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KOTO Experiment
❖ Dedicated experiment for KL→ π0νν
❖ Located at J-PARC, Japan
❖ ~50 people from US, Japan, Taiwan & Korea 



❖ Direct CP violating process

❖ Theoretically clean: small uncertainty in BR(SM)  
 
 
 
 
 
 

❖ Sensitive to New Physics

❖ But, rare: BR(SM) = (3.00±0.30)×10-11

KL→ π0νν

http://www.lnf.infn.it/wg/vus/content/Krare.html
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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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8 F. Teubert 

BR(KL
0→π0νν)ST = (2.43±0.39±0.06)×10-11   

BR(K+→π+νν)ST   = (7.81±0.75±0.29)×10-11  
 
where the first uncertainty is due to the experimental uncertainty on the 
input parameters while the second is due to the intrinsic theoretical 
limitations. In Figure 3 one can see the results of the experimental 
searches for these very rare decays in the last 50 years since the birth of 
the ST. The upgraded E949 experiment at the Brookhaven National 
Laboratory Alternating Gradient Synchrotron (AGS) achieved the first 
evidence for the charged K decays with a measurement14: 
BR(K+→π+νν)=(17±11)×10-11 while the E391a experiment at KEK in 
Japan achieved a limit15 of BR(KL

0→π0νν)<2.6×10-8 at 90% C.L. As 
accelerator and detector technology has advanced, the sensitivity of rare 
K decay experiments has also improved. Today, there are two 
experiments taking data and aiming for a precise measurement of these 
decays: KOTO at J-PARC in Japan, and NA62 at the SPS at CERN.  
 
The NA62 experiment16 has the potential to measure the BR(K+→π+νν) 
with at least a 10% precision. With an expected signal acceptance of 
~10% and S/B>4.5, the experiment requires ~1013 K decays to achieve 
such goal. The CERN SPS provides 1012 400 GeV protons on target per 
second, which produces a very high intensity K beam, resulting in 5 
million K decays per second in a 60m long vacuum chamber. The sample 
available to the NA62 experimenters corresponds to ~4.5×1012 K decays 
whose flight path is in their acceptance per year (~107sec). They expect 
to see ~45 ST signal candidates per year with <10 background events.  
 
 
 
 
 
 
 
 
 

Figure 3 Historical evolution of the 90% C.L. limits and measurements of the branching 
ratio of the decays KL

0→π0νν (left panel) and K+→π+νν (right panel). 

KOTO - 2013 data

KOTO - 2015 data
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❖ KL beam extracted at 16 degree angle.

❖ Two stages of collimators.

❖ Beam size ~ 3.5 cm at detector exit.

❖ A magnet sweeps out charged particles.

❖ Detector entrance at 21m from the target.

❖ Kaon momentum peaked at 1.5 GeV

Beam Line

30GeV Proton beam

Proton beam K L b
ea

m

16°



Concept of Signal Detection

❖ Event Signatures:

❖ 2γ on CsI

❖ nothing elsewhere 



Detector

KTeV CsI

CsI

CsI

lead/scintillator

lead/scintillator



Background Sources - Neutron
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Background Sources - Kaon
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2015 Data Results
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❖ ~40% total collected data
❖ S.E.S. = 1.3×10-9

❖ BR < 3.0×10-9 (90% C.L.)
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KOTO - 2013 data

KOTO - 2015 data

BG Prediction
Hadron Cluster 0.24±0.17

KL→π+π-π0 0.05±0.02
CV-η 0.04±0.02

Upstream-π0 0.04±0.03
KL→π0π0 0.02±0.02

Other KL decays 0.03±0.01



Background Level at SES(10-11)

2015 BGL 2015 BGL @ SES=10-11 

Hadron Cluster 0.24±0.17 31

KL→π+π-π0 0.05±0.02 6.5

CV-η 0.04±0.02 5.2

Upstream-π0 0.04±0.03 5.2

KL→π0π0 0.02±0.02 2.6

❖ 2015 SES = 1.3×10-9, a factor of 130 from SES=10-11

❖ 2015 Background Level (BGL) scaling to SES=10-11



Hadron Cluster

Pulse Shape Discrimination
❖ used in 2015 data analysis 
❖ 1/10 reduction with 90% signal eff.

Wider Pulse in hadronic shower

CsI Waveform



Hadron Cluster
Cluster Shape Discrimination (neural net variable)
❖ 2015 analysis: MC based inputs with TMVA neural net
❖ 2016 - 2018 analysis: pixel inputs with deep learning neural net

❖ Neutron BG × 1/4
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Hadron Cluster
❖ CsI both-end readout to measure shower depth

❖ BG × 1/10
❖ Complete by early 2019



❖ Cluster shape analysis by neural net

❖ BG x 1/6 

❖ BG x 1/2 by changing downstream supporting-structure 
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Upstream-π0

Background mechanism:
❖ 50%: Υ + Υ(less E in CsI)

❖ BG×1/6 by cutting upstream 20 cm
❖ 50%: Υ + n

❖ BG×1/4 by PSD & CSD 
❖ BG×1/3 by CsI front-end readout

Expected background level:
❖ ×1/5 for 2016-2018 data
❖ ×1/8 for 2019- data
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L~3m, Ø~2m

+

=

KL→π0π0

❖ Radiation 13.5 + 5 X0

❖ KL→ π0π0 BG × 1/3

❖ ~1 events in SES(10-11)



Improvement after 2015
❖ 2016-2018 data: 

❖ new analysis methods
❖ thicker barrel detector

❖ 2019 data:
❖ CsI front-end readout
❖ new beam pipe charged veto 

Background Level scaled to SES=10-11

2015 BGL 2016-2018 BGL 2019-
Hadron Cluster 31 8 0.8

KL→π+π-π0 6.5 6.5 0.1
CV-η 5.2 < 0.9 < 0.9

Upstream-π0 5.2 1.3 0.7
KL→π0π0 2.6 0.9 0.9
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Without online data compression
With online data compression
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DAQ Performance (2015)
❖ DAQ avg. Live ratio ~83% @ 42kW beam power
❖ Need upgrade for future 100kW beam power



4μs DIGI-DATA PIPELINE 

COE=Σ ECsI ×R / Σ ECsI

Σ ECsI

Σ Eveto

⇒ ⇒

30K evts/spill accepted
(~20% deadtime)

37K evts/spill

Lv1 Trigger

Lv2 Trigger
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(Analog Pulse)

Custom-made 6U ADC

* Trigger rate at 40kW beam power
* Spill length ~ 2 sec

(Digital Data)
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Calculation done through
custom-made 9U backplane

9K evts/spill



Requirements of Trigger System

❖ Should be able to handle trigger rate > 100kW beam power 

❖ Lv1 trigger/veto

❖ better trigger rate control 

❖ Lv2 trigger

❖ flexibility: 

❖ KL→γγγ, KL→π0γ, KL→π0γγ, KL→π0π0γ

❖ no more COE trigger



UChicago custom-made ADC/Trigger modules:

A. 14-bit 16-CH 125MHz ADC

12-bit 4-CH 500MHz ADC

B. Clock Distribution and Trigger Processor (CDT)

C. Optical Fiber Center (OFC)

Trigger Modules

LVDS

Optical Links

B.

C.

A.



Local Et-1
Local Et-2

Local Et-3

Local Et-10

Local Et-0

Global Et sum

❖ ΣE daisy-chain via optical fiber 

❖ ~2.5 μs  latency

Lv1 Et Trigger



Veto Crate-1
Veto Crate-2

Veto Crate-3

Veto Crate-6

Veto Crate-0

Veto Bits
❖ Veto/Trigger based on ΣE ⇒ ECH 

❖ A factor of 4 trigger reduction

Lv1 Veto

LVDS signal

2015-2016: veto on ΣE

2017-: Veto on ECH

Before online veto
After online veto

Offline IB energy (MeV)

Before online veto
After online veto



CsI Crate-1
CsI Crate-2

CsI Crate-3

CsI Crate-10

CsI Crate-0

NClusters on CSI

Lv2 Trigger

LVDS signal
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Lv2 - Cluster Trigger

✔✘

Et timing window

20 MeV

100− 50− 0 50 100100−

50−

0

50

100

100− 50− 0 50 100100−

50−

0

50

100

0

50

100

150

200

250

300

350

400

450

100− 50− 0 50 100100−

50−

0

50

100

0

20

40

60

80

100

120

140

160

180

200

220

Energy (MeV) Time (ns)

100− 50− 0 50 100100−

50−

0

50

100

20 MeV Theshold Trigger Timing

Online Peak Sensing



❖  

❖ Total corners / 4 = Num. of Clusters  

❖ Trigger efficiencies:

❖ KL→π0νν ~99.6%

❖ KL→γγ, KL→2π0 , KL→3π0  ×30

❖ neutron study trigger eff.  ×4

❖ Dead time ~150 ns
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Lv2 - Cluster Trigger



DAQ Performance
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❖ Lv1 & Lv2 upgrade was completed in 2018
❖ DAQ Live ratio ~100% 

❖ System is ready for 100kW beam power
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Projection of Sensitivity

❖ NKL is proportional to beam power & run time
❖ Pdecay: 3.2 %
❖ Asig: signal acceptance

❖ width of veto timing window
❖ accidental rate



External Accidental

• Neutrons from primary proton beam



• Add a 20-cm (1.2λI) iron wall before 2020 

• Expect external rate ×0.05 

External Accidental

Iron wall
KOTO vacuum tank

Fe

Fe



Internal Accidental
❖ Wide veto window because of double pulses

❖ Expect to recover 50% signal by window ×1/2

❖ waveform analysis



Projection of Sensitivity

2014 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

Scenario A
Scenario B

Year

SE
S



Summary

❖ New Result BR(KL→π0υυ) < 3.0×10-9 (90% C.L.)

❖ based on 40% of collected data.

❖ Background is under control.

❖ DAQ is ready for 100kW beam power.

❖ Future sensitivity depends on run time (not fixed).



Phase-I

Phase-II

Present
Extension in future

✤ Low extraction angle to gain KL yield 

✤ Larger detector to increase acceptance



New MB R&D



Backup



Lv2 - Cluster Trigger

Hardware Performance
• OFC with Altera Arria-V FPGA

• Scan all 1369 2-by-2 blocks in parallel
• calculation done within 10 clks (80 ns)

• System dead time ~150 ns  
• limited by data transfer rate
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Internal Accidental

Acc. recovery from MB alone • Wide veto window because of double pulses
• Expect to recover 50% signal from window ×1/2

• waveform analysis

2015 60ns veto window

2016-2018 60ns veto window



Neutron Run

n

n

Halo Neutron

 (mm)vtx Z0πRec. 
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

 (M
eV

/c
)

T
 P0

π
R

ec
. 

0

50

100

150

200

250

300

350

400

450

500

Special Al target run to collect 
neutron rich events

Neutron

n

n



CSD
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Υ/n identification by using cluster energy & 
timing information

• Cluster Shape Discrimination
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• Cluster Shape Discrimination

PSD
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• Pulse Shape Discrimination

1/10 neutron reduction
with 90% signal acceptance
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Neutron Reduction
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 = Neutron reduction improved by O(2)

+

• Cluster Shape Discrimination

0 0.2 0.4 0.6 0.8 1

4−10

3−10

2−10

1−10

Neutron
Photon

1/1500 neutron reduction with 90% 
signal acceptance

1/10 neutron reduction
with 90% signal acceptance

• Pulse Shape Discrimination
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Hadron Cluster
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• Dedicated run to collect neutron samples.
• Good agreement between neutron & physics runs.
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CV-η Halo Neutron
η

γ

γ• η→ΥΥ @ CV, beam pipe & vacuum membrane 

• In 2015 data analysis:
• reconstruct η on CV  ⇒ reject by angle consistency⇒ CV-η ×1/10 
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Spill OnLIVE Off

LIVE On

Trigger Table
1000 Lv1 w/o PS
1100 Lv1 w/ PS
1110 Cluster Bit
1010 Alignment
1001 Test trigger 
1111 Reset

• LIVE Off
• reset optical link and test optical transmission

• After LIVE rising edge and Before spill on
• system checks the result of optical link test
• system issues alignment trigger
• every channel sends out one clock signal simultaneously for alignment
• ADCs set the delay for Et daisy-chain
• system aligns the global decay between CsI and veto crates
• system sends a test trigger to check Lv2 clustering system
• system is ready for spill on

2 sec 2 sec
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L1A Reduction

L1A Reduction in each Detector
CV LCV IB CBAR FBAR NCC CC03 CC04 CC05 CC06 BPCV L1A

L1 Veto (%) 66.7 - 24.9 5.4 - 13.8 20.8 - - - - 14.5K

CDT veto (%) 71.8 18.2 34.7 18.0 8.8 17.4 26.1 12.7 5.9 4.9 2.3 3.5K

• Estimated by using dst data with CDT trigger and without L3 veto (run26060-26066).

• Two cluster events are normalized to no CoE rate.

• CDT veto is applied to only physics and normalization events.

• L1A rate with CDT veto: 3.5K/spill in 37.5kW beam power.

• L1A rate extrapolated to150kW beam power =14.2K ~ current L2 output limit.

• Pedestal subtraction can improve L2 output limit by another factor of 2 ⇒ 300kW? 



We Can even Take 3 & 5 Cluster

L1 Veto
CDT Veto

Phys. trigger 



https://kds.kek.jp/indico/event/26837/contribution/1/material/slides/0.pdf



Likelihood of two-cluster System 
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Neutron

• Filled: z0
• Dagger: physics

Gamma
• Pi0 selected from K3pi0

Original PSD



Lorem Ipsum Dolor
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Pre-cuts: 
 (CutCondition==0 && 

(AddCutCondition|0xd0)==0xd0 && 
  (MyVetoCondition|0x1120)==0x1120 

&& CC06E391VetoEne<=3 && 
CC06ScintiVetoEne<=1 && 

CSIVetoFlag==0 && 
  !(newBHCVModHitCount>1 && 

newBHCVVetoEne>884.e-6/4.) && 
CBARMod39VetoEne<=2 && 

FBARNewVetoEne<=2 && 
BPCVVetoEne<=1

Eta MC after  
pre-cuts 

 EtaCSD distribution  
on KL and Eta MC samples 

after pre-cuts 



• DAQ disaster in 2016 after IB installation.
• Half of collected data is bad.

×1018

DAQ Performance (2016)

Leakage in COE cut

RUN69 All Physics Data
RUN69 Usable Physics Data
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Online COE Trigger
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• Gain variations between CsI channels were ignored
• COE online ≠ COE offline

0 100 200 300 400 500 600 700 8000

5000

10000

15000

20000

25000

30000

35000

40000 Without Online COE
With Online COE

Offline COE (mm)

O
ffline C

ut Point 



0 1 2 3 4 5 6 7 8 9 100

0.2

0.4

0.6

0.8

1

Gamma  
Neutron

Normalized by the first bin



Anomaly

from Kitahara, et al, JHEP 1612 (2016) 078

from Buras, et al, JHEP 1511 (2015) 202

from KTeV and NA48

Experimental result:

Theory (SM):

A 2.9σ deviation from the measurement!

PDG: (1.66±0.23)x10-3

7σ above 0





Lv0 Data Suppression
⇒ ⇒

~4000 channels95% 125MHz ADC
5% 500MHz ADC

600 KByte/event, or 30 TByte/day @ 45kW 

64 Samples of an Event (64 x 8ns)

64 Samples of an Event (64 x 8ns)Pedestal fluctuation σ~2 counts

μ+3σ

μ-3σ
Full readout

No readout

• No readout if all samples within μ±3σ
• Data size × 1/3
• Lv2 event throughput × 3



Hadron ClusterHalo Neutron
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Lv1 Veto

5

• Veto/Trigger based on ECH 

• A factor of 4 trigger reduction.

• Flexible trigger logic: 

• e.g. 2 hits in upper barrel channels                             
&& 2 hit in lower barrel channels.

• pickup cosmic ray in physics run.

Cosmic Ray
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• background mechanism
• 50%: Υ + Υ(less E in CsI)

• ×1/6 (cut upstream 20 cm)
• 50%: Υ + n

• ×1/3 (CsI front-end readout)



Models and Correlations

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?



UChicago custom-made ADC/Trigger modules

A. 14-bit 16-CH 125MHz ADC

B. 12-bit 4-CH 500MHz ADC

C. Clock Distribution and Trigger Processor (CDT)

D. Optical Fiber Center (OFC)

DAQ Electronics

A B C

D


