
Status and future prospects for rare kaon decay 
measurements at KOTO(-II)

Ryota Shiraishi (KEK) 
on behalf of the KOTO collaboration



5 10 15 20 25
1110× )νν+π→+K(B

11−10

10−10

9−10

8−10)
ν

ν0
π

→L
K(

B

SM

N
A

62
 (2

01
6-

20
22

)

Grossman-Nir bound

OK T
ν

νs

d

B(
K L

→
π0 νν̄

)

B(K+ → π+νν̄) × 1011

2

 searchKL → π0νν̄
• Direct CP-violating process 

• Rare:  

• Well known: <2% theoretical uncertainties 

 Good probe to search for New Physics
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Global status of the  searchK → πνν̄
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PRL 134, 081802

7.1 × 10−10

5.6 × 10−10

2.2 × 10−9 (90 % CL)

https://link.springer.com/article/10.1007/JHEP02(2025)191
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081802


 30-GeV proton beam from Main Ring 

Hadron Experimental 
Facility 3

J-PARC KOTO experiment
• KOTO (= K0 at TOkai) aims to search for new physics via the  decay  
• KOTO collaboration: ~40 members from Japan, Korea, Taiwan, US

KL → π0νν̄
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Experimental method
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18 CHAPTER 2. KOTO EXPERIMENT

Figure 2.10: Front view (left) and picture (right) of the CsI calorimeter. The central square region
is filled with small crystals and outer region is filled with large crystals.

yield of CsI crystals has large temperature dependence of �1.4 %/°C [1]; we had to keep the
temperature of the CsI calorimeter around the room temperature. In addition, we confronted the
low gain characteristics of the PMTs and the operation itself for thousands of channels in the small
space. To realize the CsI calorimeter, we developed original high voltage system. The calorimeter
also equipped a gain monitoring system to monitor the gain of whole channels during an operation.
It guaranteed the system stability. The latter of this section, we describe the high voltage system
and the gain monitoring system in particular.

2.3.1 High Voltage System of the CsI Calorimeter

As the calorimeter was located in vacuum, we had to operate all 2716 PMTs in vacuum. In
addition, the low PMT gain was the problem to be solved. We developed the original high voltage
system, which consisted of Cockcroft-Walton (CW) bases, preamplifiers, and controllers, to solve
these problems. The details of them are described in this subsection.

CW base
A CW base is one type of PMT bases which supplies high voltage to PMTs. It contains a high
voltage generating circuit which consists of an oscillator and a ladder of diodes and capacitors[28]
(called “CW circuit”). Each step of the ladder provides voltage to a dynode. The most attractive
feature is the lack of bleeder current, which results in low power consumption. On the other hand,
the internal large-voltage oscillator and switching diodes can be sources of electrical noise.

CsI 
calorimeter 
(1.9 m )ϕ

~7m

Signal Region 
(blinded)

Reconstructed   π0

Zvtx

Reconstructed   π0

Pt

KL, n, γ
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KOTO data-taking history
• Beam power has been increased: 64 kW (2021)  92 kW (2025 June) 
• Data collected in 2024–2025 is around twice as much as 2021 data
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2013 data 
PTEP 2017, 021C01

2015 data 
PRL 122, 021802

2016–2018 data 
PRL 126, 121801

2021 data 
PRL 134, 081802

2024–2025 
data

Our current focus

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.021802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121801
https://academic.oup.com/ptep/article/2017/2/021C01/3058551
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• Single Event Sensitivity (SES) 
•  

• Expected number of background events 
•   

• No events observed in the signal region 
 (90% C.L.) 

                                  (current best limit)

SES = (9.33 ± 0.06 ± 0.84) × 10−10

0.252 ± 0.055+0.052
−0.067

⇒ B(KL → π0νν̄) < 2.2 × 10−9

Latest results from 2021 data

Phys. Rev. Lett. 134, 081802

Black: #observed 
Red: #expected BG

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081802
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Background estimation in the 2021 data analysis

Lessons from the 2021 data analysis

Large systematic error induced 
from photon veto inefficiency
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• Upgraded the DAQ system to have more rate capability  added new triggers 
• 5  trigger to collect a control sample (5  sample) for veto inefficiency 

evaluation  aims to reduce the systematic uncertainty of  BG 
• New trigger to collect events for other physics targets (e.g., )

→
γ γ

→ KL → 2π0

KL → π0ee

Upgrade after 2021: DAQ

 background with 
two extra photons missed
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γ γ
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✗
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• Installed a new charged veto counter (Upstream Charged Veto, UCV) in 2023 for 
further reduction of the   background 
• Important features 

• Sensitive to charged particles to detect  in the beam 
• Less sensitive to neutral particles ( ) to avoid scattering

K±

K±

KL, n, γ

Upgrade after 2021: detector

ν
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Upgrade after 2021: detector
• Upstream Charged Veto (2021) 

• Thickness: 0.5 mm (scinti. fiber), Inefficiency: 7.8% 

• Upstream Charged Veto (2023–) 
• Thickness: 0.2 mm (scinti. film), Inefficiency: 0.06%

UCV (2023–)
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• Installed a permanent magnet at the downstream 
edge of the collimator 
• B (~0.9T) x 0.5 m on average 
• Expect 1/10 reduction of the  backgroundK±

Upgrade after 2021: beam line

Proton

Gold 
target

KL

Magnet

1st & 2nd collimator

Photon absorber 
(lead)

K+



• Currently checking stability of  yield and veto 
performance  

• Will start sensitivity and background estimations soon

KL
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• Accumulated #protons on target (POT) in 2024-25 
• POT2024-25 =  (~2 x POT2021) 

• No events are found outside the blind region except for 
the upstream  events. (As expected.) 

• Used a wider blind region to consider possible extension 
of the signal region.

6.59 × 1019

π0

Analysis status: 2024–2025 data
Under almost the same cut set 
for the 2021 data analysis

signal  
region

  
Blind region used for 2021 data

 

upstream  eventsπ0
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With the following assumptions, we aim to reach SES <  in 3-4 years 
• Beam power will reach 100 kW in 2026– 
• Run time: 20 days/month x 2 or 3 months/year 
• 70% efficiency for physics data taking
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Prospect of KOTO
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Hadron Experimental Facility extension (HEF-ex)

KOTO

KOTO II

• Double the area for hadron/nuclear and particle physics experiments.  
(HEF-ex white paper [arXiv:2110.04462]) 

• Supported by the KEK Project Implementation Plan 2022 as a 1st priority project 
for budget request. 

• We are planning the KOTO II experiment at the extended hall.

T2 target

T1 target
T1 target

Current hadron hall

Extended hall

Proton
Proton

KL beamline

KL2 beamline

https://arxiv.org/abs/2110.04462
https://www.kek.jp/wp-content/uploads/2024/02/KEK-PIP2022.pdf
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What’s new? 
• Extraction angle:     
• Peak  momentum: 1.4 GeV/c  2.9 GeV/c 
• Decay volume (signal region): 2 m  12 m 

==> More signal acceptance
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KOTO II detector (base design)

Calorimeter 
1.9 m  (KOTO)  
 3 m  (KOTO II)

ϕ
→ ϕ

3D cutaway view of the KOTO II detector
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Signal yield and sensitivity
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•With 5 years (3x107 s running time) of data-taking at 100 kW beam power, 
we expect 
•SES =  
•35 signal and 40 background events 
•5.6  discovery 
•  = 25%

8.5 × 10−13

σ
Δℬ/ℬ

•40% deviation from SM  
 90%-CL indication of NP→
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KOTO II status & prospect

•Proposal was submitted by 82 members from 11 countries in Jan. 2025  
•Scientific approval (stage-1 status) was granted by J-PARC PAC 

•KOTO II collaboration was formed this summer (KEK as a host) 

•Next steps toward full approval (stage-2): 
• Strategy for KL2 beam line construction 
•Realistic detector design

KOTO II proposal [arXiv:2501.14827]

•Detailed information and recent studies 
can be found in talks at KAON2025 & 
KOTO II workshop 

https://arxiv.org/abs/2501.14827
https://indico.cern.ch/event/1485702/overview
https://indico.cern.ch/event/1546240/
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• KOTO 
• Upgrades of detector/beamline/DAQ were done after 2021 data-taking 
• Twice more data has been collected in 2024-25 compared to 2021 data 
• Analysis of the 2024-25 data is ongoing 
• KOTO will reach SES below  in 3-4 years 

• KOTO II 
• Submitted a proposal and formed the KOTO II collaboration 
• Aim to discover  with > 5  
• Will measure  with 25% precision

10−10

KL → π0νν̄ σ
B(KL → π0νν̄)

Summary



Backup
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Veto Detector FB Barrel 

for high E𝛾6 

Barrel 

for low E𝛾6 BHPV

Correction Factor

(= Ineff.(Data) / Ineff.(MC)) 1.42 ± 0.13 0.77+0.85

−0.77 1.10 ± 0.10 1.50+0.42
−0.51

Beam Hole Photon Veto  
(BHPV)

KL

5γ

γ6

Front Barrel (FB)

Main Barrel 
Inner Barrel

Barrel

Summary of inefficiency evaluation with  eventsKL → 3π0

Background: KL → 2π0

• Inefficiency evaluation with control data

2021 data analysis
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Background Estimation: Upstream-π0
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Background mechanism 
• Halo neutron hits the upstream veto detector 

 A produced  makes two clusters 

• Photonuclear reaction in CSI causes energy mis-
measurement of incident photons 

 Reconstructed  shifts downstream
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KOTO II: signal acceptance improvement
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KOTO II: beam condition & running time

Assumed beam conditions and running time
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KOTO II: extraction angle Proton

KL
 (KOTO)16∘

 (KOTO II)5∘
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KOTO II: decay volume
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KOTO II: signal yield
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KOTO II: background
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.

564

1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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KL → π+π−π0

2.5 ± 0.4
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

580

1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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haloKL → 2γ
4.8 ± 0.2

is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

594

The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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K+

4.0 ± 0.4
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Hadron cluster
3.0 ± 0.5
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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 production at CVη
8.2 ± 2.3
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KOTO II: sensitivity and physics impact
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