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Introduction
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Two electromagnetic showers @sland no signal in the hermetic veto counte

Key: avoid missing photons and exclude neutron-induced BG



Csl calorimeter of the
KOTO detector

A Cslcrystal
., undopedCsl(* 300 nm)

#crystal = 2716
2240small(25 251 1 )
A76large(50 501 1 )

A Excellent energyesolution

., 70 mowbkpx T B/O" A6
JPS Conf. Proc. 8, 024007 (2015)

A PMT signals are digitized BYpDC|

. 14 bit 125 MHzBsampling with

Gaussian filter . 2 :
., 512 ns timing window (64 sample
Timing resolutionp D pns




Neutron background 5

f'— Neutron BG —\

beam hal
N
radiation length~2cm interaction length~40cm
upstream downstream

\_ shallowdistribution J k uniform distribution j

# of Hadron

SES Cluster BG \(\o‘(‘ \9
1.3x109  0.24 % &

ANESEY 6ox100 002 ¢ To achieves SMesensitivityy we=need i
Sx1011 0.5 suppressineutron$ by a factarfof ten

SM sensitivity




|dea of the Csl calorimeter upgrade

upstream Cslcrystal

Previous

Attach MPRCs

TH1 1T 7 / . yd \
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MPPGs mteractlon length¥# 40cm

g P

Measure the depthwith the time difference 3| k 3lu || - 7|24
A Small 1| implies 5




Readout



New front-end readout Crystals

A MPPC readout
# of MPPCs1080 (>#PMT=@s)

To reduce # of channels..
4 MPPCare connected

Large
A Bias connection '
e | = H =
Gl BONARE 0
1 4 S
r €r 2r; 5cm 10cm
fixlxli 61 86 NARE 0Al & O2
Nals [ ~ Aadopted by MEG Il upgrade

- AAC lineseries, to read out signals
~readout | ADC lineparallel, to apply bias voltag




Development of front-end: amplifier  °

Hybrid
+HV -
(77 mixer (sum amp)
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32 hybrids : b A gl
are connected -4

to one board : 4080 MPPCs

4 MPPCs are connected 1/4 ‘
1020

4 readout iIs summed 1/4 ‘

256 channels

A Manageable number of channels



Segmentation
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Read 10 cm x 10 cm region as

a single channel

typical size of EM shower
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Installation of
MPPCs



MPPC on the Csl surface 12

UV-transparent
CS I Glue

Two problemsttothe:addressed e

Concave shape of MPPC Quartz
-\ “y-
ilicone
Quartz plate tomake surethe flatness >
and transparency in advance

‘ ‘MPPC

Bubbles appear at low temperature

j> Keep positive pressure inside the glue

Wait for curing
strong glue




MPPC installation

MPPC supporting rod
/ spring 2.5N Jmm

Mppcjf \% /

MPPC gluing jig

Quartz
« plate
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MPPC Instrumentation . 14
Time Iase movie

A Glue MPPCs on two rows in a da

A Start from Bt Oct. and 45 days to
finish all

A Installatlon finished as scheduled
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New outer wear of the calorimeter 15
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2019 run



Data correction in 2019 runs

Accumulated POT vs time

25: // Collected
T e L7, good quality data with
= 200 All physics runs,+* ./ D POT
& 5 // r/ﬂ/ (almost same amount as
© L
% of , // Good physics runs 201> data)
3 //r—/ after selection Neutron control sample
< 5 V4 D POT

- f’/ Neutron controll%nplej

03/10 02/17 02/25 03/04 03/12 03/20 03/27 04/04 04/11 0419 04/27

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



Dark current

of MPPC (A)
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MPPC irradiation 18
Dark current of layer R un 82
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Increase of dark current of MPPC due to irradiation
A 20 times larger than what we had expected

Timing resolution as a function of the dose of irradiation
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Separately
evaluated by
another beam
test at Kobe

5 Tandem facility



MPPC Irradiation 19

Dark current of layer R u,? 82
—_ end
|= 55‘:,7_ __________________________________________________________________________________________________________________________________________________________ b 1st laye
Gt) Q) = Run81 Run82
S Qo = user end start " 2nd lay
O *- beam ~
== " sta
C w— =
D (@) 20;
) woiosro = Bvenwith >50times the

irradiation in 2019, the timing Dae

to Irradiation

resolution will be within our pected
gﬂ | specification
= eparately
= e 08 - g:% N: 1 H% evaluated by
£ o6 i f. RERRNE i 1 ] | another beam

04 | ‘ test at Kobe
o] Dark Currgent after 2019 runs Tandem facility
O 000 2000 3000 4000 5000

Linearly scaled Current (uA)




AnalysIs



Control sample 71

N 7 distribution

1600F
A Control ofsample ofs w0
1200—

) ‘ %1000?—
L © ¢ decay o
A Clean and abundant control $ 600
sample of 422

A Control sample ofieutron

Special run setup —~ 0.024 —— .

| + Physics data

—— Al control sample

Gamma
energy (MeV
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2| distribution of the control samples
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Special run setu
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Emulated distribution of Lt; © Z hh

Fa SPEctrum
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Summary

A KOTO collaboration aims to search for New Physics via
rare decayp © “ "' o8t T p T

A In the last autumn, we attached >4000 MPPCs on the fti
surface ofCsicrystal to improves/n separation power:

A In 2019 run, we successfully collected physics data
and confirmed
. Irradiation of MPPCs was acceptable for future data collection

. performance of the neutron rejection was be 1/45
(for 90%- of signal), which was much better than our goal of de

A Detectorpaper is now under preparation






Degradation of neutron rejection

Neutron rejection vs additional degradation of timing resolution
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Correlation b.tw. CSDDLvs 4 °

hentriea.200000ns

o IOWECIUS biea 00 m‘;
. "pfront 28715304 .

AT distribution for Z0 /
@1 _high 0
: : ’ : ries
: g i : ean 3z

CSDDL distribution for Front low E cluster

CSDDL distribution for Rear low E cluster

Q.
Doesthe CSD see the
depth of clusters?

\J

Let us separate regions into
GFNRYGE YR AGNBI
evaluate the reduction by applying
CSDDL value>0.9.

=1.9%

CSDDL_3_0_cont
Entries

low Eclus  *

rear 599/35176
=17%

) LsonL value )
CSDDL distribution for Front high E cluster
CSDDL_0_0_cont

high Eclus

- | front  358/39080

=0.92%

DDDDDDDDDD

: 'CSDDL value
CSDODL distribution for Rear high E cluster

rear 85/11400
=0.75%

78
0.05556
0.18

DL_2 0_cont
niries. 11400
high Eclus =

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

(Rather, E dependence can be
observed.)

Correlationcdoes noblook large.




Correlation b.t.w. PSLH vs 1

hentriea.200000ns

AT distribution for Z0
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PSLH distribution for Front low E cluster PSLH distribution for Rear low E cluster

Entries

e 16926/35716
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- : = 0.
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Q.
Doesthe PSLH see the
depth of clusters?

\} *4

dza aSLJI NI GS »
GNBI NE NBIA2)
reduction by applying PSLH value>0.
(pulse shape template is run74,75)

PSLH_3 0 cont

35176 |
o |

0.2057
0.2381

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

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

Correlation-does notlook-seriou:




Effect of the Irradiation

A Dark current

., Increases 100 for

Dp p miMeV-¢7A | (3-years operation)
. Prepare irradiated sample of MPPCs

A Instability of bias voltage

Series

Position dependence
of different "Qw)
causes instability of
bias for the series
connection.

A Solved-by:adopting the \Hybrid connection

Dark current (uA)
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Performance tests (f ¢ separation)
A Beam test at RCNBsaka cyclotron

, [ 7&¢ beam from Li targel . imator lel = =
p 15¢m I-u‘
A continuous beam 392MeV =’
up to 392 MeV > R e =) i
- © 392 MeV Li target LS S
VPP m 4.18m 5.68m 30m
XX "
an — 3 2\
upstream downstream
0 TN A TG - N "
i ear 5708 e o176 Distribution
. RMS 0.9856 J J
0.08 i
&« gl ppeoalpay
o.os:— Y
— Neutron

Retain 90% df while
suppressing to 34%




Performance tests (, )

A Beam test at the ELRffbhoku, Japan)
electron synchrotron |

evaluate, (as afunc. of E)

A Monochromatic 200, 400, 600, 800
MeV'Q beams

Used setup as realistic as possible

Confirmed MPPC functionality after dogg
A Irradiated MPPCs were used
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S I V Readout worked well




L © “ "[decay

A Suppressed by FCNC in the SM

A Small QCD uncertainty
useful prove to the New Physics

A Two compatible processes
L0 ot e o |
VIR HCAD I

EXP

ME'V relation — future constraints (c. 2025)
T T T y.

— -
EZA 95% CL using central [Vip|ayvg/ | Vi avg = 1%, 7 £ 1° |

d.u

: N 95% CL using central S + 0.25° U O “ T r < C @ p
: N Example measurement : 10% precision relative to SM 1 - .
0 Example measurement : non-MFV NP scenario (same precision) / l U O [ 1 r pX &
N_
o 15
- SM prediction
=l e i * O « 1
V] [ = o8t

~ .

. | 0 O « 1 ) ll— - (Afﬁ) p

=~ JHER1 033 (2015).

p L oz

m (90% C.L.) E391a
8 pm E949

T p T
X G P

JHER1 033 Q015).



Rejection of neutron BG 33

A Halo-neutron BG * Prog. Theor. Exp. Phys. (2017) 021C0:
1 € *
Result of 4 daysrun:(0 © “ ') uv® p 1 (90% C.L))
Background source Number of events
K — 27" 0.047 +0.033 The largest contribution from BG
K, — ntan" 0.002 £ 0.002
K, — 2y 0.030 £0.018
Pileup of accidental hits 0.014 =0.014
Other K; background 0.010 £ 0.005
Halo neutrons hitting NCC 0.056 £ 0.056
Halo neutrons hitting the calorimeter 0.18 £0.15
Total 0.34 +£0.16

We need 3 more magnitudes of suppression
two-dimensional shower envelop&y 1/10 done
Pulse shape likelihood A 1/10 done

measure shower development (in z)

In the calorimeterA 0(1/10)



Performance tests ( ¢ separation)

34

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

# of Events

2000

1500

1000

= neutron case

2500

500

:_ \

-0 8 6 4 -2 0 2 4 6 8 10

I N Ll L P

# of Events

_fdJdamma case

—— Max TD cluster

—— Min TD cluster

TDG_Max
Entries 7792
Mean -2.513
RMS 0.6396

TDG_Min
Entries 7792
Mean -3.367
RMS 0.6563

¢H1Ay3 Ayidz I Ooo2EM

Correlation of two cluster positw
A the second cluster is deep

The larger oneA « Lo
The smaller onéy «:..

Other neutron cuts
A suppresses halo neutron BG to 10%

while retaining 90% efficiency of twgs
signal events!



Quality assurance of MPPCs

MPPCs

11l 4 L
LU~ [gu

Quartz gluing I/V inspection

Soldering LED test

temperature test

0.8

Current (uA)

0.2

Eﬂ.

1.2

1

0.6

0.4

Inspect all of MPPCs (#~4000) before installation - __Z
A Start gluing orCslin this summer 47515 52 525 5 595 54 55 55 565 5o

Voltage (V)
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Development of front-end: monitor

tHY G Currentmonitor
W EI. B LRl .

»

" 0.1u DCdark current is continuously

to AMP E E - .
Signal : . monitored to confirm the
readouf: p M functionality and level of radiation
: : damage.

Operation current increases by a
factor of 100 in threesnowmasgyear:
L ™ 1A urt!

s EEmEEmEsEEsEssEsEE s e -

S Em e EEEEE"EEE-E=- -

[ |
DarkCurrent
g 37 : ; 7
2 [ [%®/ndf 47.7 ] 46
S [ | Prob 0.4033
32507 Vo 51.82 +0.02
R 0.2209 + 0.006
oF | B -0.0136 +0.002 4
R 0.017 +0.002 fg
151
i
k) Y 1) :
0.5_ -!-!_ y /. AN I
- AP\ )
of
é1llII52IIII53IIII54IIII55II\I56IIII

Voltage[V]
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Development of front-end Cross section o€sl

S1336066050CS (HPK) 2716 crystals
6 61 | sensitive region
A MPPC readout o Senstivered
Two types of crystals m
om, mml 4 MPPCs are simultaneously read out
F: -- 2.5 cm
| 5cm [—
1 l ). adopted! N, G (cbnnection
R Bi : R . A adopted by Meg2 upgrac
Blas connection ; a1 &0 NRA RA AC line: series
. A . A DC line: parallel
SEres ; small ime constant (~200ns) ! 2r; A have both pros
L high bias voltage (220V) \ !
reitlout L unstable individual operation i
| voltage toward irradiation A - =
Parallel 218
L large time constant (~O.5us)/§ —"—
J low bias voltage (55V) | = readout
I J stable breakdown voltage
= toward irradiation e ,
readout
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