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• Introduction

‣ Why Kaon? Excellent probe for New Physics, FIMP 
‣ Rare kaon decay K→πvv at KOTO, and NA62  

• Recent results from KAON2019 to ICHEP2020

‣ NA62 results, KOTO “excess” 
‣ New Physics Scenarios 

• Future prospects

‣ Higgs Portal, Muonic Force, Axion-like-particle 
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History: Kaons as discovery probes of new physics 

Glashow-Iliopoulos-Maiani (GIM)  
mechanism  
2x2 matrix →charm as new d.o.f.

oscillation

• CP violation

CKM matrix [3x3 matrix with new phase]

KL(~CP odd)    KL→π0π0π0 
KS(~CP even)   Ks→π0π0

• Charm quark

Puzzle: KL→μ+μ-  rate too small

from CERN Courier

K0(s̄d)� K̄0(sd̄)
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Also observed KL→π0π0 !!

日経サイエンス
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K+ ! ⇡+⌫⌫̄
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KL ! ⇡0⌫⌫̄
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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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• Br[KL] indirectly bounded by Br[K+]

BR[KL ! ⇡0⌫⌫̄]

BR[K+ ! ⇡+⌫⌫̄]
 4.3

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

�[KL ! ⇡0⌫⌫̄]

�[K+ ! ⇡+⌫⌫̄]
=

(Im M)2

|M |2  1
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Ratio of total widths 
+isospin breaking

Isospin relation(∆I=1/2)
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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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since 2013 (restart ‘15)
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400GeV p from SPS 
physic run since 2015

75GeV K+

CERN

      Aim for precision Br~10-11  ⇒ NK~1013 ≫ NB-pair,BelleII~1011!!      

~3m

~150m

Mainly ECAL
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�KL → ππ

�K0 → μ+μ− �K → πνν̄

B physics 
RBC-UKQCD

FCNC and/or CPV

�εK and ε′�

�  
�  
�  
�

KS → π0μ+μ−

KS → μ+μ−γ
KS → 4ℓ
KS → π+π−e+e−

Understanding 
 of ChPT

�KL → π0ℓ+ℓ−

Reduce th error

�K → πX

�  vs unitarityVus

CORRELATIO
N

summary 北原さん 
https://indico.cern.ch/event/783304/contributions/3497938/attachments/1916882/3169405/TeppeiKitahara_HC2NP.pdf

[富井さんtalk]
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Weak Scale

BSM, 


e.g. SUSY

Effective Field Theory 
[conventional]

weak

Feebly

Interacting


Light

Particle


Mass of new particle

Probed

Coupling

• Target  
at Intensity Frontier[US], 
Physics Beyond Collider[Europe]

Include light d.o.f. 
[direct search]

0.1

10-5
Cosmology
Astrophysics
(<GeV)

• Conventional 
studies

• Dark matter, portal, various anomalies

Cosmology
Astrophysics

(<me)

Same for Belle II, LHCb, ν-factrory
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✓ Introduction

‣ Why Kaon? Excellent probe for FIMP 
‣ Rare kaon decay K→πvv at KOTO, and NA62  

• Recent results from KAON2019 to ICHEP2020

‣ NA62 results, KOTO “excess” 
‣ New Physics Scenarios 

• Future prospects

‣ Higgs Portal, Muonic Force, Axion-like-particle 
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400GeV p from SPS 
physic run since 2015

75GeV K+

CERN ~150m tracker

K+ π+

v
v

* * *
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[SM]

•Currently NK+~7x1012 decays

K+ π+

v
v

* * *

•Trying to measure BR(K+→π+vv) with O(10%) precision 

•Main signal: 　π++missing BG: K+→π+π0, π+π+π-
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KAON2019 ICHEP2020
Obs: 3 [‘16+’17, NK+~2x1012]

BG: 1.65 (±0.31)

signal region

K+→π+π0

𝐊+ → 𝛑+𝛎ത𝛎 Experimental State of the Art
𝐾+ decay in flight technique NA62𝐾+ decay at rest technique E787/E949

Data 2016

NA62

𝐵𝑅 𝐾+ → 𝜋+𝜈 ҧ𝜈 = 1.73−1.05+1.15 × 10−10

Phys. Rev. D 77, 052003 (2008)
Phys. Rev. D 79, 092004 (2009)

Phys. Lett. B 791, 156 (2019) 

510/09/2019 Giuseppe Ruggiero - Kaon 2019
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17New result on the search for the K+ ✓ ◆+ decay at NA62 (R. Marchevski)ICHEP 2020

Opening the box in the 2018 data

5.3 background + 7.6 SM signal events expected, 17 events observed

NA62 Preliminary

Obs: 17  [’18, NK+~7x1012]
BG: 5.3 (+1,-0.7)

signal region

K+→π+π0

𝐊+ → 𝛑+𝛎ത𝛎 Experimental State of the Art
𝐾+ decay in flight technique NA62𝐾+ decay at rest technique E787/E949

Data 2016

NA62

𝐵𝑅 𝐾+ → 𝜋+𝜈 ҧ𝜈 = 1.73−1.05+1.15 × 10−10

Phys. Rev. D 77, 052003 (2008)
Phys. Rev. D 79, 092004 (2009)

Phys. Lett. B 791, 156 (2019) 
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24New result on the search for the K+ ✓ ◆+ decay at NA62 (R. Marchevski)ICHEP 2020

Summary and conclusions

NA62 result from the complete Run 1(2016 + 2017 + 2018)
Observed events:            1 (2016)  +   2 (2017) + 17(2018) = 20 (Run 1)
Expected background ~ 0.2(2016) + 1.5(2017) + 5.3(2018) = 7  (Run 1)  

-e most precise measurement of the BR obtained so far 

-e result is compatible with the SM prediction within one standard deviation

Towards the 2021 run
NA62 will resume data-taking in 2021
Modi@cations of the NA62 beam line, installation of an additional beam spectrometer 
station and a veto counter to reduce  upstream background
New calorimeter downstream of MUV and upstream of the beam dump to further 
suppress kaon decay background
More information can be found in the NA62 SPSC addendum 

•Perform extremely well, and confirm the signal at 3.5σ! 

•Compatible with SM. More data in 2021 with LHC Run III. 

ICHEP2020 
R. Marchevski 

Obs: 3 [‘16+’17, NK+~2x1012]

BG: 1.65 (±0.31)

Obs: 17  [’18, NK+~7x1012]
BG: 5.3 (+1,-0.7)
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Preliminary

unblinded in the end of Aug. 20194 events! 
[nothing outside SR]
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Even 3 events >> SM+BG~0.1. 
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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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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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[heavy NP is below blue line] 

Combine NA62&KOTO, KAON2019 

17

If this is NP, a new light state is favored. 

BR[KL ! ⇡0⌫⌫̄]

BR[K+ ! ⇡+⌫⌫̄]
 4.3
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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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KOTO “excess”, ICHEP2020
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Post-unblinding analysis found new possible BG(upstream K+)

BG=0.05±0.02
KAON2019 ICHEP2020

Charged kaon?

5

KL

Sweeping 
magnet 2nd 

collimator

� 𝐾𝐿 interacts with the inner wall of 
collimator and produces 𝐾±

� Geant3-based beamline simulation 
predicts 𝐾±/𝐾𝐿 ∼ 1.6 × 10−6 at the 
entrance of the decay volume

� 𝐾± → 𝜋0𝑒±𝜈 (BR=5%) can generate 
a 𝜋0 with large 𝑃𝑡

𝑲𝑳

# of BG from 𝐾± decays 
= (0.33 ±0.09) × uncertainty of simulation

KL * collimator →K+→π0e+v [BR~5%], π0π+
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Post-unblind studies of 2016-2018 analysis 4

 Adopted blind analysis technique and opened the blind region in the summer of 2019.

◆ SES = 1
𝑁𝐾𝐿𝜖𝑠𝑖𝑔

= 7.1 × 10−10 or  0.04 SM events expected.

 We found four candidate events in the signal region and carefully checked our analysis.
◆ One event was due to mistake of the application of cuts (𝑁𝑜𝑏𝑠: 4 → 3)
◆ New concern: 𝐾+, dominant contribution but syst. uncertainty remained.

Signal 
region

blind region 

Presented 
at Kaon2019

Expected # of BGs in the signal region

U: Updated from Kaon2019
N: New 

Data taken during 
2016-2018

talk 
@ichep2020

BG=0.05±0.02 →  0.39±0.10
x8 [new K+ BG, MC]

KAON2019 ICHEP2020
Post-unblinding analysis found new possible BG(upstream K+)

KOTO “excess”, ICHEP2020
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10

 BG table was updated based on the result of the 𝐾± flux.
 Tentative total BG estimation  → 1.05 ± 0.28

New

New

New

2016-2018 analysis BG table (updated, preliminary)
Preliminary

# from 𝐾± decays 
= (0.33±0.08)    × uncertainties of simulation

Uncertainty of
flux → x 3.0

Uncertainty of the
estimation of acceptance 
→ ongoing using

𝑲+ control sample 

Prediction by
MC simulation

20

talk 
@ichep2020

It’s still tentative, let’s wait for a paper. 

BG=0.05±0.02 →  0.39±0.10 →  1.05±0.28
x8 [new K+ BG, MC] [calibrate K+ flux x3]

KAON2019 ICHEP2020

KOTO “excess”, ICHEP2020
Post-unblinding analysis found new possible BG(upstream K+)
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KOTO2019
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Combine NA62&KOTO, ICHEP2020 
ICHEP2020

(A) K+ BG based on MC (B)K+ BG MC x3 [special run]

SM: 3+σ 
GN tension: 2.1σ

B=0.39±0.10 B=1.05±0.28
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KOTO2019
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Combine NA62&KOTO, ICHEP2020 
ICHEP2020

(A) K+ BG based on MC (B)K+ BG MC x3 [special run]

SM: 3+σ 
GN tension: 2.1σ

B=0.39±0.10 B=1.05±0.28

●SM: 
●GN tension:

2.6σ 
1.5σ
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KOTO2019
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ICHEP2020

(A) K+ BG based on MC (B)K+ BG MC x3 [special run]
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1.7σ 
0.9σ

SM: 3+σ 
GN tension: 2.1σ

B=0.39±0.10 B=1.05±0.28

●SM: 
●GN tension:
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1.5σ

��%

��%

��%

��������
-��� ���

��

���� ���

��

����

����

���� ���� ���� ���� ���� ���� ����
�

�

�

�

�

�

�

�

ℬ(�+→ π+νν)⨯���

ℬ
(�

�
→

π�
νν
)⨯
��
�



Kohsaku Tobioka (FSU)

References relevant to the excess

22

‣ 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: P. Lichard [arXiv:2006.02969]

spires-search://a%20mandal,%20rusa
spires-search://a%20ziegler,%20robert
spires-search://a%20zupan,%20jure
spires-search://a%20zwicky,%20roman
spires-search://a%20gori,%20stefania
spires-search://a%20perez,%20gilad
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EFT operators for KL→π0vv

Both heavy and light new physics compatible

CS,R � CT ⇠ e�
3
4⇡i/(75 TeV)2
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Heavy NP

OS = L̄�̄µL Q̄2�̄µQ1

OT = L̄⌧a�̄µL Q̄2⌧
a�̄µQ1

OR = L̄�̄µL sc⌧a�̄µd̄
c
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Heavy NP
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c
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EFT operators for KL→π0vv

Both heavy and light new physics compatible

CS,R � CT ⇠ e�
3
4⇡i/(75 TeV)2
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 Best Fit 
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KL→π0X   X: invisible 

Light NPHeavy NP

OS = L̄�̄µL Q̄2�̄µQ1

OT = L̄⌧a�̄µL Q̄2⌧
a�̄µQ1

OR = L̄�̄µL sc⌧a�̄µd̄
c
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EFT operators for KL→π0vv

Both heavy and light new physics compatible

CS,R � CT ⇠ e�
3
4⇡i/(75 TeV)2
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Heavy NP
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Both heavy and light new physics compatible

OS = L̄�̄µL Q̄2�̄µQ1

OT = L̄⌧a�̄µL Q̄2⌧
a�̄µQ1

OR = L̄�̄µL sc⌧a�̄µd̄
c
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• “Excess” leads to novel scenarios [KL is the best probe of NP] 
Make KOTO experiment very unique!

Novel Scenarios violating GN bound

Flavor-violating dark sector [single light state]

Single light state, generalized GN bound still persists. 

OSMX
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KL→π0 X 
K+→π+ X 

X: SM gauge singlet 
mX<350MeV
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• “Excess” leads to novel scenarios [KL is the best probe of NP] 
Make KOTO experiment very unique!

Novel Scenarios violating GN bound

Flavor-violating dark sector [single light state]

Single light state, generalized GN bound still persists. 

OSMX
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<latexit sha1_base64="jTx3Dc9eNnsVEusJynLLswaQ23w=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiIFdVd040asaB/QhDCZTNuhM5MwMxFKyNqNv+LGhSJu/QJ3/o3TNgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXo799gORisbiXo8S4nPUF7RHMdJGCuyDzMOIwZs8yDzJ4d117qk0UURDL0QyU3kU2BWn6kwA54lbkAoo0AjsLy+KccqJ0Jghpbquk2g/Q1JTzEhe9lJFEoSHqE+6hgrEifKzySs5PDJKBHuxNCU0nKi/JzLElRrx0HRypAdq1huL/3ndVPfO/IyKJNVE4OmiXsqgjuE4FxhRSbBmI0MQltTcCvEASYS1Sa9sQnBnX54nrZOqW6ue39Yq9YsijhLYB4fgGLjgFNTBFWiAJsDgETyDV/BmPVkv1rv1MW1dsIqZPfAH1ucPchKaxg==</latexit>

KL→π0 X 
K+→π+ X 

X: SM gauge singlet 
mX<350MeV

BR(KL ! ⇡0X) . 4.3BR(K+ ! ⇡+X)

<latexit sha1_base64="mMiSYNFG0Ni+C8RluS3m4iCBTFM=">AAACJXicbVBPSwJBHJ21f2b/tjp2GZLAEGS3hAo6iF2COlikCe4qs+OogzO7y8xsIItfpktfpUuHJIJOfZVG3ai0BwOP996P3/yeFzIqlWV9GKmFxaXllfRqZm19Y3PL3N6pySASmFRxwAJR95AkjPqkqqhipB4KgrjHyL3Xvxj79w9ESBr4d2oQEpejrk87FCOlpZZ5HjuCw/LtMHfVunZUAJ2QNi1YP3QYkVJSDouF459MM/+dyetMy8xaBWsCOE/shGRBgkrLHDntAEec+AozJGXDtkLlxkgoihkZZpxIkhDhPuqShqY+4kS68eTKITzQSht2AqGfr+BE/T0RIy7lgHs6yZHqyVlvLP7nNSLVOXVj6oeRIj6eLupEDOpLx5XBNhUEKzbQBGFB9V8h7iGBsNLFZnQJ9uzJ86R2VLCLhbObYrZUTupIgz2wD3LABiegBC5BBVQBBo/gGbyCkfFkvBhvxvs0mjKSmV3wB8bnFxbNook=</latexit>

[H. Leutwyler, M. A. Shifman(’90)]saturates,e.g., when X is CP-even
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• “Excess” leads to novel scenarios [KL is the best probe of NP] 
Make KOTO experiment very unique!

Novel Scenarios violating GN bound

Flavor-violating dark sector [2+ light states]

OSMX1X2

<latexit sha1_base64="MesRwBzd3xQvOlwaXWAY1+WzjkA=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUlBvRS9exIq2DTQhbLabduluEnY3Qgnx4l/x4kERr/4Lb/4bt20O2vpg4PHeDDPzgoRRqSzr2ygtLa+srpXXKxubW9s75u5eR8apwKSNYxYLJ0CSMBqRtqKKEScRBPGAkW4wupz43QciJI2jezVOiMfRIKIhxUhpyTcPMhcjBm9yP3MFh3fXuePb0PHrvlm1atYUcJHYBamCAi3f/HL7MU45iRRmSMqebSXKy5BQFDOSV9xUkgThERqQnqYR4kR62fSDHB5rpQ/DWOiKFJyqvycyxKUc80B3cqSGct6biP95vVSFZ15GoyRVJMKzRWHKoIrhJA7Yp4JgxcaaICyovhXiIRIIKx1aRYdgz7+8SDr1mt2ond82qs2LIo4yOARH4ATY4BQ0wRVogTbA4BE8g1fwZjwZL8a78TFrLRnFzD74A+PzB9dYld0=</latexit>

OSM � s̄d

<latexit sha1_base64="jTx3Dc9eNnsVEusJynLLswaQ23w=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiIFdVd040asaB/QhDCZTNuhM5MwMxFKyNqNv+LGhSJu/QJ3/o3TNgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXo799gORisbiXo8S4nPUF7RHMdJGCuyDzMOIwZs8yDzJ4d117qk0UURDL0QyU3kU2BWn6kwA54lbkAoo0AjsLy+KccqJ0Jghpbquk2g/Q1JTzEhe9lJFEoSHqE+6hgrEifKzySs5PDJKBHuxNCU0nKi/JzLElRrx0HRypAdq1huL/3ndVPfO/IyKJNVE4OmiXsqgjuE4FxhRSbBmI0MQltTcCvEASYS1Sa9sQnBnX54nrZOqW6ue39Yq9YsijhLYB4fgGLjgFNTBFWiAJsDgETyDV/BmPVkv1rv1MW1dsIqZPfAH1ucPchKaxg==</latexit>

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]

violate GN bound 

See also R. Ziegler, J. Zupan, R. Zwicky [2005.00451]

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

<latexit sha1_base64="jTx3Dc9eNnsVEusJynLLswaQ23w=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiIFdVd040asaB/QhDCZTNuhM5MwMxFKyNqNv+LGhSJu/QJ3/o3TNgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXo799gORisbiXo8S4nPUF7RHMdJGCuyDzMOIwZs8yDzJ4d117qk0UURDL0QyU3kU2BWn6kwA54lbkAoo0AjsLy+KccqJ0Jghpbquk2g/Q1JTzEhe9lJFEoSHqE+6hgrEifKzySs5PDJKBHuxNCU0nKi/JzLElRrx0HRypAdq1huL/3ndVPfO/IyKJNVE4OmiXsqgjuE4FxhRSbBmI0MQltTcCvEASYS1Sa9sQnBnX54nrZOqW6ue39Yq9YsijhLYB4fgGLjgFNTBFWiAJsDgETyDV/BmPVkv1rv1MW1dsIqZPfAH1ucPchKaxg==</latexit>

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]

violate GN bound 
• 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)

See also R. Ziegler, J. Zupan, R. Zwicky [2005.00451]

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

‣ Why Kaon? Excellent probe for FIMP 
‣ Rare kaon decay K→πvv at KOTO, and NA62  

✓ Recent results from KAON2019 to ICHEP2020

‣ NA62 results, KOTO “excess” 
‣ New Physics Scenarios 

• Future prospects

‣ Higgs Portal, Muonic Force, Axion-like-particle 
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• Even if KOTO “excess” will be gone,  
interesting opportunities for Kaon factories await 

1.Higgs portal bound will be improved by  K→π X  

2.Muonic Force@NA62. Timely, w/ Fermilab μ g-2, Belle II 

3.ALP search @NA62&KOTO, unexplored range 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•Light scalar portal φ  
to dark sector

•φ and Higgs mix
✓ ⇠ Av/m2

h

<latexit sha1_base64="f+HKcSvIUvjrw/qPQgpl83Ow5tE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqialoO6qblxWsA9oY5lMp83QmSTM3BRCqL/ixoUibv0Qd/6N08dCWw9cOJxzL/fe48eCa3Ccbyu3tr6xuZXfLuzs7u0f2IdHTR0lirIGjUSk2j7RTPCQNYCDYO1YMSJ9wVr+6Hbqt8ZMaR6FD5DGzJNkGPIBpwSM1LOLXQgYkK7mEl+Pz2UveKz07JJTdmbAq8RdkBJaoN6zv7r9iCaShUAF0brjOjF4GVHAqWCTQjfRLCZ0RIasY2hIJNNeNjt+gk+N0seDSJkKAc/U3xMZkVqn0jedkkCgl72p+J/XSWBw6WU8jBNgIZ0vGiQCQ4SnSeA+V4yCSA0hVHFzK6YBUYSCyatgQnCXX14lzUrZrZav7qul2s0ijjw6RifoDLnoAtXQHaqjBqIoRc/oFb1ZT9aL9W59zFtz1mKmiP7A+vwB9OyUVg==</latexit>

A�|H|2 + h.c.

<latexit sha1_base64="k/nWrBkOeMdPYp5qqhO6bY6Hw1k=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIgrDshoB6i3rJMYJ5QLKG2clsMmT2wcysEDf5Ei8eFPHqp3jzb5wke9DEgoaiqpvuLi/mTCrb/jZya+sbm1v57cLO7t5+0Tw4bMooEYQ2SMQj0fawpJyFtKGY4rQdC4oDj9OWN7qd+a1HKiSLwns1jqkb4EHIfEaw0lLPLF534yGb1CYP5fOhRayeWbItew60SpyMlCBDvWd+dfsRSQIaKsKxlB3HjpWbYqEY4XRa6CaSxpiM8IB2NA1xQKWbzg+folOt9JEfCV2hQnP190SKAynHgac7A6yGctmbif95nUT5l27KwjhRNCSLRX7CkYrQLAXUZ4ISxceaYCKYvhWRIRaYKJ1VQYfgLL+8Spply6lYV3eVUvUmiyMPx3ACZ+DABVShBnVoAIEEnuEV3own48V4Nz4WrTkjmzmCPzA+fwBrj5JN</latexit>
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•Light scalar portal φ  
to dark sector

•Current  K→π X  
as powerful probes 

•Complimentary to 
B physics and 
cosmology

•φ and Higgs mix
✓ ⇠ Av/m2

h

<latexit sha1_base64="f+HKcSvIUvjrw/qPQgpl83Ow5tE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqialoO6qblxWsA9oY5lMp83QmSTM3BRCqL/ixoUibv0Qd/6N08dCWw9cOJxzL/fe48eCa3Ccbyu3tr6xuZXfLuzs7u0f2IdHTR0lirIGjUSk2j7RTPCQNYCDYO1YMSJ9wVr+6Hbqt8ZMaR6FD5DGzJNkGPIBpwSM1LOLXQgYkK7mEl+Pz2UveKz07JJTdmbAq8RdkBJaoN6zv7r9iCaShUAF0brjOjF4GVHAqWCTQjfRLCZ0RIasY2hIJNNeNjt+gk+N0seDSJkKAc/U3xMZkVqn0jedkkCgl72p+J/XSWBw6WU8jBNgIZ0vGiQCQ4SnSeA+V4yCSA0hVHFzK6YBUYSCyatgQnCXX14lzUrZrZav7qul2s0ijjw6RifoDLnoAtXQHaqjBqIoRc/oFb1ZT9aL9W59zFtz1mKmiP7A+vwB9OyUVg==</latexit>

A�|H|2 + h.c.

<latexit sha1_base64="k/nWrBkOeMdPYp5qqhO6bY6Hw1k=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIgrDshoB6i3rJMYJ5QLKG2clsMmT2wcysEDf5Ei8eFPHqp3jzb5wke9DEgoaiqpvuLi/mTCrb/jZya+sbm1v57cLO7t5+0Tw4bMooEYQ2SMQj0fawpJyFtKGY4rQdC4oDj9OWN7qd+a1HKiSLwns1jqkb4EHIfEaw0lLPLF534yGb1CYP5fOhRayeWbItew60SpyMlCBDvWd+dfsRSQIaKsKxlB3HjpWbYqEY4XRa6CaSxpiM8IB2NA1xQKWbzg+folOt9JEfCV2hQnP190SKAynHgac7A6yGctmbif95nUT5l27KwjhRNCSLRX7CkYrQLAXUZ4ISxceaYCKYvhWRIRaYKJ1VQYfgLL+8Spply6lYV3eVUvUmiyMPx3ACZ+DABVShBnVoAIEEnuEV3own48V4Nz4WrTkjmzmCPzA+fwBrj5JN</latexit>
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~3.5σ
Fermilab g-2 experiment 
already more data than BNL 
≫new result expected in 2020 
In the future, J-PARC g-2 experiment 
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~3.5σ
Fermilab g-2 experiment 
already more data than BNL 
≫new result expected in 2020 
In the future, J-PARC g-2 experiment 

•A compelling scenario by FIMP
Light muonic force e.g., gauging Lμ-Lτ

 . S. Baek, N. Deshpande, X. He, and P. Ko, Phys.Rev.  
D64, 055006 (2001), arXiv:hep-ph/0104141 [hep-ph] 
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X
● ●

•A compelling scenario by FIMP
Light muonic force e.g., gauging Lμ-Lτ

 . S. Baek, N. Deshpande, X. He, and P. Ko, Phys.Rev.  
D64, 055006 (2001), arXiv:hep-ph/0104141 [hep-ph] 

1901.02010,1812.03829, 
1804.03144, 1801.10448, …

↵X ⇠ 10�8
<latexit sha1_base64="svXXozB/L8+YEN926YFq1UnVqrw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uigl0W3bisYB/QxHAznbRDZ5IwMxFqKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFuFpeWV1bXiemljc2t7x97da6okk4Q2SMIT2Q5BUc5i2tBMc9pOJQURctoKB9djv/VApWJJfKeHKfUF9GIWMQLaSIF94AFP+xC0PcUEdp37/LQ6CuyyU3EmwIvEnZEymqEe2F9eNyGZoLEmHJTquE6q/RykZoTTUcnLFE2BDKBHO4bGIKjy88n1I3xslC6OEmkq1nii/p7IQSg1FKHpFKD7at4bi/95nUxHVT9ncZppGpPpoijjWCd4HAXuMkmJ5kNDgEhmbsWkDxKINoGVTAju/MuLpHlWcc8r7u1FuXY1i6OIDtEROkEuukQ1dIPqqIEIekTP6BW9WU/Wi/VufUxbC9ZsZh/9gfX5A0HIlHA=</latexit>

(gX ⇠ 4⇥ 10�4)
<latexit sha1_base64="c8Ati+Fx2H5HZR2TRUIZAolTR8M=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEurAkWtBl0Y3LCvYBTQyT6aQdOjMJMxOhhOLGX3HjQhG3foU7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rcLS8srqWnG9tLG5tb1j7+61VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6H1xO//UCkorG406OE+Bz1BY0oRtpIgX1Q6QcdT1EOa56mnCjoOvfZaW18Ethlp+pMAReJm5MyyNEI7C+vF+OUE6ExQ0p1XSfRfoakppiRcclLFUkQHqI+6RoqkNnmZ9MXxvDYKD0YxdKU0HCq/p7IEFdqxEPTyZEeqHlvIv7ndVMdXfoZFUmqicCzRVHKoI7hJA/Yo5JgzUaGICypuRXiAZIIa5NayYTgzr+8SFpnVfe86t7WyvWrPI4iOARHoAJccAHq4AY0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A9UglcY=</latexit>

mX . mµ
<latexit sha1_base64="xyKUbFbxRwsU6Fdp29o+N+zW5Ec=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIV9Fj04rGC/YA2hM120i7d3YTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY1upn77AZRmibw34xQCQQaSxYwSY6XQrYiw0+OgtWYCi7AnstCtejVvBrxM/IJUUYFG6H71+gnNBEhDOdG663upCXKiDKMcJuVepiEldEQG0LVUEgE6yGenT/CJVfo4TpQtafBM/T2RE6H1WES2UxAz1IveVPzP62YmvgpyJtPMgKTzRXHGsUnwNAfcZwqo4WNLCFXM3orpkChCjU2rbEPwF19eJq2zmn9e8+8uqvXrIo4SOkLH6BT56BLV0S1qoCai6BE9o1f05jw5L8678zFvXXGKmUP0B87nD0hLlAI=</latexit>

if mX at weak scale 
[Harigaya, Igari, Nojiri, Takeuchi, Tobe,1311.0870]
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1. BaBaR (mV>200MeV)
e+e� ! µ+µ�V (! µ+µ�)

<latexit sha1_base64="Fi0xLjSICBYGkGLrnfE3Y+RgOj4=">AAACD3icbVDLSgMxFM3UVx1fVZdugkWplJYZFXRZdOOygn1AOy2Z9E4bmswMSUYopX/gxl9x40IRt27d+TemD1BbDyQczrmX5Bw/5kxpx/myUkvLK6tr6XV7Y3Nreyezu1dVUSIpVGjEI1n3iQLOQqhopjnUYwlE+Bxqfv967NfuQSoWhXd6EIMnSDdkAaNEG6mdOYZWHlqFpo7spkha+fFVqOKcEfCPcNLOZJ2iMwFeJO6MZNEM5Xbms9mJaCIg1JQTpRquE2tvSKRmlMPIbiYKYkL7pAsNQ0MiQHnDSZ4RPjJKBweRNCfUeKL+3hgSodRA+GZSEN1T895Y/M9rJDq49IYsjBMNIZ0+FCQcm7DjcnCHSaCaDwwhVDLzV0x7RBKqTYW2KcGdj7xIqqdF96zo3p5nS1ezOtLoAB2iHHLRBSqhG1RGFUTRA3pCL+jVerSerTfrfTqasmY7++gPrI9vxOealw==</latexit>
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2. Neutrino Trident

1. BaBaR (mV>200MeV)
e+e� ! µ+µ�V (! µ+µ�)

<latexit sha1_base64="Fi0xLjSICBYGkGLrnfE3Y+RgOj4=">AAACD3icbVDLSgMxFM3UVx1fVZdugkWplJYZFXRZdOOygn1AOy2Z9E4bmswMSUYopX/gxl9x40IRt27d+TemD1BbDyQczrmX5Bw/5kxpx/myUkvLK6tr6XV7Y3Nreyezu1dVUSIpVGjEI1n3iQLOQqhopjnUYwlE+Bxqfv967NfuQSoWhXd6EIMnSDdkAaNEG6mdOYZWHlqFpo7spkha+fFVqOKcEfCPcNLOZJ2iMwFeJO6MZNEM5Xbms9mJaCIg1JQTpRquE2tvSKRmlMPIbiYKYkL7pAsNQ0MiQHnDSZ4RPjJKBweRNCfUeKL+3hgSodRA+GZSEN1T895Y/M9rJDq49IYsjBMNIZ0+FCQcm7DjcnCHSaCaDwwhVDLzV0x7RBKqTYW2KcGdj7xIqqdF96zo3p5nS1ezOtLoAB2iHHLRBSqhG1RGFUTRA3pCL+jVerSerTfrfTqasmY7++gPrI9vxOealw==</latexit>

CCFR,  
NuTeV,  

Charm-II 
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2. Neutrino Trident

3. v-e scattering 
[solar v+oscillation]

1. BaBaR (mV>200MeV)
e+e� ! µ+µ�V (! µ+µ�)
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Fermilab g-2? 
@K+ [this talk, Ibe, Nakano, Suzuki(1611.08460)] 
@Belle II [1912.11276, Y.Jho et al(1904.13053)] 
@ATLAS [I. Galon et al(1906.09272)]



Kohsaku Tobioka (FSU)

Lμ-Lτ gauge boson at NA62

32

! ⌫̄ ⌫
<latexit sha1_base64="7ZobXXP2fGn0+WwZFLFi7Vcq/l4=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZTECrosunFZwT6gCWUynbRDJ5MwMxFCqL/ixoUibv0Qd/6N0zYLbT0wzOGce7n3niDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmd+d1HKhWLxYPOEupHeCRYyAjWRhrYVU/HyAuw9ESKvHOEzD+wa07dmQOtErcgNSjQGthf3jAmaUSFJhwr1XedRPs5lpoRTqcVL1U0wWSCR7RvqMARVX4+X36KTo0yRGEszRMazdXfHTmOlMqiwFRGWI/VsjcT//P6qQ6v/ZyJJNVUkMWgMOXIHDxLAg2ZpETzzBBMJDO7IjLGEhNt8qqYENzlk1dJ56LuNuru/WWteVPEUYZjOIEzcOEKmnAHLWgDgQye4RXerCfrxXq3PhalJavoqcIfWJ8/GVOTwg==</latexit>

signal: K+→µ+ +inv

*assume only stat. error

Gordan Krnjaic, Gustavo Marques-Tavares, Diego Redigolo, KT  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Figure 4: Limits on axions in the (ma, fa) plane for an axion with couplings to gluons and photons
given by equations (2.7) and (4.1). The black solid line is the standard QCD axion, with mass
given by equation (1.3). Parallel to this line from left to right are the lines for a

1

and a
2

(red)
in the SU(3) ⇥ SU(3) benchmark parameters described in the text, and a

2,3 and a
1

(blue) for the
SU(3)⇥SU(3)⇥SU(3) benchmark parameters. The solid segments on these lines indicate where they
could be realized as dark matter from the misalignment mechanism. The shaded regions show current
constraints, and the regions bounded by solid lines are sensitivities of future experiments (see text for
details).

bounds on models of heavy QCD axions including couplings to gluons as well as photons and other
SM particles.

Laboratory experiments: Laboratory experiments such as the haloscope ADMX constrains
the QCD axion in the region where it can be the dark matter. We show regions of parameter space
that can be covered by future experiments. The upgraded cavity experiment ADMX2 [77] will cover a
larger range of QCD axion masses with higher sensitivity. The CASPEr experiments [78–80] propose
using NMR techniques to measure time-varying EDMs induced by the axion, which will be sensitive for
low-mass axions. The ABRACADABRA [81] experiment can also cover the low mass axion parameter
space for axion-photon couplings. These experiments all rely on the axion being all of dark matter.
The upgraded light-shining-through-wall experiment ALPS II [82] will be sensitive to larger couplings
of axion-like particles with the photon.

We have included in figure 4 some dashed gray lines motivated by theoretical considerations.
The line in the upper right corner signals the invalidity of the e↵ective axion theory when ma &
4⇡fa. The reduced sensitivity to quality of the PQ symmetry through Planck suppressed higher

– 12 –

•Axion/ALP with MeV-GeV mass is poorly explored

DM

quality

P. Agrawal, K. Howe(‘17)

loophole
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given by equations (2.7) and (4.1). The black solid line is the standard QCD axion, with mass
given by equation (1.3). Parallel to this line from left to right are the lines for a

1

and a
2

(red)
in the SU(3) ⇥ SU(3) benchmark parameters described in the text, and a

2,3 and a
1

(blue) for the
SU(3)⇥SU(3)⇥SU(3) benchmark parameters. The solid segments on these lines indicate where they
could be realized as dark matter from the misalignment mechanism. The shaded regions show current
constraints, and the regions bounded by solid lines are sensitivities of future experiments (see text for
details).

bounds on models of heavy QCD axions including couplings to gluons as well as photons and other
SM particles.

Laboratory experiments: Laboratory experiments such as the haloscope ADMX constrains
the QCD axion in the region where it can be the dark matter. We show regions of parameter space
that can be covered by future experiments. The upgraded cavity experiment ADMX2 [77] will cover a
larger range of QCD axion masses with higher sensitivity. The CASPEr experiments [78–80] propose
using NMR techniques to measure time-varying EDMs induced by the axion, which will be sensitive for
low-mass axions. The ABRACADABRA [81] experiment can also cover the low mass axion parameter
space for axion-photon couplings. These experiments all rely on the axion being all of dark matter.
The upgraded light-shining-through-wall experiment ALPS II [82] will be sensitive to larger couplings
of axion-like particles with the photon.

We have included in figure 4 some dashed gray lines motivated by theoretical considerations.
The line in the upper right corner signals the invalidity of the e↵ective axion theory when ma &
4⇡fa. The reduced sensitivity to quality of the PQ symmetry through Planck suppressed higher

– 12 –

•Axion/ALP with MeV-GeV mass is poorly explored

•Interesting parameter space  
by Axion/PQ quality problem [favor low decay constant]

[S. M. Barr, D. Seckel ('92); M. Kamionkowski, J. March-Russell ('92)]
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Figure 4: Limits on axions in the (ma, fa) plane for an axion with couplings to gluons and photons
given by equations (2.7) and (4.1). The black solid line is the standard QCD axion, with mass
given by equation (1.3). Parallel to this line from left to right are the lines for a

1

and a
2

(red)
in the SU(3) ⇥ SU(3) benchmark parameters described in the text, and a

2,3 and a
1

(blue) for the
SU(3)⇥SU(3)⇥SU(3) benchmark parameters. The solid segments on these lines indicate where they
could be realized as dark matter from the misalignment mechanism. The shaded regions show current
constraints, and the regions bounded by solid lines are sensitivities of future experiments (see text for
details).

bounds on models of heavy QCD axions including couplings to gluons as well as photons and other
SM particles.

Laboratory experiments: Laboratory experiments such as the haloscope ADMX constrains
the QCD axion in the region where it can be the dark matter. We show regions of parameter space
that can be covered by future experiments. The upgraded cavity experiment ADMX2 [77] will cover a
larger range of QCD axion masses with higher sensitivity. The CASPEr experiments [78–80] propose
using NMR techniques to measure time-varying EDMs induced by the axion, which will be sensitive for
low-mass axions. The ABRACADABRA [81] experiment can also cover the low mass axion parameter
space for axion-photon couplings. These experiments all rely on the axion being all of dark matter.
The upgraded light-shining-through-wall experiment ALPS II [82] will be sensitive to larger couplings
of axion-like particles with the photon.

We have included in figure 4 some dashed gray lines motivated by theoretical considerations.
The line in the upper right corner signals the invalidity of the e↵ective axion theory when ma &
4⇡fa. The reduced sensitivity to quality of the PQ symmetry through Planck suppressed higher
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Induce KL/K+ decay to axion by π-a mixing or   

KL→π0a      K+→π+a
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if a→2γ, new search at KOTO&NA62

Induce KL/K+ decay to axion by π-a mixing or   

KL→π0a      K+→π+a

E. Izaguirre,T. Lin,B. Shuve (‘16)

•Axion/ALP with MeV-GeV mass is poorly explored

•Interesting parameter space  
by Axion/PQ quality problem [favor low decay constant]

•Models   Mirror QCD (QCD’x Z2)
[V. Rubakov (’97);…Fukuda, K. Harigaya, M. Ibe, T. T. Yanagida(’15); 
S. Dimopoulos, A. Hook, J. Huang, G. Marques-Tavares(’16),  
P. Agrawal, K. Howe(‘17)]

[S. M. Barr, D. Seckel ('92); M. Kamionkowski, J. March-Russell ('92)]



Kohsaku Tobioka (FSU)

Another interesting program [ALPs]

35

50 100 150 200 250 300 350 40010
0.1

103

104

105

102

10

1

ma[MeV]

F a
[G
eV

]

LEP

E949
[K+]

NA62+48/2[K+]

GlueX

NA62[K+]

πβ

KTEV[KL]

KTEV

E949[K+]

[electron]

Beam dump[proton]

|θπa|=10%
|θπa|=50%

50 100 150 200 250 300 350 40010
0.1

103

104

105

102

10

1

ma[MeV]

F a
[G
eV

]

NA62[2γ]
KOTO[4γ]

↵s

8⇡Fa
aGG̃

<latexit sha1_base64="jRCFRKTfvfbR6a6kndWAnZLe/qc=">AAACEHicbVDLSsNAFJ3UV62vqks3g0V0VRIpWHdFwbqsYB/QhHAzmbRDJw9mJkIJ+QQ3/oobF4q4denOv3H6WGjrgQuHc+7l3nu8hDOpTPPbKKysrq1vFDdLW9s7u3vl/YOOjFNBaJvEPBY9DyTlLKJtxRSnvURQCD1Ou97oeuJ3H6iQLI7u1TihTgiDiAWMgNKSWz61AwEks4EnQ3BlntXthOEbF3IMuJnZinGf4mbulitm1ZwCLxNrTipojpZb/rL9mKQhjRThIGXfMhPlZCAUI5zmJTuVNAEyggHtaxpBSKWTTR/K8YlWfBzEQlek8FT9PZFBKOU49HRnCGooF72J+J/XT1VQdzIWJamiEZktClKOVYwn6WCfCUoUH2sCRDB9KyZD0AkpnWFJh2AtvrxMOudVq1a9vKtVGlfzOIroCB2jM2ShC9RAt6iF2oigR/SMXtGb8WS8GO/Gx6y1YMxnDtEfGJ8/GsScoQ==</latexit>

Bo
un

ds

NA
62

&K
O

TO
 p

ro
jec

tio
n

Many new bounds and projection in S. Gori, G. Perez, KT [2005.05170]

spires-search://a%20gori,%20stefania
spires-search://a%20perez,%20gilad
spires-search://a%20tobioka,%20kohsaku


Kohsaku Tobioka (FSU)

Another interesting program [ALPs]

35

50 100 150 200 250 300 350 40010
0.1

103

104

105

102

10

1

ma[MeV]

F a
[G
eV

]

LEP

E949
[K+]

NA62+48/2[K+]

GlueX

NA62[K+]

πβ

KTEV[KL]

KTEV

E949[K+]

[electron]

Beam dump[proton]

|θπa|=10%
|θπa|=50%

50 100 150 200 250 300 350 40010
0.1

103

104

105

102

10

1

ma[MeV]

F a
[G
eV

]

NA62[2γ]
KOTO[4γ]

↵s

8⇡Fa
aGG̃

<latexit sha1_base64="jRCFRKTfvfbR6a6kndWAnZLe/qc=">AAACEHicbVDLSsNAFJ3UV62vqks3g0V0VRIpWHdFwbqsYB/QhHAzmbRDJw9mJkIJ+QQ3/oobF4q4denOv3H6WGjrgQuHc+7l3nu8hDOpTPPbKKysrq1vFDdLW9s7u3vl/YOOjFNBaJvEPBY9DyTlLKJtxRSnvURQCD1Ou97oeuJ3H6iQLI7u1TihTgiDiAWMgNKSWz61AwEks4EnQ3BlntXthOEbF3IMuJnZinGf4mbulitm1ZwCLxNrTipojpZb/rL9mKQhjRThIGXfMhPlZCAUI5zmJTuVNAEyggHtaxpBSKWTTR/K8YlWfBzEQlek8FT9PZFBKOU49HRnCGooF72J+J/XT1VQdzIWJamiEZktClKOVYwn6WCfCUoUH2sCRDB9KyZD0AkpnWFJh2AtvrxMOudVq1a9vKtVGlfzOIroCB2jM2ShC9RAt6iF2oigR/SMXtGb8WS8GO/Gx6y1YMxnDtEfGJ8/GsScoQ==</latexit>

Bo
un

ds

NA
62

&K
O

TO
 p

ro
jec

tio
n

Many new bounds and projection in S. Gori, G. Perez, KT [2005.05170]

• Updated calculation K+→π+a finds uncertainty  
[two “octet(ΔI=1/2)” enhancements cancel]

Full result, BR[θπ ,θη ]

BR[θπ ,θη =0]

BR[θπ =0,θη ]

BR[K+→π+π0]θπ2 (|p |/|pπ0 |)
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• Updated calculation K+→π+a finds uncertainty  
[two “octet(ΔI=1/2)” enhancements cancel]

• KL→π0a is more stable,  
can be enhanced by two-loop without εK

Full result, BR[θπ ,θη ]

BR[θπ ,θη =0]

BR[θπ =0,θη ]

BR[KL→π0π0]2θπ2 (|p |/|pπ0 |)
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• NA62 performs well. KOTO “excess” could be BG

‣ Wait for the paper 
‣ If new BG is really large,  

upstream veto detector is key 

• Future

‣ NA62 and KOTO have opportunities for FIMP 
‣ Muonic force search w/ Fermila g-2 
‣ New ALP search with a→γγ 

• New Idea?

‣ Join Snowmass RF working group  

[RARE PROCESSES AND PRECISION MEASUREMENTS]
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Look at Frontier Data
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Rich experimental data are forthcoming, which push frontiers!

B: Belle II, LHCb  
K: NA62, KOTO 
ν: MicroBoone, LBNE, DUNE, T2HK 
Long-lived particle: FASER, NA62++, future beam-dump

Kaon is an example  
Pros: running, extremely intense, relevant to lepton and hadron. 

Each one is complementary to others [B-factories, beam dump]  
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BG: missed photon  
halo muon

recast
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[G. Krnjaic, G. Marques-Tavares, D. Redigolo, KT (‘19)]

• Remove prescaling 1/400 
• Control systematics

*assume only stat. error

NA62 can cover 
remaining parameter space!

Challenges


