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KOTO experiment 
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J-PARC Laboratory

•Main ring (30 GeV protons)
J-PARC Laboratory

 

 

KOTO = KL0 at TOkai
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Primary proton !
30 GeV/c Target (Ni, Pt, Au)

KOTO area

Hadron hall

Linac

3 GeV !
Synchrotron

30 GeV !
Main Ring Extraction!

in 16 degree

Tokai, Ibaraki, Japan

J-PARC

30 GeV 
Main Ring

Hadron hall

3 GeV 
Synchrotron

Linac

• Study of KL→π0νν@J-PARC 30GeV Main Ring.

Japan

Korea

Taiwan

U.S.A.

@ collaboration meeting (hybrid) on June 30- July 2, 2023



Experimental principle
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“2γ+Nothing+Pt”Signature of KL→π0νν = 

Assuming 2γ from π0, 
Calculate z vertex on the beam axis 

Calculate π0 transverse momentum

M2(π0)=2E1E2(1-cosθ)



Data accumulation history

2016-18 data 
(Phys. Rev. Lett. 

126, 121801)

2019-21 data 
In analysis

2015 data 
(Phys. Rev. 
Lett. 122, 

2013 data 
(PTEP 2017, 

021C01)
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Additional barrel-
type veto (IB)

-Calorimeter upgrade for n/γ 
separation 
-Down stream Charged veto

K± veto: UCV

1mmt 0.5mmt

Beam power: 64.5kW at highest in 2021

Detector upgrades
0.2mmt5



Review of 2016-2018 analysis results

coincident hit in CV, and no coincident hits in other veto
counters. In the off-line analysis, the cluster closest to the
extrapolated position of the CV hit into CSI was identified
as charged, while the others as neutral. The Zvtx was
reconstructed from the two neutral clusters with the π0

assumption. The π! direction was calculated from the Zvtx
and the charged cluster position in CSI, and its absolute
momentum was obtained by assuming the Pt balance
between the π0 and π!. The energy of the charged
cluster (Eπ!) was required to be 200 < Eπ! < 400 MeV
to select a minimum-ionizing particle. The reconstructed
K! invariant mass (MK!) was required to be
440 < MK! < 600 MeV=c2. Figure 4 shows the MK!

distribution after imposing the K! → π!π0 selection
criteria except for the requirement on MK! . Based on
847 K! → π!π0 candidate events, the ratio of the
K! to KL flux at the beam exit was measured to be
ð2.6! 0.1Þ × 10−5. Figure 5(a) shows the Pt versus Zvtx
plot of the background events from the K! → π0e!ν decay
MC simulation after imposing the cuts. The number of
background events from K! decays (NK!

BG) was estimated to
be 0.84! 0.13, where 97% comes from K! → π0e!ν
decays. The discrepancy in the acceptance between data
andMC for the cuts used in theKL → π0νν̄ analysis against
K! decays was studied using another control sample
collected in the 2020 special run. This control sample
consisted of data taken with the physics trigger while the
sweeping magnet in the beam line was turned off to
enhance the K! flux at the beam exit. We simultaneously

collected data with the π!π0 trigger in this magnet-off
configuration to normalize the K! yield. We observed 27
events in the signal region after imposing the cuts to the
control sample. This number agreed with 26.0! 3.2
events expected from the K! decay MC simulation. The
ratio of these two numbers (RAK!

) was calculated to be
1.04! 0.26, where the uncertainty comes from the K!

spectrum difference between the configurations of the
magnet on and off, as well as statistical uncertainties.
Finally, NK!

BG was corrected with RAK!
and was estimated to

be 0.87! 0.13stat ! 0.21syst.
KL → 2γ decays that occur off the beam axis can be a

background source since the reconstructed Pt can be large
and the cut on the projection angle no longer works.
The yield of the beam-halo KL was evaluated by using
KL → 3π0 events with large RCOE values. After multiplying
the MC expectations by the measured beam-halo KL yield,
the number of the beam-halo KL → 2γ background events
was estimated to be 0.26! 0.06stat ! 0.02syst, where the
systematic uncertainty comes from the MC reproducibility
of the beam-halo KL spectrum. Figure 5(b) shows the Pt
versus Zvtx plot of the beam-halo KL → 2γ back-
ground events from the MC simulation after imposing
the cuts.
Conclusions and prospects.—With the 2016–2018 data-

set, we obtained an SES of ð7.20! 0.05stat ! 0.66systÞ ×
10−10 and observed three events in the signal region. We
estimated the total number of background events to be
1.22! 0.26 with the two new background sources. The
corresponding probability of observing three events is 13%.
We conclude that the number of observed events is
statistically consistent with the background expectation
estimated after finding two new sources. Assuming Poisson
statistics and considering uncertainties [32], we set an
upper limit on the branching fraction of the KL → π0νν̄
decay in this dataset to be 4.9 × 10−9 at the 90% C.L.
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FIG. 4. Reconstructed K! mass (MK! ) distribution after im-
posing the K! → π!π0 selection criteria except for the require-
ment on MK! . The bottom panel shows the ratio of data and MC
events for each histogram bin.
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FIG. 3. Reconstructed π0 transverse momentum (Pt) versus π0

decay vertex position (Zvtx) plot of the events after imposing the
KL → π0νν̄ selection criteria. The region surrounded by dotted
lines is the signal region. The black dots represent observed
events, and the shaded contour indicates the KL → π0νν̄ distri-
bution from the MC simulation. The black italic (red regular)
numbers indicate the number of observed (background) events
for different regions. In particular, 1.22! 0.26ð1.97! 0.35Þ is
the background expectation for the three (four) events observed
inside the signal (blind) region.
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Background Table

• Observed 3 events with 1.22 predicted 
background(BG) 

• BR(KL→π0νν)<4.9×10-9 @ 90% C.L.
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Observed, Expected

Signal region



 Measures against dominant BG sources

K± BG ( )K± → π0e±ν
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• Developed  a likelihood ratio cut based on shower shape and a Multi variable analysis cut based on 
kinematical variables  
→Reduced by a factor of 8 with 94% signal efficiency.

• Installed Upstream Charged Veto(UCV) for K± detection 
→Reduced by a factor of 13 with 97% signal efficiency.

Halo KL → 2γ



Data set in the latest analysis

2019-21 data 
In analysis

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Additional barrel-
type veto (IB)

-Calorimeter upgrade for n/γ 
separation 
-Down stream Charged veto

K± veto: UCV

1mmt 0.5mmt

Beam power: 64.5kW at highest in 2021

Detector upgrades
0.2mmt8

We focus on the analysis of 2021 data 
because the background level is smallest  in this data set 
thanks to Upstream Charged Veto newly installed in 2021



Executive summary of the 2021 data analysis

• Change from the 2016-2018 analysis 

• Extended signal box 

• Implemented measures to reduce 
the K± and Halo KL→2γ BG 

• #(K± BG),#(Halo KL→2γ BG) < O(0.1) 

• Optimized the selection criteria against hadron 
cluster backgrounds. 

• Developed a new cut on KL→2π0 BG 

• Developed several analysis methods to 
estimate BG events more accurately. 

• Developed a new analysis method to investigate 
the situation inside the signal box

Single Event Sensitivity(S.E.S.):8.7×10-10  
                        c.f. 2016-2018 analysis:7.2×10-10
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BG Estimation c.f. 2016-2018 analysis:1.22±0.26

observed, Expected
Data

286.1±2.3 0.02±0.006

0.255±0.058

0.195±0.083

0

0

0

Signal region

blind region 
0.490±0.103

Prelim
inary



Summary of BG in 2021 data analysis

source Current estimation

Upstream　π0 0.064±0.050(stat)±0.006(sys)

KL→2π0

K+

Hadron cluster 
BG

0.024±0.004(stat)±0.006(sys)

Scattered 
KL→2γ

0.022±0.005(stat)±0.004(sys)

Halo KL→2γ 0.018±0.007(stat)±0.004(sys)

η production in 
CV

0.023±0.010(stat)±0.006(sys)

Sum                 0.255±0.058(stat)

0.060 ± (0.022)stat(+0.051
−0.060)sys

0.043 ± (0.015)stat(+0.004
−0.030)sys

(+0.053
−0.068)sys
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Prelim
inary
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KL→2π0



Open the signal box
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Open the signal box
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• No signal candidate was observed 
• BR<2.0x10-9@90% C.L. S.E.Sx 2.3 

with Poisson statisticsPrelim
inary



Prospect
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• Analysis of 2020 and 2019 data 

• Deteriorate performance of a prototype detector for K+ detection due to 
irradiation of MPPC in 2020 data. 

• Develop a new cut to reduce K+ background without a detector for K+ detection 
in 2019 data 

• Future physics run 

• Collect 10 times more POT in 3-4 years by assuming 60 days data taking per 
year. 

• Reach a sensitivity below 10-10



Summary

• The KOTO experiment studies the KL→π0νν decay. 

• No signal candidate was observed in 2021 data 

• BR<2.0x10-9 @90% C.L. 

• Improved the current upper limit by 50% with a 5 times smaller 
background level. 

• Continue to take physics data to achieve the sensitivity below 10-10.

14

Prelim
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Energy Deposition in UCV [MeV]
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Estimation of N(K± BG)
• K± yield and the inefficiency of Upstream Charged Veto(UCV) 

were evaluated by identifying  decayK± → π±π0

• 3-Cluster events 
•  vertex reconstruction from 2γ　 
•  reconstruction assuming  

transverse momentum balance

π0

π±

  γ

π±

CsI Calorimeter

K± → π0π±
K±

Upstream Charged Veto

#(K± BG)=   0.043 ± 0.015(stat)
+0.004
−0.030 (sys)

UCV inefficiency  
= (7.8+0.6

−5.2) × 10−2
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K± yield estimation       
 K±/KL = 3.2x10-5

based on the K± decay simulation, measured K± yield,  
and evaluated UCV inefficiency  

K±→π+π0 candidate events

Hit decision



Estimation of N(Halo KL→2γ BG)
Estimation of Halo KL flux

• Halo KL flux was evaluated by using  sampleKL → 3π0

１

１

107

１0 600
RCOE (mm)

Halo KL 
or 

Scattered KL

KL → 3π0

Halo KL

Magnet

1st  
collimator

2nd 
collimator

Upstream Charged Veto(UCV)

KL → 3π0

Scattered KL

2018 2019 2020 2020 2021
w/o UCV 1mm thick 

UCV
0.5mm thick 
UCV

Halo  (MC prediction)*1 x 5.74±0.76(stat)±1.11(sys) 
Scatter  (MC prediction)*2 x 1.54±0.21(stat)±0.29(sys)
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*1 Halo KLs are generated according to the results of  
    the GEANT3-base beam line simulation. 
*2 Core KLs  injected to UCV are generated by using a 
    model function based on our KL flux measurement.

RCOE=Radius of Center Of Energy on CSI calorimeter



Estimation of N(Halo KL→2γ BG)
Newly developed cuts

CSI 

KL
π0 → 2γ

Signal CSI calorimeterHalo KL
KL → 2γ

Reconstructed Zvtx

• Shower shape consistency  
 - Likelihood Ratio based on shower shape and 
reconstructed angle

Likelihood Ratio

Performance Validation by data

• Multi variable Analysis with kinematical variables

Rec. Z RCOE θγ1
θγ2

Input variables Red:Halo KL→2γBlue:signal

第 7章 運動学的変数の違いを用いた新たな削減手法の開発 66

に対する性能は向上するが、それ以外のサンプルに対しては性能が悪化するため、訓練サンプルとテス
トサンプルの出力の分布が異なる。
図 7.8に、信号事象と KL → 2γ 背景事象の訓練サンプルおよびテストサンプルに対する、FD値の

分布を示す。信号事象と KL → 2γ 背景事象どちらにおいても、訓練サンプルとテストサンプルの分布
に大きな乖離はない。したがって、過学習が起こっていないと判断した。
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図 7.7 信号事象と KL → 2γ 背景事象のテスト
サンプルでの、FD (黒)、BDT (緑)、BDTG (赤)

での信号事象感度と KL → 2γ 背景事象の削減能
力の相関。
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図 7.8 信号事象と KL → 2γ 背景事象の訓練
サンプル (ヒストグラム) およびテストサンプル
(点線) に対する FD 値。青が信号事象を、赤が
KL → 2γ 背景事象を示す。

7.2.6 データによる再現性の確認
前節での多変数解析のKL → 2γ 背景事象削減能力はMCのみを用いて評価した。ここでは、データ

とMCの間で乖離が起きていないことを保証するため、以下のコントロールサンプルを用いてMCの
再現性を確認した。

KL → 3π0 サンプルによる確認
図 7.9に、KL → 3π0 のデータとMCをテストサンプルとして用いて得られた FD値の分布を示す。

ここでは、7.2.2節と同じ訓練サンプルを用いた。また、２光子は 6.3.3節と同じ方法で選択した。デー
タとMCそれぞれの FD値の分布に大きな乖離はなく、MCはデータを再現している。また、データと
MCともに、信号事象のMCと似た FD値分布を示した。これは、KL → 3π0 崩壊の多くがビーム軸
に近い位置で崩壊し、さらに２光子の親粒子が π0 であることから、信号事象と運動学的に似ているた
めである。

KL → 2γ サンプルによる確認
図 7.10に、KL → 2γ のデータとMCをテストサンプルとして用いて得られた FD値の分布を示す。

KL → 2γ 背景事象となる事象はデータでは統計が非常に少ないため、ビーム中の KL が KL → 2γ 崩

BG
Signal

Kinematic MVA
Performance Validation by data

Fisher response17

0 1
Likelihood Ratio

-0.6 -0.6
Fisher response

Ar
bi
tr
ar
y 
un
it

Ar
bi
tr
ar
y 
un
it



Estimation of N(Halo KL→2γ BG)
# of Halo KL→2γ BG

Halo KL

Scatter KL

Before applying Likelihood ratio cut  and 
Kinematic MVA cut 

x1/8  
reduction

After applying Likelihood ratio cut  and 
Kinematic MVA cut 
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-#(Halo KL→2γ BG) 
 0.13 → 0.018±0.007(stat)±0.004(sys)

-#(Scatter KL→2γ BG) 
 0.18 → 0.022±0.005(stat)±0.004(sys)

Reduction by a factor of 8 
was achieved in both case

# of BG expected in the signal box

Signal acceptance of those cuts 
     -94%

MC

MCMC

MC



Summary of further BG reduction we are developing

source Film UCV D2 Magnet Analysis* Total
KL→2π0 x1 x1 x1 x1
K+ x0.01 x0.1 x1 x0.001

Hadron cluster BG x0.7 x1.1 x1 x0.77
Halo KL→2γ x1 x1.3 x0.2 x0.26

Scattered KL→2γ x0.4 x1 x0.2 x0.08
η production in CV x1 x1 x0.5 x0.5
Upstream π0 x1 x1 x1 x1
KL→3π0 x1 x1 x1 x1

Signal acceptance x1 x1 x0.95** x0.95**

19

*   Analysis improvement is obtained from the DL HaloKL cut for Halo, Scatter KL->2γ、and CV eta 
**  Signal acceptance is calculated as ε(DL HaloKL) =  0.95 

Covered in the talk 
of beam line and detector   

Covered in this talk
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Preliminary 2021 data Future run

Summary of future BGL

KL→2π0

K+

Halo KL→2γ
Scattered KL→2γ
Hadron cluster

η production in CV
Upstream π0

Sum

BGL(x10-11)

BR( )KL → π0νν̄
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BGL = #BG × (S . E . S)



Z dependence of  upstream π0 BG events

Rec Z (mm)

21

Upstream π0 BG

• Based on the results with a simple MC setup to speed up 
the processing time


