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Advantage in the SM (search for NP )

➡︎

Only imaginary part Remains 

Both are stable so far.

*
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Pure direct CP violation
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Negligible long distance QCD
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The current theoretical uncertainty on Br(                          ) is ~ 2%. 
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As a Probe of New Physics (NP)
Br(K_L → π⁰νν̄ ) is strongly suppressed by FCNC 
dynamics and its purely CP-violating nature.

The small SM amplitude makes the process highly sensitive to NP

SM prediction: 3 × 10-11
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Current world record by KOTO: < 2.2 × 10-9 (90% C.L.)
Phys. Rev. Lett. 134, 081802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081802
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2.  Experiment
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J-PARC KOTO experiment

 30-GeV proton beam from Main Ring 

Hadron Experimental 
Facility 

TOKAI

Huangshan

- KOTO (= K0 at TOkai) searching for new physics via 
- KOTO collaboration: ~40 members: Japan, Korea, Taiwan, US

J-PARC: 
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~7m

KOTO: main and front barrel

Vacuum tank 
~10-5Pa: decay region 



Experimental concept
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VETO

VETO

VETO

VETO

(π0 → 2γ)

ν

Proton

Gold 
target KL

Magnet

1st & 2nd collimator

Photon absorber 
(lead)

~20 m beam line

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

KL, n, γ

Calorimeter Veto

Signal identification
(π0 → ) 2γ + nothing else



The CSI calorimeter
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2716 un-doped CsI crystal

1.9
mφ

 Inner region:  25×25mm2
Outer region:  50×50mm2

Lateral segmentation

Particle PMT

500mm (27X0)

UV pass filter for  
310nm scintillation light



The CSI calorimeter
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2716 un-doped CsI crystal

1.8
mφ

Lateral segmentation

Particle PMT

500mm (27X0)
Example of 6-photon event  
2-D + time information

 Inner region:  25×25mm2
Outer region:  50×50mm2

UV pass filter for  
310nm scintillation light



3.  Halo-neutron background  
and the 4D calorimeter.
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A serious background from neutron( n )s
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Neutrons in the beam but outside the nominal beam solid angle; halo neutron. 

Without any mitigation, this BG 
will reach 10 times the signal 
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Using shower depth to separate γ’s and neutrons

14

We need depth information in the CSI
x , y  and z  (3-D) and time information depth in z
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Both-side readout calorimeter 
separates     /      by timing

To make the Calorimeter having 3-D + timing information 
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Both-side readout method can determine the shower position.

SiPM(MPPC)
PMT

PMT

PMT

PMT

PMT

PMT
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Configurations

6×6mm2, 50μm pitch 
S13360-6050-SC

UV transparent

Large crystals 

Small crystals

4-MPPC circuit 

50
m
m

25mm

summing-amp. su
m
m
in
g-
am
p.

- Total 4080 MPPCs were glued onto CsI crystals using a specially developed method.
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MPPCs were glued onto 
0.5-mm-thick quartz plate.

Jig for pressing and 
holding the quartz 
plate with MPPCs 
against the CsI crystal

Photo for a large crystal.

2018 winter

2020 J. Phys.: Conf. Ser. 1526 012036



Circuit boards  for 16-MPPCs 

bias not depend on current

fast pulse,  
bias depends on current

slow pulse 
bias not depend  
on current

Parallel connection

Serial connection
signal: serial
bias: parallel

still fast pulse of  
“Hybrid” case

4-MPPCs : note that irradiation changes the dark current of MPPCs

4-MPPCs ×4 in an Amplifier
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serial

parallel

“Hybrid”

Mixer (sum amp)

125MHz ADC10-pole 
Bessel filter

Gain 2.5

High dark current 
near the beam hole



Conditions and operational status
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HV for MPPCs
　
V b
re
ak
(V
): 
ou
r fi
t

Vbreak(V):Hamamatsu 
The range of Vbreak is ~1V. 
Eight HV supplies provide ~3 V Vover 
at 25℃ to eight groups of MPPCs 
with close Vover, with a typical  
gain of 1.7×106

During the run, the calorimeter surface 
temperature stable at 29-30℃ 

Raw waveform of a channel (left) and the 
waveform after the 10-pole Bessel filter (right), 
which preserves the timing resolution despite 
the 8 ns sampling interval.

Timing resolution of MPPC as a 
function of deposited energy on a 
crystal measured by PMT, comparing 
between non irradiated MPPC and 
with irradiation (1.5 × 109n1MeV/cm2) 

There is no deterioration of the 
timing resolution.

A typical deposited 
energy of MIP like 
beam event.

1V : 8 HV supplies

Pulse shape

MIP peak

Timing resolution



4.  Performance of  the 4D calorimeter.
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γ and neutron samples for ΔT study
Aluminum target in beam (3mmT)
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Large ΔT=
One event has two ΔT

The reconstruction resolves 
the  -combination ambiguity

One π0 has two ΔT
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Comparison between ΔTmin and ΔTmax

has better selection ability �Tmax
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γ/n  separation by 

(1.6 ±0.1) ×10-2
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  ΔT was weight by energy
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γ
neutron

γ neutron

Fourier Pulse Shape 
Discriminator

Cluster Shape Discriminator 
with Deep Leaning

Other two cut methods for the neutron events

With FPSD, CSDDL and ΔT cuts  
- the estimated number of neutron background events 
0.024±0.006 
- with the single event sensitivity of 
(9.33±0.06±0.84)×10-10

: < 2.2 × 10-9 (90% C.L.)
Phys. Rev. Lett. 134, 081802

in data where the latest published KOTO
Br(K_L → π⁰   )
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KOTO → KOTO II experiment
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Welcome!



Summary 

25

- KOTO is searching for the K_LtoPi0nunu decay. 
- Halo neutrons (    ) make one of the major background. 
- A 4D calorimeter (3D+timing) was developed for γ/ n 
separation. 
- 4080 MPPCs were glued onto the front of the CsI calorimeter.  
- Shower depth is determined from the timing difference between  
MPPCs (front) and originally installed PMTs (rear). 
- n   background is reduced to < 2% with 90%     efficiency. <latexit sha1_base64="IDguPN9E8JVFcv7g3IA83/5doQo="></latexit>n
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R1
R2
R3
R4
R5
R6
R7
R8

Dark current of 4-MPPC circuit increased x 150

timing resolution of 16-MPPCs readout (average)

Inner most c
hannels (Ave

rage)
12.3×1019 POT

σt: 0.7ns → 0.9ns

1.3 2.1 3.0 6.3 7.73.5
Integrated POT/10^19 from install 

10.4 12.3

1.3 2.1 3.0 6.3 7.73.5
Integrated POT/10^19 from install 

10.4 12.3

Neutron radiation hardness of MPPCs

2021Data 
published Aℓ target data shown 

in the next page

analyzing now
Center region 



γ/n  separation ability in 2021 data
Right after installation 2019  after 6×1019 POT 

(2.2±0.2)% (2.4±0.2)%
no significant deterioration
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Invariant time 
Tinv = (TMPPC + TPMT)/2
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Merit of 
Conventional TOF w/o both-side readout 

cannot discriminate primary and secondary
t = 0
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cancelling 
difference

no cancelation occurs on the average of TMPPC, TPMT
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shows NET time 
difference of 
reactions

➡︎ 4D calorimetry

1

2

1
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Applying invariant time info.

γ events neutron events
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flight length of the secondary particle
= TMPPC � TPMT
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depth of secondary particle
Flight time (            ) and depth (             ) of the secondary  
particle have a correlation
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cut region cut region

when 90% ofγevents remain, (0.96±0.06)×10-2  of n events remain
�
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Construction onsite (avoid disassembly)

two lines/day

- Large crystal: 4MPPCs 
- Small crystal: one MPPC

laser pointing a 
film target for
positioning 

spring pushing a 
MPPC to CsI

MPPC sticking 
on the holder

Frame

testing appropriate 
quantity of glue 

good 
overflow 
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cure time : 16hrs

0n 0.5mmT quartz plate
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Design-glueing 
Gluing

Quartz plate 500μmT

CsI

MPPC

Silicone(TSE)

20N

EPOTEK 
305 

200μm

EPOTEK305:UV transparent glue

fill silicone in the 
concave of MPPC 
surface and sealed 
with a quartz plate

overfill silicone with 200μm gap
press and fix with cement (Araldite)
leaving an inner pressure.

babbles

temp.variation

tolerance of temp: -10 ̶45℃ 

TSE3034:UV transparent silicone

curing with 
20N press.

Alardite to keep IP
300 310 320 330 340 350 360 370 380 390 4000

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Quartz + Air + Quartz

m EPO-Tek + QuartzµQuartz + 79 

m EPO-Tek + QuartzµQuartz + 93 

300 310 320 330 340 350 360 370 380 390 4000

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Quartz + Air + Quartz(1)

Quartz + Air + Quartz(2)

m EPO-Tek + Quartz (1)µQuartz + 79 

m EPO-Tek + Quartz (1)µQuartz + 93 

m EPO-Tek + Quartz (2)µQuartz + 79 

m EPO-Tek + Quartz (2)µQuartz + 93 
tr
an
sm
itt
an
ce

wavelength (nm) wavelength (nm)

Before

   quartz + air + quartz 
   quartz + 79μmT glue  
               + quartz 
   quartz + 93μmT glue  
               + quartz

   quartz + air + quartz 
   quartz + 79μmT glue  
               + quartz 
   quartz + 93μmT glue  
               + quartz

300    320   340    360    380    400 300    320   340    360    380    400 

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.2
0.1

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.2
0.1

310nm  
CsI scint. After8×108n1MeV/cm2

×2 meas. ×1 meas.

quartz plate
Araldite
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Remaining neutron BG for KOTO 33

Two other cut methods were developed

γ
neutron

γ neutron

Fourier Pulse Shape 
Discriminator

Cluster Shape Discriminator 
with Deep Leaning

×(2.1±0.1)×10-2
ΔT

Estimated remaining n events are 0.5±0.5 in 1 SM events(3x10-11)
with 3 cuts

×(4.1±0.6)×10-2

×(1.6±0.2)×10-3

1
FPSD

1

difference means a correlation: 
(4.1±0.6)×10-2 still enough

1

ΔT<33 ns ΔT>33 ns
CSDDL

×(8±1)×10-3 ×(7±1)×10-3

no correlation between 
ΔTcut : CSDDL
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Latest published results

• Single Event Sensitivity (SES) 
•  

• Expected number of background events 
•   

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

                            (current World record)

SES = (9.33 ± 0.06 ± 0.84) × 10−10

0.252 ± 0.055+0.052
−0.067

⇒ B(KL → π0νν̄) < 2.2 × 10−9

Phys. Rev. Lett. 134, 081802
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

Global status of the  searchK → πνν̄

JHEP02(2025)191

PRL 134, 081802

7.1 × 10−10

5.6 × 10−10

2.2 × 10−9 (90 % CL)
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K+ ! ⇡+⌫⌫A violation of the                
constraint reveals the CPV 
nature of NP (approaching).

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


Conditions of MPPCs
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