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 and KL → π0νν̄ K+ → π+νν̄
Both channels are theoretical clean and significantly sensitive to short-

distance contributions, especially  is purely CPV decay 

Sensitive to CPV in NP sector  

SM predictions:

KL → π0νν̄

[Buras, Buttazzo,Girrbach-Noe, Knegjens ’15]

s → dνν̄

On-going experiments:

@CERN@J-PARC
20 SM events are 
expected in 2016-18 runs

K+KL SM event is expected 
in ~2024

(almost) CP-odd CP-even in SM, see 
Buchalla, Isidori 9806501

c.f.  
(1.06± 0.09)⇥ 10�10

<latexit sha1_base64="ue8CD/H+QRhXyup38rZvP0xG4Mw=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDFRxQTy2ChbGItGH1ITKcZ3WquNEtoNURR1Z+BUWBhBi5RPY+BvcNgO0HOlKR+fcq3vv8WPOlHacbyu3sLi0vJJfLaytb2xu2ds7DRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36g+ux33ygUrFI3OlhTL0Q9wQLGMHaSB17v4TKzhl04xA6ZefyCLqahVRB5Nynx8gZdeyi0SeA8wRlpAgy1Dr2l9uNSBJSoQnHSrWRE2svxVIzwumo4CaKxpgMcI+2DRXYbPPSySMjeGiULgwiaUpoOFF/T6Q4VGoY+qYzxLqvZr2x+J/XTnRw4aVMxImmgkwXBQmHOoLjVGCXSUo0HxqCiWTmVkj6WGKiTXYFEwKafXmeNCpldFKu3J4Wq1dZHHmwBw5ACSBwDqrgBtRAHRDwCJ7BK3iznqwX6936mLbmrGxmF/yB9fkDHJSWPg==</latexit>

loop, GIM, and small CKM
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 KL → π0νν̄

K0
L (s̄d or sd̄)

Special signature!

cτ ∼ 15 m
Invisible

π0 (uū − dd̄)
cτ ∼ 25 nm

ν
ν

Invisible

Invisible

3-body decay

2-body decay

γ

γ

Detectable
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 searchKL → π0νν̄

In experiments, this process looks ; namely looks 

“invisible beam emits two photons with missing energy”, no charged track! 

We can measure only photons’ energy and positions by the elemag calorimeter; 

We can not reconstruct the  from two photons (!) 

In an ideal experiment, the contamination (background)  only comes from  

(  ): .  This BG is totally avoided 

by imposing large transverse missing energy.

K0
L → π0 + missing → 2γ + missing

m2
π

K0
L → 2γ

K0 − π0mixing + π0 → 2γ ℬ(KL → 2γ)exp = 5.47(4) × 10−4
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Grossman-Nir bound (theoretical relation)

Grossman-Nir bound for general NP models (including  ) νiν̄j

B
�
KL ! ⇡0⌫⌫

�
=

⇣ ⌧L
⌧+

+�IB,EM

⌘
sin2 ✓B

�
K+ ! ⇡+⌫⌫

�
 4.32B

�
K+ ! ⇡+⌫⌫

�
<latexit sha1_base64="xgbMAxhk7DkKgtpviRL9QZC9x3E="></latexit>

[Grossman, Nir ’97]

s → dνν̄ s → dνν̄
ū
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New preliminary result@NA62

[NA62, KAON2019; 2016+17 data]

# of events 3
Single event sensitivity (0.346±0.017)×10-10

Expected BG 1.65±0.31
Expected SM 2.4±0.3

B
�
K+ ! ⇡+⌫⌫

�
< 11(14)⇥ 10�10 at 90(95)%CL
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<latexit sha1_base64="ESA8bRs2O9BkBBCU/JsQD2krTuA="></latexit>

Factor 6 improved
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= 0.47+0.72
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[NA62, FPCP2018; 2016 data]

B
�
K+ ! ⇡+⌫⌫

�
< 3.35⇥ 10�10 at 90%CL
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[BNL-E949, ‘09]
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New data@KOTO
[KOTO, KAON2019; 2016-18 data]

# of events 4 (3) 
Single event sensitivity ~7×10-10

Expected BG 0.05±0.02
Expected SM 0.05±0.01

B
�
KL ! ⇡0⌫⌫

�
< 3.0⇥ 10�9 at 90%CL

<latexit sha1_base64="eRHjG+8cYOcEeYkYxMLupHFqIgc="></latexit>

[KOTO, PRL ‘19; 2015 data]

1 event in 4 events is suspected as a BG from 
an upstream activity 

KOTO is planning to re-evaluate other BG 
sources, especially /planning a special run 
for BG in Feb.—Mar.

K+
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Preliminary improved 
back ground estimation 
0.05 → 0.34 

Slide by T. Nomura 
(January 17, 2020)

The data still could not 
explain the BG

2 events in 4 events are 
suspected as a BG
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[TK, Okui, Perez, Soreq, Tobioka ‘20]Assuming signal = 3 events in KOTO events
Statistics:

Only KL data (1d.o.f)

Best fit vs. SM ●

p-value ~ 10-4 ~ 3.8σ

KL—K+ plane (2d.o.f)

~ 3.4σ
Best fit vs. SM ●

NP on the GN bound (1d.o.f)

Best fit vs. Best NP ●

~ 2.1σ
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What do we learn from data?

NA62 is almost probing the SM signals. Great but no surprises. 

KOTO events are about two orders of magnitude larger than 

the SM [~3.8 (3.4) σ discrepancy] 

If we consider general new physics that interacts with 

neutrinos or stable and invisible new particles, the discrepancy 

can be reduced to 2.1σ (red circle)   

If the events are true, the Grossman-Nir bound has to be 

broken or has to be bypassed 

@CERN@J-PARC
20 SM events are 
expected in 2016-18 runs

K+KL SM event is expected 
in ~2024
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Heavy new physics

Heavy new physics can not violate the Grossman-Nir bound 

Current data should be just statistical fluctuation

O
⌫⌫
S,A =

⇥
Q̄2

�
12,�

i
�
Q1

⇤
V�A

⇥
L̄
�
12,�

i
�
L
⇤
V�A
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�
V+A

(L̄L)V�A
<latexit sha1_base64="So8+7q0E0ANq+cUPsgH/Rm790C4="></latexit>

C⌫⌫
S,D � C⌫⌫

A ⇡ e�i 34⇡/(150TeV)2
<latexit sha1_base64="xmsUbByh+/iee98hshWxnTef+ic="></latexit>

Currently no constraint.  

Correlation with (or bound from) the other CPV rare decays:

BR(KL → π0ee) < 2.8 × 10−10 BR(KL → π0μμ) < 3.8 × 10−10BR(KS → μμ) < 2.4 × 10−10

[KTEV ‘04] [KTEV ’00][LHCb ’19]

[TK, Okui, Perez, Soreq, Tobioka ’20] 
[Li, Ma, Schmidt, ’20]
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Pion mass new physics: Z′ 

Consider  and  with  , the constraint from  is 

significantly loosened by the background of 

KL → π0Z′ Z′ → νν̄ mZ′ 
∼ mπ K+ → π+νν̄

K+ → π+π0

[Fuyuto, Hou, Kohda ’15]

B
�
K+ ! ⇡+X

�
< 5.6⇥ 10�8 at 90%CL, (mX = m⇡0)
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[BNL-E949, ‘09]

“  blind spot” (NA62); π0 116 < mmiss < 152 MeV

BR (t ! cZ 0)
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Large  was already 
predicted in 2015

ℬ(KL → π0νν̄)
BR

�
B+ ! K+⌫⌫̄

�
=

�
0.35+0.6

�0.15

�
⇥ 10�5

<latexit sha1_base64="GttSkDBvZT4tddvhdVzhSJC4v14="></latexit>

[BaBar 1303.7465]
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Pion mass new physics: Minimal Higgs portal

SM + light CP-even singlet scalar, which mixes with the SM Higgs by sin θ
[Egana-Ugrinovic, Homiller, Meade 1911.10203], [Bhupal Dev, Mohapatra, Zhang 1911.12334]

yt × sin θ

2σ statistical fluctuation

Dashed-gray contour:  

 is practically stable 
 

cτφ

φ
BR(φ → ee) ∼ 100 %

“  blind spot”π0
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Unstable light new physics:  KL → π0X, X → γγ

 is rejected 
in the NA62 detector
K+ → π+X, X → γγ  is long-lived in the KOTO detectorX

L = 150 m, E = 37 GeV

X (~CP even scalar) has finite lifetime and decays into diphoton 

  is CP-conserving process; CPV is not required in NP sectorKL → π0X

K+
π+

γ
γ

KL

π0 → 2γ

X
X

L = 3 m, E ~ 1.5 GeV

NA62 detetor KOTO detetor

[TK, Okui, Perez, Soreq, Tobioka ’20]

CP-odd CP-odd
[Leutwyler, Shifman ’90]
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Probability that X does not decay in the detector volume (= efficiency factor that X looks 

missing neutrinos)

Unstable light new physics:  KL → π0X, X → γγ

B(K ! ⇡X)e�
L
p

mX
c⌧X

<latexit sha1_base64="9ezT7QJ16Rg2ppIdwXvdpUDvcOA="></latexit>
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(Energy scale)2 ≫ m2
X

L = 150 m, pX = 37 GeV L = 3 m, pX~ 1.5 GeV
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This efficiency factor can bypass GN relation 
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Unstable light new physics:  KL → π0X, X → γγ

O(10)MeV is preferred in current datamX =
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Required ℬ(KL → π0X)

As  increases, X and its pT tend to softmX

[TK, Okui, Perez, Soreq, Tobioka ’20]

(X is assumed to be stable in this plot) 
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Light new physics:  KL → π0X, X → γγ

Specific models are investigated in  
Egana-Ugrinovic, Homiller, Meade 1911.10203; Liu, McGinnis, Wagner, Wang, 2001.06522
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[TK, Okui, Perez, Soreq, Tobioka ’20]

KOTO 3 events can be 

explain in white region

 bound KL → π0γγ

Colored regions are excluded

GN bound can indeed 
be effectively weakened

 bound 
(NA62@CERN)
K+ → π+νν̄

 bound 
(E949@BNL)
K+ → π+νν̄
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Specific model: KOTO + g-2 anomalies

type-X 2HDM plus singlet ϕ
[Liu, McGinnis, Wagner, Wang, 2001.06522]

(type-X: only Yℓ is tanβ enhanced)

 with n sec lifetimeℬ(ϕ → ee) ≃ 1

muon g-2 anomaly can be solved 

KOTO 3 events can be explain in white region

Electron beam dump: eN → eNϕ( → ee)
Charm beam dump: pp → K → πϕ( → ee)

Electron beam dump: ee → ϕ( → ee)
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Conclusions 1/2

Interesting preliminary events were announced by KOTO experiment. If it is true, it should 

be a signal of new physics 

Although the Grossman-Nir bound sets the upper bound on , several 

new physics can bypass it practically 

100 TeV new physics with statistical fluctuation 

“  blind spot”  

Unstable new light scalar using “lifetime gap” 

Connection to other anomaly?

BR(KL → π0 inv.)

π0
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Conclusions 2/2

Very recently, several NP models that can violate the Grossman-Nir bound are proposed: 

Pair production of dark particles in meson decays, Hostert, Kaneta, Pospelov, 2005.07102; 

in Higgs/Z’ portal 

KOTO vs. NA62 Dark Scalar Searches, Gori, Perez, Tobioka, 2005.05170;              

in strange flavor symmetry with ChPT 

Evading the Grossman-Nir bound with ΔI=3/2 new physics, He, Ma, Tandean, Valencia, 

2005.02942, 2002.05467 ; by dim-7 or -8 SMEFT operators 

Three Exceptions to the Grossman-Nir Bound, Ziegler, Zupan, Zwicky, 2005.00451; 

, in explicit isospin violating ChPT

KL → X1X2, X2 → π0X1,

KL → σχ, χ → γγ,

KL → π0ϕ, π0ϕϕ



Backup
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Novel new physics interpretations

Heavy NP e.g.,

Light NP: KL → π0X, X → γγ

Pion mass NP: 

Can explain 3 signals

still 2.1σ tension (on the GN bound)

[TK, Okui, Perez, Soreq, Tobioka ’20]

O
⌫⌫
S = (Q̄2Q1)V�A(L̄L)V�A

<latexit sha1_base64="QpA7HvG/QHzQ6fEMRxDtZerVRuU="></latexit>

KL → π0Z′ , Z′ → νν̄, mZ′ ∼ mπ0

B
�
K+ ! ⇡+X

�
< 5.6⇥ 10�8 at 90%CL, (mX = m⇡0)

<latexit sha1_base64="czT+9N8yC/WAG73pRZIfUVNliVg="></latexit>

[BNL-E949, ‘09]

“  blind spot” (NA62); π0 116 < mmiss < 152 MeV

Can explain 3 signals

New idea

Effectively go beyond the GN bound. 
Key: finite lifetime, detector difference 
→ “lifetime gap” appears

consider CPV in s → dνν̄

The Grossman-Nir bound holds

Light NP: pAu: fixed target → a → γγ

Could explain 3 signals

New idea

ALP is produced at fixed target. 
Key: KOTO does not distinguish , 

 mimics  with missing pT
mγγ

a → γγ π0 → γγ
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A simple idea, but does not work

Very simple idea of breaking the Grossman-Nir bound is just kinematics:

mK± = 493.6 MeV

mKL
= 497.6 MeV

mπ± = 139.5 MeV

mπ0 = 134.9 MeV

(Mass difference comes from the radiative corrections within the SM)

Δm = 354.1 MeV

Δm = 362.7 MeV

 has a larger phase space than  

Can new 360 MeV particle explain signals? → Impossible  

Emitted  is too soft, the missing pT can not become large

KL → π0 K+ → π+

π0

Predicted signal region [Fabbrichesi, Gabrielli, 1911.03755]

26
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Validations

Distribution of  signal π0νν̄We simulated efficiencies difference between  

and  signal (assuming stable X)

π0νν̄

π0X

[KOTO, Phys. Rev. Lett. 122, 021802 (2019)]

Our MC
KOTO signal region

z[mm]

pπ0

T
[M

eV
]

[TK, Okui, Perez, Soreq, Tobioka ’20]

27

consistent

consistent
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Strategy of KOTO experiment
[Figures from Yamanaka-san@FPW2019]

All particles are invisible. 
One can observe only 
photon energy

Assuming pion mass, 
one can reconstruct 
the decay point and 
missing pT

Initial state is neutral 
long-lived particle 
= KL + neutron (+ ALP 
see later)

KOTO can not 
measure diphoton 
invariant mass

Require large 
missing pT
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ALP interpretation:  pAu → a → γγ
ALP (a) is produced at the fixed target and decays into  in the KOTO detector  

KOTO does not distinguish 

γγ

mγγ

p
30 GeV

Fixed terget 
= Gold (Au) γ

γ

a a

Lint =
↵s

8⇡fg
aGa

µ⌫G̃aµ⌫ +
↵EM

8⇡f�
aFµ⌫ F̃

µ⌫

<latexit sha1_base64="QoHKPLDPQTY9ff1zVObp0Gh/+BA="></latexit>

Following parameter regions can 
explain KOTO O(1) events

ma ⇠ O(100)MeV < 3m⇡
<latexit sha1_base64="5Y7OlCtlcsAuWyLQEKTxvy8ltrQ="></latexit>

fg ⇠ f� ⇠ O(1)TeV
<latexit sha1_base64="AJWLvcGaxw14WXeyX69PQeA8c6g=">AAACHHicbVDLSitBEO3xbXxFXbppDIKChBkVdCm6uTsVTBQyYajp1MTG7pmhu+Zyw5APceOvuHFxRdy4EPwbO4+FrwMNp8+poqpOnCtpyfffvYnJqemZ2bn5ysLi0vJKdXWtabPCCGyITGXmOgaLSqbYIEkKr3ODoGOFV/Ht6cC/+ovGyiy9pF6ObQ3dVCZSADkpqu4nUZeHVmqeRGEXtIbRL9RANwJUedbfDnbC3ZDwHxldXmKzH1Vrft0fgv8kwZjU2BjnUfU17GSi0JiSUGBtK/BzapdgSAqF/UpYWMxB3EIXW46moNG2y+Fxfb7llA5PMuNeSnyofu4oQVvb07GrHOxsv3sD8TevVVBy1C5lmheEqRgNSgrFKeODpHhHGhSkeo6AMNLtysUNGBDk8qy4EILvJ/8kzb16sF/fuzioHZ+M45hjG2yTbbOAHbJj9oedswYT7I49sP/sybv3Hr1n72VUOuGNe9bZF3hvH/4RoVU=</latexit>

sin2 ✓a⇡ ⇠ 10�9
<latexit sha1_base64="ActVtlMEkdKfptpfFpM0u1uJumo=">AAACC3icbVA9SwNBEN2LXzF+nVraLAmCjeEuCmoXtLGMYD4gdwl7m02yZG/v2J0TwpHexr9iY6GIrX/Azn/jJrlCEx8MPN6bYWZeEAuuwXG+rdzK6tr6Rn6zsLW9s7tn7x80dJQoyuo0EpFqBUQzwSWrAwfBWrFiJAwEawajm6nffGBK80jewzhmfkgGkvc5JWCkrl30NJedCvZgyIB0U4K9mE+wUUPsOp309GrStUtO2ZkBLxM3IyWUoda1v7xeRJOQSaCCaN12nRj8lCjgVLBJwUs0iwkdkQFrGypJyLSfzn6Z4GOj9HA/UqYk4Jn6eyIlodbjMDCdIYGhXvSm4n9eO4H+pZ9yGSfAJJ0v6icCQ4SnweAeV4yCGBtCqOLmVkyHRBEKJr6CCcFdfHmZNCpl96xcuTsvVa+zOPLoCBXRCXLRBaqiW1RDdUTRI3pGr+jNerJerHfrY96as7KZQ/QH1ucPLpWZ2g==</latexit>

KOTO setup

 d = 27 m

⌧a ⇠ O(1) nsec
<latexit sha1_base64="GY6us1XoUOt+6u8YJVxMkDMR/9A=">AAACEnicbVA9SwNBEN3z2/gVtbRZDIKChLsoaCna2KlgVMiFMLeZ6OLu3rE7J4Yjv8HGv2JjoYitlZ3/xk1M4deDgcd7M8zMSzIlHYXhRzAyOjY+MTk1XZqZnZtfKC8unbk0twLrIlWpvUjAoZIG6yRJ4UVmEXSi8Dy5Puj75zdonUzNKXUzbGq4NLIjBZCXWuWNmCBvAY+d1DzWQFcCVHHUW4+8g7dkdRFvGoei1ypXwmo4AP9LoiGpsCGOW+X3uJ2KXKMhocC5RhRm1CzAkhQKe6U4d5iBuIZLbHhqQKNrFoOXenzNK23eSa0vQ3ygfp8oQDvX1Ynv7B/tfnt98T+vkVNnt1lIk+WERnwt6uSKU8r7+fC2tChIdT0BYaW/lYsrsCDIp1jyIUS/X/5LzmrVaKtaO9mu7O0P45hiK2yVrbOI7bA9dsiOWZ0Jdsce2BN7Du6Dx+AleP1qHQmGM8vsB4K3TxJBnbw=</latexit>

production π→a decay a→γγ

[TK, Okui, Perez, Soreq, Tobioka ’20]


