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Physics in KL= TT0VV

 FCNC + Direct CPV in SM 114.8

103.6 Excluded area

Grossman-Nir bound

&
9
-

*xL
._
(S

MSSM-A

hn
90
oL

e
.\l
=

4-Gen.

BR(K) — 7vi) x 107!

7
=
L =N

i
!
|
I
|
f
!
l
t;
t
{
f
|
;
1
l
!
25.2 l
l

MFV-EFT (+)"7

|

14.1

 Small theoretical uncertainty

29 ,
Sensitive to new physics. 58 80 102 124 14.6 16.8 19.0 21.2 234 25.6 27

BR(K;" — ntvp) x 1071

ref: http://www.Inf.infn.it/wg/vus/content/Krare.html
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http://www.lnf.infn.it/wg/vus/content/Krare.html

The KOTO Experiment

Hermetic Veto System

Photon  1st Sweeping 2nd
absorber Collimater Magnet Collimater

Calorimeter

Target

plug

ds == ==
/

beam | Text
Charged

particles

B
’

e Signal Requirement

- o o e e W e e e e e s e me me e
‘-
’

e 2Y from 110 on calorimeter

Rec. P Pt

* Missing Pt due to neutrinos.

* Nothing else detected >
Rec. r vertex Z
* Blind Analysis

* The distribution in the signal box is inaccessible.



Result from 2015 Runs

2013 2015 2016-2018

(o]
o

"1
(o2}
o

Hdata

Hexpected

- 344 0 0

0.27+0.15 0.08
+0.05
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o
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L l L 1 L i 1 L L é n l _i L
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2012 2013 2014 2016 2016 2017
Dec Dec Dec s Jan Dec Dec

Pr [MeV]

b)
)
.ﬂ
N
H_
o =
9
=

1
1.23+0.41

including signal region

200

N
BR(K; — n’v0) <3.0%x 1077 = P30
(90% C.L.) “ lators |0

OllllllllllllllllllIlllll]lll[llllllllll lllllll
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Probe to Lower Sensitivity

Single event sensitivity (SES)

SES = 1/(Ng, X Ay;,)

an

Collect more kaons.  Enhance the signal acceptance.

Background Level (BGL)
BGL NKL X Gbg

\

Suppress BGs more.



DAQ Upgrades

CSI Energy Distribution z [MeV]
* New Trigger Based on #cluster = oo '300
€ ook |
Efficiency to collect signal = 99.6%. >~ j:z b | o
Neutron BG control sample collection efficiency x 2. 200 I
0 H
° ° —{150
* High processing speed 200
. 400 o
Loss is reduced from 20% down to 1%. ok .
800f-
1810Cll l—I(:"l()(; li40C; -200 0 200 l400l l l6(;0l l l8(;0I
DAQ Live Ratlo x [mm]
Hit Pattern Captured by DAQ
>~ o
c B
2 F
o) 30 -
25 . o
20F-
0.4} 5 5 o -
—SOA@ZOIS 42|<vv 9%@20|8 51k : -
10—
0.2 E— E— I E— S— E— :
B 5
e O e S T T
15Jul 15Dec 16Jul 16Dec 17Jul 17Dec

Bit in x (3



Number of Kaons

e Reconstruct KL.— 21T events to

extrapolate kaon yield:

#KL = 7.1 x 102 @ beam exit

Accumulated P.O.T.

80

70F

60

50F
40F
30}

20
10
0

#KL x 1.57

-
2012
Dec

]

201 2016-2018

.............

M M 3 L

.........................

..........................

2013
Dec

2014
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2016

sJan

2016

Dec

2017
Dec

B ()] (o]
(=) =] o
Beam Power (kW)

N
o

Hevents

Data/MC

10°

107

10E:

—
(63}
TTT

o
)

—
TTTTITTT

K|_ Mass w/ Veto

2018 Jun. (51kW)

IR

T SR SO S I oW WO AOTRIa TTTTK, Mass (with veto)
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Neutron-Induced Cluster Backgrounds

Mimicked by

Al Target
(10 mm thick)

Neutron Control Samples

(~

=500,
s 450,
“~'400¢
- 350,
300
250
200
150
100

50
0

x 9 of 2015 runs)

2000 3000 4000 5000 7

[mm]

0

4



Physics (loose selection criteria)
VS.

Neutron samples (Al run data)

Hevents

Hevents

—
Illlllllllll

3

O

Data/MC

500

Vertex Z

1600
1400
1200
1000
800
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400
200

lII|III|III|III|III|III|III|III|II

Vertex Z : :
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IIIIIIIIIIII

S'500
s 450
':' 400
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300
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200
150
100
50
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Cluster Shape Discrimination (CSD)

Neutron Cluster Efficiency

LI |

1
™

|
T

1 Neutron

32 outputsineach 3x3 block

Neutron Reduction ~ O(10-5)
T Tram |

- 0.998

0.996

0.994

0.992

0.99
0.988
0.986
0.984

0.982

—l-lllllllllllllIIIIIIIIIL'

-
-~
it

§~~
~

Test

Improve

-

A )
A
A

A )
| | 1 L | | 1 LA | 1 1 1 |

0.98

o
©

0.85 0.9

0.95 1

Photoﬁ-CIuster Efficiency

2048 neurons in each layer

I| 1 IIIIIIII I IIIIIIII I Illlllll

Data (KL—3T11)
MC (KL= 31T)

Petd

llll I Ll 1Ll l llllll

lllll

0.4 0.5 0.6 0.7 0.8

Neural Net Oﬁtput

0.9

1



Pulse Shape Method

ADC counts

]

* Neutron pulses tend to be wider.
* Combined reduction with CSD : O(10-¢)
* BGL(hadron cluster) = 0.02 + 0.00

1000

900

800

700

600

o

-
o

N
A

0.35[

03f

Sample [clock = 8ns]

10 15 20 25 271-
. Phase : —
Fourier Template 28
0.5
: Gamma
0.4
—  Neutron
0.2:
0.1:
o".‘..l‘...1...11..“11“.1....1..‘.11...n,‘..l‘.
0 . 1 1.5 2 2.5 3 35 4 4.5 5

11



Overlapped Pulse Background Mechanism

Veto window

* Accidental hit deviates the
timing and thus weakens the

1.5
veto power.

L 2
IS
IS
L 2
IS
L2
%
y 3

Measured
time

. %
OTMI n&awl A I - : il YA n%ltmu Sivips SN Rk g Analhiing
| | | | | | | | | | | 1 b | | | | | | |

™~ Accidental hit

F Y

0

10

20 30 40 50 60

Sample [clock = 8ns]
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Fourier Transform Template (FTT) Method

Woaveform
to be tested

Selected Single
Woaveforms

Time domain

Fourier Transform

N—-1

U, = Z e—Znik(n/N)tn
n=0

Template-Making

Frequency domain
(Magnitude [Vi]|)

T

Evaluate the difference : X2

13



Efﬁciency

Suppression of Overlapped Pulse Background

Strategy:

* Large FTT X2 :Wide window.
Small FTT X2 : Narrow window.

* 10% acceptance recovery with the negligible BGL.

Overlapped PUIse DISCI’ImInatIOn KOTO Preliminary 2018 Jun. (51kW)

—

0.8

0.6

;'Ft(zols)

0.4 _ .................. .................. L ...........................................................................................................

E, ......................................................................................................... (2) sE T _______ T _______ _
b &P “**m*ﬁmtﬁ*# _______________________ ﬁj*#tﬁjﬁﬁ
n 020 20 i 8 90 100

[clock = 8ns] FTT x2



Final Estimation

S.E.S =6.9 x 10-10

1 —
300" *
250 "

200;

Hdata

Hexpected

-
90.00
—

ding signal regign)

I” ary

150 . =

0

505,

- 0.08 £0.06

SN R | P VRN | P B
2000 3000 4000 5000 6000
Z [mm]

* Acceptance x 1.2 from 2015 analysis

o

Method

KL—21 <0.18

KL 1ot 1T <0.02

KL—31m
(Overlapped)

<0.04

KL T1Tev
(Overlapped)

<0.09

Upstream 1t 0.00 £ 0.00

n from CV 0.03 £ 0.01

Hadronic

+
Cluster 0.02 + 0.00

Total 0.05 £ 0.02



Plot after Opening the Box

* Open the box at the end of August.

* 4 candidate events

>'500; 5 .
5450;_ ,,,,,,,, §I6
n|:400;— - '
350F o -5
300 E e//’h/',? 4
250" R
200} i —
150+ 2
100 1
50 : |
=~ BT ars | BFETET R BT | PR R
02000 3000 4000 5000 6000

Z [mm]
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NCC_Ch270, event:20074

Event Property

; 500 : _ NCC_ChoO, event:20074

0 1500 -

4000 - - &

o 3505 = - s
300;‘ d-' : o S
250- " 1% ey % A
200;_ ] .' »  (Upstream collar counter) OC_Chi 10, ovent-20074
IS0F g | 0 e -

50_ llllllllll ... - !‘:...
0°3000 3000 4000 5000 6000 60 BEE - - \|
Z [mm] lll63 JAEE o

. . . Y . . . |

5 D
(wider than WIDE window) =====’

* Also studying other events.Will investigate e

o oere . view from upstream
other background possibilities. 17

* The double pulse is identified by FTT.

* The deviation is ~70 [ns].

EEEEEEE

B




Summary

+ The data from 2016 to 2018 is analyzed.

+ #Kaon x |.57 and signal acceptance x 1.2 from 2015
analysis. Single event sensitivity of 6.9 x 10-10is achieved.

+ Background level estimation = 0.05 + 0.02

+ 4 candidate events were observed. Their study is ongoing.
We are also investigating other background possibilities.

1%



Backup



The KOTO Detector

) Decay Modes  Branching Fraction . | N S
* Csl Calorimeter "K, -zt  (40.55+0.11)% N
K = m=uTv (27.04 £ 0.07)% :
* Charged veto  Kp— 3n° (19.52 £ 0.12)% a
K; — nntmw (12.54 £ 0.05)% s
) Photon veto KL — 7T07T0 (864 + 006) X 10_4 : :.E:g"ai
K, — 2y (5.47 & 0.04) x 104
(m] FB Hinemos NCC MB BCV CV LCV CC03 QEV CC04 CC05 CC06 BHCV BHPYV BHTS
2 L\ L L\ L l'_\“.l J\“ Jd \“J
e N \.\4
35 IHA I - R
0— | > Decay volume ” I [ I l | I I [’ [ I |
= (Vacuum) & i \ |55
Downstream '
J beam pipe l"
Membrane
} T T Calorimeter Encrete/iron shield - -
| I | I | I | | I
0 2 4 6 8 10 12 14 16

Pl



Result from 2015 Runs

2013 2015 2016-2018
x10'3
= 80ET T 1 pPs 0 0 11
S R IR 11 2 BR(K? — 2%D) < 3.0 10
g 60;_ ............... q;,
E 505_ ................ 8 (o)
= [
Al £ (90% C.L)
:E 302_ ................ 8 — 500
205_ ................. % - 344 0 0
- =~ 4505-331.5+13.0 |0.27+0.15 0.08
10? ---------------- — 400 = ¢ :':0.05 |
0-. ] \L Ll — ) J N i & E °
2012 2013 2014 2016 2016 2017 R, 350 1
Dec Dec Dec  ¢Jan Dec = 1.23+0.41
k. 300 E_ inéluding s'i(gnal region
250 -
Background Level B ... "
Source No. events 10.55
K1, decay Kp—mim 0.05 002 ek —
Ky —2n" 0.02 £+ 0.02 1 B/,
Other K1 decays 0.03 4 0.01 1.41+0.13 0
Neutron induced Hadron cluster D2 0T 500 3500 3000 3500 4000 4500 S000 5500 6000
Upstream 7 0.04 £ 0.03 7 [mm]
CVn 0.04 + 0.02 ViX
Total 0.42 £ 0.18
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#Ki—3m
L.ive Ratio Eftfect

* The min. bias data is used
to minimize the effect of
accidental hits in veto counters.

 The gain in number of kaons

benefit from the improvement A R SR R SR R S
15Jul  15Dec 16Jul  16Dec  17Jul 17Dec  18Jul

of live ratio. <10 #(KL%&TC )/ (e x POT )Data w/o Onlme Veto

Add live ratio correction,

it is nearly a constant among

all runs.

e Data w/o online veto (min. bias)
+ kin. cuts

+ extra cluster time cut

1 l 1 1 l 1 1 ! 1 1 l 1 1 l 1 1 l 1 1 I
15Jﬂ 15Dec 16Jul 16Dec 17Jul 17Dec 18Jul



2015 Pulse Shape Method

Waveform Fitting by an

Asymmetric Gaussian AG(x)

950F
900
850
800
750
700
650
600
550

ADC count

lIlllllllll'llllllllllllll'llIIIIIIIIIIII

500

1 . _ - _
0O 5 10 15 20 25 30 35 40 45 50 55 60 65
Time [Clock = 8ns]

* An 125MHz digitizer is commissioned

to store the waveform shape.

AG(x)=A-exp| —

1Likelihood Ratio

(t — ty)?
2(0p + a(t — ty))?

neutron tends to have a longer tail.
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Improvement from 2015 Method

1. Cluster shape cut with
deep learning

~S/N : X ~2
from 2015

AN
S
S
1
(X odeys p ‘g ‘3 191SN|D)

32 outputs in each 3x3 block

| Neutron

-------

2048 neurons in each layer

[peak-10, peak+17]

2. Pulse shape f v o |
discrimination with s == gl it s
Fourier transformation - | . .
_SIN:x~1.8 & =%
from 2015 . Saa
as ' Neutron

Fourier Template



Kaon Contamination in Neutron Control Samples

Control sample Scattered K; contamination

R

/ /

Al target Al target

(10 mm thickness) (10 mm thickness)

n

— "

* The neutron control samples is polluted by the kaon decays.

* The neutron-induced cluster BGL in 2015 is likely to be overestimated.

RE



Final Neutron-Induced Cluster BGL

<-500:

S450. !
400~ —I
350 0.00
3005 .

250 i ﬁ
200 cor
150 .= -, £0.00
100~ |
50| 0.00 | 0.00
0; +0.00 £0.00 |
2000 3000 4000 5000 6000
Pi0RecZ

Extended signal region to downstream from this result



CV Hadronic Backgrounds

Charge Veto (CV)

041

0.6

0.5}

03}
0.2

0.1F

0.2

 Use neural network to train.

* Training sample:

* KL= T11vv GEANT4-based MC.

e CV-n GEANT4-based MC.
* Cluster shape information
* energy / timing

« BGL=0.03 £ 0.0l

R7



Upstream Counter Hadronic Backgrounds

v/:f’ e Shrink the upstream edge to
n >
o U A suppress NCC BG more.
signal region blind region

500 Pratimi | /

450 e - I_'j |

400 | 2015 signal box

0.036+0.036|  0.00+0.00 ) s

g

0.001+0.001

7 ¥

0.00:0.00 |, & ‘ 2016 ~ 2018
| signal box

(]
hn
=

Rec. 1P (MeV/c)
w
O
S

2

150
100 - signal acceptance :
50F 0.068+0.048. 0.00:+0 + 6% (from 2015 signal box)
0 Azb(n‘)‘ " AMA aa LSML Lm Al
Rec. nZ , (mm) RY



Final Signal Box Shape

Final sighal box

55600
: |
>450—
& [ Shrink the upstream edge to suppress
400 NCC BGs.
350F- (3000 mm — 3200 mm
* Thanks for the upgradings - ( " )
300—
on the tool against neutrons. 2505
The downstream region is 2001
free from the neutron BGs. 150
100/
505 No signal in the right-bottom corner.
- Extend the slope all the way to 5000 [mm]
Coova v b v b b b b b L b b o |
1900 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Rec. ° Z [mm]

D



Veto Window Width vs. Signal Acceptance

What is the drawback of the
wide window !

The wider the window is, the larger the
acceptance loss is.

# w/ all kin. cuts + veto

Acceptance

Acceptance = .
# w/ all kin. cuts
KOTO Simulation CBAR KOTO Simulation CV
E R R D e R A A R A
- . Photon Veto g f Charge Veto
0.9_ | < 0‘9_ ...... iiasseeesseEaaaaassae s uaa e aa AR EERRRas
B o _ C
. . *
0.8: : . : 0.8F R — .
* . - * ° .
- * — |
0.7 ® ] 0.7
0.6: : 0.6
0'5_l|||10|||'20""30""40""50" 0'5_||||10||||20||||30||||40||||50||

Half Width [ns] Half Width [ns]



Rec. n° Pt
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Ke3 Masking BGL
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K—=T1T1T+*71T- DL Cut

> K, - v efficiency
D ~
= ~rali 1. 1
= usof M "’"nar
O sof |
o -
E oo
G s
) =
g = DNN Cut
150~
100~ e 12 Input Variables:
505“.1“.,1,“11 llllll e , o Gamma 1 (higher energy): pt, pz,
1 1500 2000 2500 3000 3500 4000 4500 5000 5500 vr (Csl hit radius), E
Rec. e Z [mm] o Gamma 2: pt, pz, vr, E
; KL N T[+7l'_7'[0 reduction o PiO: pt, pz, E, reconstructed z
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E 350%— m 1->Signal
S 3oo;— m 0 ->Background
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K—=T1T11T+1T- BGL With Various Scenarios

K—=T1t1t*11- (Remove DL cut)

Rec. n° Pt [MeV/an
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Kaon BGL

K= 31T (Masking) K—Ttev (Masking)

5500: E500_ T
2450:— 2450F !
= - 2450;
Remove K—TT1T+1T- DL cut from %400 £ ook
these 4 plots. 350 £35¢
300;— U0
250 250
MaSkIng BGS: 200; <0.04 2002— <0.09
The entire Pt-Z plot is empty even 150 150/
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Result with Removal of K= Tt11*11- DL Cut
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