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Introduction
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Signal:  ς‎ÎÏÔÈÉÎÇ
Two electromagnetic showers in CsIand no signal in the hermetic veto counters

KOTO experiment
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Very rare decay:
ꜞ ὑ ᴼ“’Ӷ’ σȢπ πȢσ ρπ



CsI calorimeter of the 
KOTO detector 

ÅCsIcrystal
u̧ndoped CsI(‗ͯ 300 nm)

#crystal = 2716
2240 small(25 25 ÍÍ )

476 large(50 50 ÍÍ )

ÅExcellent energy resolution
¸„ȾὉ πȢωωϷἅρȢχτϷȾὉ'Å6

ÅPMT signals are digitized by ADC
1̧4 bit 125 MHz sampling with 
Gaussian filter

5̧12 ns timing window (64 samples)

Ţiming resolution „Ḑρns
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JPS Conf. Proc. 8, 024007 (2015)

27╧

ADC

0 63



Neutron background 5

To achieve SM sensitivity, we need to 
suppress neutrons by a factor of ten

shallowdistribution uniform distribution



Idea of the CsI calorimeter upgrade 6

PMT

PMT

♬

ἶἭἽἼἺἷἶ

╧ Ḑ cm

interaction length ₩ 40cm

Attach MPPCs

S13360-6050CS 
(HPK)

CsIcrystal

Previous

MPPCs

upstream

6 6ἵἵ

PMT

Measure the depth with the time difference ╣ḳ╣╜╟╟╒ ╣╟╜╣

Ą Small ╣implies ♬
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Readout



New front-end readout

ÅMPPC readout
# of MPPCs:4080 (>#PMT=#CsI)

ÅBias connection
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To reduce # of channels..
4 MPPCsare connected 

άIȅōǊƛŘέ ōƛŀǎ ŎƻƴƴŜŎǘƛƻƴ
Åadopted by MEG II upgrade
ÅAC line: series, to read out signals
ÅDC line: parallel, to apply bias voltagereadout
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Development of front-end: amplifier 9

4 MPPCs are connected  1/4

4 readout is summed      1/4

ĄManageable number of channels

4080 MPPCs 

1020

256 channels 

╥▫◊◄

╥▫◊◄

mixer (sum amp)+HV
Hybrid

H

H

H

32 hybrids
are connected 
to one board



Segmentation 10

Read 10 cm x 10 cm region as 
a single channel 

typical size of EM shower

Smallcrystals
Largecrystals
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Installation of 
MPPCs



MPPC on the CsI surface

Two problems to be addressed
Concave shape of MPPC

Bubbles appear at low temperature
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╣Ḑ ϴ

Quartz

silicone

MPPC

UV-transparent
GlueCsI

Quartz plate to make sure the flatness 
and transparency in advance

weight

Keep positive pressure inside the glue

Wait for curing 
strong glue



MPPC installation 13

Frames to support 
gluing jigs

Quartz
plate

Board



MPPC instrumentation 14

ÅGlue MPPCs on two rows in a day
ÅStart from 1st Oct. and 45 days to 

finish all  
ÅInstallation finished as scheduled

1st Oct. 15th Nov.1st Nov.

4080

#
M

P
P

C Progress

Time lapse movie 

days20 30 40100



New outer wear of the calorimeter 15

-2018 2019-



2019 run
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Data correction in 2019 runs 17

All physics runs

Good physics runs 
after selection

Neutron control sample

Collected 
good quality data with
Ḑ POT 
(almost same amount as 
2015 data)

Neutron control sample
Ḑ POT 

In spite of the limited time schedule, 
we could collect physics data with new 
detectors!



MPPC irradiation 18
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1st layer

2nd layer

Increase of dark current of MPPC due to irradiation
Ą 20 times larger than what we had expected

Dark current after 2019 runs

Separately 
evaluated by 
another beam 
test at Kobe 
Tandem facility 
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MPPC irradiation 19
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Increase of dark current of MPPC due to irradiation
Ą 20 times larger than what we had expected

Dark current after 2019 runs

Separately 
evaluated by 
another beam 
test at Kobe 
Tandem facility 
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user
beam
start

Run81
end

Run82
start

Run82
end

Even with >50 times the 
irradiation in 2019, the timing 
resolution will be within our 
specification

Layer of MPPCs

1st layer

2nd layer

Date



Analysis
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Control sample 21

□ Ⱬ distribution 

ÅControl of sample of ♬

ὑ ᴼσ“ decay
ÅClean and abundant control 

sample of ‎

ÅControl sample of neutron

Insert Al plate in the upstream of detector.
Scattered neutrons well emulate the BG of physics data

Gamma 
energy (MeV)



╣distribution of the control samples 22

max ╣ḳἵἩὀ╣ȟ╣

VUse the larger ╣out of two clusters (max ╣)
Vὑ ᴼσ“ MC well reproduces the distribution of data

♬

neutron



Emulated distribution of ╚╛ᴼⱫⱨⱨ 23

V The spectra of ὑ ᴼ“’Ӷ’is harder than ὑ ᴼσ“ decay

VWeight based on ύὉ ὖὈὊ ὉȾὖὈὊ Ὁ

Emulated ╣distribution 
weighted spectrum of 
ὑ ᴼσ“ with ύὉ

Retaining 90% of ♬from ╚╛ᴼⱫⱨⱨdecay, 
neutron contribution can be suppressed down to 1/45 !
Achieve much better performance than the goal of design 1/10

╔♬spectrum



Summary

ÅKOTO collaboration aims to search for New Physics via very 
rare decay ὑ ᴼ“’Ӷ’ȟꜞ σȢπ πȢσ ρπ .

Å In the last autumn, we attached >4000 MPPCs on the front 
surface of CsIcrystal to improve ♬/n separation power:

Å In 2019 run, we successfully collected physics data 
and confirmed

i̧rradiation of MPPCs was acceptable for future data collection
p̧erformance of the neutron rejection was to be 1/45 
(for 90% ‐of signal), which was much better than our goal of design

ÅDetector paper is now under preparation  

24
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Thank 
you!

That s all



Degradation of neutron rejection 26
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Correlation b.t.w. CSDDL vs ╣

high E clus

low E clus
Let us separate regions into 
άŦǊƻƴǘέ ŀƴŘ άǊŜŀǊέ ǊŜƎƛƻƴ ŀƴŘ 
evaluate the reduction by applying 
CSDDL value>0.9.

low E clus
front

high Eclus
front

high E clus
rear

low E clus
rear287/15304

=1.9%

599/35176
=1.7%

358/39080
=0.92%

85/11400
=0.75%

We cannot see strong 
degradation of the performance 
of neutron rejection by CSDDL.

(Rather, E dependence can be 
observed.)

Q. 
Doesthe CSD see the 
depth of clusters?

Correlation does not look large.
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Correlation b.t.w. PSLH vs ╣

[Ŝǘ ǳǎ ǎŜǇŀǊŀǘŜ ǊŜƎƛƻƴǎ ƛƴǘƻ άŦǊƻƴǘέ 
ŀƴŘ άǊŜŀǊέ ǊŜƎƛƻƴ ŀƴŘ ŜǾŀƭǳŀǘŜ ǘƘŜ 
reduction by applying PSLH value>0.1. 
(pulse shape template is run74,75)

low E clusfront

high Eclusfront high E clusrear

low E clusrear

For high energy cluster, we can 
observe small correlation 
between PSLH and ╣.

Nevertheless, the degradation 
of performance is by a factor of 
1.5. 

Q. 
Doesthe PSLH see the 
depth of clusters?

Correlation does not look serious.

6873/15304 
=44.9% 0.4%

16926/35716 
=48.1% 0.2%

5839/39080 
=14.9% 0.2%

2683/11400
=23.4% 0.4%

high E clus

low E clus

28



Effect of the irradiation

ÅDark current
i̧ncreases 100 for

P̧repare irradiated sample of MPPCs

Å Instability of bias voltage

29

Ḑρ ρπ1MeV-ὲȾÃÍ(3-years operation) 

readout

Series

.

╡ ÃÍ

Position 
dependence 
of the neutron 
fluence

Position dependence 
of different Ὅὠ
causes instability of 
bias for the series 
connection. 

Ą Solved by adopting the Hybrid connection 



ÅBeam test at RCNP-Osaka cyclotron
¸‎Ⱦὲbeam from Li target 

Performance tests (‎Ⱦὲseparation) 30

Distribution
◄ḳ╣╜╟╟╒ ╣╟╜╣

PMT♬/n
MPPC

p
392MeV

Li target

collimator
CsI

♬:  continuous beam
up to 392 MeV 

▪:  392 MeV 

upstream downstream

Retain 90% of ‎while
suppressing ▪to 34%



Performance tests („ ) 

ÅBeam test at the ELPH (Tohoku, Japan)
electron synchrotron 

ȩvaluate „ (as a func. of E)
Å Monochromatic 200, 400, 600, 800

MeV Ὡ beams 

¸Used setup as realistic as possible

¸Confirmed MPPC functionality after dose
ĄIrradiated MPPCs were used

31

Beam

summed
100 100 ἵἵ
region

V Irradiated MPPCs worked enough
V Readout worked well

Ɑ
◕
◄(

n
s)

╔╫▄╪□



ὑᴼ“’Ӷ’decay 32

ÅSuppressed by FCNC in the SM 

ÅSmall QCD uncertainty
u̧seful prove to the New Physics

ÅTwo compatible processes
¸ὑ ᴼ“’Ӷ’:  ꜝ ᶿὠ

¸ὑ ᴼ“’Ӷ’:  ꜝ ᶿ)Íὠ

ꜞὑ ᴼ“’Ӷ’ ρχȢσ Ȣ
Ȣ ρπ E949

ꜞὑ ᴼ“’Ӷ’ < ςȢφ ρπ (90% C.L.) E391a

╚קּ ᴼⱫⱨⱨ

קּ
╚
╛
ᴼ
Ⱬ
ⱨ
ⱨ

JHEP11 033 (2015).

EXP

SM prediction

ꜞὑ ᴼ“’Ӷ’ = ωȢρρ πȢχς ρπ

ꜞὑ ᴼ“’Ӷ’ = σȢπ πȢσ ρπ

JHEP11 033 (2015).

+
NP



Rejection of neutron BG

ÅHalo-neutron BG
Result of 4 days run: ꜞὑ ᴼ“’Ӷ’ υȢρ ρπ (90% C.L.)

¸We need 3 more magnitudes of suppression 
two-dimensional shower envelopeĄ 1/10 done

Pulse shape likelihood                         Ą 1/10 done

33

* Prog. Theor. Exp. Phys. (2017) 021C01

*

The largest contribution from BG

measure shower development (in z) 

in the calorimeter ĄO(1/10) 



Performance tests (‎Ⱦὲseparation) 34

Ą suppresses halo neutron BG to 10%
while retaining 90% efficiency of two ♬
signal events!

¢ŀƪƛƴƎ ƛƴǘƻ ŀŎŎƻǳƴǘΧ

MC evaluation of performance for halo neutron events,
based on the result of beam test

Correlation of two cluster position:
Å the second cluster is deeper

Other neutron cuts

◄□░▪

◄□╪●

▪neutron case

♬gamma case

◄□░▪

◄□╪●

The larger one   Ą ◄□╪●
The smaller one Ą ◄□░▪



Quality assurance of MPPCs 35

Quartz gluing
Soldering
temperature test

MPPCs

I/V inspection
LED test

Process 80 MPPCs/day

I/V curves
#MPPC 500

Summed 
MPPCs

Individual test

Inspect all of MPPCs (#~4000) before installation 
Ą Start gluing on CsIin this summer



Development of front-end: monitor 36

0.1uF

рмʍ
0.1uF

рмлʍ

рмлʍ
130ƪʍ

10ƪʍ

+

-

to AMP

Signal 
readout

to ADC

Current monitor
+HV

╘╥
♪╥ ╥

♫╥ ╥
♬

DCdark current is continuously 
monitored to confirm the 
functionality and level of radiation 
damage.

Operation current increases by a 
factor of 100 in three snowmassyear:
╘▫▬ πȢυ‘!Ąυπ‘!

AC DC



Development of front-end

ÅMPPC readout

ÅBias connection

37

readout

Series

.

readout
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Cross section of CsI

1m
Two types of crystals

4 MPPCs are simultaneously read out

S13360-6050CS (HPK)

6 6ÍÍ sensitive region
Si-window

J small time constant (~200ns)
L high bias voltage (220V)
L unstable individual operation 
voltage toward irradiation

Llarge time constant (~0.5us)
J low bias voltage (55V)
J stable breakdown voltage

toward irradiation

�^�,�Ç���Œ�]���_-connection
Å adopted by Meg2 upgrade
Å AC line: series
Å DC line: parallel
Å have both pros

readout

Parallel

adopted!

2716 crystals


