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• Direct CP violating process

• sensitive to New Physics related to CPV 

• FCNC process purely dominated by 

• BR(SM) = 3×10-11 with less than 2% theoretical uncertainty

• clean window for probing New Physics contributions
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The Golden Mode: KL→ π0νν
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CP変換

反陽子

標準模型

新しいCP対称性の破れ

陽子
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ハドロン実験施設　̶そこから始まる新しいサイエンス̶È

CP対称性の破れをみる
　̶小林・益川理論の検証̶

なぜ反物質は存在しないのか？
自然界では、反粒子から作られる反物質はほとんど存在しません。このような
非対称性を“CP対称性が破れている”といいます。なぜこのような非対称が生
まれたのでしょうか？

小林・益川の理論
小林・益川両博士は、クォークは２種類で１つの世代を作り、この世代が３つあ
ることを予言しました。この場合CP対称性が破れることが自然に説明できます。

粒子の崩壊事象や崩壊確率を測定することで、どの程度CP対称性が破れている
のかを調べることができます。理論が正しいのか、あるいは標準理論では説明
できない現象があるのか、それを明らかにするための実験の一つにＫ中間子稀
崩壊実験があります。

中性K中間子の稀崩壊探索実験
この実験では、長寿命の中性Ｋ中間子（KL

0）が中性のπ中間子（π0）、ニュー
トリノ（ν）および反ニュートリノ（ν̅）へ崩壊する様子をとらえます。もし、
標準理論には現れない超対称粒子などが存在すれば、その影響が現れる可能性
があります。 

稀な崩壊事象をとらえる
この現象は、予測される崩壊の確率が数百億分の１と、非常に稀にしか起こり
ません。J-PARCでは世界最高強度の陽子ビームを供給することができるため、
多量の中性K中間子ビームを作ることが出来ます。過去に高エネルギー加速器
研究機構の陽子シンクロトロンで行われた実験では数千万分の１の崩壊確率が
測定できるところまで迫りましたが、J-PARCではその千倍以上の感度を達成し
ようとしています。ここで初めて稀な事象をとらえることが期待されています。 

+  
?
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Historical Limits
KOTO-I:

• The first experiment with the designed sensitivity of ~O(-11) for KL→ π0νν

• The current world best limit by KOTO (2015 result) is right above Grossman-Nir bound.

• Will perform critical tests of standard and NP models in the near future. 
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Kaon @ J-PARC
• Proton

• ~5×1013 protons per 2s spill @ 50kW beam power
• Target beam power: 100kW

• Kaon 
• Momentum peaked @ 1.4 GeV
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Signal Detection
• KL→ π0 ν ν

• 2γ with high PT = signal

• Hermetic Detector

• no signal in veto detectors
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Mode BR Handles

 KL→ π±e∓ν 40.6% charged (x2), non-EM (x1)

 KL→ π±μ∓ν 27.0% charged (x2), non-EM (x1)

 KL→ π+π-π0 12.5% charged (x2), low π0 Pt

 KL→ π0π0π0 19.5% extra photon (x4)

 KL→ γγ 5.5x10-4 low Pt, back-to-back symmetry

 KL→ π+π- 2.0x10-3 charged (x2), non-EM (x2)

 KL→ π0π0 8.6x10-4 extra photon (x2)

Invisible
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14-bit 16CH 125MHz ADC
• Stratix-II FPGA 

12-bit 4CH 500MHz ADC
• Stratix-II FPGA 

Clock Distribution and Trigger
• Stratix-II FPGA 
• 16 sets of LVDS I/O
• ADC interface module

Optical Fiber Center
• Arria-V FPGA
• 18 Optical Links
• Leve-I & Level-II module

Custom-made DAQ Modules by UChicago E-Shop
(Ref: https://edg.uchicago.edu/~bogdan/)



  Triggering on:

        CsI energy sum, and

        No energy in veto counters
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Level-I Trigger (2018-)
Offline Energy distribution after online cut

CsI CV



• Clustering Algorithm:

• Number of net corners / 4 = Number of Clusters  
• Trigger Efficiency:

+1 +1

+1-1

+1+1

360°
⦁

⇒
A round trip along 

any closed curve = 360°
A completed cluster 
has 4 “net" corners

Level-II Trigger (2017-)

Lv2 Trig. Trigger Eff.

2 99.6%

3 96.8-99.6%

4 96.8%

6 92.2%



KL→ π0νν Analysis
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Kaon Background
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Decay Mode Stat. (MC/data) #BG

KL→π0π0 ~13 <0.18

KL→π0π0π0 ~59 <0.04

KL→π+π-π0 ~87 <0.02

KL→π±e∓ν ~28 <0.09

KL→γγ ~189 0.005

• Kaon backgrounds were studied based on the 
MC simulation.

• MC’s were overlapped by accidental data 
(target monitor) taken along with physics run.

• Kaon background is negligible at current data 
statistics based on the MC study.

Data/MC Comparison
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Neutron Background

Halo Neutron

n

n

Hadron Cluster

Aluminum Target

Physics vs. Neutron data

Physics (unblinded) vs. Neutron data

n
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Neutron Background - CSD
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2048 neurons in each layer

32 outputs in each 3x3 block

Cluster Shape Discrimination (CSD) 
• Convolutional Neural Net with deep learning 
• Input: energy and timing of crystals
• 4 conv. layers + 6 fully connected layers
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• Neutron Samples:

• special neutron run 

• Gamma Samples:

• KL→π0νν MC

• Data/MC good agreement

• checked by KL→π0π0π0

• Neutron BG reduction from CSD 

• ~O(10-5)
Neural Net Output

Neutron Background - CSD
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Pulse Shape Discrimination (PSD) 

• Hadronic pulse wider than EM pulse

Fourier Analysis on ADC waveform

• Neutron Acceptance:  3.2%

• KL→π0νν acceptance: 90%

Combined Reduction of CSD+PSD 

• ~O(10-6)
Fourier Template

Clock (8ns)
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ADC waveform

FFT

Neutron Background - PSD
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Accidental Background
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γ
γ

γ
γ

Accidental Pulse

ADC Clock (8ns)

An in-time hit overlapped by an accidental 
pulse resulting in the measured timing 
outside the veto window.
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Accidental Background

 Two Pulse Distance (8ns clock)
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FFT Method
(2016-2018 data)

Fitting Method

Single/Double pulse discrimination 
on frequency domain using Fourier analysis  

Apply :
• Narrow window for single pulse
• Wide window for double pulse
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Phys. Rev. Lett., 122, 021802PTEP, 2017, 021C01PTEP, 2017, 021C01

= 1.57×
: Phys. Rev. Lett., 122, 021802

: PTEP, 2017, 021C01

KL→ π0νν
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KL→ π0νν (2016-2018 data)
• SES = 6.9×10-10
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• SES = 6.9×10-10

• Four candidate events observed in the signal region.
• Will study the nature of the events inside the box.

KL→ π0νν (2016-2018 data)
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• In one out of four candidate events:
• A double was observed in NCC (upstream veto counter).
• Measured timing was ~70ns away from the nominal time.

• The rest of events are still under investigation.

KL→ π0νν (2016-2018 data)



KL→ π0γ Analysis
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KL→ π0γ

• The decay is a CP violating process and is 
forbidden by the law of angular momentum 
conservation.

• No measurements up to now.

• KOTO with hermetic veto system is the best 
place to test this decay. 

Reconstruction

• KL→ π0γ was reconstructed by finding a common 
decay vertex under nominal kaon and pion mass 
assumptions.

• The pairing with the minimum ∆Z was chosen.

KL→ π0γ
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Signal
Region

• Signal region was defined on M(πγ) and 
vertex-z plane.

• Control region-2 was used for MC/data 
normalization.
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Background Sources



Background Predictions
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PRELIM
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Results of KL→ π0γ
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B(KL → π0γ) < 1.7 × 10−7 at 90 % C . L .

PRELIM
INARY

PRELIM
INARY



Summary

• U.L.[KL→π0υυ] = 3.0×10-9, based on 2015 data.

• Unblinded the 2016-2018 data in the end of Aug. 

• Four candidate events found inside the signal box.

• Under Investigation.

• First measurement of KL→π0γ was performed.

• No event observed.

• U.L.[KL→π0γ] = 1.7×10-7 at 90% C.L.
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Backup
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Physics Trigger Table

Veto Cluster
Counts Modes Trigger Eff. Online Prescale

Photon
& Charge 2 (*)KL→ π0νν 99.6% 1

Photon
& Charge 3 KL→ γγγ, (**)KL→ π0γ 96.8-99.6% 3

Photon
& Charge 4 KL→ π0π0νν, KL→ π0γγ 96.8% 1

Photon 4 KL→ π0e+e- 96.8% 20

Photon
& Charge 6 KL→ π0π0π0 92.2% 3

  *Satoshi Shinohara’s Talk
**Nobuhiro Shimizu’s Talk
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Shower Depth Discrimination

Fourier Analysis on WaveformPattern Classification 
using Deep Learning Neural Network

Reconstruct Shower Depth using timing 



DAQ Upgrades - Trigger
New Level-I (UChicago/NTU) :

• Implemented in 2018

• Veto based on individual CH energy

• Online pulse peak sensing 

• CH-by-CH calibrated threshold
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New Level-II (UChicago/NTU) :

• Implemented in 2017

• Based on cluster counts in CsI 

• Broader analysis programs

• KL→γγγ, KL→π0γ, KL→π0γγ …

Preferred high PT events



• Online pulse peak sensing

• count clusters within 32ns window

• High E-threshold to suppress satellite hits
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• New Lv1/Lv2 trigger system resolved the DAQ dead time issues.

• Planning on Lv3 upgrade to increase the downstream data throughputs. 

DAQ Performance
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DAQ in 2015
• Detector with near 4000 Channels :

• Full waveform readout by FADC

• 2015 DAQ Performance @ 42 kw:

• Spill Length: 2 sec

• Level-I Trigger: 37K events/spill

• Esum on CsI + Loose veto

• Level-II Trigger: 9K events/spill

• Center of Energy (C.O.E.) on CsI

• Avg. of 85% DAQ Live Ratio

• DAQ reached its Limitation
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Without online data compression
With online data compression
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Future Runs
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Run 4 month / year
Run 2 month / year

Year

SE
S

2014 2016 2018 2020 2022 2024 2026 2028

0.2

0.4

0.6

0.8

1

1.2

1.4
9−10×



Detector - Photon Calorimeter
• KTeV CsI crystals:

• small: 2.5×2.5×50 cm
• large: 5.0×5.0×50 cm
• full scale: 

• 200 cm in diameter 
• 15×15 cm2 beam hole

• Resolution:
• σE=3%, σT=0.25ns for 500MeV signal
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Train vs. Test
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CsI dual-sided readout (2019-)

• MPPC (front) + PMT (back)

• Acceptance:

• 90% signal events

• 4% neutron events

Detector Upgrades

MPPC front-end readout
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delta T (ns)

0

5000

10000

15000

20000

25000

gamma Event 152148

neutron Event   4528

cut time =  21.40(ns)

0.3)%±neutron back ground (3.6 

1/20 Reduction



�452014 2016 2018 2020 2022 2024 2026 2028
11−10

10−10

9−10

8−10

Year 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024-

Avg. Beam Power (kW) 38 42 43 50 50 70 - 80 90 100

Run Time (month) 3.1 1 1.3 2.2

Scenario A 2 4 - 4 4 4

Scenario B 2 2 - 2 2 2

Single Event Sensitivity

Run 4 month / year
Run 2 month / year

Projection of SES
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Models and Correlations

&47
arXiv:1507.08672v2

Rare KL➝ π0νν, BRSM = 3x10-11

✤ CPV process.
✤ theoretically clean, 2% uncertainty.
✤ “gold mode” for probing deviation from SM.
✤ enhancement or suppression from new physics?
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• Acceptance by shape X2 and CSD2015 

        is sort of uniform in  θ 
• CSD_DL rejected more on large angles
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Neutron Acceptance
• Pi0 kinematic cut was removed 

• Acceptance by shape X2 and CSD2015 

        is uniform in  θ 

• CSD_DL rejected more on large angles
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Template events, Eff: (3.26±0.06)×10-2 
Non-template events, Eff(3.05±0.11)×10-2 

@ 90% Kpi0nunu efficiency

Kpi0nunu efficiency was studied through gammas from K3pi0
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