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Search for the rare CP-violating K, — 7'vi decay at J-PARC

Sensitive to
new physics

. K, — v decay has NOT been observed yet  KOTO detector

B (K; = 71'01/17) <2.0x 107 (Preliminary)
with KOTO 2021 data

Signature of this signal

(7’ - )2y = Csl calorimeter

+
Nothing =» Veto detectors



Rare decay search = Fighting against backgrounds
K* decay : One of main backgrounds in KOTO FyelFy =32x107

e Source: K* — zle*1

Collimator
y absorber Uev
\ ‘ AN YA
Proton .. L E——— ol W e “ = R
T 7
I / KE '
\

Gold target Magnet

. Reduce K™ BG by detecting K™ with a charged particle detector
in the beam from 2021 (Upstream Charged Veto)

. K* BG level(2021 data): #BG(K*)/#Signal(SM) = 1.1



0.5-mm-thick scintillating fiber Cross sectional view
+ of the fibers

Silicon photo-sensors (MPPCs)

Cladding (2%)
=> [Insensitive

. Detector is tilted by 25° to reduce inefficiency Core —|}-

» Inefficiency = 7.8 X 1072 Charged 9
K+ BG rejection : 1/13 particle




Developed the new version of UCV (FilmUCV)
Requirement

Reduce the probability of interaction of neutral particles in UCV
Raise the detection efficiency against charged particle

* Thinner + More Sensitive detector

0 : How do we achieve them?
A : Use 0.2-mm-thick plastic scintillator film

0.5-mm thick = ~ 0.2-mm thick

Previous Today

Inefficiency : 8% = 1%
K™BG rejection: ~1/13=1/100




High efficiency -> large light yield
O : How do we get enough light yield?
A : Use the scintillation light escaping from its surface

R ||I Charged particle ’\ ”\Kn

Charged Particle

-

Then ...

Photo Photo

SCNSOr

SCNSOr

Scintillator fil
- AOr 12 pm thick

Al mylar
« Reflect and collect light with 12 ym thick Al mylar



Checked the yield of the light escaping from scintillator film with prototype

. Compared the light yield 1. w/ mask : light yield propagating inside the film

2. w/o mask : collected light by Al-mylar reflections, in addition

~~ Counter1

Distribution of # of photoelectrons

S5
s . w/mask : 2.0p.e./MIP
1° w/omask : 10.7p.e./MIP
, 1M 4
1050”:"e's'"":'"'1'5'"'2'6"5'5'"'3&' Ujs U;'d"h's'"Hso
10 # of photoelectrons [p . e.]

‘Gotx3.5lightyield



12 ymT Al mylar K+
\

0.2 mmT Scintillator Film(BC400)

. Size: 160 mm x 160 mm
= large enough to cover the beam

PMTs

. Structure of reflector

= Collect photons with a few reflections

. Read out by several PMTs
= Good S/N, Radiation hard (= MPPC)

Detection area

8 Al Mirror

. Al Mirror outside of photocathode
= increases light yield (x 1.25)



Design of reflector
Make this structure by 12 ymT Al mylar

Top view

Detection area . Front view

P R ' /\

Photograph

. Use 7 PMTs per side =14 PMTs in total



Installation of filmUCV

. Installed a new version of UCV(FilmUCV) in May 2023
 Installed movable trigger counters at the same time

to evaluate Performance of FilmUCV directly
Movable trigger counter

Developed by K. Kotera (Osaka Univ.)

.- Read out scintillation light by MPPCs
. Can move trigger counters

\
Photo 4

Away from the beam at
Physics Run

In Summer 2023, we took the data for FilimUCV

10



1. Performance of filmUCV (light yield, inefficiency)

2. Increase of probability of losing signal events
(Accidental loss) n,y

- Due to (D High counting rate of FilmUCV itself

(2 Scattered neutral particle FilmUCV
hitting other veto detector (on going)

3. Increase of other backgrounds
- Due to scattering of neutral particle

= check the change of increase
thanks to less material budget

e.g.) Neutron background

11



Performance of filmUCV



Took the special data to evaluate FilmUCV performance directly in 2023 run

Schematics of beam line : Physics run

T, U, e Beam plug (Brass)

&
v

n,y,K;

/

FilmUCV
Magnet(ON)
Physics run
—4
r charged/ I neutral 3.6 X 10

(MC)

13



Took the special data to evaluate FilmUCV performance directly in 2023 run
Schematics of beam line :

Beam plug (CLOSED) .
(Length : 45 cm (2.74)) ,

E 7T, U, €
L-WSQ%“.QF.F.)-----------------.'Filn{;cv Pt
Physics run Special run
l. Turned OFF Magnet Fo JF o 3.6% 10~ 16x 102
2. Closed beam plug - 0
(MC) N

-> Enhanced Minimum lonizing Particles(MIPs) X 40

14



Took the special data to evaluate FilmUCYV performance directly in 2023 run

Schematics of beam line :

Beam plug (CLOSED)
(Length : 45 cm (2.74))

Movable Trigger counters

FilmUCV

Magnet(OFF)

l1. Turned OFF Magnet

2. Closed beam plug

3. Trigger : coincidence of movable trigger counters

= Can collect the data efficiently that MIPs pass through FilmUCV
15



Example of waveform of channel |

)
C 540
3 - "
Q  520F Maximum
() 500F H¢
<DE 480—
460—
4101 ’
120F ‘ 0.5xPeak height
400 ¢
380 4l
- s
o : Pedestal
340L= ’
3200_ ] ] ] ] 1O|O ] ] ] ] 260 ] : ] ] 30|O ] ] ] ] 4O|O ] ] ] ] 560 ] I.
T[] Time [ns]

Light yield : Peak height = Maximum - Pedestal

Timing 71 /] : the timing that exceeded the half of Peak height

(Constant Fraction Timing)

16



. Find peak in each channel in a 20 ns time window

. Convert Peak height to # of photoelectrons
with 1p.e. calibration data

v

. Calculate total light yield of UCV

by summing for each channel

# of event (< threshold)
. Inefficiency= ——mmmmm

# of total event

Timing between a channel and trigger counter

120

100

80

60

40

20

| o

# of event

Entries 815333

Mean 33.74
Std Dev 6.021

0 2|0‘_ﬂ"|"'60 80 100
20 ns Timing [ns]

Threshold

i MIP1 7



Distribution of # of photoelectrons Inefficiency

| h
. | Entries 849387

Mean 23.1
. |StdDev  11.09

Inefficiency

ek
=
\)

ek

S
SN
|

ek
S
N

10 20 30 40 50 60 70 80 90 100

# of photoelectrons [p.e.]

IIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII D | I IO.2I IO_4I |

=3 Obtained the performance as expected
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. Also checked uniformity of performance by changing the position of trigger counter
Light yield

. Inefficiency Front view

Mean 1.158
| StdDev  0.4079

1072 E_ .....

1:18.8 p.e./MIP -~ /Ato0.4MPp,

1074 . | e 107° s . .
= [ 2:18.5p.e./MIP | $ 1:(49£02)x 107

il At 0.4 MIP,

107° :wn 3 . 1 8.6 p.e./MIP ........................ 107 ;_ ...... 2 . (61 i 03) X 1()—4
10—6 _uj-|||||| ..... - | ..... R | ..... o |||||||||| 10_5 | | 3 - (5’3 i ()'3) X 1()

2 2.5 3 0 0.2 0.4

" Energy [MIP Threshold [MIP]

0 0.5 1 1

* Confirmed Enough uniformity




. Calculated Constant Fraction Timing 771 j] for each channel
* At = Tycy - TTrigger counter

. Calculated the FilmUCV timing (T;cy) _
Definition : Average weighted by light yield 0"
BTNl

T EN,]

T1j] : timing of channel N, . [j]:light yield of channel j

¥

10 E

. Timing At = TUCV ) TTriggercounter ]

By subtracting the timing resolution of Trigger counter (Orjooer counter = U-38 11S)



Accidental loss of filmUCV



Evaluation of accidental loss at filmUCV

. Accidental Loss L : Probability of losing signal events

L=1-— €Xp(—RW) q

R : Hit rate at FilmUCV W : Time window for veto Beam partlcle

¥y, n, Ky
FIimUCV
using Random trigger (CLOCK) data at physics run I R
Evaluated L with w = 20 ns e e
(Assumed that Beam structure is flat) IR T R == 18
e L:2.65% at 0.4 MIP threshold ->NOT same as expected
(Expectation: L = 1.5% at 0.4 MIP threshold)

sl Under investigation 0-c 04 %ﬁresoﬁgm [MIP]
22



1F
. When Setting threshold = 0.4 MIP, :
107
> _
%10-2_
104 =
K™ BG rejection w/ FilmUCV :
#BG(K™)/#Signal(SM) : 0.007 10_5()' T0z 04 05 03

Threshold [MIP]

* Can eliminate K™ background

1

ok
—
R

Accidental loss

ok
()
-

I 10—3

23



Increase of other backgrounds

24



Neutral particles (K;, n) are scattered in UCV = Increased 2 types of backgrounds

. Halo K; — 2y background

Today’s contents

25



Increase of neutron background

Goal

# of neutron BG oc neutron flux

=Check change of neutron flux thanks to the change of UCV’s material budget
(0.5 mmT — 0.2 mmT)

. Estimated neutron flux using physics data

1. Counted # of events in control region of Pt-z plot (N,
Pt-z plot with all cut for K; — «

500

]z' D, 45

400

350

300

250

200

150

100

50

1%00 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 0 Z

0

303

—3.5
—3

—2.5

—12

—1.5

1
0 Io.5
L1 1 | L1 11 | L1 11

1/1/ search

0
T Dy

Enhance neutron events

by removing neutron cut

VIX

—

bs)

Pt -z plot w/o neutron cut

500
450
400
350
300
250
200
150
100

50

8

L B, 70
60
50

40

:IIII|IIII|III |IIII|IIII|IIII|IIII||III|IIII|IIII|-O
00 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 Z

2. Defined neutron flux as F.ion = Ny /A/POT[10%]
A : Acceptance POT : Accumulated Proton On Target

VIX

control region

20



Comparison of neutron flux

35000
I neutron
30000
25000 o
20000 -
1 5000 I .............................. .............................. ........... A Fneug‘z)r;l ............ AFneutron
- e Y)Y ..
10000 ......................... ] .............................. | .............................. |. ............................. | ........ 0 ................
N, 0 .
Change of flux : © UC[/ 512212] P 21?2132 A
AFygutron L .
—056+0.14 = Same as expectation within uncertainty
AFO-> mml (Expectation : 0.41)

2/



. Installed new charged particle detector using 0.2 mmT scintillator (filmUCV)

Performance

- Light yield : 18.8 p.e./MIP
- Inefficiency : (4.8 £ 0.2y, +015) x 107 at 0.4 MIP threshold v/
- Timing resolution : 1.01 ns ‘/

— Can eliminate K™ BG

Accidental loss

- Accidental loss: 2.6 % == Under investigation

Increase of other background
- Same as expectation for neutron background ¢/

28



Backup



|

Vud Vus Vub
Vcd Vcs ‘/cb
Via Vis Vi

1 — A2/2
—\
AN (1 — p —in)

)

A AN (p—in)
1 —\2/2 AN? +0(\%)
—AN? 1

A = 0.22453 + 0.00044
A = 0.836 % 0.015
= 0.1227¢ 57

- 0355744}

S Q)

30



Amplitude of K, — 7'vi decay

SH
SH

2 2 A2 _—
v Imy |, mg . Mw . AQep
A(S — dl/l/) Y M‘%V )\t | M‘%V 111 mc >\C | M‘%V )\u W_
PRE Vi
Large contribution ’ .- a
due to the large mass of top (68%)
ZO
14
A(Kp —7%0) ~ — (A(K® = n%i) — A(K® - %))

V2
< VisVig— VisVia

~ —ANH(AN(1 - p+in) — AN3(1 — p — in))
= —i24%)\°p
x .

N

3



MC simulation .

100 mm

Z : Beam axis

UCVhit

Entries 2352

san x ~0.5846
eany 0.9085 ‘

S X 23.1
Sy 2382}
12
10

8

6

4

2

0N
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Channel configuration
FilmUCV

. Use sum Amplifier
=Sum 2 PMT signals on the same side

South side North side

o
Qa0
090

"’

160mm
ChO: (0, 1) Ch4 : (7, 8)
Ch1l : (2, 3) Ch5: (9, 10)
Ch2 :(4,5) Total 8 ch Ch6: (11, 12)

Ch3 : (6) Ch7 : (13)

Movable Trigger counter
. Readout two MPPCs

through WLS fibers

X Tl

& ;\ -

1 \ -
o

EN
B .-"
)
=)
X
—

N A
.
.
—

:
S
4@ *t
40mm
I
Ch1




R14095-01
® Compact PMT (¢52mm)

® Can count single photoelectron

® 10 stage dynode
® No assembly type

-> Current PMT base was prepared by A.Kitagawa(Osaka University)
® QE = 28% at 420 nm

B i I k I i
B T A R iy

77

Hamamatsu Photonics \
R14095-01 Semiflexible leads

34



| did not want to use a spring or something with wire:-- but

System of a both-end fixed wire and pulleys can transfer vertical
movement of rod to the horizontal movement of trigger counters

Downstream
scintillator

Upstream
scintillator .

—

both scintillators
go left together

both two moving
pulleys go up together

35






1 p.e. calibration

p.e. calibration (in case of Peak height
. 1 p.e. peak =40 ADC counts within 5%

Energy distnibution chO Enargy distribution ch1 Energy distribution ch2 Energy distribution ch3
E chO E chi E ch2 E ch3
Ermas 16187 Enines ([ 79 Eamas 15154 Enmas
Wean 4483 - 01541 Maoan 45139 + 0.1653 Yean 4172 =0.1456 Moan 43.07 £
=21 Dov 9.61 Sid Do S Dov f7.92 St Do
remrins n WFraartos renrine n \Faortpe

Holder
to fix PMTs

|/

MRARLLL |
WAL |
BRI

LELLARALL |

Jetrlaw | Querons Meerlaw n Quertos

Y
U

roagral 1615004 niogral 16350 .54 - rrageal i niagral 1d4530.54
r ¢ edf £E55013 r ind anBasis r {edf i ndt an6E/ 13
P 0 Prob 0.003585 Peob Prot G.00377S
Lrniary 54 Caorsiat Ll N Corsiay 030 & AN
Neun 4478 5020 Maan 9.8 Maan 4000 : 0.3
Sigra 16.59 + 0.5

EARLL

cralart

Meun

TTTTTT]
T T T
T T

Sgra ST =042 Sigra Sgra

TT T
LR RL|
TT T T
TTTTTI

LU
L
T
Ty

s lagaa boa sl e L

50 100 150 200 Pl 300

B e ~

o dow o o sy

50 100

saa lagaa bl

50

=
=]

LB et s e+ i e

ErTIELLal

Energy distribution ch4 Energy distribution ch5 Energy distribution ché Energy distribution ch?
E ch4 E ch5 E ché

nan Enines 20412

bhean 45 54 - 01428 Moan 44.45 D128 thean dras c0iizn
Ead Dow 0.37 Sid Des 08 52 Dov 2235
Ui ow 0 A corioes Urceriow n
Dsrlow n Qverion Tveriae n
riggral 2814004 ; Magral 2.0410.04 riagral La%la«De
- 436813 gl S7.63/13 ~ [ ndlf X R ]

: 314730 05 Frob 1.350-07 - Pach 0254

T
T

T

wa2

L

LR |

LA |

UL |

TTTTIT]

1243 £ 40 Consiae 1261+ 137 Corstart 2431194
4119 027 Maan 349.68 + 0!

MAs L 000 Y~ 2018 & 642

TTTTTITY

Yean d2T e

T

T T

SoTe MR 034

TTT T
T T T T

TTTTTTIY

T
TITT

PEREEE ACET RS AR e | 1 P EFEFEPEE BN PR BT

50 100 150 200 30 50 100 150 200

IS IR A

50 100 150 200

50 100 150

o
o
o

Mawli. IRV Maale i mrven Mawi. inremnm Mawl. anrsn

Energy distribution ch0 Energy distribution ch1 Energy distribution ch2 Energy distribution ch3

E ch E chi E ch2 E ch3
ErMas Eninas 20154 s 19442 L
"o 4543 - Maan 45.85 £ 0.1612 Ao 43.7S =0.0382 n

Sad Dow Std Dos . Sad Dov 15.47

ramrines Wraorine ¢ raarins n
Jewrlow Qwertos ¢ et aw n
reagral 1 504004 nlagral Z02e.0s8 ; reagral 1 S840.04
/ i 14.53/ 13 £ et TEES/ 13

Frob 0oasa Pecb oa8ar

T

Coaw

LNLILARALL
LAY |

LRl |

"as L} &

T TTTIT

oralan 1244 1 134

T T T T

edan M7l

2
Maan 49,23 : 0.8
L)

o -
- -
b -

Sipma 20,89 = 047 Sgra 2048 - 0.43

TTTTTI]

T
T
TITTT

PR SRR S A A A Y l-.I.l....
50 100 150 v 250 300

2o le s v 1as syl
50 (0] 150

A A A | it oo Lo o ol L

150 50 ( 50 100 150 200 250

[~
[

TR L LT Phambs & A PV Py d &P

Energy distribution ch4 Energy distribution ch5 Energy distribution ché Energy distribution ch?
E ch4 E chb E ché E ch7

17NN Enines 202

T
T

brios aua0n Enines

Moan 440

Shean 4439 = Diazy Moan 4713 £ 01258 tean 45 54 = 01204

S Dow '5.08 Sid Dow 28 4 Dav 20.58 d Do
Urciar] e ] Urdorioe H rooriow n roori oe
Twerlam n Overiom H veriom n Griom
reagral 1+ ThGo 04 riogral 2 02ko.04 ragral 2d810.04 L agral

“ | ralt 2253/13 & nat
00463 Prob

LNLRAL |

LA |
LSS RRL

LR |

ot 39.37/13
Freb o.ooniTaz
1262 £ 13.9 Corstan 1705 £ %2 1673 £ 16.0
4157 022 Maan 4247 + 022 473 020
1748 5000 Sipra 190 : 09 ! e s 0

“ et 208/13
ooosE2
Corstay

TT T
T T T
TT T TTI

TT T T

Maan

TT T T
T T TN
TTTTTIT

TT T

T

Ty
LA

LLLLI]

|||']|||||'||||

50 100 150

Ml RPN Mhawle AR PV . 7

150

PP B R AN B A

=
o
=




Divide it into two parts

Top view

Fold red line and fix parts of orange to holder with Kapton tape
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. Beam usage : 1 night @ 30 kW, ~1 day @ 50 kW
Accumulated physics data : 1.4 x 10" POT (0.5% of 2021 data)

Minimum Goal of the beam time
« Evaluation of performance of filmUCV (including UCV effect)
. Establishment of newDQ

CollimatorScan (%)

1.7%

DAQTest /
16.0%

LED [UCV stud

2.1%
UCVtrig [UCV stu

10.3%

2.9

DVUAI [Calibratid

14.3%
Muon [Calibration]

Physics
37.5%

[Calibration]
CSIEt

8.2%
TMON/Clock

5.7%

[Beam structure]4-27%
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Distribution of # of photoelectron

!
Entries 820819
Mean 38.39
:  |StdDev  14.27

10° E
10°E
10°E

- - - - - .- - - .
10 RN B R L R Ty R R R I N e
: : : : : : : : :
: : : : : : : : :
- - - - - - - - .

E lliIlllillllillllillllillllillllillllillllillll
0O 10 20 30 40 50 60 70 80 90 100

® Light yield : MIP peak = (32.48+0.03) p.e./MIP (IntegratedADC)

® Next page : inefficiency, comparison between peak height and IntegratedADC |
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. No large difference between IntegratedADC and peak height in terms of inefficiency
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. Counted # of charged particles passing through ilmUCYV at vacuum layer at first
= The events of > 2 charged particles : 8% (Don’t consider quenching effect)

_|_
But there is no clear MIP contribution in Data -> a few % at most 7l
. Decided uncertainty as the change when 2MIP contribution is subtracted
o
0.971,... +0.03572.. = Mrieacure Mrue  : True inefficiency against 1 MIP
HMeasure : Measured inefficiency
o o o o 0
= Uncertainty of inefficiency (at 0.4 MIP) : 3% 'y osit Energy distribution(MC)
After requiring coincidence)
Upstream trigger  Vacuum F . 1 charged particle
counter AlmUC | SO P .
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~ trigger counter :
*. I/ 10°
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+ Fake event: pyenis which neutral particle pass through ilmUCV although mt

charged particle pass through both trigger counters %
L

= Fake event: 0.01 %
(Don’t consider quenching effect)

= Uncertainty of inefficiency at 0.4 MIP : -23 %

Deposit Energy distribution(MC)
(After requiring coincidence)

Upstream trigger Vacuum 10°F | .
counter ) ; B : | charged particle
meey - . > 2 charged particle

- . Fake event

104:—
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Estimate halo K, flux using K, — 37°(6y) decay

. High Branching Fraction (20 %)
. Require 6 clusters in Calorimeter -> small background

= Best mode for halo K; flux measurement
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Definition of halo K; events

. Use the Radius of Center Of Energy (RCOE)
— 2 2
RCOE =4/ XG0k + YR

Halo K; Events = Events with (RCOE > 200

Z x;E; Z V;E;

X — Y —
COE z El' COE Z El'

mm)

200 RCOE [mm]

Example of RCOE distributiol?]2
Pl . |Enties 325
10" E . | Mean 274.
Std Dev 627
10° e NS NN SR NN NS NANUN S S S
10°F oE > 200 mm)
10* E
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RCOE distribution in RUN90O Comparison of Ry .. /core
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= 0.45 £ 0.38 (Expectation :

- =041
A FFRUNS7 0.55 mmT(25° tilted) )
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Pulse Shape
Discrimination
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oUV

Physics data with inverse neutron cuts
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This result was firstly presented at IPNS and J-PARC Joint seminar on
September 6, 2023

We are preparing the paper of the 2021 data analysis.
https:/kds.kek.jp/event/48881/contributions/252904/attachments/175352/251977/ KO TO_pacd7-rel.pdf 50



Source Estimated value

Upstream m°© 0.064 £ 0.050 (stat.) = 0.006 (syst.)

KL— 210 0.060 + 0.022 (stat.) i8:82(1) (syst.)

K= 0.043 + 0.015 (stat.) tg:g% (syst.)
Scattered and 0.022 = 0.005 (stat.) = 0.004 (syst.)
halo K (—2y) 0.018 £ 0.007 (stat.) £ 0.004 (syst.)
Hadron cluster BG 0.024 £ 0.004 (stat.) £ 0.006 (syst.)
n production in CV 0.023 £ 0.010 (stat.) = 0.006 (syst.)

Sum 0.255 £ 0.058 (stat.) ¥)0°3 (syst.)

https:/kds.kek.jp/event/48881/contributions/252904/attachments/175352/251977/ KO TO_pacd7-rel.pdf
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e 3 clusters in the calorimeter

¢ 1 charged particle hit in the charged veto detector (CV)
¢ No energy deposition in any other veto detectors
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