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1964: Observed long lived kaon decays to 2 pions (~50 events)
1964+1 month : Theory re-classification
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CP:

CP:

CP violation in the ‘mixing’

Pure DS = 2 effect
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Superweak theories:

Lincoln Wolfenstein “ The Superweak theory 35 years later” (1999).
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KL =  K1 + e K2

p p

e’/e

e’ ?  
(DS=1 effect)

Note: BR(KL
 p+ p-) ~ 2 x 10-3



First observation of direct CP violation 
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CKM  and the Golden mode:

=



Strong suppression from CKM,  
~10-11 for KL

Small theoretical 
uncertainties  ~ 1%

Physics 
beyond 

CKM

Λ2
NP

→ ΛNP : O(100) TeV1

?
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Small Theoretical Uncertainty:

• The hadronic matrix element is 
substitute with known measurement.

• Uncertainty in the Standard Model 
prediction almost entirely comes from 
the CKM parameters, the top and W 
mass.

~ 3.00 × 10-11





The experimental signature is kinematically limited:

Nothing comes in, two photons go out 
Tiny branching ratio

Typical comments:

Impossible …
Moths flying into fire ….
Really?…..
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Korea
Taiwan
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Experimental Principle
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KOTO Detector



CsI pulse (top) 
Filtered pulse (bottom)

125MHz/500MHz digitization
“Noise” ~ 0.1MeV

Gaussian Filter circuit:

Pipeline Digitization and Trigger



Counting total (+ and -) corners on CsI
blocks
4 corners for a complete cluster
Number of clusters = Total number of 
corners/4

Pipeline calculation < 20 clocks (~160 nsec for KOTO)

The Photon Cluster Processor



17

Data Taking History



First look at data: surprise to say the least
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Effective Data Statistics
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2013 2015 2016-18 2019-21

•

•

•

•

• Theworld's best limit.

•

•

•

•

2015 data[PRL.122.021802]:

Noeventwasobserved with0.42 predicted BGs.

S .E .S . = 1.30×10−9

BR(KL → π0νν̄ ) < 3.0 ×10−9 at 90 % C . L .

2016-2018 data[PRL.126.121801]:

S .E .S . = 7.20×10−10

Observed 3 events with1.22 predicted BG.

• 1.22 BG events included newly foundBGs.

BR(KL → π0νν̄ ) < 4.9 ×10−9 at 90 % C . L .

Recent Results
2015 Data

2016-2018 Data
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New BG Sources

Magnet

KL

γ

γKL

Beam halo KLBG (KL → γγ)

1st Collimator 2st Collimator

K±BG (K± → π0e±ν)

KL
K± γ 

γ

e±

Magnet

1st Collimator 2st Collimator

BG Table

of 2016-2018data
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Mel’s Measurement of  KL gg

Mel’s PhD thesis measurement is KOTO #1 background



22

Reduction of the halo KL gg Background
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Data Collected In 2019-2021



Status of 2021 data set analysis

12

343.38±2.6 0.044±0.021

0.

c.f. 2016-2018 analysis:1.23±0.26

Signal region

0.

bl ind region

0.526±0.090

Data

source #BG in the signal box

KL→2π0 0.141±0.059

K+ 0.043+0.016

−0.022

Hadron cluster BG 0.042±0.007

Halo KL→2γ 0.013±0.006

Scattered KL→2γ 0.025±0.005

η production in CV 0.023±0.010

Upstream π0 0.02±0.02

KL→3π0 0.019±0.019

Sum 0.325±0.069

0.325+0.069

−0.070

0.182±0.059
0.

Black:Data Red:Estimation

-0.33 in the signal region

-0.53 in the blind region

Single Event Sensitvity(S.E.S)=7.9x10-10

c.f. 2016-18 analysis: 7.2x10-10

Currently we are focusing on the analysis BG Estimation

of the 2021 data set

-High statistics, UCV was installed against K± BG
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Issues on KL→2π0 BG

• BGL for KL→2π0 BG is increased.

• Photon inefficiency of the barrel detectors  

depends on the GEANT4 version

• Physics model was changed between two  

versions due to difficulty of code management.  

(Info from a GEANT4 code manager)

2 0 1 6 - 2 0 1 8 a n a

( G e a n t 4 9 . 5 . 2 )

2 0 2 1 a n a

( G e a n t 4 1 0 . 6 . 2 )

BGL for KL→2π0 <0.6×10-10 @ 9 0 %
C.L.

(1.1±0.4)×10-10

BGL = #BG × (S . E . S)

Simulation study

with a modeled barrel detector

Barrel detector

Barrel detector

13
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Inefficiency evaluation with 5g data
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DAQ upgrade
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In Real:



Prospects:

Year

• 2021-2022Accelerator Shutdown

•Main-ring power supplyupgrade.

•Beam power64kW  80-100kW.

• Will take data-taking in May/June 2023

• By 2027, with 2-3 month run per year

•Expect to collect ×11 more data.

•S.E.S. can reach below O(10-10).
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Projected SES

Run 3 months / year

Run 2 months / year

J-PARC
Main-ring upgrade

Year
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Future: KOTO-II
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KOTO II

43m from the target,  

behind the proton dump

T3 target

2nd collimator

5 degree

Experimental area

1st collimator

30GeV

Proton

Sweeping magnet

Another magnet at most downstream

Measure branching ratio of the KL→π0νν decay with

-Higher intensity KL beam

-Larger detector

~50 SM events for 3×107 s run 

time  with 100kW beam

Signal-to-background ratio ~ 0.4

2 0 m

3 m



A new KL beam line

Basic des ign

43m from the target,  

behind the proton dump

T2 target

2nd collimator

5 degree

Experimental area

1st collimator

30GeV

Proton

Sweeping magnet

Another magnet at most downstream

• 5 degree production

0 5000 10000 15000 20000 25000 30000

KL momentum at z=-5 mm(MeV/c)

0
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2 / ndf 103.7 / 63

Prob  

p0  

p1  

p2

p3  

p4

0.0009484

1193   11.8

2.909   0.027

1.722   0.017

-0.2011  0.0052

0.005615   0.000344

KOTO KOTO II
Gain for KL

yield

Production

Angle

1 6 degree 5 degree x5

Beam line

Length

2 0 m 4 3 m x0.8

Solid
angle

7.8 μsr 4.8 μsr x0.6

• Beam line length: 43m.

• N(KL)= 4.8x107/spill @ 100kW beam on 
T2 Target→x 2.6 higher than KOTO 
(per POT)

Ppeak=2.9GeV/c
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Detector  f o r KOTO II

KOTO

KOTO II

0m 20m6.5m

Signal  

region

Signal region

2m

12m

2m

3m

Signal region : 2m →12m (x6)  

Calorimeter radius: 1m →1.5m (x1.5)

34



35



10-2

10-1

1

10

4.750.15

10-1

1

10

3.040.51

-2

10-1

1

10

4.000.38

BG estimation

0 20zvtx(m) 20zvtx(m)

-2

zvtx(m)20

P
T
(M

e
V

)

0 0

P
T
(M

e
V

)

0 0

500

P
T
(M

e
V

)

500
KL→π0π0 Halo KL→2γ

500

Hadron cluster

33.2±1.25

Signal :35.3±0.4  

BG in total :56±2.8  

S/N=0.63

0
0

500
K±

P
T
(M

e
V

)

4.75±0.154.00±0.38 3.04±0.51

zvtx(m) 200 0

10-2

10-1

1
8.222.28

0

P
T
(M

e
V

)

zvtx(m) 200

50
η
0

production in CV
10

8.22±2.28

KL→π+π-π0

0

500

P
T
(M

e
V

)

zvtx(m) 200

VETO

CSI

VETO

→ 2γ

CV

CV

Halo neutron
ZVTX

36



KOTO & KOTO II

KOTO will reach

O(10−11) sensitivity

Upper limits or a few events
with # of backgrounds ~ 0
Saturation of sensitivity

KOTO II aims at measurements  

of ℬ(KL → π0νν)
~40 events in SM sensitivity

O(10−13) sensitivity
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Clean SM prediction

Mel’s 1977 measurement of KL m+ m -

First clean measurement with 16 events
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h00 /h+- Early work on Direct CPV 

KL gg KOTO #1  background

KL,S m+m- Third Kaon Golden Mode

Mel and Kaon:
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Backups:



Summary

• The KL→π0νν decay is sensitive to New Physics.

• KOTO

• Finalizing the 2021 data analysis

• Will open the signal box after optimization of the selection criteria 

and  evaluation of the systematic uncertainties on the BG events.

• Will reach the S.E.S below 10-10 in 4 years data taking.

• KOTO II

• Have the potential of 5σ discovery if Br(KL→π0νν) is the same as the SM
prediction.

• Detector R&D for KOTO II is on going.

27
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Toward KOTO II

Fine Segmented ca lo r imeter  capable o f angle m easurement   

1 - m m  l ead / 5 - m m  plast ic scinti.

Calorimeter Candidate Barrel detector Candidate
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Photon cluster trigger:

Small block: >22MeV
Large block: >44MeV

Turns counting parallel
algorithm

15 clusters 3MeV: 11 clusters 22MeV: 5 clusters

> 99% efficient 

44



Blind Analysis:

1.Blind off signal region
2.Do we understand all 

features outside the 
box?

3. Open the box when 
we do
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