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KOTO Experiment
• Dedicated Experiment for KL→ π0νν @J-PARC, Japan

• proposed in 2006, approved in 2009, first physics run in 2013

• ~50 people from 16 Institutes in US, Japan, Korea & Taiwan
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• Direct CP violating process

• sensitive to New Physics related to CPV 

• FCNC process purely dominated by 

• Rare and clean: BR(SM) = 3×10-11 with < 2% uncertainty

• sensitive to New Physics contributions
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The Golden Mode: 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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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). 
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KOTO Two-Stage Approach to Discover KL→ π0νν
• Stage-I: reach sensitivity of O(10-11)
• Stage-II: precise measurement with sensitivity of O(10-13)

Past and Future

(1989)



Kaon @ J-PARC
• Proton

• come in a bundle of 2sec spill

• ~5×1013 protons on target @ 50kW B.P.

• Detector located at 21m from target

• Beam size ~ 8×8 cm2 @ detector

• Kaon 

• kaon yield: ~108 per spill @ 50kW B.P.

• 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 !0 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



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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Detector - Photon Veto
Photon Veto Detectors:

• Barrel Region (MB, FB): 

• Scintillator/lead sandwich

• Along Beam (NCC, CC0X): 

• CsI crystals + Scintillator

• In Beam (BHPV):

• Aerogel Cherenkov detector

• Lightest solid material on earth

9

MB FB

NCC

CC04 BHPV

γ 
co

nv
er

to
r



Detector - Charged Veto
• CV in front of CsI grid (CV)

• 2 layers of plastic scintillator

• detection inefficiency ~O(10-10)

• CV in beam (BHCV)

• gas chamber (CF4 + n-Pentane)

• detection inefficiency < O(10-3)

• And, CV everywhere else
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Background - Kaon
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Background - Neutron

13

Halo Neutron
n

n
Halo Neutron

η
γ

γ

Halo Neutron

π0

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
 Z [mm]0πRec. 

0

50

100

150

200

250

300

350

400

450

500

 P
t [

M
eV

/c
]

0 π
R

ec
. 

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
 Z [mm]0πRec. 

0

50

100

150

200

250

300

350

400

450

500

 P
t [

M
eV

/c
]

0 π
R

ec
. 

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
 Z [mm]0πRec. 

0

50

100

150

200

250

300

350

400

450

500

 P
t [

M
eV

/c
]

0 π
R

ec
. 

Hadron ClusterUpstream-π0 CV-η



• Based on 40% data collected before major upgrades

• SES = 1.3×10-9

• BR[KL→π0νν] < 3.0×10-9

• Published in PRL.122.021802
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Results of 2015 Data 4

TABLE II. Summary of relative systematic uncertainties in
the single event sensitivity.

source uncertainty [%]
trigger effect 1.9
photon selection cuts 0.81
kinematic cuts for KL→π0νν 5.1
veto cuts 3.7
shape-related cuts 5.1
KL momentum spectrum 1.1
kinematic cuts for KL→2π0 2.7
KL→2π0 branching fraction 0.69
normalization modes inconsistency 5.6
total 11

TABLE III. Summary of background estimation.

source Number of events
KL decay KL→π+π−π0 0.05 ± 0.02

KL→2π0 0.02 ± 0.02
other KL decays 0.03 ± 0.01

neutron-induced hadron-cluster 0.24 ± 0.17
upstream-π0 0.04 ± 0.03
CV-η 0.04 ± 0.02

total 0.42 ± 0.18

(MC), was used to estimate the systematic uncertainty of
the ith cut. The sum in quadrature of the uncertainties
for each of the kinematic cuts and shape-related cuts re-
sulted in a total systematic uncertainty of 5.1% for both
sets, as shown in Table II. The sensitivity was measured
with the KL→3π0 and KL→2γ decays, and their differ-
ence contributed the single largest source of systematic
uncertainties of 5.6%.

Background estimation. Table III summarizes the
background estimation. The total number of estimated
background events in the signal region was 0.42 ± 0.18.
We categorized background sources into two groups: KL

decay background and neutron-induced background.
The KL decay background was estimated using MC

simulations. The KL→π+π−π0 background was due to
the absorption of charged pions in the un-instrumented
material downstream of CSI. The background fromKL→
2π0 and other KL decays was found to be small in this
analysis.

The neutron-induced background, which was caused
by halo-neutrons hitting a detector component, was sub-
divided into following three categories.

The background called “hadron-cluster” [33] was
caused by a halo-neutron directly hitting CSI and creat-
ing a hadronic shower and by a neutron produced in the
primary shower to create a second, separated hadronic
shower. These two showers mimicked the clusters from
π0→2γ. A data-driven approach was taken to estimate
this background. A control sample was collected in spe-
cial runs with a 10-mm-thick aluminum plate inserted
to the beam core at Z = −634 mm to scatter neutrons.

Two-cluster events were selected in this control sample
with selection criteria similar to those used for the sig-
nal sample. Two types of cuts were used to reduce the
contamination from these neutron-induced events based
on cluster shape discrimination [34] and pulse shape dis-
crimination [35]. A photon-like cluster was selected by
considering several variables based on an electromagnetic
shower library produced by the MC simulation. The vari-
able with the most discriminating power between pho-
ton and neutron clusters was an energy-based likelihood
calculated using the accumulated energy distribution in
each crystal as a probability density function. Addi-
tional variables, such as global energy and cluster tim-
ing information, were used in minimum chi-square esti-
mations and combined with the energy-based likelihood
as inputs to a neural network [36] with a single output
variable able to distinguish between electromagnetic and
hadronic cluster hypotheses. The pulse shape discrimi-
nation used the waveform of read-out signal from each
CSI crystal. The waveform was fitted to the following
asymmetric Gaussian:

A(t) = |A| exp
(
− (t− t0)2

2σ(t)2

)
, (2)

where σ(t) = σ0 + a(t− t0) depends on the timing differ-
ence from the mean of the Gaussian (t0). Using tem-
plates of the fit parameters, σ0 and a, obtained in a
hadron-cluster control sample and by a photon sample
from KL → 3π0, a likelihood ratio was calculated to de-
termine which of the hadron-cluster and the two-photon
event was more likely to be. We evaluated the rejection
power of cuts based on these two discrimination variables
for the Al-plate control sample by taking their correla-
tion into account. The number of the background events
was normalized by comparing the numbers of events of
the signal sample and of the control sample outside the
signal region before imposing these cuts. The number of
the background events was estimated to be 0.24. Note
that this is an overestimate due to kaon contamination
in the control sample, which we were unable to subtract
quantitatively from the estimation because of the limited
statistics.
The background called “upstream-π0” was caused by

halo-neutrons hitting the NCC counter in the upstream
end of the decay volume and producing π0’s. The re-
constructed Zvtx for such decays is shifted downstream
into the signal region if the energies of photons were mis-
measured to be smaller due to photo-nuclear interactions
in CSI, or if one photon in the CSI is paired to a sec-
ondary neutron interacting in the CSI to reconstruct the
π0. This background was evaluated by simulation, and
the yield was normalized to the number of events in the
upstream region in the data and MC. We estimated the
number of this background to be 0.04.
The background called “CV-η” stemmed from the η

production in the halo-neutron interaction with CV [37],
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Ｎew Barrel Detector

New Lv1 Trigger

New CsI readout

New Beam Pipe CV

Detector/DAQ Upgrades

New Lv2 Trigger

2015 data

Improved Analysis Methods

• Several major upgrades after 2015
• 2016-2018 result is coming out this summer

• expect combined U.L. to cross G-N limit 

2016-2018 Data



Detector Upgrades
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Ticker Barrel Veto (2016-)
• 13.5 + 5 X0

• KL→π0π0 / 3

Downstream Charged Veto (2019-)
• inside vacuum with better coverage
• KL→π+π-π0 / 50 
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Detector Upgrades

γ
Halo Neutron

n

nγ vs.

PMTMPPC CsI crystal

50cm

Neutron Event2γ Event

• Neutron interaction deeper than gamma 
• Measure shower depth through ∆t

• Front: MPPC (Multi-Pixel Photon Counter)
• Back: PMT
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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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0.3)%±neutron back ground (3.6 
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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

19

Without online data compression
With online data compression
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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



DAQ Upgrades - Electronics
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Flash ADC moduls: 
• Stratix-II FPGA; Fully digital pipeline
• 125MHz 14-bit ADC for CsI/veto CHs

• dynamic range covers several GeV to sub-MeV
• Gaussian Shaper

• 500MHz 12-bit ADC for veto CHs
• better timing resolution for vetos 

Trigger Processor: 
• 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 up to 6 Gbs 
• Leve-I & Level-II module

Reference: https://edg.uchicago.edu/~bogdan/

Univ. of Chicago Custom-Made ADC/Trigger Modules :



Trigger: Level-I (2018-)

Level-I Trigger based on:

• ΣE of 2716 CsI Channels

• daisy-chain/pyramid via optical fibers

• 2.5 µs latency

• Veto on in-time CH-energy

• Trigger rate ~40K per spill @ 50kW

• further reduction can be achieved

• maximum ×3 reduction w/o sig. loss

22

Level-I OFC Module



• Clustering Algorithm:

• Number of net corners / 4 = Number of Clusters  
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+1-1
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⦁
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A round trip along 

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

Trigger: Level-II (2017-)

Published in 1992
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• Online pulse peak sensing

• count clusters within 32ns window

• High E-threshold to suppress satellite hits
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CsI Crate-1
CsI Crate-2
CsI Crate-3

CsI Crate-10

CsI Crate-0

LVDS signal

NClusters on CSI

Trigger: Level-II (2017-)

Level-II OFC Module

Parallel counting in Lv-II OFC

• negligible dead time (~150ns)

• latency: 2.0 µs

Trigger efficiency:

• 99.6% for KL→π0νν

• ×30 efficient for low PT modes

• KL→π0π0, KL→π0γγ, KL→π0π0π0…  

• ×4 efficient for neutron study samples

• ×9 neutron data in 2016-2018 than 2015
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Pulse Shape Discrimination 

• Hadronic pulse wider than EM pulse

Fourier Analysis on ADC waveform

• Neutron Acceptance:  3.2%

• KL→π0νν acceptance: 90%

• ×3 reduction over 2015 results

New Algorithms - Neutron PSD

Fourier Template

Clock (8ns)
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New Algorithms - Neutron CSD
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Cluster Shape Discrimination 
• Convolutional Neural Net with deep learning 
• Input: energy and timing of crystals
• 4 conv. layers + 6 fully connected layers
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2015 Algorithm
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Data (K3pi0)
MC (K3pi0)

• Neutron Samples:

• special Al run 

• Gamma Samples:

• KL→π0νν MC

• Data/MC good consistency

• Checked by KL→π0π0π0

• Combined Reduction (PSD+CSD) 

• ~O(10-6-10-5)
Neural Net Output
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New Algorithms - Double Pulse

Update of Signal Loss

!32

Signal Loss of KL→"νν in Run79
Acc. MC (Run79)

Pure MC

* FBAR wide range veto  
150 ns for hit > 30 MeV.

Acc. MC (New)

• (# with new veto) / (# with current veto) = 1.38  
                                                                   = 1.24 (Use current FBAR)

Current New

CV 80 ns 16 ns

NCC 40 ns 25 ns

FBAR 50 ns* 35 ns

CBAR 60 ns 20 ns

IB 60 ns 20 ns

• Double Pulse:

• True signal overlapped by accidental

• Pulse timing deviated from true value

• 2015 Data Analysis:

• Wide veto window to cover double pulse

• Large acceptance loss of signal

• 2016-2018 Data Analysis: 

• Fourier analysis to identify double pulse

• Signal acceptance × 1.38 

 Two Pulse Distance (8ns clock)
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Analysis Status: 2016-2018 Data
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• ×1.4 more data in 2016-2018

• combined UL(KL→π0νν) < G-N limit

• Better background control
• new detectors and analysis methods

• By-products benefited from new DAQ:

• KL → π0γγ

• KL → π0π0νν

• KL → π0γ

• KL → γγγ

KL → π0π0

KL → γγ
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(including signal region)

Pt vs Z plot with new version
• S.E.S : 8.2*1e-10

2019/1/16 15

# of BG inside 
signal region

!" → 2%& 0.09�0.09

!" → %'%(%& 0.02�0.02

Hadron cluster 0.07�0.13

CV-pi0 < 0.19

CV-eta 0.02�0.01

Total 0.20�0.16

Analysis Status: 2016-2018 Data
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PRELIM
IN

ARY

PRELIM
IN

ARY

• S.E.S. = 8.2×10-10 (without new veto window )
• Background under control
• Results coming soon in summer 2019



Future Runs
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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 (month) 2 4 - 4 4 4

Scenario B (month) 2 2 - 2 2 2

Scenario A
Scenario B

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×

New Target for Higher B.P.

Add Shielding to Reduce Acc.

New Main Ring Power Supply



Summary
Recent Result: U.L.[KL→π0υυ] = 3.0×10-9 (90% C.L.)

• Based on Data Collected in 2015

• Before several Major Detector/DAQ Upgrades 

Status of 2016-2018 Data Analysis

• Better Detector, DAQ & Analysis Methods

• Expect U.L. to Cross G-N Limit

• Results Coming Soon in Summer 2019

• By-product Analysis is on-going 

Future Run toward SES(10-11) with 100kW Beam Power

• Detector/DAQ is Ready

• Background under Control
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