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• Introduction

‣ Rare kaon decay K→πvv 

‣ Observed events at KOTO, and NA62 result 

• Dark Sector with Grossman-Nir bound and Beyond

‣ Heavy new physics (EFT) 
‣ Light new physics with GN bound 
‣ Light new physics beyond GN bound 

• Future prospects [ALP search at Kaon factories]

• Summary

Collaboration with Teppei Kitahara, Takemichi Okui, Gilad Perez, Yotam Soreq  
[Phys.Rev.Lett. 124 (2020) 07180, 1909.11111]  
Stefania Gori, Gilad Perez [2005.05170]
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Extremely rare and precise process in SM. [Buras et al., 1503.02693] 

• Br~10-11 due to suppressions of 1loop, CKM and GIM 
• Unlike LHC physics, a few events are already significant!

~M
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[Y. Grossman and Y. Nir (‘97)]

~M
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• Br[KL] indirectly bounded by Br[K+]

BR(KL ! ⇡0X) . 4.3BR(K+ ! ⇡+X)
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[H. Leutwyler, M. A. Shifman(’90)]saturates,e.g., when X is CP-even

• GN bound can be generalized to new physics case

BR[KL ! ⇡0⌫⌫̄]

BR[K+ ! ⇡+⌫⌫̄]
 4.3
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Ratio of total widths 
+isospin breaking

Isospin relation(∆I=1/2)
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Search for the rare decay
!" → $%&&̅ at J-PARC KOTO 
experiment
Satoshi Shinohara (Osaka Univ.),
on behalf of the KOTO collaboration

KAON2019
10-13 September 2019 University of Perugia (Italy)

2019/9/10 KAON2019 1

https://indico.cern.ch/event/769729/contributions/3510939/attachments/1904988/3145907/KAON2019_shinohara_upload.pdf

https://indico.cern.ch/event/769729/contributions/3510939/attachments/1904988/3145907/KAON2019_shinohara_upload.pdf
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• Data until 2018  
Incoming 7x1012 KL  
~5x1011 KL decays 

• Two ECAL hits.  
Reconstruction 
assumes π0→γγ.

Reconstructed 
 π0 pT [MeV]

Single event sensitivity (S.E.S)
• S.E.S = (KL yield)�(signal acceptance)

• Signal box : determined by S/N
• S.E.S : 6.9�10-10 (S.E.S2015 : 1.3�10-9)

2019/9/10 KAON2019 17

signal acceptance : 2.0�10-4

!" → $%&&̅ MC blind regionsignal region

2015 signal box

2016 ~ 2018 
signal box

signal acceptance : 
+ 6% (from 2015 signal box)

Preliminary

Z : reconstructed decay position



Kohsaku Tobioka (FSU)

Observed Events at KOTO

11

Blind analysis

Z[reconstructed decay position]
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 π

0 
p T

signal region

BG:0.05±0.02,   
SM[KL→π0vv]0.05±0.01

BG summary
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Preliminary

unblinded in the end of Aug. 2019

Open the box 
[unblinding]

4 events! 
[nothing outside SR][S. Shinohara, KAON2019]
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[S. Shinohara, KAON2019]

Even 3 events ≫ SM+BG~0.1. p-value~10-4

Corresponding BR

KEK–TH–2157, CERN-TH-2019-151

New physics implications of recent search for KL ! ⇡0⌫⌫̄ at KOTO

Teppei Kitahara,1, 2 Takemichi Okui,3, 4 Gilad Perez,5 Yotam Soreq,1, 6 and Kohsaku Tobioka3, 4

1Physics Department, Technion—Israel Institute of Technology, Haifa 3200003, Israel
2Institute for Advanced Research & Kobayashi-Maskawa Institute for the Origin
of Particles and the Universe, Nagoya University, Nagoya 464–8602, Japan

3Department of Physics, Florida State University, Tallahassee, FL 32306, USA
4High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

5Department of Particle Physics and Astrophysics,
Weizmann Institute of Science, Rehovot 7610001, Israel

6Theoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland

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 these: (1) heavy new physics boosting the standard model signal, (2) reinter-
pretation 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.

I. INTRODUCTION

Despite being one of the greatest successes of theoret-
ical physics, it is clear that the standard model (SM) of
particle physics is not a complete description of nature
as evidenced by, for example, its lack of a dark mat-
ter candidate and a mechanism to produce more matter
than antimatter as observed in the universe. Theoreti-
cally, the SM su↵ers from extremely small, unexplained
numbers such as the smallness of the electroweak scale
compared to the Planck scale (⇠ 10�32) and the CP-
violating vacuum angle associated with the strong nu-
clear forces (⇠< 10�10). One of the best ways to search
for new physics (NP) beyond the SM is to look for events
that are predicted to be extremely rare in the SM by a
theoretically clean calculation. An observation of just a
few such events could then constitute a robust evidence
of NP. A good analogy is the discovery of the positron
by Anderson in 1932, for which one event was enough
as the expectation from the then “standard model” was
zero. From this perspective, rare decays of K mesons
via a flavor changing neutral current and/or a CP viola-
tion (CPV) provide ideal probes of NP as they are highly
suppressed in the SM and are theoretically clean [1].

Two golden channels are the K
L

! ⇡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 experiment at J-PARC and
the NA62 experiment at CERN, both aim to reach the
corresponding SM sensitivity. Recently, the KOTO ex-
periment gave a status report for K

L

! ⇡0⌫⌫̄ search [6],
and the NA62 experiment announced new preliminary
result for K+ ! ⇡+⌫⌫̄ search [7].

Strikingly, the KOTO experiment presented data on
four candidate events in the signal region of the K

L

!
⇡0⌫⌫̄ search, where the SM expectation is a mere 0.10±

FIG. 1. The recent result of KOTO events [6] (NA62 re-
sult [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.

0.02 events [6] (0.05 ± 0.01 signal and 0.05 ± 0.02 back-
ground). While one of the events is suspected as a back-
ground from an upstream activity, the remaining three
events are quite distinct from presently known back-
grounds. In this Letter, we assume that these three
events are signals and explore implications, although tak-
ing four events as signal 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(K
L

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

at the 68 (95)% confidence level (CL), statistical uncer-
tainties included. The central value is about two orders
of magnitude larger than the SM prediction, B(K

L

!
⇡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
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[Kitahara, Okui, Perez, Soreq, KT (1909.11111)]
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New Result on 𝐊+ → 𝛑+𝛎ത𝛎
from the NA62 Experiment

Giuseppe Ruggiero (Lancaster University) 

KAON 2019
Perugia, 10/09/2019

On behalf of the NA62 Collaboration

•Slightly inconsistent K+ result reported in the same conference  
via GN bound



Kohsaku Tobioka (FSU)

GN bound tension: KOTO vs NA62

14

2016+2017 Result

𝐵𝑟 𝐾+ → 𝜋+𝜈 ҧ𝜈 = 0.47−0.47+0.72 × 10−10• Two-sided 68% band:

• Upper limits (CLs method)

4010/09/2019 Giuseppe Ruggiero - Kaon 2019

Observed Expected (background only) CL
𝐵𝑟 𝐾+ → 𝜋+𝜈 ҧ𝜈 < 1.85 × 10−10 𝐵𝑟 𝐾+ → 𝜋+𝜈 ҧ𝜈 < 1.32 × 10−10 90%
𝐵𝑟 𝐾+ → 𝜋+𝜈 ҧ𝜈 < 2.44 × 10−10 𝐵𝑟 𝐾+ → 𝜋+𝜈 ҧ𝜈 < 1.62 × 10−10 95%

Events observed 3
Single event sensitivity 0.346 ± 0.017 × 10−10

Expected background 1.65 ± 0.31

• 2016 and 2017 data uncorrelated

BR[KL ! ⇡0⌫⌫̄]

BR[K+ ! ⇡+⌫⌫̄]
 4.3

<latexit sha1_base64="XEfMwa3Im2oyt/3orTknRKDC69w="></latexit>

Inconsistent  
with GN bound!

KEK–TH–2157, CERN-TH-2019-151

New physics implications of recent search for KL ! ⇡0⌫⌫̄ at KOTO

Teppei Kitahara,1, 2 Takemichi Okui,3, 4 Gilad Perez,5 Yotam Soreq,1, 6 and Kohsaku Tobioka3, 4

1Physics Department, Technion—Israel Institute of Technology, Haifa 3200003, Israel
2Institute for Advanced Research & Kobayashi-Maskawa Institute for the Origin
of Particles and the Universe, Nagoya University, Nagoya 464–8602, Japan

3Department of Physics, Florida State University, Tallahassee, FL 32306, USA
4High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

5Department of Particle Physics and Astrophysics,
Weizmann Institute of Science, Rehovot 7610001, Israel

6Theoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland

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 these: (1) heavy new physics boosting the standard model signal, (2) reinter-
pretation 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.

I. INTRODUCTION

Despite being one of the greatest successes of theoret-
ical physics, it is clear that the standard model (SM) of
particle physics is not a complete description of nature
as evidenced by, for example, its lack of a dark mat-
ter candidate and a mechanism to produce more matter
than antimatter as observed in the universe. Theoreti-
cally, the SM su↵ers from extremely small, unexplained
numbers such as the smallness of the electroweak scale
compared to the Planck scale (⇠ 10�32) and the CP-
violating vacuum angle associated with the strong nu-
clear forces (⇠< 10�10). One of the best ways to search
for new physics (NP) beyond the SM is to look for events
that are predicted to be extremely rare in the SM by a
theoretically clean calculation. An observation of just a
few such events could then constitute a robust evidence
of NP. A good analogy is the discovery of the positron
by Anderson in 1932, for which one event was enough
as the expectation from the then “standard model” was
zero. From this perspective, rare decays of K mesons
via a flavor changing neutral current and/or a CP viola-
tion (CPV) provide ideal probes of NP as they are highly
suppressed in the SM and are theoretically clean [1].

Two golden channels are the K
L

! ⇡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 experiment at J-PARC and
the NA62 experiment at CERN, both aim to reach the
corresponding SM sensitivity. Recently, the KOTO ex-
periment gave a status report for K

L

! ⇡0⌫⌫̄ search [6],
and the NA62 experiment announced new preliminary
result for K+ ! ⇡+⌫⌫̄ search [7].

Strikingly, the KOTO experiment presented data on
four candidate events in the signal region of the K

L

!
⇡0⌫⌫̄ search, where the SM expectation is a mere 0.10±

FIG. 1. The recent result of KOTO events [6] (NA62 re-
sult [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.

0.02 events [6] (0.05 ± 0.01 signal and 0.05 ± 0.02 back-
ground). While one of the events is suspected as a back-
ground from an upstream activity, the remaining three
events are quite distinct from presently known back-
grounds. In this Letter, we assume that these three
events are signals and explore implications, although tak-
ing four events as signal 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(K
L

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

at the 68 (95)% confidence level (CL), statistical uncer-
tainties included. The central value is about two orders
of magnitude larger than the SM prediction, B(K

L

!
⇡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
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• SM point, inconsistent 3+σ  

• IF GN bound saturates [1D] 

still tension of 2.1 σ  

• Violation of GN bound in  
K→πvv  is very difficult. 
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If this is NP, a new light state is favored. 

BR[KL ! ⇡0⌫⌫̄]

BR[K+ ! ⇡+⌫⌫̄]
 4.3
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‣ Light new states violating GN bound

‣ Heavy new physics
EFT: Kitahara, Okui, Perez, Soreq, KT [1909.11111] 
Leptoquark:R. Mandal, A. Pich [1908.11155]  
Z′:  Calibbi, Crivellin, Kirk, Manzari, and Vernazza [1910.00014],  
Aebischer, Buras, Kumar [2006.01138] 
Generic neutrino interactions: Li, Ma, and Schmidt [1912.10433] 
Breaking Grossman-Nir: He, Ma, Tandean,and Valencia [2002.05467, 2005.02942]

‣ Light new state with GN bound
General analysis: Kitahara, Okui, Perez, Soreq, KT [1909.11111] 

Light dark fermions (do not work): Fabbrichesi and Gabrielli (1911.03755)  
Light scalars:   Fuyuto, Hou, Kohda [1412.4397] 

Egana-Urinovic, Homiller, and Meade [1911.10203]  
Dev, Mohapatra, and Zhang [1911.12334] 
Liu, McGinnis, Wagner, and Wang (2001.06522) [muon g-2] 
Banerjee, Kim, Matsedonskyi, Perez, Safronova [2004.02899]… 

Light gauge boson: Jho, Lee, S.C. Park, Y. Park, and Tseng [2001.06572]

‣ Exotic (not in this talk)

M. Pospelov. Status and phenomenology of light bsm. talk Jan 20, 2019 
R. Ziegler, J. Zupan, R. Zwicky [2005.00451] S. Gori, G. Perez, KT [2005.05170],  
M. Hostert, K. Kaneta, M. Pospelov [2005.07102], W. Altmannshofer, B. V. Lehmann, S. Profumo [2006.05064]

Fixed target production: Kitahara, Okui, Perez, Soreq, KT [1909.11111]  
Pionium(KL→π0 A2π): P. Lichard [arXiv:2006.02969]
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Conventional solution: SM higher dim. operator due to heavy state

OBSM( SM)
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Lepton Universality

leads to charged lepton channels

Prescriptions 


(1) neutrino is only ντ

(2) Impose CR= CS

K. Agashe, R. Contino, L. Da Rold, and A. Pomarol,[hep-ph/0605341 
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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
events and NA62 result (green and blue bands, respec-
tively) and the SM prediction (green dot), and also show
our fit to these (red ellipses), where in the plot the sys-
tematic uncertainties in the backgrounds and the SM the-
oretical predictions are neglected as the statistical ones
dominate.

We will examine three possibilities to explain the ob-
served events. First, we enhance the K

L

! ⇡0⌫⌫̄ rate by
heavy NP. Such heavy NP can be captured by e↵ective
operators, which we will examine in Sec. II. Second, we
interpret the “⌫⌫̄” in Eq. (1) as a new light invisible par-
ticle X. We will analyze this scenario in Sec. III. Inter-
estingly, we will find that the compatibility of the KOTO
events and NA62 result require that the X should be a
long-lived unstable particle, preferably a scalar, decaying
to, e.g., two photons. This may be related to possible
solutions to deep problems of the SM, such as the strong
CP problem [10–13] or hierarchy problem [14–16]. The
last scenario is that the signals actually have nothing to
do with neither ⇡0 or ⌫⌫̄ or not even K

L

but are sim-
ply due to the production of a new light particle at the
fixed target. The new particle subsequently decays to
two photons after a long flight, where the flight path
would generically be o↵ axis and hence appear as “⌫⌫̄.”
While an accurate study of this scenario is challenging as
it requires detailed account of the experimental setups,
we will perform some rough estimates in Sec. IV to show
that it is plausible.

Although the required NP enhancement of the K
L

!
⇡0⌫⌫̄ rate is substantial to account for the central value
of Eq. (1), most of other measurements do not have the
required sensitivity to directly probe such enhancement.
However, under fairly general assumptions, the K

L

!
⇡0⌫⌫̄ rate can be strongly constrained by theK+ ! ⇡0⌫⌫̄
rate via the Grossman-Nir (GN) bound [17]:

B(K
L

! ⇡0⌫⌫̄)  4.3B(K+ ! ⇡+⌫⌫̄) . (3)

The numerical factor comes from the di↵erence in the
total decay widths of K

L

and K+, isospin breaking ef-
fects, and QED radiative corrections [5, 18]. In Fig. 1,
the GN bound is shown as the solid (dashed) blue line
for NP contributions which interfere (does not interfere)
with the SM.

Assuming that the interfering NP+SM saturates the
GN bound and moving along the solid blue line, we find
that the KOTO and NA62 average deviates at 2.1� at
the red dot on the solid blue line in Fig. 1. If, instead,

we consider the non-interfering case, we have

B(K
L

! ⇡0 inv.) = B(K
L

! ⇡0⌫⌫̄)SM

+ 4.3
⇥B(K+ ! ⇡+ inv.)� B(K+ ! ⇡+⌫⌫̄)SM

⇤
, (4)

where inv. = ⌫⌫̄ (SM) + invisible final states (NP). In
this case, we obtain 2.6� tension at the red dot on the
dashed blue line in Fig. 1. A violation of the GN bound
by NP contributions is quite di�cult (see Sec. V for more
detail). In the following, we will not consider the viola-
tion of the GN bound.
We shall now discuss in detail the NP scenarios we

alluded to above.

II. HEAVY NEW PHYSICS

First, let us consider heavy NP which contributes to
s ! d⌫⌫̄ processes. Matching the fields involved in
the K

L

! ⇡0⌫⌫̄ decay to a gauge invariant dimension-
six operator, the e↵ective Lagrangian, with operators
that can interfere with the SM contributions, only con-
sists of three operators, Le↵ =

P
i=S,A,D

C⌫⌫

i

O⌫⌫

i

+

h.c. with O⌫⌫

S,A

=
⇥
Q̄2

�
12,�i

�
Q1

⇤
V�A

⇥
L̄
�
12,�i

�
L
⇤
V�A

and O⌫⌫

D

=
�
d̄2d1

�
V+A

�
L̄L

�
V�A

where Q (L) is a

quark (lepton) doublet, d is the down-type quark singlet,
12 and �i are in SU(2)

L

weak space, the superscripts 1
and 2 correspond to quark-generation index in the down
mass basis and lepton flavor indices are suppressed for
here. For example, these operators can be a low energy
description of a flavorful Z 0 model.
By considering the single complex Wilson coe�cient

C⌫⌫

S,A,D

(defined at the m
Z

scale), and fitting it to sep-
arately the KOTO events and then both to KOTO and
NA62 to minimize the tension between the experiments
we find,

C⌫⌫

S,D

� C⌫⌫

A

⇡
⇢

i/(110TeV)2, KOTO
e�i 3

4

⇡/(150TeV)2, KOTO&NA62
, (5)

where the value on the first line of the above equation
corresponds to fitting for the central value of KOTO only,
and on the second line we fit both to the KOTO events
and NA62 result, which corresponds to the red solid dot
in Fig. 1.
Assuming lepton flavor universality, the above oper-

ators can be sensitive to CP-violating flavor changing
neutral current such as K

L

! ⇡0`+`� (` = e, µ) and
K

S

! µ+µ�, whose branching ratios are experimentally
bounded as ⇠< (a few) ⇥ 10�10 [21–23]. In light of the
fact that K

L

! ⇡0⌫⌫̄ search is the neutrino flavor blind,
these upper bounds would be the same order as the pre-
dictions of Eq. (5). If the NP couples only to one neu-
trino flavor, the scale of Eq. (5) will barely change. In
particular, it would be interesting to consider a correla-
tion with the direct CPV in K0 ! µ+µ� [24, 25] which
would be probed by the LHCb experiment. However,
these bounds can be avoided if one is switching on the
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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
events and NA62 result (green and blue bands, respec-
tively) and the SM prediction (green dot), and also show
our fit to these (red ellipses), where in the plot the sys-
tematic uncertainties in the backgrounds and the SM the-
oretical predictions are neglected as the statistical ones
dominate.

We will examine three possibilities to explain the ob-
served events. First, we enhance the K

L

! ⇡0⌫⌫̄ rate by
heavy NP. Such heavy NP can be captured by e↵ective
operators, which we will examine in Sec. II. Second, we
interpret the “⌫⌫̄” in Eq. (1) as a new light invisible par-
ticle X. We will analyze this scenario in Sec. III. Inter-
estingly, we will find that the compatibility of the KOTO
events and NA62 result require that the X should be a
long-lived unstable particle, preferably a scalar, decaying
to, e.g., two photons. This may be related to possible
solutions to deep problems of the SM, such as the strong
CP problem [10–13] or hierarchy problem [14–16]. The
last scenario is that the signals actually have nothing to
do with neither ⇡0 or ⌫⌫̄ or not even K

L

but are sim-
ply due to the production of a new light particle at the
fixed target. The new particle subsequently decays to
two photons after a long flight, where the flight path
would generically be o↵ axis and hence appear as “⌫⌫̄.”
While an accurate study of this scenario is challenging as
it requires detailed account of the experimental setups,
we will perform some rough estimates in Sec. IV to show
that it is plausible.

Although the required NP enhancement of the K
L

!
⇡0⌫⌫̄ rate is substantial to account for the central value
of Eq. (1), most of other measurements do not have the
required sensitivity to directly probe such enhancement.
However, under fairly general assumptions, the K

L

!
⇡0⌫⌫̄ rate can be strongly constrained by theK+ ! ⇡0⌫⌫̄
rate via the Grossman-Nir (GN) bound [17]:

B(K
L

! ⇡0⌫⌫̄)  4.3B(K+ ! ⇡+⌫⌫̄) . (3)

The numerical factor comes from the di↵erence in the
total decay widths of K

L

and K+, isospin breaking ef-
fects, and QED radiative corrections [5, 18]. In Fig. 1,
the GN bound is shown as the solid (dashed) blue line
for NP contributions which interfere (does not interfere)
with the SM.

Assuming that the interfering NP+SM saturates the
GN bound and moving along the solid blue line, we find
that the KOTO and NA62 average deviates at 2.1� at
the red dot on the solid blue line in Fig. 1. If, instead,

we consider the non-interfering case, we have

B(K
L

! ⇡0 inv.) = B(K
L

! ⇡0⌫⌫̄)SM

+ 4.3
⇥B(K+ ! ⇡+ inv.)� B(K+ ! ⇡+⌫⌫̄)SM

⇤
, (4)

where inv. = ⌫⌫̄ (SM) + invisible final states (NP). In
this case, we obtain 2.6� tension at the red dot on the
dashed blue line in Fig. 1. A violation of the GN bound
by NP contributions is quite di�cult (see Sec. V for more
detail). In the following, we will not consider the viola-
tion of the GN bound.
We shall now discuss in detail the NP scenarios we

alluded to above.

II. HEAVY NEW PHYSICS

First, let us consider heavy NP which contributes to
s ! d⌫⌫̄ processes. Matching the fields involved in
the K

L

! ⇡0⌫⌫̄ decay to a gauge invariant dimension-
six operator, the e↵ective Lagrangian, with operators
that can interfere with the SM contributions, only con-
sists of three operators, Le↵ =
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where Q (L) is a

quark (lepton) doublet, d is the down-type quark singlet,
12 and �i are in SU(2)

L

weak space, the superscripts 1
and 2 correspond to quark-generation index in the down
mass basis and lepton flavor indices are suppressed for
here. For example, these operators can be a low energy
description of a flavorful Z 0 model.
By considering the single complex Wilson coe�cient

C⌫⌫

S,A,D

(defined at the m
Z

scale), and fitting it to sep-
arately the KOTO events and then both to KOTO and
NA62 to minimize the tension between the experiments
we find,

C⌫⌫

S,D

� C⌫⌫

A

⇡
⇢

i/(110TeV)2, KOTO
e�i 3

4

⇡/(150TeV)2, KOTO&NA62
, (5)

where the value on the first line of the above equation
corresponds to fitting for the central value of KOTO only,
and on the second line we fit both to the KOTO events
and NA62 result, which corresponds to the red solid dot
in Fig. 1.
Assuming lepton flavor universality, the above oper-

ators can be sensitive to CP-violating flavor changing
neutral current such as K

L

! ⇡0`+`� (` = e, µ) and
K

S

! µ+µ�, whose branching ratios are experimentally
bounded as ⇠< (a few) ⇥ 10�10 [21–23]. In light of the
fact that K

L

! ⇡0⌫⌫̄ search is the neutrino flavor blind,
these upper bounds would be the same order as the pre-
dictions of Eq. (5). If the NP couples only to one neu-
trino flavor, the scale of Eq. (5) will barely change. In
particular, it would be interesting to consider a correla-
tion with the direct CPV in K0 ! µ+µ� [24, 25] which
would be probed by the LHCb experiment. However,
these bounds can be avoided if one is switching on the

bounds are BR~10-10
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BR[KL]<4.3BR[K+]→17BR[K+]

GN bound tension

Conventional solution: SM higher dim. operator due to heavy state
[Kitahara, Okui, Perez, Soreq, KT (1909.11111)]

*Operator violating GN bound starts  
dimension 9(∆I=3/2) w/ Λ~10GeV

He, Ma, and Valencia [2002.05467]

CS,R � CT ⇠ e�
3
4⇡i/(75 TeV)2
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GN bound tension

New light state?

Conventional solution: SM higher dim. operator due to heavy state
[Kitahara, Okui, Perez, Soreq, KT (1909.11111)]

BR[KL]<4.3BR[K+]→17BR[K+]

*Operator violating GN bound starts  
dimension 9(∆I=3/2) w/ Λ~10GeV

He, Ma, and Valencia [2002.05467]

still 2.1σ tension

CS,R � CT ⇠ e�
3
4⇡i/(75 TeV)2
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Single light particle couples to SM. 

OSMX
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X: SM gauge singlet 
mX<350MeV

KL→π0 X 
K+→π+ X 
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X: SM gauge singlet 
mX<350MeV

KL→π0 X 
K+→π+ X 

Single light particle couples to SM. 
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• Observed events are aligned.  
Prefer KL→π0X to KL→π0vv.

For KOTO events,

[Kitahara, Okui, Perez, Soreq, KT (1909.11111)]
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• Observed events are aligned.  
Prefer KL→π0X to KL→π0vv.

KL→π0 X 
K+→π+ X 

• Large mX→less pT,maxπ0. 
BR~10-9  and  mX<180MeV 
to accommodate 3 events. 

● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ●

●
●

●
●

●

●

●

�������� ������ ������ ������● ℬ(��→ π��)

ℬ(��→ π�νν)

� �� ��� ��� ��� ��� ���
�

�

�

�

�

�

�

�

��[���]

ℬ
(�

�→
π�
�)
⨯�
��

���� ������ �������������� �� ��→ π�� �����

X: SM gauge singlet 
mX<350MeV

For KOTO events,

Single light particle couples to SM. [Kitahara, Okui, Perez, Soreq, KT (1909.11111)]
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•GN bound saturated [best case,X:CP even]. Require 3 events at KOTO. 

(1) mX~mπ0 loophole 
Large K+→π+π0 BG  
Fuyuto, Hou, Kohda [1412.4397]

Two experimental loopholes

(2) Finite lifetime of X 
     Exploit detector size.

[Kitahara, Okui, Perez, Soreq, KT (1909.11111)]

Two regions compatible with K+[NA62, E949]

4

Similarly to the K
L

! ⇡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 [31],

B(K
L

! ⇡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 near the neutral pion
mass |m

X

� m
⇡

0 | . 25MeV and above two pion mass
threshold m

X

& 2m
⇡

0 , because the search is su↵ered
from K+ ! ⇡+⇡0(�), ⇡+ + 2⇡ backgrounds [7, 9, 32,
33]. For example, for m

X

= (0) 100MeV, the expected
number of events in KOTO is bound 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 K

L

(K+) ! ⇡0(⇡+) + ⇡0 or
⇡0(⇡+) + �� with Refs. [20, 34, 35].

The dependence of the e�ciency on X lifetime of
K

L

! ⇡0X is di↵erent than that of K+ ! ⇡+X be-
cause the boost factors, p/m

X

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)e�
L
p

mX
c⌧X , (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(K
L

! ⇡0X)KOTO
>

B(K+ ! ⇡+X; NA62)

B(K
L

! ⇡0X; KOTO)

� 1

4.3
exp


�m

X

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
bound [Eq. (2)] subtracting non-interfering SM contri-
bution. The exponential factor is calculated by sim-
ulation for KOTO using the selected event samples in
the signal region. To a good approximation, one can
use L ' 3m and E

X

' 1.5GeV and for NA62, we
take E

X

= 37GeV and L = 150m. Because e↵ective
detector size of KOTO is smaller than that of NA62,
LNA62/pNA62 > LKOTO/pKOTO, the bound of NA62 can
be evaded for some shorter lifetime. If the lifetime is
too short, roughly less than 0.01 ns, the branching ra-
tion of K

L

! ⇡0X has to exceed 1%, which is con-
strained by sum of the other decay channels of K

L

. For
E949, we can write the analogous formula, and there the
K+s are at rest, thus p

X

is calculated and L = 1.5m.
Because the p

X

is much smaller, the e↵ective detector
size L

E949/pE949 is much larger than that of KOTO and

NA62 especially for higher mass, making NA62 more sen-
sitive to this scenario. The experimental bound of E949
uses Fig. 18 of Ref. [9]. The results are shown in the right
panel of Fig. 2.
Assuming the GN bound is saturated B(K

L

! ⇡0X) =
4.3B(K+ ! ⇡+X), we found that parameter space of the
lifetime O(0.1-0.01) ns is compatible with both KOTO
and NA62 (E949). Using visible decay channels such as
B(K

L

! ⇡0X,X ! 2�) [36], if one will find the fa-
vored lifetime is inside the parameter space excluded
by K+ ! ⇡+X, it indicates the violation of the GN
bound. For a constraint from the visible channel, KTEV
K

L

! ⇡0�� will exclude B(K
L

! ⇡0X) & 10�6 if X
decays dominantly to two photons [20].
Let us comment on possible underlying models of X.

Arguably the simplest possibility is a Higgs portal which
induces K

L

! ⇡0X decay, but the dominant decay of
X is into e+e� which is tightly constrained by KTEV
search, B(K

L

! ⇡0e+e�) < 2.8⇥ 10�10 at 90%CL [21].
One can avoid this bound easily if the X is some kind
of leptophobic and/or photophilic scalar. For example,
if there are two (or more) Higgs doublets, one Higgs is
responsible to the masses of third generation and quarks,
another one is responsible to the masses of light leptons,
and X mixes with just the former Higgs.

IV. NEW PARTICLE PRODUCTION AT FIXED
TARGET

An alternative scenario that could accommodate the
KOTO events is that the events are not due to an en-
hanced K

L

! ⇡0 + (inv.) rate but just a disguise of a
new light particle, �, produced at the fixed target and
decaying inside the vacuum chamber to a photon pair.
At KOTO, the initial 30GeV proton beam hits the fixed
gold (Au) target at an angle of 16� with respect to the
beam line connecting the target and the electromagnetic
calorimeter (ECAL). Unlike the K

L

, which would travel
straight along the beam line toward the vacuum chamber,
the new particle will not fly parallel to the beam line so
it will enter the chamber away from the axis with an an-
gle. We further assume that the � lifetime is such that it
typically decays inside the vacuum chamber to two pho-
tons. Moreover, in the K

L

! ⇡0⌫⌫̄ search, KOTO does
not reconstruct the ⇡0 mass but instead assumes that
the photon pair detected on the ECAL has an invariant
mass of ⇡0 and that the pair comes from a vertex on the
beam line, for these two assumptions would completely
determine the location of a K

L

decay to ⇡0⌫⌫̄.
Therefore, we see that the �’s in-flight decay to 2� will

indeed disguise as an ⇡0+(invisible) event. The kinemat-
ics is similar to CV-⌘ background, a decay of ⌘ ! 2� in
the o↵-axis region can have a reconstructed vertex inside
the signal region. On the other hand, at NA62, which
triggers events by charged particles and is designed to
veto huge ⇡0 background, such � decays are simply re-
jected. As a concrete example, we consider that � = a is

E949 bound [0903.0030]
NA62{
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3

where the scalar couplings �f
' are given in Eq. (3) and

� is the triangle function. If the new scalar escapes the
KOTO detector before decaying into SM fields, the event
falls into the signal region for KL ! ⇡0⌫⌫̄, and may be
the explanation for the observed excess. The contribution
of the scalars to the e↵ective branching fraction measured
at KOTO is

Bre↵(KL ! ⇡0⌫⌫̄) = ✏ Br(KL ! ⇡0') e

⇣
� m'

c⌧'
L
p'

⌘

,
(7)

where Br(KL ! ⇡') is obtained from Eq. (6), the SM
Kaon width is �SM

KL
= 1.29 ⇥ 10�17 GeV [26], the expo-

nential suppression accounts for the scalars that decay
before escaping the KOTO detector, and ✏ is a correc-
tion factor that accounts for the kinematical di↵erence
between the 3-body SM decay process, and the 2-body
decay into our scalar '. This factor is taken from [2],
and varies from ✏ = 0.75 for a massless scalar to ✏ = 1 for
m' = 200MeV. In the exponential factor, the KOTO
detector size is L = 3m and p' is the scalar’s momen-
tum. The typical momentum was obtained from a KOTO
simulation in [5], and corresponds to an energy for the
scalar particle of E' = 1.5GeV. The scalar’s lifetime c⌧'

is completely specified by the mixing angle ✓ and its mass
m'. For our Higgs portal discussion we limit ourselves to
masses in the range 2me < m'  200MeV. The upper
end is motivated by the large transverse momentum of
the pions in the observed events at KOTO, which trans-
lates into an upper bound on the scalar mass [5]. The
lower end of this range is chosen for simplicity: for this
range of masses the scalar’s lifetime is controlled mostly
by the decay to electrons [27].

In Fig. 2 we show in blue the contour of scalar mass m'

and mixing angle sin ✓ for which the e↵ective branching
fraction Eq. (7) is consistent with the central value of the
KOTO measurement, Eq. (1). In shades of blue we also
show the regions of parameter space consistent with the
measurement at 1� and 2�. 2 In dashed-gray lines we
show contours of c⌧'. The number of events measured at
KOTO are consistent with a minimal Higgs portal model
with mixing angles in the range 2 · 10�4  ✓  10�3,
across the mass range studied in this work.

There are a variety of constraints on the region of
parameter space where the Higgs portal explanation is
naively successful. The most obvious constraint comes
from analogous decays Br(K+ ! ⇡+ + inv.), which are
normally related to the process of interest at KOTO via
the Grossman-Nir bound [28]. The NA62 and E949 ex-
periments set constraints on these charged Kaon decays,
which in the Higgs portal model arises from the diagram
in Fig. 1, with a width which can be obtained from

2The upper end of the 1� band in Fig. 2 approximately coincides
with the limits set by KOTO with previous datasets [2].

FIG. 2. Minimal Higgs portal interpretation of the KOTO
excess, and leading bounds on the model, plotted as a func-
tion of the singlet-like scalar mass and mixing angle with
the Higgs. Blue: regions of parameter space consistent with
the number of KL ! ⇡

0
⌫⌫̄ events observed at KOTO. The

solid line corresponds to the measured central value, while
the shaded regions include the 1 and 2� compatible values.
The region to the left of the vertical-dashed blue line corre-
sponds to singlet masses that are consistent with the kine-
matics of the observed KOTO events. Red: limits from NA62
on Br(K+ ! ⇡

+
⌫⌫̄), and Br(K+ ! ⇡

+
⇡

0) with ⇡

0 decay-
ing invisibly. Pink: limits from E949 on Br(K+ ! ⇡

+
X)

with X a long-lived particle. Shaded gray and dashed black:
limits on displaced decays of the scalar to electrons from the
CHARM experiment. In shaded-gray we show limits with
conservative assumptions regarding production rates and ac-
ceptances, while the region below the dashed-black line shows
limits with aggressive assumptions. Yellow: limits from Belle
on Br(B ! K⌫⌫̄). Dashed-gray: contours of constant scalar
decay length, c⌧'.

Eq. (6) with the replacement Re g'K⇡ ! |g'K⇡| [23, 24].
NA62 sets a 95% CL bound on the branching fraction
[29]

Br(K+ ! ⇡+⌫⌫̄)NA62 < 2.44⇥ 10�10 . (8)

In order to apply the NA62 limit we must take into ac-
count the e↵ective branching fraction as done for KOTO
in Eq. (7). The e↵ective Bre↵(K+ ! ⇡±⌫⌫̄) measured at
NA62 is given by Eq. (7), replacing neutral by charged
mesons in the equation and accounting for the the ex-
periment parameters. For the NA62 detector size we use
L = 150m, while the scalar’s energy is taken to be ap-
proximately half of the charged kaon energy at this ex-
periment, E' = 37GeV. We neglect di↵erences in ef-
ficiencies due to the di↵erent kinematics in the 3-body
decay to neutrinos and the 2-body decay to our scalar,
so for the NA62 e↵ective branching fraction we set ✏ = 1.

Minimal Higgs portal works. 
A little tension with CHARM. 
Egana-Ugrinovic, Homiller, Meade [1911.10203] 

[1911.10203]

(1) mX~mπ0 loophole 
Large K+→π+π0 BG  
Fuyuto, Hou, Kohda [1412.4397]

Two regions compatible with K+[NA62, E949]

If X is unstable (τX~nsec), 
Some X does not decay at KOTO while all decay to γγ at NA62(E949)
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Similarly to the K
L

! ⇡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 [31],

B(K
L

! ⇡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 near the neutral pion
mass |m

X

� m
⇡

0 | . 25MeV and above two pion mass
threshold m

X

& 2m
⇡

0 , because the search is su↵ered
from K+ ! ⇡+⇡0(�), ⇡+ + 2⇡ backgrounds [7, 9, 32,
33]. For example, for m

X

= (0) 100MeV, the expected
number of events in KOTO is bound 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 K

L

(K+) ! ⇡0(⇡+) + ⇡0 or
⇡0(⇡+) + �� with Refs. [20, 34, 35].

The dependence of the e�ciency on X lifetime of
K

L

! ⇡0X is di↵erent than that of K+ ! ⇡+X be-
cause the boost factors, p/m

X

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)e�
L
p

mX
c⌧X , (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(K
L

! ⇡0X)KOTO
>

B(K+ ! ⇡+X; NA62)

B(K
L

! ⇡0X; KOTO)

� 1

4.3
exp


�m

X

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
bound [Eq. (2)] subtracting non-interfering SM contri-
bution. The exponential factor is calculated by sim-
ulation for KOTO using the selected event samples in
the signal region. To a good approximation, one can
use L ' 3m and E

X

' 1.5GeV and for NA62, we
take E

X

= 37GeV and L = 150m. Because e↵ective
detector size of KOTO is smaller than that of NA62,
LNA62/pNA62 > LKOTO/pKOTO, the bound of NA62 can
be evaded for some shorter lifetime. If the lifetime is
too short, roughly less than 0.01 ns, the branching ra-
tion of K

L

! ⇡0X has to exceed 1%, which is con-
strained by sum of the other decay channels of K

L

. For
E949, we can write the analogous formula, and there the
K+s are at rest, thus p

X

is calculated and L = 1.5m.
Because the p

X

is much smaller, the e↵ective detector
size L

E949/pE949 is much larger than that of KOTO and

NA62 especially for higher mass, making NA62 more sen-
sitive to this scenario. The experimental bound of E949
uses Fig. 18 of Ref. [9]. The results are shown in the right
panel of Fig. 2.
Assuming the GN bound is saturated B(K

L

! ⇡0X) =
4.3B(K+ ! ⇡+X), we found that parameter space of the
lifetime O(0.1-0.01) ns is compatible with both KOTO
and NA62 (E949). Using visible decay channels such as
B(K

L

! ⇡0X,X ! 2�) [36], if one will find the fa-
vored lifetime is inside the parameter space excluded
by K+ ! ⇡+X, it indicates the violation of the GN
bound. For a constraint from the visible channel, KTEV
K

L

! ⇡0�� will exclude B(K
L

! ⇡0X) & 10�6 if X
decays dominantly to two photons [20].
Let us comment on possible underlying models of X.

Arguably the simplest possibility is a Higgs portal which
induces K

L

! ⇡0X decay, but the dominant decay of
X is into e+e� which is tightly constrained by KTEV
search, B(K

L

! ⇡0e+e�) < 2.8⇥ 10�10 at 90%CL [21].
One can avoid this bound easily if the X is some kind
of leptophobic and/or photophilic scalar. For example,
if there are two (or more) Higgs doublets, one Higgs is
responsible to the masses of third generation and quarks,
another one is responsible to the masses of light leptons,
and X mixes with just the former Higgs.

IV. NEW PARTICLE PRODUCTION AT FIXED
TARGET

An alternative scenario that could accommodate the
KOTO events is that the events are not due to an en-
hanced K

L

! ⇡0 + (inv.) rate but just a disguise of a
new light particle, �, produced at the fixed target and
decaying inside the vacuum chamber to a photon pair.
At KOTO, the initial 30GeV proton beam hits the fixed
gold (Au) target at an angle of 16� with respect to the
beam line connecting the target and the electromagnetic
calorimeter (ECAL). Unlike the K

L

, which would travel
straight along the beam line toward the vacuum chamber,
the new particle will not fly parallel to the beam line so
it will enter the chamber away from the axis with an an-
gle. We further assume that the � lifetime is such that it
typically decays inside the vacuum chamber to two pho-
tons. Moreover, in the K

L

! ⇡0⌫⌫̄ search, KOTO does
not reconstruct the ⇡0 mass but instead assumes that
the photon pair detected on the ECAL has an invariant
mass of ⇡0 and that the pair comes from a vertex on the
beam line, for these two assumptions would completely
determine the location of a K

L

decay to ⇡0⌫⌫̄.
Therefore, we see that the �’s in-flight decay to 2� will

indeed disguise as an ⇡0+(invisible) event. The kinemat-
ics is similar to CV-⌘ background, a decay of ⌘ ! 2� in
the o↵-axis region can have a reconstructed vertex inside
the signal region. On the other hand, at NA62, which
triggers events by charged particles and is designed to
veto huge ⇡0 background, such � decays are simply re-
jected. As a concrete example, we consider that � = a is

Effective Br in each experiment 
as “invisible X”

Decay factor of X

4

Similarly to the K
L

! ⇡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 [31],

B(K
L

! ⇡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 near the neutral pion
mass |m

X

� m
⇡

0 | . 25MeV and above two pion mass
threshold m

X

& 2m
⇡

0 , because the search is su↵ered
from K+ ! ⇡+⇡0(�), ⇡+ + 2⇡ backgrounds [7, 9, 32,
33]. For example, for m

X

= (0) 100MeV, the expected
number of events in KOTO is bound 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 K

L

(K+) ! ⇡0(⇡+) + ⇡0 or
⇡0(⇡+) + �� with Refs. [20, 34, 35].

The dependence of the e�ciency on X lifetime of
K

L

! ⇡0X is di↵erent than that of K+ ! ⇡+X be-
cause the boost factors, p/m

X

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)e�
L
p

mX
c⌧X , (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
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, (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
bound [Eq. (2)] subtracting non-interfering SM contri-
bution. The exponential factor is calculated by sim-
ulation for KOTO using the selected event samples in
the signal region. To a good approximation, one can
use L ' 3m and E

X

' 1.5GeV and for NA62, we
take E

X

= 37GeV and L = 150m. Because e↵ective
detector size of KOTO is smaller than that of NA62,
LNA62/pNA62 > LKOTO/pKOTO, the bound of NA62 can
be evaded for some shorter lifetime. If the lifetime is
too short, roughly less than 0.01 ns, the branching ra-
tion of K

L

! ⇡0X has to exceed 1%, which is con-
strained by sum of the other decay channels of K

L

. For
E949, we can write the analogous formula, and there the
K+s are at rest, thus p

X

is calculated and L = 1.5m.
Because the p

X

is much smaller, the e↵ective detector
size L

E949/pE949 is much larger than that of KOTO and

NA62 especially for higher mass, making NA62 more sen-
sitive to this scenario. The experimental bound of E949
uses Fig. 18 of Ref. [9]. The results are shown in the right
panel of Fig. 2.
Assuming the GN bound is saturated B(K

L

! ⇡0X) =
4.3B(K+ ! ⇡+X), we found that parameter space of the
lifetime O(0.1-0.01) ns is compatible with both KOTO
and NA62 (E949). Using visible decay channels such as
B(K

L

! ⇡0X,X ! 2�) [36], if one will find the fa-
vored lifetime is inside the parameter space excluded
by K+ ! ⇡+X, it indicates the violation of the GN
bound. For a constraint from the visible channel, KTEV
K
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! ⇡0�� will exclude B(K
L

! ⇡0X) & 10�6 if X
decays dominantly to two photons [20].
Let us comment on possible underlying models of X.

Arguably the simplest possibility is a Higgs portal which
induces K

L

! ⇡0X decay, but the dominant decay of
X is into e+e� which is tightly constrained by KTEV
search, B(K

L

! ⇡0e+e�) < 2.8⇥ 10�10 at 90%CL [21].
One can avoid this bound easily if the X is some kind
of leptophobic and/or photophilic scalar. For example,
if there are two (or more) Higgs doublets, one Higgs is
responsible to the masses of third generation and quarks,
another one is responsible to the masses of light leptons,
and X mixes with just the former Higgs.

IV. NEW PARTICLE PRODUCTION AT FIXED
TARGET

An alternative scenario that could accommodate the
KOTO events is that the events are not due to an en-
hanced K

L

! ⇡0 + (inv.) rate but just a disguise of a
new light particle, �, produced at the fixed target and
decaying inside the vacuum chamber to a photon pair.
At KOTO, the initial 30GeV proton beam hits the fixed
gold (Au) target at an angle of 16� with respect to the
beam line connecting the target and the electromagnetic
calorimeter (ECAL). Unlike the K

L

, which would travel
straight along the beam line toward the vacuum chamber,
the new particle will not fly parallel to the beam line so
it will enter the chamber away from the axis with an an-
gle. We further assume that the � lifetime is such that it
typically decays inside the vacuum chamber to two pho-
tons. Moreover, in the K

L

! ⇡0⌫⌫̄ search, KOTO does
not reconstruct the ⇡0 mass but instead assumes that
the photon pair detected on the ECAL has an invariant
mass of ⇡0 and that the pair comes from a vertex on the
beam line, for these two assumptions would completely
determine the location of a K

L

decay to ⇡0⌫⌫̄.
Therefore, we see that the �’s in-flight decay to 2� will

indeed disguise as an ⇡0+(invisible) event. The kinemat-
ics is similar to CV-⌘ background, a decay of ⌘ ! 2� in
the o↵-axis region can have a reconstructed vertex inside
the signal region. On the other hand, at NA62, which
triggers events by charged particles and is designed to
veto huge ⇡0 background, such � decays are simply re-
jected. As a concrete example, we consider that � = a is

NA62 is effectively larger

(2) Finite lifetime of X

see also F. Kling, S. Trojanowski [2006.10630]

http://arxiv.org/abs/1911.10203
http://arxiv.org/abs/1911.10203
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With more than 2 dark sector particles, GN bound violated.
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X1,2: SM singlet KL→XiXj  
K+→π+XiXj 

M. Pospelov  [talk, Jan 2020], S. Gori, G. Perez, KT [2005.05170] M. Hostert, K. Kaneta, M. Pospelov [2005.07102]

• Neutral particle (e.g., K0, B0) decays directly to dark sector.   
• Charged particle decays with extra SM particle (π+) →1/16π2 or forbidden. 

X1

X2

γ   

KL
X1

π0(γγ)
+ or

X2 X2

γ   

(A) (B)

https://indico.cern.ch/event/783304/contributions/3497902/attachments/1916215/3168062/1_pospelovTenerife2019.pdf
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With more than 2 dark sector particles, GN bound violated.
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• Neutral particle (e.g., K0, B0) decays directly to dark sector.   
• Charged particle decays with extra SM particle (π+) →1/16π2 or forbidden. 

X1,2: SM singlet KL→XiXj  
K+→π+XiXj 

2.2 The generalized GN bound and how to avoid it

Under fairly general assumptions, the K
L

æ fi0‹‹̄ rate can be strongly constrained by the
K+ æ fi0‹‹̄ rate via the Grossman-Nir (GN) bound [5]:

BR(K
L

æ fi0‹‹̄) Æ 4.3 BR(K+ æ fi+‹‹̄) . (2.9)

The numerical factor comes from the di�erence in the total decay widths of K
L

and K+,
isospin breaking e�ects, and QED radiative corrections [4, 58]. The GN bound only relies on
the following assumptions [5]: First, the isospin symmetry, which relates the decay amplitudes
of K± to the ones of K0 and K̄0. Second, the ratio of the K and K̄0 decay amplitudes to the
corresponding sum of final states is close to unity, where if the final state is CP eigenstate
it means no CPV in the decay. For the fi‹‹̄ final state, within the SM, it is expected to be
an excellent approximation. The above assumptions are not easy to be violated even when
going beyond the SM.

Inspired by [59], we shall construct a model based on an approximate global flavor symme-
try, that avoids the GN bound via exploiting strong isospin breaking (see [12–16] for relevant
discussions). To realize the idea, we add a light complex scalar, „, which carries a half strange
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However, due to conservation of charge there is no analogous 2-body decay of the charged
Kaon unless additional charge pions are added to the final state. This implies that the
charged Kaon decay is suppressed, by two-vs-three-body (and possibly kinematical) phase
space factors which implies a strong violation of the e�ective new physics GN bound. As
discussed in Sec. 6, we find that the NP charged Kaon decays are suppressed by at least two
orders of magnitude relative to the K

L

one. Thus, in such a scenario, it is possible that while,
at present, the KOTO detector is sensitive to a NP signal, the NA62 one is not.

The model, as presented above, has an exact „-parity symmetry which renders the „ state
stable. To achieve a visible signal at Kaon experiments, we add a CP conserving coupling,

L
‰

∏ ‰
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‰

F
µ‹

F̃ µ‹ , (2.12)
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(A)E.g. φ carries 1/2 strange (or 2nd generation) charge [φ: stable] [2005.05170]

Small breaking induces χ=Im[φ] decays to γγ
KL ! ��
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Another realization w/Higgs portal&Z’ in [2005.07102]

X1

X2

γ   

KL
X1

π0(γγ)
+ or

X2 X2

γ   

(A) (B)

M. Pospelov  [talk, Jan 2020], S. Gori, G. Perez, KT [2005.05170] M. Hostert, K. Kaneta, M. Pospelov [2005.07102]

https://indico.cern.ch/event/783304/contributions/3497902/attachments/1916215/3168062/1_pospelovTenerife2019.pdf
spires-search://a%20gori,%20stefania
spires-search://a%20perez,%20gilad
spires-search://a%20tobioka,%20kohsaku
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OSM � s̄d
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X1,2: SM singlet KL→XiXj  
K+→π+XiXj 

non-trivial acceptance [π0→γγ is wrong assumption]
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To explain KOTO events

mφ(σ,χ)~[80GeV,140GeV]

Λ~107GeV  (B[KL→γγ+inv]~10-9) 
Λχ~50TeV (prompt decay)

With more than 2 dark sector particles, GN bound violated.
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KL→π0X1(X1)  
K+→π+X1(X1)

OSMX2 + �mXX1X
2
2 ,�

0X2
1X

2
2
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R. Ziegler, J. Zupan, R. Zwicky [2005.00451]

OSM � gsds̄d, gddd̄d
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Figure 14. The diagrams inducing the K ! ⇡�

1

�
1

decays in Model 2, with the matrix elements
shown in Eqs. (4.3) and (4.4). The 3rd diagram violates the GN bound.

4 Model 2 - scalar model leading to the three-body kaon decays

Model 2 has the same field content as Model 1, except that we impose a Z2 symmetry under
which the scalar �1 is odd, �1 ! ��1. The relevant terms in the Lagrangian are

L � g
(2)
qq0 (q̄Lq

0
R)�2 + h.c. + �4�

2
2�

2
1 + �0

mS�2�
2
1 + �00

mS�
3
2 + · · · . (4.1)

Note that the coupling (q̄Lq
0
R)�1 is forbidden by the Z2-parity. Because of the Z2 parity

the �1 always appears in pairs in the final state and we thus focus on the K ! ⇡�1�1

transitions with leading diagrams shown in Fig. 14.
The 1st diagram in Fig. 14, proportional to the trilinear coupling �0, gives the same

contribution to both K+ ! ⇡+�1�1 and K0 ! ⇡0�1�1 transitions in accordance with
isospin. Since we are interested in violations of the GN bound, we impose the hierarchy

�0,�00 ⌧ �4 , (4.2)

and assume mS = O(mK). For simplicity we further assume that �1,2 do not have vevs, or
that they are negligibly small (cf. related discussion for Model 1 in Section 3).

Keeping the leading diagrams in the �0 and �4g
(2)
dd expansion, i.e., the diagrams in Fig.

14, the KL ! ⇡0�1�1 decay amplitude reads

M(KL ! ⇡0�1�1)NP = i

⇢

4 Im ĝ
(2)
sd Im g

(2)
dd �4��2(m

2
K)��2(m

2
⇡)B0fKf⇡

� 2 Im ḡ
(2)
sd �

0mS��2(q
2
) � Im ḡ

(2)
sd

4⇡2
�4F (2)

L (

˜I)B0

o

B0 ,

(4.3)

with F (2)
L given in (3.15), while the K+ ! ⇡+�1�1 decay amplitude is

M(K+ ! ⇡+�1�1)NP =

n

2ḡ
(2)
sd �

0mS��2(q
2
) +

ḡ
(2)
sd

4⇡2
�4B0F (2)

+ (

˜I)
o

B0 , (4.4)

with F (2)
+ defined in (3.16), ˜I(mM ) = C0(m

2
K , q2,m2

⇡,m
2
M ,m2

�2
,m2

�2
), and q2 = (p1 + p2)

2

is the invariant mass squared of the �1�1 final state system. As for Model 1, f2 ! f⇡fK/2

in order to account for the main SU(3) breaking effect.
The structure of the two decay amplitudes is reminiscent of the results in Model 1 in

Eqs. (3.13), (3.14). The main difference is that there is no direct coupling of �1 to quarks
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Figure 3. Diagrams for the K ! ⇡�
1

decay in Model 1 with the GN-violating contribution to the
very right. These diagrams enter the matrix elements in Eqs. (3.13), (3.14). Note that the ⌘ in the
loop contributes to the KL decay only. Diagrams which we neglect, such as the diagrams of O(p4)

or O(g3qq0), are not shown.

with light NP states as a reliable tool to make predictions.

3 Model 1 - scalar model leading to two-body kaon decays

In the first example we introduce two real scalar fields, �1 and �2. The enhancement of the
K ! ⇡+inv branching ratio over the SM is due to the K ! ⇡�1 decay, while K ! ⇡�2 is
kinematically forbidden, i.e., we take m�2 > mK �m⇡. The �1 interacts feebly with matter
and escapes the detector, resulting in a missing momentum signature3. The relevant terms
in the Lagrangian are

L � g
(i)
qq0(q̄Lq

0
R)�i + h.c. + �mS�

2
2�1 , (3.1)

where q, q0 = {u, d, s} and summation over repeated indices is implied. The couplings g
(i)
qq0

are complex, and their imaginary parts trigger the KL ! ⇡0�1 decay.
Large violations of the GN bound arise when there is a large hierarchy among the

following couplings,
g
(1)
sd ⌧ g

(2)
sd ⌧ g

(2)
dd , (3.2)

while all other couplings are further suppressed. In our benchmarks these remaining cou-
plings as well as g

(1)
sd will be set to zero. Before proceeding to predictions for branching

ratios and the numerical analysis, it is instructive to perform a naive dimensional analysis
(NDA). This will give us insight into why large violations of the GN bound are possible as
well as to how large these violations can possibly be.

Taking mS ⇠ m�2 ⇠ mK the NDA estimate for the two decay amplitudes are,

M(KL ! ⇡0�1) / Im g
(1)
sd + O(1) ⇥ � Im g

(2)
sd Im g

(2)
dd , (3.3)

M(K+ ! ⇡+�1) / g
(1)
sd + O(1) ⇥ 1

16⇡2
� g

(2)
sd g

(2)
dd , (3.4)

where the first term in each line is due to the 1st diagram in Fig. 3. The second term in
(3.3) is due to the 3rd diagram in Fig. 3, which is absent in the K+ ! ⇡+�1 decay. This

3The �1 could also decay to neutrinos, �1 ! ⌫⌫̄, so that the final state can even be the same as in the
SM, though with the ⌫⌫̄ pair forming a resonant peak. We do not explore this possibility any further.

– 6 –

Mixing among neutral particles: KL, π0, and new scalar X2. 
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mX2>mK but has to be light, since BR[KL→π0X1(X1)] ~(1/mX2)8. 
Constrains from K-Kbar oscillation(gsd), SN1987, beam dump (gdd)

With more than 2 dark sector particles, GN bound violated.

spires-search://a%20ziegler,%20robert
spires-search://a%20zupan,%20jure
spires-search://a%20zwicky,%20roman


Kohsaku Tobioka (FSU)

Prospects 

32

KOTO is investigating all the events
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tic Current events confirmed.  
GN violation indicates light new state(s)!  
Search @beam dump[e+e-],K+→π+γγ, KLEVER

January 17, 2020 29th J-PARC PAC meeting @ J-PARC Research Building

E14/KOTO Status

T. Nomura (KEK/J-PARC)

1

- Status of 2016-18 data analysis 
- Status of 2019 data analysis 
- Run plan

talk in Jan 2020, 
still preliminary. 
https://kds.kek.jp/indico/event/33442/contributions/162199/
attachments/128878/153930/KOTO_pac200117_v3.pdf

All the KOTO events are new BG.   
SM wins. Wait for new data (a few events are exciting!) 

Mild excess remains.    
Heavy NP scenarios revive. Need more precision. 
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•PQ quality problem:  
Global symmetry is not robust. The ALP potential ruined even by gravity. 

axion case, however, the essence of our reasonings below holds for a broader class of ALP
models. The typical breaking scale of the Peccei-Quinn (PQ) symmetry [24], F

a

, considered
in literature is rather high. The standard axion window is 109 . F

a

. 1012 GeV.The upper
bound is due to the over-production of axion as dark matter, and the lower bound comes
from astrophysical observations[35].

However, there is a theoretical concern about the quality of the PQ symmetry with a high
decay constant [36–40]. Any global symmetry is believed to be broken by the UV physics:
the quantum gravity does not respect global symmetries; or any global symmetry can be an
accidental symmetry of the UV physics. In the e�ective field theory, this conjecture implies
that higher dimensional operators suppressed by the UV physics scale, �|�|D≠1/�D≠4

UV

, can
explicitly break the PQ symmetry where � is a field which carries a non-zero PQ charge and
has a VEV of F

a

. These operators ruin the PQ mechanism because this operator shifts the
minimum of the axion potential away from ◊̄ = 0,

V (a) = m2
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F 2
a

;
1 ≠ cos
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, (2.2)

where � is a non-aligned CP phase that is generically expected to be of order one. Even
though the deviation is suppressed by a high scale �

UV

Æ Mpl, the e�ect in the ◊̄ can be
significant because of two factors: (1) the original axion potential is not very steep, m2

a

F 2
a

¥
m2

fi

F 2
fi

; (2) the precision of the neutron EDM measurement is accurate, ”◊̄ . 10≠10. Therefore,
operators up to D ƒ 10 need to be absent to maintain the PQ mechanism. This situation
is unsatisfactory from the low energy point of view. Some mechanism should maintain the
quality of the global PQ symmetry to be extremely good to solve the strong CP problem. This
problem is not unique to the QCD axion but is also common to other solution to the QCD CP
problem [41] and other mechanisms that strongly rely on precise global symmetries [42–44].

Heavy Axion as a Consequence of the Quality Problem

To construct theories that are protected against Planck suppressed operators of D Ø 5, the
favored decay constant is necessarily low. Assuming the standard relation of axion mass and
decay constant, m

a

¥ m
fi

F
fi

/F
a

, and requiring a small deviation, ”◊̄ < 10≠10, one can obtain
the bound on the e�ective decay constant and the mass,

F
a

. 10 GeV and m
a

& 1 MeV . (2.3)

This parameter space is similar to the original Weinberg-Wilczek axion [25, 26]. This motives
us to search for axions with a mass at and above the MeV scale.

The low decay constant along the standard QCD axion relation has been excluded by
astrophysical observations and beam-dump experiments. However, the bounds do not apply
if there is an additional contribution to the axion mass. Many phenomenological studies for
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; (2) the precision of the neutron EDM measurement is accurate, ”◊̄ . 10≠10. Therefore,
operators up to D ƒ 10 need to be absent to maintain the PQ mechanism. This situation
is unsatisfactory from the low energy point of view. Some mechanism should maintain the
quality of the global PQ symmetry to be extremely good to solve the strong CP problem. This
problem is not unique to the QCD axion but is also common to other solution to the QCD CP
problem [41] and other mechanisms that strongly rely on precise global symmetries [42–44].

Heavy Axion as a Consequence of the Quality Problem

To construct theories that are protected against Planck suppressed operators of D Ø 5, the
favored decay constant is necessarily low. Assuming the standard relation of axion mass and
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This parameter space is similar to the original Weinberg-Wilczek axion [25, 26]. This motives
us to search for axions with a mass at and above the MeV scale.

The low decay constant along the standard QCD axion relation has been excluded by
astrophysical observations and beam-dump experiments. However, the bounds do not apply
if there is an additional contribution to the axion mass. Many phenomenological studies for
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2

width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM

L
e↵

=
1

2
(@µa)

2 � 1

2
m2

aa
2 +

a

f

3X

i=1

ci
↵i

4⇡
Fi,µ⌫ F̃

µ⌫
i , (1)

where i runs over the hypercharge, weak and strong gauge
groups, F̃µ⌫

i = ✏µ⌫⇢�Fi,⇢�/2, ↵i = g2i /4⇡ and ↵
1

is GUT-
normalised (↵

1

= 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.
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FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/

p
N

mess

= 4⇡/
p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion
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where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2Nf

PQ

. The relevant decay
widths of the pNGB are

��� =
↵2

em

E2
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, �gg = Kgg
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sN
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X. Cid Vidal, A. Mariotti, D. Redigolo, F. Sala, KT 
[1810.09452]+[1710.01743]
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• �
a

(total hadronic width): We take �
a

= �
a!gg

for
m

a

& 1.84GeV, while for lower masses, the sum of all
exclusive modes is used for �

a

. At m

a

' 1.84GeV we
find �

a!gg

⇡ P
i=exc.

�
i

.

The decay branching fractions are summarized in Fig. 3.
The unaccounted for branching fraction is also shown,
and is substantial for m

a

& 2GeV. This includes decays
such as a ! AA, i.e. two axial-vector mesons, which
should be comparable to a ! V V above about 2.5GeV,
and many decay paths that involve excited resonances,
rescatterings, etc. For example B(⌘

c

! 6⇡) ⇡ 20% so
we expect ALP decays to many-body final states to be
at about the same rate. We stress that unaccounted for
decay modes should only be important for ALP masses
where �

a

⇡ �
a!gg

; therefore, our predictions for the
total hadronic width—and the ALP lifetime—should not
be a↵ected by unaccounted for decays.

When evaluating the constraints on this model, we fo-
cus on the m

⇡

< m

a

< 3GeV region, where our work
has the biggest impact. Constraints where f

a

. 3f
⇡

are
omitted, e.g., bounds from radiative J/ decays, since
we assumed f

⇡

⌧ f

a

when deriving a. Details on all
calculations are provided in the Supplemental Material,
while in Fig. 4 and below we summarize the constraints.

• We recast existing limits on the a�� vertex from
LEP [20, 47] and beam-dump experiments [48–50] using
our B(a ! ��) result and our a ! �� calculation to
relate the a�� interaction strength to f

a

. In Ref. [51],
we derive new constraints using �p ! pa(��) data from
GlueX [52].

• We derive new constraints from � ! �a(⇡⇡�, ⌘⇡0

⇡

0)
and ⌘

0 ! ⇡

+

⇡

�
a(⇡+

⇡

�
⇡

0). We are not aware of any
bump hunts here, and instead assume that the entire
known branching fractions to these final states [43] are
due to ALPs. Clearly dedicated searches would be much
more sensitive.

• We derive new constraints from b ! sa penguin
decays. At one loop, the agg vertex generates an
axial-vector att coupling [26] resulting in enhanced
rates for B ! K

(⇤)
a decays [53–56]. The loop con-

tains a UV-dependent factor [57] schematically given by
⇡ [log⇤2

UV

/m

2

t

±O(1)], which we take to be unity (cor-
responding to an O(TeV) UV scale). This induces O(1)
arbitrariness on the following constraints:

? The published m

⌘⇡⇡

spectrum of Ref. [58] is used
to constrain B(B± ! K

±
a) ⇥ B(a ! ⌘⇡

+

⇡

�) for
m

a

< 1.5GeV, excluding the ⌘0 peak region.

? The published m

K

⇤
K

spectrum of Ref. [58] is used
to constrain B(B± ! K

±
a) ⇥ B(a ! K

±
K

S

⇡

⌥) for
0.85 < m

K⇡

< 0.95GeV and m

a

< 1.8GeV.

? The known value of B(B0 ! K

0

��) [59] is used to con-
strain B(B0 ! K

0

a) ⇥ B(a ! ��) assuming the entire
decay rate is due to ALPs.

? The known value of B(B± ! K

±
!(3⇡)) is used to

constrain B(B± ! K

±
a) ⇥ B(a ! ⇡

+

⇡

�
⇡

0) for

1 2 3
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FIG. 4: Constraints on the ALP-gluon coupling.

0.73 < m

a

< 0.83GeV, which is the 3⇡ mass window
shown in Ref. [60], assuming the entire decay rate is
due to ALPs.

? Since the ALPs considered here are not massive enough
to decay into charm hadrons, the observed inclu-
sive b ! c branching fraction [43] is used to place
an upper limit on the inclusive b ! sa rate of
B(b ! sa) < [1� B(b ! c)].

• Similarly, we recast existing limits on ALP–W/Z cou-
plings from Ref. [19] using the s ! d penguin decays
K

± ! ⇡

±
�� [61] and K

L

! ⇡

0

�� [62] and the same UV-
completion assumptions.

Over much of the considered mass range the constraints
on ⇤ are below a TeV. We stress that many of these
constraints would be much stronger if dedicated searches
were performed, e.g., searches for B ! K

(⇤)
a with

a ! ��, 3⇡, ⌘⇡⇡, KK⇡, ⇢⇢, etc. would be incredibly
powerful probes of QCD-scale ALPs—and could be per-
formed with data already collected by LHCb.

In summary, we presented a novel data-driven method
for determining the hadronic interaction strengths of
ALPs with QCD-scale masses. Our method makes it
possible to calculate the hadronic production and decay
rates of ALPs, along with many of the largest ALP de-
cay branching fractions to exclusive final states. To illus-
trate the impact on QCD-scale ALP phenomenology, we
considered the scenario where the ALP-gluon coupling
is dominant over the ALP coupling to photons, elec-
troweak bosons, and all fermions, but emphasized that
our method is easily generalized to any set of ALP cou-
plings to SM particles. We showed that the constraints
on this type of ALP are weak, though we also highlighted
some promising searches that could provide improved
sensitivity to QCD-scale ALPs, e.g. at LHCb. Finally,
our work determined the relationship between the ALP
lifetime and its gluonic coupling, which is vital for study-
ing the sensitivity of long-lived particle experiments [63].

Fa=Λ/32π2cg

D. Aloni, Y. Soreq, M. Williams [1811.03474, 1903.03586]
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induces axion mixing with mesons 

(5.13) for the generic expression of the ALP-÷ mixing). Then the non-linear meson field is
given by
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where we are adopting the pion decay constant F
fi

≥ 93 MeV. The chiral Lagrangian has
now both kinetic mixing terms of the ALP with the pion and the ÷, and mass mixing terms
of the ALP with the ÷:
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C.2 �S = 1 transitions

Based on Cirigliano et al [67] (see also references therein), at the low energy the two operators
responsible for �S = 1 transitions are13
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fi

3
L

µ23Lµ

11 + 2
3L

µ21Lµ

13

4
+ h.c. , (C.6)

where

L
µ

© i�†D
µ

�, ⁄
sd

© ⁄6 ≠ i⁄7Ô
2

=

Q

ca
0 0 0
0 0 1
0 0 0

R

db . (C.7)

The coe�cients G8,27 can be determined by the measurement of Kaon decays to pions (see
Eq. (5.18) for their value). In order to study the width of K æ fia arising from ALP-meson
mixing, we need to obtain the trilinear interactions of K-fi-fi0/÷. Below, we expand the two
relevant terms in the chiral Lagrangian.

13As mentioned in Sec. 6.1, we are working on the phase convention KL ƒ K0
+

¯K0
Ô

2

and KS ƒ K0≠ ¯K0
Ô

2

.
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The coe�cients G8,27 can be determined by the measurement of Kaon decays to pions (see
Eq. (5.18) for their value). In order to study the width of K æ fia arising from ALP-meson
mixing, we need to obtain the trilinear interactions of K-fi-fi0/÷. Below, we expand the two
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•Naively the production rate

Figure 14. Left: comparison of our full calculation for BR(K+ æ fi+a) (in black) to other estimates.
The naive scaling of the SM BR(K+ æ fi+fi0) is shown in pink (see (C.15)). The result that keeps
into account only the ALP-pion mixing is shown in blue, the one with only the ALP-eta mixing is
shown in red. The analogous comparison of the BR(KL æ fi0a) calculations is reported on the right
panel.

interactions relevant to the K æ fia decays (for simplicity, we omit the subscript “phy”),
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This leads to the interactions reported in Sec. 5.2.

C.4 Octet Enhancement in K+ æ fi+a

The naive estimate for the BR(K+ æ fi+a) is often obtained by simply utilizing the ALP-pion
mixing. This would lead to

BR(K+ æ fi+a)naive ƒ BR(K+ æ fi+fi0)◊2
fia

|p̨
a

|
|p̨

fi

0

| , (C.15)

where BR(K+ æ fi+fi0) ƒ 21%, and |p̨
a

| (|p̨
fi

0

|) is the absolute value of the momentum of
the ALP (pion). This, however, only captures a small part of the overall NP e�ect. In the
SM, the K+ æ fi+fi0 transition is dominated by the G27 term while the G8 term is isospin
breaking and suppressed by the pion mass splitting (see Eqs. (C.8) and (C.9)). However, if
the fi0 is replaced by the ALP via ◊

fia

, there is no such suppression of the G8 term. Moreover,
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→not leading

ΔI=3/2 (27plet, 27L)ΔI=1/2 (octet, 8L) >>“ΔI=1/2 rule”

•ΔI=1/2 (octet) contribution is important, e.g. through η(‘)* 
Weinberg(‘78); Bardeen, Tye(‘78); Antoniadis, Truong(‘82); Bardeen, Peccei, Yanagida(‘87)

This is known as the octet enhancement in non-leptonic kaon decays.

Ref. [55] noted that the octet operator in (5.5) also contributes to the (o↵-shell) ampli-

tudes:
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and neglecting terms O(g27/g8) and O(m2
⇡/m

2
K), we can then use (5.11,5.12), (5.4) and (5.6)

to obtain the following relation7:
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Ref. [54] noted that expression (5.17) does not take into account the absence of strong

final-state interactions between ⇡+ and a. Following [54], we correct this by introducing a

fudge factor D⇡⇡ ⇠ 1/
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3 multiplying the r.h.s. of (5.17). We then finally obtain:
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Finally, using the experimental upper bound (5.1), we infer the following constraint:
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. (1� 4)⇥ 10�4. (5.19)

7 To be precise, the definition of axion mixing angles with states that are not mass eigenstates, such as ⌘ud

and ⌘s, goes as follows. Consider the interactions in the (canonically normalized) quark flavor basis:
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Figure 14. Left: comparison of our full calculation for BR(K+ æ fi+a) (in black) to other estimates.
The naive scaling of the SM BR(K+ æ fi+fi0) is shown in pink (see (C.15)). The result that keeps
into account only the ALP-pion mixing is shown in blue, the one with only the ALP-eta mixing is
shown in red. The analogous comparison of the BR(KL æ fi0a) calculations is reported on the right
panel.
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This leads to the interactions reported in Sec. 5.2.

C.4 Octet Enhancement in K+ æ fi+a

The naive estimate for the BR(K+ æ fi+a) is often obtained by simply utilizing the ALP-pion
mixing. This would lead to
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|) is the absolute value of the momentum of
the ALP (pion). This, however, only captures a small part of the overall NP e�ect. In the
SM, the K+ æ fi+fi0 transition is dominated by the G27 term while the G8 term is isospin
breaking and suppressed by the pion mass splitting (see Eqs. (C.8) and (C.9)). However, if
the fi0 is replaced by the ALP via ◊
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, there is no such suppression of the G8 term. Moreover,
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C.2 �S = 1 transitions

Based on Cirigliano et al [67] (see also references therein), at the low energy the two operators
responsible for �S = 1 transitions are13

L�S=1 = G8F 4
fi

Tr[⁄
sd

Dµ�†D
µ

�] + G27F 4
fi

3
L

µ23Lµ

11 + 2
3L

µ21Lµ

13

4
+ h.c. , (C.6)

where

L
µ

© i�†D
µ

�, ⁄
sd

© ⁄6 ≠ i⁄7Ô
2

=

Q

ca
0 0 0
0 0 1
0 0 0

R

db . (C.7)

The coe�cients G8,27 can be determined by the measurement of Kaon decays to pions (see
Eq. (5.18) for their value). In order to study the width of K æ fia arising from ALP-meson
mixing, we need to obtain the trilinear interactions of K-fi-fi0/÷. Below, we expand the two
relevant terms in the chiral Lagrangian.

13As mentioned in Sec. 6.1, we are working on the phase convention KL ƒ K0
+

¯K0
Ô

2

and KS ƒ K0≠ ¯K0
Ô

2

.
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Figure 14. Left: comparison of our full calculation for BR(K+ æ fi+a) (in black) to other estimates.
The naive scaling of the SM BR(K+ æ fi+fi0) is shown in pink (see (C.15)). The result that keeps
into account only the ALP-pion mixing is shown in blue, the one with only the ALP-eta mixing is
shown in red. The analogous comparison of the BR(KL æ fi0a) calculations is reported on the right
panel.
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the ALP (pion). This, however, only captures a small part of the overall NP e�ect. In the
SM, the K+ æ fi+fi0 transition is dominated by the G27 term while the G8 term is isospin
breaking and suppressed by the pion mass splitting (see Eqs. (C.8) and (C.9)). However, if
the fi0 is replaced by the ALP via ◊
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SM, the K+ æ fi+fi0 transition is dominated by the G27 term while the G8 term is isospin
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(1) 3-4 events in KL→π0a@KOTO. It is more than 3σ, but still preliminary.  

(2) GN bound+NA62 favors new light particle over heavy new physics. 

(3) New class of models beyond GN bound. Signals from neutral mesons.  

(4) Event if consistent with SM, this exercise shows how to nail down a 
new light state from precision measurements. 

(5) KOTO&NA62 have great potential as discovery machine for mX<mK.

Axion-like Particles [K→πX(→γγ)]
Higgs portal/Relaxion [K→πX(→inv)]

Complementary to beam-dump and astrophysics.  
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Thank you!

Hope see you all in person. 
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Figure 14. Left: comparison of our full calculation for BR(K+ æ fi+a) (in black) to other estimates.
The naive scaling of the SM BR(K+ æ fi+fi0) is shown in pink (see (C.15)). The result that keeps
into account only the ALP-pion mixing is shown in blue, the one with only the ALP-eta mixing is
shown in red. The analogous comparison of the BR(KL æ fi0a) calculations is reported on the right
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(5.13) for the generic expression of the ALP-÷ mixing). Then the non-linear meson field is
given by
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where we are adopting the pion decay constant F
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≥ 93 MeV. The chiral Lagrangian has
now both kinetic mixing terms of the ALP with the pion and the ÷, and mass mixing terms
of the ALP with the ÷:
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C.2 �S = 1 transitions

Based on Cirigliano et al [67] (see also references therein), at the low energy the two operators
responsible for �S = 1 transitions are13
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The coe�cients G8,27 can be determined by the measurement of Kaon decays to pions (see
Eq. (5.18) for their value). In order to study the width of K æ fia arising from ALP-meson
mixing, we need to obtain the trilinear interactions of K-fi-fi0/÷. Below, we expand the two
relevant terms in the chiral Lagrangian.

13As mentioned in Sec. 6.1, we are working on the phase convention KL ƒ K0
+

¯K0
Ô

2

and KS ƒ K0≠ ¯K0
Ô

2

.
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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
events and NA62 result (green and blue bands, respec-
tively) and the SM prediction (green dot), and also show
our fit to these (red ellipses), where in the plot the sys-
tematic uncertainties in the backgrounds and the SM the-
oretical predictions are neglected as the statistical ones
dominate.

We will examine three possibilities to explain the ob-
served events. First, we enhance the K

L

! ⇡0⌫⌫̄ rate by
heavy NP. Such heavy NP can be captured by e↵ective
operators, which we will examine in Sec. II. Second, we
interpret the “⌫⌫̄” in Eq. (1) as a new light invisible par-
ticle X. We will analyze this scenario in Sec. III. Inter-
estingly, we will find that the compatibility of the KOTO
events and NA62 result require that the X should be a
long-lived unstable particle, preferably a scalar, decaying
to, e.g., two photons. This may be related to possible
solutions to deep problems of the SM, such as the strong
CP problem [10–13] or hierarchy problem [14–16]. The
last scenario is that the signals actually have nothing to
do with neither ⇡0 or ⌫⌫̄ or not even K

L

but are sim-
ply due to the production of a new light particle at the
fixed target. The new particle subsequently decays to
two photons after a long flight, where the flight path
would generically be o↵ axis and hence appear as “⌫⌫̄.”
While an accurate study of this scenario is challenging as
it requires detailed account of the experimental setups,
we will perform some rough estimates in Sec. IV to show
that it is plausible.

Although the required NP enhancement of the K
L

!
⇡0⌫⌫̄ rate is substantial to account for the central value
of Eq. (1), most of other measurements do not have the
required sensitivity to directly probe such enhancement.
However, under fairly general assumptions, the K

L

!
⇡0⌫⌫̄ rate can be strongly constrained by theK+ ! ⇡0⌫⌫̄
rate via the Grossman-Nir (GN) bound [17]:

B(K
L

! ⇡0⌫⌫̄)  4.3B(K+ ! ⇡+⌫⌫̄) . (3)

The numerical factor comes from the di↵erence in the
total decay widths of K

L

and K+, isospin breaking ef-
fects, and QED radiative corrections [5, 18]. In Fig. 1,
the GN bound is shown as the solid (dashed) blue line
for NP contributions which interfere (does not interfere)
with the SM.

Assuming that the interfering NP+SM saturates the
GN bound and moving along the solid blue line, we find
that the KOTO and NA62 average deviates at 2.1� at
the red dot on the solid blue line in Fig. 1. If, instead,

we consider the non-interfering case, we have

B(K
L

! ⇡0 inv.) = B(K
L

! ⇡0⌫⌫̄)SM

+ 4.3
⇥B(K+ ! ⇡+ inv.)� B(K+ ! ⇡+⌫⌫̄)SM

⇤
, (4)

where inv. = ⌫⌫̄ (SM) + invisible final states (NP). In
this case, we obtain 2.6� tension at the red dot on the
dashed blue line in Fig. 1. A violation of the GN bound
by NP contributions is quite di�cult (see Sec. V for more
detail). In the following, we will not consider the viola-
tion of the GN bound.
We shall now discuss in detail the NP scenarios we

alluded to above.

II. HEAVY NEW PHYSICS

First, let us consider heavy NP which contributes to
s ! d⌫⌫̄ processes. Matching the fields involved in
the K

L

! ⇡0⌫⌫̄ decay to a gauge invariant dimension-
six operator, the e↵ective Lagrangian, with operators
that can interfere with the SM contributions, only con-
sists of three operators, Le↵ =

P
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where Q (L) is a

quark (lepton) doublet, d is the down-type quark singlet,
12 and �i are in SU(2)

L

weak space, the superscripts 1
and 2 correspond to quark-generation index in the down
mass basis and lepton flavor indices are suppressed for
here. For example, these operators can be a low energy
description of a flavorful Z 0 model.
By considering the single complex Wilson coe�cient

C⌫⌫

S,A,D

(defined at the m
Z

scale), and fitting it to sep-
arately the KOTO events and then both to KOTO and
NA62 to minimize the tension between the experiments
we find,

C⌫⌫

S,D

� C⌫⌫

A

⇡
⇢

i/(110TeV)2, KOTO
e�i 3

4

⇡/(150TeV)2, KOTO&NA62
, (5)

where the value on the first line of the above equation
corresponds to fitting for the central value of KOTO only,
and on the second line we fit both to the KOTO events
and NA62 result, which corresponds to the red solid dot
in Fig. 1.
Assuming lepton flavor universality, the above oper-

ators can be sensitive to CP-violating flavor changing
neutral current such as K

L

! ⇡0`+`� (` = e, µ) and
K

S

! µ+µ�, whose branching ratios are experimentally
bounded as ⇠< (a few) ⇥ 10�10 [21–23]. In light of the
fact that K

L

! ⇡0⌫⌫̄ search is the neutrino flavor blind,
these upper bounds would be the same order as the pre-
dictions of Eq. (5). If the NP couples only to one neu-
trino flavor, the scale of Eq. (5) will barely change. In
particular, it would be interesting to consider a correla-
tion with the direct CPV in K0 ! µ+µ� [24, 25] which
would be probed by the LHCb experiment. However,
these bounds can be avoided if one is switching on the

2
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sistent the SM prediction of B(K+ ! ⇡+⌫⌫̄) = (8.4 ±
1.0) ⇥ 10�11 [3–5]. In Fig. 1, we summarize the KOTO
events and NA62 result (green and blue bands, respec-
tively) and the SM prediction (green dot), and also show
our fit to these (red ellipses), where in the plot the sys-
tematic uncertainties in the backgrounds and the SM the-
oretical predictions are neglected as the statistical ones
dominate.

We will examine three possibilities to explain the ob-
served events. First, we enhance the K

L

! ⇡0⌫⌫̄ rate by
heavy NP. Such heavy NP can be captured by e↵ective
operators, which we will examine in Sec. II. Second, we
interpret the “⌫⌫̄” in Eq. (1) as a new light invisible par-
ticle X. We will analyze this scenario in Sec. III. Inter-
estingly, we will find that the compatibility of the KOTO
events and NA62 result require that the X should be a
long-lived unstable particle, preferably a scalar, decaying
to, e.g., two photons. This may be related to possible
solutions to deep problems of the SM, such as the strong
CP problem [10–13] or hierarchy problem [14–16]. The
last scenario is that the signals actually have nothing to
do with neither ⇡0 or ⌫⌫̄ or not even K

L

but are sim-
ply due to the production of a new light particle at the
fixed target. The new particle subsequently decays to
two photons after a long flight, where the flight path
would generically be o↵ axis and hence appear as “⌫⌫̄.”
While an accurate study of this scenario is challenging as
it requires detailed account of the experimental setups,
we will perform some rough estimates in Sec. IV to show
that it is plausible.

Although the required NP enhancement of the K
L

!
⇡0⌫⌫̄ rate is substantial to account for the central value
of Eq. (1), most of other measurements do not have the
required sensitivity to directly probe such enhancement.
However, under fairly general assumptions, the K

L

!
⇡0⌫⌫̄ rate can be strongly constrained by theK+ ! ⇡0⌫⌫̄
rate via the Grossman-Nir (GN) bound [17]:

B(K
L

! ⇡0⌫⌫̄)  4.3B(K+ ! ⇡+⌫⌫̄) . (3)

The numerical factor comes from the di↵erence in the
total decay widths of K

L

and K+, isospin breaking ef-
fects, and QED radiative corrections [5, 18]. In Fig. 1,
the GN bound is shown as the solid (dashed) blue line
for NP contributions which interfere (does not interfere)
with the SM.

Assuming that the interfering NP+SM saturates the
GN bound and moving along the solid blue line, we find
that the KOTO and NA62 average deviates at 2.1� at
the red dot on the solid blue line in Fig. 1. If, instead,

we consider the non-interfering case, we have

B(K
L

! ⇡0 inv.) = B(K
L

! ⇡0⌫⌫̄)SM

+ 4.3
⇥B(K+ ! ⇡+ inv.)� B(K+ ! ⇡+⌫⌫̄)SM

⇤
, (4)

where inv. = ⌫⌫̄ (SM) + invisible final states (NP). In
this case, we obtain 2.6� tension at the red dot on the
dashed blue line in Fig. 1. A violation of the GN bound
by NP contributions is quite di�cult (see Sec. V for more
detail). In the following, we will not consider the viola-
tion of the GN bound.
We shall now discuss in detail the NP scenarios we

alluded to above.

II. HEAVY NEW PHYSICS

First, let us consider heavy NP which contributes to
s ! d⌫⌫̄ processes. Matching the fields involved in
the K

L

! ⇡0⌫⌫̄ decay to a gauge invariant dimension-
six operator, the e↵ective Lagrangian, with operators
that can interfere with the SM contributions, only con-
sists of three operators, Le↵ =

P
i=S,A,D

C⌫⌫

i

O⌫⌫

i

+

h.c. with O⌫⌫

S,A

=
⇥
Q̄2

�
12,�i

�
Q1

⇤
V�A

⇥
L̄
�
12,�i

�
L
⇤
V�A

and O⌫⌫

D

=
�
d̄2d1

�
V+A

�
L̄L

�
V�A

where Q (L) is a

quark (lepton) doublet, d is the down-type quark singlet,
12 and �i are in SU(2)

L

weak space, the superscripts 1
and 2 correspond to quark-generation index in the down
mass basis and lepton flavor indices are suppressed for
here. For example, these operators can be a low energy
description of a flavorful Z 0 model.
By considering the single complex Wilson coe�cient

C⌫⌫

S,A,D

(defined at the m
Z

scale), and fitting it to sep-
arately the KOTO events and then both to KOTO and
NA62 to minimize the tension between the experiments
we find,

C⌫⌫

S,D

� C⌫⌫

A

⇡
⇢

i/(110TeV)2, KOTO
e�i 3

4

⇡/(150TeV)2, KOTO&NA62
, (5)

where the value on the first line of the above equation
corresponds to fitting for the central value of KOTO only,
and on the second line we fit both to the KOTO events
and NA62 result, which corresponds to the red solid dot
in Fig. 1.
Assuming lepton flavor universality, the above oper-

ators can be sensitive to CP-violating flavor changing
neutral current such as K

L

! ⇡0`+`� (` = e, µ) and
K

S

! µ+µ�, whose branching ratios are experimentally
bounded as ⇠< (a few) ⇥ 10�10 [21–23]. In light of the
fact that K

L

! ⇡0⌫⌫̄ search is the neutrino flavor blind,
these upper bounds would be the same order as the pre-
dictions of Eq. (5). If the NP couples only to one neu-
trino flavor, the scale of Eq. (5) will barely change. In
particular, it would be interesting to consider a correla-
tion with the direct CPV in K0 ! µ+µ� [24, 25] which
would be probed by the LHCb experiment. However,
these bounds can be avoided if one is switching on the

bounds are BR~10-10

OBSM( SM)
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to enhance K→πvv

OS = L̄�̄µL Q̄2�̄µQ1

OT = L̄⌧a�̄µL Q̄2⌧
a�̄µQ1

OR = L̄�̄µL sc⌧a�̄µd̄
c
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•They do not “tag” KL each event 

CsI calorimeter

Main barrel (outer)

Main barrel (inner)

0              500           1000          1500 mm

ν νKL

• Two γ clusters 
• Asymmetry in 
transverse plane 
[evidence for vv] 

γ
γ

Gol
d

proton

~20m ~4m

ECAL

III. Exotic Particle from Fixed Target
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Gol
d

proton

ν
KL

5

an axion like particle (ALP) with the following e↵ective
interactions

Lint =
↵
s

8⇡f
g

aGa

µ⌫

G̃
aµ⌫

+
↵EM

8⇡f
�

aF
µ⌫

F̃µ⌫ , (10)

where F
µ⌫

(Ga

µ⌫

) is the photon (gluon) field strength and

F̃
µ⌫

(G̃a

µ⌫

) is the field strength dual. f
g

and f
�

are the
decay constants. For recent relevant review see Ref. [37].
We consider the case of m

a

< 3m
⇡

to avoid hadronic
decay channels. The ALP lifetime is controlled by the
photon coupling and IR contribution from the gluon cou-
pling which are in the same order if f

g

⇠ f
�

. In p–
Au collisions, ALP can be produced by di↵erent mecha-
nisms: non-perturbative production, deep-inelastic scat-
tering, e.g., gg ! ga, coherent proton-nucleon produc-
tion, and bremsstrahlung. Here we consider only non-
perturbative production inferred from the measured K

L

flux at KOTO.
The number of decays inside the KOTO detector is

N
a

=

Z
dp

Z

��
det

d�
d2N

pAu!a

dp d�

h
e�

d�L
p

mX
c⌧ � e�

d
p

mX
c⌧

i
,

(11)

where ��det ⇡ ⇡r2ECAL/4⇡(d+ L)2 ⇠ 10�4 is the an-
gular coverage of the detector in the lab frame, with
rECAL ' 1m is the ECAL radius, d ' 27m is the distance
to the ECAL and L ' 3m is the distance from photon
veto detector to ECAL. The number of detected events
is N

a

⇥ A✏ where A✏ is acceptance times reconstruction
e�ciency for ALPs in the signal region of K

L

! ⇡0⌫⌫̄.
Estimating reconstruction e�ciency is not trivial because
the topology of this signal di↵ers from that ofK

L

! ⇡0⌫⌫̄
assumed by KOTO. The precise estimation is left for fu-
ture work.

If the ALP mass is below the QCD confinement scale,
the gluon interaction induces the ALP-pion mixing with

a mixing angle of sin(↵
a⇡

) ⇠ md�mu
md+mu

f⇡

2fg

m

2

a
m

2

a�m

2

⇡
[38] (also

see, e.g., Refs. [39, 40]). Thus, the ALP production rate
can be estimated as dN

pAu!a

⇡ sin2(↵
a⇡

)dN
pAu!⇡

0 . Al-
though there is no data of N

pAu!⇡

0 for our purpose, we
can estimate it the using measuredK

L

based on a generic
expectation N

pAu!⇡

0 > N
pAu!KL . To obtain the dif-

ferential distribution at the point of p–Au collision, we
unfold the measured distribution at the beam exit by

Z

��
det

d�
d2N

pAu!KL

dp d�

⇡ ��det

��beam

Z

��
beam

d�
d2N exit

pAu!KL

dp d�
e

d
exit

p

mKL
c⌧KL , (12)

where the angular dependence is neglected within the
small region, dexit = 20m, and the angular coverage of
the beam hole ��beam is (8.5 cm)2/4⇡d2exit. The mo-
mentum distribution is given in Ref. [41] and the nor-
malization of N exit

pAu!KL
is fixed 7.1 ⇥ 1012 [6]. Note

that there is an enhancement of ��
det

��
beam

⇠ 200 in N
KL

yield for our purpose. Base on the above estimation, we
get N

a

A✏ ⇠ O(103–105)(f
g

/1 TeV)�2(N
⇡

0/N
KL)A✏ at

m
a

= 200 MeV leading to f
g

⇠0.1–1TeV for A✏ = 10�4,
N

⇡

0 = N
KL and O(1) events. The lifetime can vary from

0.1 ns to 1µs.

This is a proof of concept that the scenario can ex-
plain the KOTO events, however, a more careful study
including a comparison to other existing constrains, see,
e.g., [37, 40, 42–44] is required after exploring the value
of A✏. This type of scenario could be further constrained
by beam-dump experiments, in particular the ones using
proton beam such as CHARM [45] and NuCal [46]. These
would constrain parameter space with lifetime above 1 ns,
and the detailed analysis will be presented in the future
work.

V. DISCUSSION

As alluded to in the Introduction, we discuss the GN
bound in the presence of NP e↵ects. The GN bound
relies on the following assumptions [17]. First, isospin
symmetry, which relates the decay amplitudes of K± to

the ones of K0 and K
0
. Second, the ratio of the K0

and K
0
decay amplitudes to the corresponding sum of

final states is close to unity, where if the final state is
CP eigenstate it means no CPV in the decay. For the
⇡⌫⌫̄ final state, within the SM, it is expected to be an
excellent approximation.

The above assumptions are not easy to be violated
even by NP. For example, within e↵ective field theory
models, isospin violation to the above processes receives
leading contribution at dimension-six operators as we
need to mediate transition between an isospin doublet
to a triplet, which involves four-quark operators. If we
further would like to couple it to an ALP to boost the
K

L

! ⇡0a rate, we arrive at dimension-eight operator
@
µ

a (s̄�µd)(ūu � d̄d). However, axion models are sub-
ject to stringent bounds, from flavor, beam dump experi-
ments and astrophysics cooling bounds, because they in-
duce dimension-five operators. One may hope to violate
the GN bound by adding large contribution to CPV in
decay. However, it requires both strong and weak phases
to be present, and as the final states involve neutrino
(or other SM singlets) the strong phases are generically
expected to be suppressed. Finally, as the signature of
the above decay is rather inclusive, basically looking at a
pion and a missing energy, it typically involves summing
up all the particles in the final states, which washes away
e↵ects that distinguish between the decay of K0 to some

exclusive final state and K
0
to another di↵erent state.

While we are not aware of a basic principle within local
quantum field theory framework, such as CPT or unitar-
ity conservation, that guarantees that the GN bound is
respected, we are not aware either of an existing proof
for its violation.

Neutral long-lived  
axion-like particle:

a
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ν ν

•Two γ may not be from KL

~4m~20m

K+ experiment insensitive

a
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Lifetime: 0.1ns - 1μs 
fg~TeV if A*eff~10-4

Very rough estimate

Need more precise estimates  
for production and reconstruction 
(if anomaly is confirmed)

•They do not “tag” KL each event 

III. Exotic Particle from Fixed Target
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BG Analysis Followup
Too striking events for KOTO [30x expected]….  

January 17, 2020 29th J-PARC PAC meeting @ J-PARC Research Building

E14/KOTO Status

T. Nomura (KEK/J-PARC)

1

- Status of 2016-18 data analysis 
- Status of 2019 data analysis 
- Run plan

Talk by Nomura Jan 17, 2020
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24 2.2 Experimental Facility and Apparatus
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Figure 2.16: Schematic front (left) and side (right) views of NCC (quoted from Ref. [67]).

2.2.4.4 Barrel Charged Veto (BCV)

The Barrel Charged Veto (BCV) counter covers the inner surface of MB as shown in Fig. 2.14. It is
composed of 32 plastic-scintillator sheets with a thickness of 10 mm where WLS fibers are embedded.
The signal of each module is read from both ends of the WLS fibers by PMT’s.

2.2.4.5 Neutron Collar Counter (NCC) and Hinemos

The Neutron Collar Counter (NCC) [66] is located inside FB and surrounds the KL beam. It serves as
an upstream boundary of the decay volume; decay products from KL’s which decay in the upstream of
NCC are shielded. Another important role of NCC is to suppress the upstream-π0 background, which
is caused by halo-neutrons hitting the upstream boundary and producing π0’s. The full-activeness
of NCC (mentioned later) suppresses this background by detecting the secondary particles associated
with the π0 production.

The NCC is a fully-active counter made of un-doped CsI crystals and consists of 48 inner modules
and 8 outer modules. Figure 2.16 is a schematic view of NCC. The eight modules with pentagonal
shapes located around the outer circumference are the outer modules and the others are the inner
modules. The signal from the outer modules is read out with a PMT attached on the crystal. WLS
fibers are used for the readout of the inner modules.

The NCC has a beam-hole at its center, which is made with a 2-mm-thick CFRP pipe. The inner
surface of the CFRP pipe is covered by a charged particle veto counter named Hinemos. The Hinemos
is made of plastic-scintillator sheets and WLS fibers. It vetoes the events with π0’s produced in NCC
or the CFRP pipe by detecting associated particles.

2.2.4.6 Collar Counter 3 (CC03) and Liner Charged Veto (LCV)

The Collar Counter 3 (CC03) covers the inner surface of the CsI calorimeter beam-hole. They veto
events in which KL’s decay near the CsI calorimeter. Figure 2.17 shows the positional relation with the
CsI calorimeter, and Fig. 2.18 shows the closeup view around the beam-hole. The CC03 is composed
of 16 un-doped CsI crystals with a rectangular cross-section of 45.5 × 18 mm2 and a length of 500
mm, equipped with two PMT’s for each. The CC03 fills the gap between the CsI calorimeter and a
4.5-mm-thick CFRP beam-pipe supporting the beam-hole structure.

The inner surface of the beam-pipe is covered by the Liner Charged Veto (LCV) counter to detect
charged particles before they hit the beam-pipe. The LCV consists of four plastic-scintillator sheets
with WLS fibers embedded.

KL beam

NCC

This must be accounted 
in our BG estimation
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24295(quiet)

************************************************************************************************
*    Row   *     RunID * DstEntryI *   SpillID *  userFlag * TimeStamp *  Pi0Pt[0] * Pi0RecZ[0 *

************************************************************************************************
*       48 *     24295 *     10527 *        35 *  20160630 * 2.5467295 * 235.96833 * 4848.3407 *
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Run:24295, Event:10527 Entries  17

Mean   0.5039±  9.217 

RMS    0.3563±  3.903 

Underflow       0

Overflow        0
Integral      60

Run:24295, Event:10527

Less detected waveforms

Event at the end of a spill

• Event in Run69 
• No hits in veto detectors

Property of Event #3
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• Event in Run74 
• CV hits in neighboring two strips 

(each less than the threshold) 
• HINEMOS (inner scintillator of NCC) had 

a hit but the timing was mis-measured.

The on-time hit was lost  
due to a wrong parameter for 
peak selection in this run period.

(The large deviation existed in this 
detector and in this run period.)

26465(CV hit)
• CV neighboring hits 
• HINEMOS 
• mis-measured timing 

• CC03 hit near the veto thre. 
• low-energy OEV hit 
• IBCV, CBAR noisy 
• peak-peak 30-40 cnt 

• low-energy CBAR hit

************************************************************************************************
*    Row   *     RunID * DstEntryI *   SpillID *  userFlag * TimeStamp *  Pi0Pt[0] * Pi0RecZ[0 *

************************************************************************************************
*      184 *     26465 *      8462 *       222 *  20170601 * 1.1254761 * 197.85986 * 4536.1848 *
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This event remained 
due to a mistake…Bug in nominal time and veto time

• Nominal timing should apply after T0 correction 
• Veto timing : 
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Run:26465, Event:8462, NCC, ID:610, Energy:20.65, Time:324.33, PHC:-3.60,sigma=2327.00,ped=704.7,IADC=84177.12,gain=0.0002

detTime − (eventStartTime + zCSI − zvertex

c )
detTime − (eventStartTime + zHINEMOS − zvertex

c )

on-time

Selected peak

Time (ns)

nominal time for 
peak selection

Property of Event #4
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• Event in Run79 
• FB hits just outside of the veto window

29669(FBAR hit)
• FBAR 
• Noisy 
• IBCV,CBAR
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************************************************************************************************
*    Row   *     RunID * DstEntryI *   SpillID *  userFlag * TimeStamp *  Pi0Pt[0] * Pi0RecZ[0 *

************************************************************************************************
*      459 *     29669 *      7164 *        66 *  20180601 * 0.9444904 * 213.08033 * 3839.7890 * FBAR hit….

************************************************************************************************

Official claim is not announced. 
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Special run in March 2020
K+ is possibly produced from detector interaction.  
Measure it. 

K±→π0e±ν    (BR=5.1%)

• π0 can have a large PT 

(P*max=215 MeV/c) 

• If e± goes upstream, 
its energy becomes low. 
It could be lost due to 
interactions with  
dead materials (lead in 
sandwich detector, 
support structure, etc).

PT vs Z after all the cut

Corresponding BG level  
= 0.29 ± 0.08

The estimated number of BG 
relies on the K± flux obtained 
by the simulation.  
We need to measure it.

32

IB lead

e+/e- endpoint

Z

FB&NCC 
structures

FB structure

FB lead
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Revised PT-Z plot

33

As of todayAt KAON 2019

Update

2020/1/10 16

S.E.S : 6.9×10-10
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0 0

0

00473.1 ±
4.2 0.08 ± 0.06 0.00 ± 0.00

0.18
± 0.09

0.00
± 0.00
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0.05 ± 0.02

observed
expectation

0.33 ± 0.11 (including signal region)

S.E.S : 7.1×10-10

462
0 0

0

00473.5 ±
4.2 0.08 ± 0.05 0.00 ± 0.00

0.19
± 0.09

0.00
± 0.00

0.08
± 0.04

0.34 ± 0.08

1.01 ± 0.16 (including signal region)

before after

* S.E.S. is also updated; 
  A run-dependent efficiency correction was not applied in the old value.

S.E.S : 6.9×10-10
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00473.1 ±
4.2 0.08 ± 0.06 0.00 ± 0.00

0.18
± 0.09
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0.07
± 0.05

0.05 ± 0.02

0.33 ± 0.11 (whole blinded region)

S.E.S : 7.1×10-10

462
0 0

0

00473.5 ±
4.2 0.08 ± 0.05

0.19
± 0.08

0.00
± 0.00

0.08
± 0.04

0.34 ± 0.08

1.01 ± 0.16 (whole blinded region)

0.00 ± 0.00

Stay Tuned!


