simulations

to calculate acceptance and efficiency for off-axis decays.
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