Upgrade of the Csl calorimeter for the KOTO
experiment

Osaka Unlversny for the KOTO collaboration
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New outer wear of the calorimeter
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KOTO experiment . ——
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Bsm (K, — rlvv) = (3.0+£0.3) X 10711 jher 11033 2015)
Bexp (K, = m%v¥) < 2.6 X 1078 (90% C.L.) by E391a

18

Y(mm) FB HINENOS NCC MB BCV CV CsI CCO3 LGV CCO4 CCO5 CCO6 BHCV BHPV = s0x10 80 —
2000 | | / NN | "‘ \ | \ S Ot ol ] E
\ p‘\ [ 1 L L f1 " 1 Il I[ I ’_J.L,‘ ‘ \ . - ~
\ SR { ] - \I ".\k | o F 7 f.
\/ o [\ = =7 | ||\ o g 60 60 &
e = T \ = cof 1 2
{ ‘% = \_.\ ". TE; 50E ................... i s
== g g :
0 [g’ Ko V= :g | § :35_ ................................................ -:40 8
F———— Decay regio‘rr‘L\E < ] o

Iy eq\.:. O == \\I‘ 7 20; ................... 20

AN T I L N{/A v 10F ]
_2000 | | | | AV | | 0E " Ll —l - * 70
0 2000 4000 6000 8000 10000 12000 2012 2013 2014 2016 2016 2017

Z (mm) Dec Dec Dec Jan Dec Dec

Signal: 2y + nothing

Two electromagnetic showers in Csl and no signal in the hermetic veto counters

Key: avoid missing photons and exclude neutron-induced BG

- Upgrade Csl calorimeter to reject neutrons



Csl calorimeter of the
KOTO detector w

O Csl crystal
® undoped Csl
#crystal = 2716

2240 small (25 X 25 mm?)
476 large (50 X 50 mm?)
S 4555,
O Good performance of resolution G N
, v
® O'E/E = 0.99%@1.74%/,/E[G6V] .(J)I;i:g7n:.2(l;:c;.8, 77 A%
0 PMT signals are digitized by flash -
ADC =
: : Pt
® 14 bit 125 MHz sampling e
® 512 ns timing window (64 samples)

® Timing resolution g; ~ 1ns



|dea of the Csl calorimeter upgrade

upstream Csl crystal

Previous m

Attach MPPCs

N
T

n //\ //3%

N N S
MPPCs ™| interaction length ~ 40 cm

Measure the depth as At = Ty ppc — Tpur

- Small At implies y



New front-end readout Crystals

0 MPPC readout

# of MPPCs: 4096 (>#PMT=#Csl)

To reduce # of channels..

4 MPPCs are connected

5cm

1 Bias connection t
e IR
: T : ' < > <
rogr g2r 5cm

4 “Hybrid” bias connection

Z]j r sr | ¢ * adopted by MEG Il upgrade

— ¢ ACline: series

-» readout e DC line: paraIIeI



Development of front-end: amplifier

+HV
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4 MPPCs are connected X 1/4 ‘

4 readout issummed X 1/4 ‘
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4096 MPPCs

1024

256 channels

—>Manageable number of channels
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Effect of the Irradiation

> 2x10%1Mev/Cm?2

0 Dark current ™ /-
< so'—
® increases X 100 for :f s01.5%108 mw/cy ______________
) r
~ 1 % 10° 1MeV- n/cm? (3-years operation) 5« '
® Prepare irradiated sample of MPPCs R
O 20
D InStablllty Of b|as VOItage 0% 2040 60 80 100 120 140 160 180 200
Irradiation time (min.)
Series
Position dependence Taof —
60‘? of different I(V) soor |} Position
, N Z 700E dependence
causes instability of sof |\ of the neutron
,i, bias for the series i fluence
readout i -
connection. 300}~
2002 R (Cm)
- Solved by adopting the Hybrid connection mzz
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Performance tests (y/n separation)
[0 Beam test at RCNP-Osaka cyclotron

® y /n beam from Li target collimator ICS' =
Y: continuous beam 392MeV <
up to 392 MeV = o b ~ N
n: 392 MeV Li target e,
MPPC 18m 5.68m 30m
¥ X 4
vin— 3 2\
upstream downstream
_ TN i TG . . .
v 2708 | vean. 01765 Distribution
RMS 2519 |RMS  0.9856

At = Typpc — Tpur

Y
— Neutron

Retain 90% of y while
suppressing n to 34%




Performance tests (o)

[0 Beam test at the ELPH (Tohoku, Japan)
electron synchrotron

® evaluate g,; (as a func. of E)

* Monochromatic 200, 400, 600, 800
MeV et beams

® Used setup as realistic as possible

® Confirmed MPPC functionality after dose
—Irradiated MPPCs were used

summed
@® = Sl 5 | 100X 100 mm?
s region
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MPPC instrumentation 12

MPPC supporting rod
spring 2.5N omm

oy

"“'.
48
,’_44

Frames to supﬁért
glumg jlgS : «,/




MPPC instrumentation 13

Time lapse movie
0 Glue MPPCs on two rows in a day
1 Start from 15t Oct. and 45 days to
finish all
I:I No serlous problem occurred

4093:E > H’J_,_f—’ ——
o - Progress -

(a8 = 1,_1—’_4

8 - L

E 1000% - JJJ_‘

* .0 . 10 2 30 40 days

1st Oct. 1st Nov. 15th Now.
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Cosmic ray test

[ Construct 12 plastic scintillators to...

e evaluate z-At dependence using cosmic rays.

 find dead channels

36

— = 2-A4t curve o
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Track hit position z (mm)

¢/ Functionality of measurement of depth
¢/ Understand individualities of crystals
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Summary and plan

[d KOTO collaboration aims to search for New Physics via very
rare decay K; - m%vv, Bgy = (3.0 +£ 0.3) x 10711,

O In the last autumn, we attached >4000 MPPCs on the front
surface of Csl crystal to improve y/n separation power:

[ In the next March, we will start physics data taking and

® obtain calibration data (K; — 37" and neutron rich sample),
® develop new discriminator to reject neutrons



That's all

Thank
you!
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K — mvv decay

[ Suppressed by FCNC in the SM
[d Small QCD uncertainty

> | |
s d S d
® useful prove to the New Physics 1% * N\P\;%E

[0 Two compatible processes
O KT -ty A x |Vl
.KL — 77:01/17: A Ithd

EXP
) ‘ MEV 1‘(*1‘;1ti(u1 — ‘fut.ur(‘ <‘01‘1st1';1i11t.< )('t 2025) .
D = i B(K; - n°vir) < 2.6 x 1078 (90% C.L.) E391a
Example measurement : 10% precision relative to SM
c: 1 Example measurement : non-MFV NP scenario (same precision) / B (K + _) 7T + VV) -_ 1 7 . 3 t jl‘é:g X 1 0 - 9 E949
T 15
- SM prediction
E’ B(K, - n°v¥) = (3.0 + 0.3) x 1011
" B(K* - ntvv) =(9.11 £ 0.72) x 10711
-~ JHEP11 033 (2015).

+ +a)77
B(K™ - m"vv) JHEP11 033 (2015).



Rejection of neutron BG 19

[ Halo-neutron BG * Prog. Theor. Exp. Phys. (2017) 021C01
— _ *
Result of 4 days run: B(K; - n%vv) < 5.1 x 1078 (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 envelope - 1/10 v done
Pulse shape likelihood - 1/10 / done

measure shower development (in z)

in the calorimeter 2> 0(1/10)



Performance tests (y/n separation)

20

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

2500

of Events

2000

1500

1000

n neutron case

500

— Max TD cluster

— Min TD cluster

TDN_Max
Entries 42071
Mean 1.041
RMS 1.52

TDN_Min
Entries 42071
Mean 144
RMS 1.451

Lol L1
% 8 6 4 2 0 2 4 B 8 10

P o S T

—— Min TD cluster

TDG_Max
Entries 7792
Mean -2.513
RMS 0.6396

TDG_Min
Entries 7792
Mean -3.367
RMS 0.6563

N Atma;vc

A

0,

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

Taking into account...

(1) Correlation of two cluster position:
* the second cluster is deeper

The larger one =2 At
The smaller one 2 At,,;;,,

2 Other neutron cuts

—> suppresses halo neutron BG to 10%

while retaining 90% efficiency of two y
signal events!



Quality assurance of MPPCs

MPPCs

1Ll =

o

Quartz gluing
Soldering
temperature test

I/V inspection

LED test

Inspect all of MPPCs (#~4000) before installation

-> Start gluing on Csl in this summer
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Development of front-end: monitor

tHY '_:'_* _I_ Current monitor

Operation current increases by a
factor of 100 in three snowmass year:
I,, = 0.5uA = 50uA

+ooaur] ) . _ )
o AMP — ' : DC dark current is continuously
. 1 : monitored to confirm the
Signal Lo " , ) o
poswa ] o - functionality and level of radiation
readout: ! :
: P : damage.

DarkCurrent
g 37 : ; 7
& [ [72/ndf 47.7 | 46
g L[| Prob 0.4033
32507 Vo 51.82 +0.02
C| o 0.2209 + 0.006
oF | B -0.0136 £ 0.002 z
R 0.017 +0.002 fg
1.51
1 % 2
- - alV —Vy)
05_ I(V) — y Ve & 4 7y \2 + 'P'
T s— PV — Vo)
of
%1IIII52IIII53IIII54IIII55II\I | I I |

6
Voltage[V]



Development of front-end  cross section of Csi

$13360-6050CS (HPK)

A A0

6 X 6 mm? sensitive region

0 MPPC readout

Si-window \

Two types of crystals

2.5 .
>cm o3 4 MPPCs are simultaneously read out

HHEE

] Bias connection

Series © small time constant (~200ns)
® high bias voltage (220V)
readout ® unstable individual operation

> voltage toward irradiation E} 0l A
| s
30.255 i
s
Parallel Boz
® large time constant (~0.5us) : [
© low bias voltage (55V) ' 04
© stable breakdown voltage 00sl
toward irradiation b
—= —

adopted! “Hybrid”-connection

. * adopted by Meg2 upgrade
. * ACline: series

. » DCline: parallel

. * have both pros

Waveform

Parallel
— Series
— Hybrid

readout 81 02 03 04 05 06 07 08 09 123

Time



Gluing of MPPC on the Csl surface  #

[ Difficulties to glue MPPC
® Concave shape of MPPC
® Epoxy glue does not cure well on Csl surface
® bubbles appear at low temperature
» Quartz plate to assure the flatness

and transparency in advance

Csl
Epoxy

/ glue

s Quartz

- silicone

MPPC




Fabrication of MPPCs 25

To keep the internal pressure high...

after silicone is cured, apply pressure and
dispense epoxy glue along edges

—>Strong tolerance to low temperature

For more detail, see the backup.



Fabrication of MPPCs 26

1
Insert MPPC Put MPPCs into oven and
F on jig wait 24 h (keeping 45 deg)
2 6 .
Drop glue dispense
epoxy glue

(araldite 2011)

Drop glue on apply weight

quartz

4 wait for cure
keeping the
quartz floated

wait 24 h for cure
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I/V inspection of MPPCs 28

|/V inspection front end

+HV LEMOGI

Gl

8 TMY CAP_ 308 1 AND

MPPC_5PIN

()
= O

055

!

to MUX

OPAMP

> FET input (high impedance)

Gain 100

B S

16 X3 [: o

MUX

AMP

4bit —

PIC microcontroller

register

Buffer
S Basic design
e 16ch are chosen by MUX
* DC voltage is buffered by voltage follower
M (I) after the MUX
ADC




Front-end board 1/3 (top) 29

& LEMO for HV

=. ' .
’ES 45 jack to connect —
e | % a"1”{1‘isum ﬁodard”

IC socket

IC socket is used as a connector




