2019/9/10 KAONZ2019

Search for the rare decay
K; — m%vv at J-PARC KOTO
experiment

Satoshi Shinohara (Osaka Univ.),
on behalf of the KOTO collaboration

KAON2019
10-13 September 2019 University of Perugia (ltaly)




2019/9/10 KAONZ2019

Contents

- Introduction
- Results of 2015 physics run
- 2016~2018 data analysis

— Single event sensitivity
- BG estimation



2019/9/10

KAON2019

K, - n%vv decay

- Direct CPV

- FCNC : highly suppressed decay
~BR (SM) : 3% 10"
- Small theoretical uncertainty (~2%)

— Good probe for new physics search

direct limit (KOTO 2015 result, phys.Rev.Lett. 122 (2019) no.2, 021802)
3.0x10°(90% C.L.)

108 I /
10-9

10—10

indirect limit (Grossman-Nir bound)
1.5%x 1079

101" \

SM prediction
3.0x10-M




2019/9/10

K; - 7%y

- Direct CPV

- FCNC : highly suppressed decay
~BR (SM) : 3% 10"
- Small theoretical uncertainty (~2%)

KAONZ2019

decay

— Good probe for new physics search

direct limit (KOTO 2015 result, phys.Rev.Lett. 122 (2019) no.2, 021802)
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KOTO experiment A
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J-PARC = Japan Proton Accelerator Research Complex
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Signal

K, » n%v : (n° =) 2y + nothing

vV (undetectable)

4
K Csl calorimeter
(reconstruct 7° from 2y)

pencil beam ' Hermetic veto detectors
(KL’ n, V)

collimator +
sweeping magnet

N
Au target - ]
- -
30 GeV/c -
proton
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Background

ex.)K; - 2n° - 4y

vV (undetectable)

Csl calorimeter
(reconstruct 7° from 2y)

collimator +
sweeping magnet

N
Au target - ]

/ --
30 GeV/c
proton
pencil beam ' Hermetic veto detectors

(KL’ n, V)
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Reconstruction

Missing transverse momentum — finite 110 p,

decay region

(vacuum) =g

KAON2019
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(transverse
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Csl calorimeter
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History of data taking

2019 data

x1018 201 6, | (covered in another talk)
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Detector and DAQ upgrade in 2016-2018

Inner barrel (IB)

- Barrel detector was upgraded in 2016.4
~13.5X, — 18.5X,
~-K; - 2n°BG : x1/3 6

|

£
il

o= . =N

- DAQ upg rade (covered in poster session)

) ) E d it li
— Online cluster counting (2017~) mr;%r%cifos' _glr:;'sr;:rinc map
~ Higher DAQ live time ratio o i s Rl »
+ ~80% (2015 @ 42kW beam) o ik
— ~99% (2018 @ 51kW beam) o [ & Lais »
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Result of 2015 physics run

Phys. Rev. Lett. 122, 021802
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contour : K, — n%vv (MC)

PHYSICAL REVIEW LETTERS 122, 021802 (2019)

Search for K; — 7’v> and K, — z°X° Decays at the J-PARC KOTO Experiment

(KOTO Collaboration)

- Single event sensitivity :
(1.30 + 001544 £ 0.144y5:) %1077

—No event in the signal region

» Upper limit (90% C.L.) :
Br(K; - m%vv) <3.0x10°
X 10 improvement from
previous limit (KEK E391a)
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Toward 2016-2018 data analysis

Hadron cluster BG 2015 run background summary table

BG source No. events

K, » ntnn® 0.05 = 0.02
K, - 2n° 0.02 = 0.02
Other K; decays 0.03 £+ 0.01
Hadron cluster 0.24 = 0.17
Upstream n° 0.04 = 0.03

-
—

- K. BG

' Neutron
related

CV 1 0.04 + 0.02

BG

Phys. Rev. Lett. 122, 021802

- To suppress hadron cluster BG is important
— Need more understanding
— Need more reduction
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Toward 2016-2018 data analysis

- Higher beam power

— larger signal loss due to the accidental hit

(76% loss in 2015 analysis)

- To achieve better sensitivity
— Narrower veto window

— Need BG study due to the narrower veto window

Accidental Loss

2018 June, 51kW

loss at Run65 42kW if used for calculation

accidental loss
OLPOCOO0O0O000O
D2 ANWAONHNN®OW
1 | | | 1 |

Run64 39kW

E Run62 24kW ___

Run62 27kW

Run6Y 39kW

i
o o)
\ =~ Run65 42kW

Run64 39kW

calculation | 3 |
® TMon

study from 2015 data
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2016~2018 data analysis

Single event sensitivity
BG analysis
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2016~2018 data analysis

Single event sensitivity
BG analysis
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Single event sensitivity (S.E.S)

- S.E.S = (K_yield) X (signal acceptance)

reconstructed K, mass distribution

from K, — 2n° analysis
KOTO Preliminary 2018 Jun. (51kW)

' K, Mass (with veto)

¢ Data . Prellmln r

K, yield (@ beam eX|t)
7.1%x1012

E R g s (increase by a factor of 1.5
e : from 2015 data)

[6)
= . L
% 1 .‘ ’Va\¢~‘0:'.J . ‘0... .
(=) b
05— .. L ] LA 3
300 00 ° 500 600 e %00
K, Mass [MeV]

(covered in poster session)
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Single event sensitivity (S.E.S)

- S.E.S = (K| yield) X (signal acceptance)

K; - m®vv MC
=500:
> 450~
%} =
= 400
£ 350
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3250
[-§} =
& 200
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Rec. ©°Z [mm]

signal acceptance : 2.0 X 10

signal region

|

- Signal box : determined by S/N
©SE.S:6.9%1010 i, (S.E.Sys: 1.3%109)

blind region

2015 signal box

2016 ~ 2018
signal box

signal acceptance :
+ 6% (from 2015 signal box)
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2016~2018 data analysis

Single event sensitivity
BG analysis
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Hadron cluster BG

Physics run Special run

i

(10 mm thickness)

Physics data Control sample
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Hadron cluster BG
update from 2015 (statistics)

control sample (2016~2018)
=500

: - NI 1 30

. 100 1163'\\\. y 8216 25¢

- 350 oy L ]

300 '_-mf" o = N 20(

250~ =l - »

- 200: 2 5 F 28375

= 150 = | 10(

; 1007 I!.- Sabn .

50 L TRYs 0 >0

0°3000 3000 4000 5000 6000 0%2000 3000 4000 5000 6000

PiORecZ PiORecZ

The collection efficiency of control sample was improved
by DAQ upgrade
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Hadron cluster BG
update from 2015 (cut)

1. Cluster shape cut with : &
deep learning @ S0 L

~S/N : X ~2
from 2015

AT

TATY
YT

TIT
H
T

(X odeys 7 d‘g ‘3 491SN|D)

32 outputs in each 3x3 block

HHH

Neutron

2048 neurons in each layer

[peak-10, peak+17]

2. Pulse shape

. N-1 2mi F
900f~ . X —le" 025}
I k— Z'xne

discrimination with o i
Fourier transformation - . *._

76 30 %0 % C) I 70 75 2 w9

_SIN:x~1.8 3 e
from 2015 — Gamma
—— Neutron

Fourier Template
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Hadron cluster BG
update from 2015 (estimation)

Control sample Scattered K, contamination

=

- 2y

— n

Al target Al target
(10 mm thickness) (10 mm thickness)

- Found contamination in the control sample
—Developed more reliable estimation method
—reduction : X ~27 with the new method
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Hadron cluster BG

£500,
c450§
400
350-
300-
250-
200"
150:
100-
50

2000 3000 4000 5000 6000
Pi0ORecZ

Extended signal region to downstream from this result
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Upstream-11° BG

- Halo-neutron hits upstream —
detector

Yty
- small visible energy shifted

reconstructed Z position o 500 Pretimmi

> 4505y :

—nTy S 400 2 3
- various reconstructed Z position o 35027 R e Y

- : < 300E 0.001:0.001
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100
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CV-n BG

- Neutron hits Charged Veto (CV)
and generates n

— reconstruction :
assumed 19 mass

-my ~4m.°
— reconstructed Z position :
shifted in the signal region

#BG, = 0.03 + 0.0

KAONZ2019

CV (front)
Z = 5862
[mm]

Csl
Z =6168
[mm]
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Overlapped pulse BG

- Overlapped pulse shifts measured time

— Narrower veto window
- recover signal acceptance
- increase BG from overlapped pulse

example of overlapped waveform

— 2
g B / Measured Time
= s iy veto window
o “ 9 4 :
o . . Actual Time
-GCJ 1; L | ./
»n
S L . o
- -
Q o.s_— e . 0[‘
B . g
I - A @
B q 2., S
o<l[u-wl-u- 1 v u.}mnu.lu- u....lu-..
0 ; : 10 : — 20 : 30 40 50 ; 60

clock [8ns]
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Overlapped pulse BG

- Overlapped pulse discriminator
— Pulse shape information : Fourier transformation
—¥? : compared with single hit template

Efficiency of Identifying Double Pulse x2 distribution of upstream detector
FTT x2 > 50 KOTO Preliminary 2018 Jun. (51kW)
m . 10° b - NCCFTT h
11— — 3
) ~ 55
§ 0‘8_— ." ? : Aoy
N L o “ o
B v Lo Aw/o new method
0.6— -' <~_. Sl thaess e s DT, 0000 T RO
B ' ° Yew/ new methad |
0.4:— '- . iA. DD ; g
: » : A [5’
0.2} - A W : - .
L : 4o Prehmmary LEJ ............................................................................................................................................
: - Y Q]D i : %

1
16 18 20 753 OO IO IS 1, o S0 ot T A 0 S5 TSI [ e 36 0,

0 80 100

True pulse interval [clk = 8 ns] B v
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Overlapped pulse BG

- Narrower veto window + overlapped pulse discriminator

Overlapped pulse BG from Overlapped pulse BG from
K; - 3n® MC analysis K, - mev MC analysis
5500 <500,
> 450 - > 450
2] E | %] E
2400;— E400§
£ 350 £ 350
%300 %300 -
g 250 g 250
& 200 u & 200 D
150 150
100 100-
S0 50
S R N B RN | PR Eo oo ol en vwll vow v 1w vn ey v
1900 2000 3000 4000 5000 6000 1900 2000 3000 4000 5000 6000
Rec. 7’ Z [mm] Rec. 7' Z [mm]

Narrower veto window : Recovered 10% signal acceptance
No remaining event due to overlapped pulse
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K; »ntn ¥ BG

- Neural net with deep leaning for K;, - n*n~n° BG
— Similar behavior as n® P, and Z cut

—S/N : improved even after applying P, and Z cut which is
optimized K, » ntn n° BG

> K, > v effici S K, - ntn 0 reducti
> . — nPvv efficiency > ., = ' n~ " reduction
= 5 1 — — - : 1
2 E 2 = A
450 L B S e 0.9
) - e C
O oo O  400F 08
o E =
|: 350 |°: 3so;
. E . aoo:
O (&) 2
&J 250 F QO 250F
zoof m 2oof
1505 1sof
1003 1oof
sof 5of ;
:lllllllllllllll ) N 1N T T N N N N O A I v | N T T I T I :lllllllllllllll IIIIIIIIilIIllIIII | N T T
100 1500 2000 2500 3000 3500 4000 4500 5000 5500 1900 1500 2000 2500 3000 3500 4000 4500 5000 5500

Rec. m° Z [mm)] Rec. m° Z [mm]
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K; »ntn ¥ BG

- Applying neural net with deep leaning cut
~#BG, _ » 1 0.02 — <0.02 (90% C.L.)

ntn—mw

— signal acceptance : 90%

before Neural net cut after Neural net cut
; 5 5 5 ; +=500— z :
2000 3000 4000 ' 5000 -6000 0 0 2000 3000 4000 5000 6000 !
PiORecZ PiORecZ
observed

expectation of K; - n*n n° BG
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K; - 21n° K; - 2y BG

Result from K, — 27° MC study Result from K; — 2y MC study
— 500 0.07 — 500 0.01
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PRy E r 4 » = r ] |
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= 400 Iy = 400 0.03 £0.01 | <"V
£ 350 0.0 £ 350 )
Qg 300? 0.04 °l'\) 300? - . | % L]
S 250 0.07 £0.07 S 250" 0.03 +0.01]
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BG summary
S.E.S:6.9% 1010

500 _________[#c
c450 KLpiOpiO <0.18
Q"400 KLpi+pi-pi0 <0.02
KL3pi0
350 (ove?llapped <0.04
300 pulse)
25() Ejli (S)verlapped <0.09
200 KL2gamma 0.00 £+ 0.00
150 Upstream 10 0.00%x0.00
100 Hadron cluster 2%2.00
50 CV-pi0 <0.10
| | | 0 CV-eta 0.03+0.01
3000 3000 4000 5000 6000 Total 0.05£0.02

observed PiORecZ.
expectation
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500-
S150/
400
350;
300 .
250F " .
200- -
150= . =
100
so0- | — b -
2000 3000 4000 5000 6000

Pi0RecZ

unblinded in the end of Aug. 2019
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=500 7
450" upstream detector
= 6
4007 _ waveform of the event

350¢ S 2 e

300; . 3 i, measured
250" L. 6000; time

200 'I = ix on-time

150-. I N :

100;47f 1 000 - o

50‘42' , 010 20 30 40 50 60

0%2000 3000 4000 5000 6000 " o - clock[8ns]
PiORecZ, On-timing peak is shifted by large pulse

expectation
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BG estimation related

overlapped pulse P’@/in,-
50, , I T
é4505 NS 0.07..... 1-0.00.... KL3piO (overlapped pulse)  <0.04
n-'4005 ............... iOO5 ............. ............ + 0.00°1° Ke3 (overlapped pulse) <0.09
3502 033+0 ..... 11 ......................................... 5 .
300; / ............... — ......... A1 ......................................... ) » Underestimated the BG
250" AR T ois, from overlapped pulse?
200; AT | + 0
150; - .t ‘7””“ ..... .’..:..’.../..,,.(..:.:... ...................................... 2 . .
100} S — T 1 « Checking the properties
50‘1.2 " .0810.06 ...................................... Of the Other Candidates
072000 3000 4000 5000 6000  Did we miss other
Pi0RecZ background sources?
expectation

« planning to reevaluate
other BG sources
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Summary

- K; - m9v¥ at J-PARC KOTO experiment

- S.ES:6.9%X 1010
- BG estimation : 0.05 + 0.02

- Opened the box
— 4 candidates in the signal region
Event properties:
One event : overlapped waveform
Checking other candidates carefully
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