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Probe: Kj —

Standard Model

% SM background is
% small (BR~3E-11)

* well known (~2% theo.
error)
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New Physics
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KL %ﬂ'ouv

* Theoretically clean

* Nightmare for experimentalists

* neutral KL = 2Y (from 119+ VvV
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Signature of K — vy




Reconstruction

Qg

E>
Beamaxis
mio = (p1 +p2)2
= 204 - D>

— 2E1E2(1 — COS (9)

% O based on invariant mass



Properties of K —

* 2 photons only

% finite transverse momentum

0
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* ... but there are backgrounds
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* Detect charged particles with plastic
scintillators
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K; — 707!

more photons

* Cover decay volume with Photon veto detectors



Beam hitting the detector

KL neutron beam
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Beam hitting the detector

KL neutron beam E

%k Make a hole in the detector
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K; — 7Y :
Y’s passing through the hole

detector
downstream

““ Y Missed
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K; — 77’
Y’s absorbed in beam pipe
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K; — 77’ :
Y’s absorbed in beam pipe

% Place detectors INSIDE vé‘aYum
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Basic detector design

Measure E and
position of
photops

Beam Hole

Charged particle v Photon

veto
Photon veto




Arizona State Chonbuk, Hanyang,

KEK, Kyoto, NDA, Osaka,

Cicago Okayama, Saga, Yamagata

Michigan

Jeju, Korea, JINR,
NTU
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% v

%k How to make K| beam

g

protons

Photon Sweep away Neutral beam
charged (Ky, neutrons,
particles photons)

absorber
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{'v detector
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Hermetic veto to suppress Csl Calorimeter for 2y
KL—2TT0 background B
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* 2716 Csl crystals from the
Fermilab KTeV experiment

* 50 cm (27 Xo) long

* 2.5 cm and 5 cm square
crystals

ALLE

A2 A 000N
At
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' Charge Veto

* Veto charged
particles w/ <10-3
inefficiency

* Only 3mm thick
* Made be Kyoto Univ.
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' Photon Veto

* To detect
escaping
photons

* 13.5 Xp
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Sy Additional
W e . Dhoton Veto

* Inserted another
cylindrical
photon veto

\V& EXe

E‘ ' \




0

Front Barrel
Photon Veto
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/ Bt  Neutron
\ _ Collar Counter

* Purpose

* Veto photons

% count halo neutrons

% 48 3-Csl-block modules

Individual
(4fibers x 3ch)

Front Middle Rear

common 15cm 20cm 10cm
(28fibers x1ch) >




flat mirrors .
m_:%_u_,\: RIS

(R1250) A

w NG

e Y,

o \
Winston Cone aerogel (n=1.03 ~1.05)

beam

"1

BHPV

CcCo04 CCO5 CCO6 BHCV

CC03

Csl

In-beam Photon Vet

CV



Main Barrel
+Csl| Calorimeter

e

Y. Sugiyama & G , *Dec. 6,2012



DAQ system :

* |4bit FADC to record waveform and
* to form triggers digitally

* Designed, produced by US
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>

Calérimetér -- i
upgrade for n/y

[ i Additional
: . |Barrel-type veto
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Signature of K — vy
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Signature of K — vy
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Rare decay experiment

Fight against backgrounds



0

Against K; — 7 7" background

* No hits (> -3 MeV) in photon veto counters

\y [ ]FB NCC Hinemos MB IBCV IBCV MBCV CC03 OEV LCV CC04 CC05 BPCV CC06 newBHCV BHPV BHGC
m

N

of —K Decay volume : s I ) }

- concrete and iron shield lx ZI
rrrrrrr

| | | | | | | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18

P!
o)
~

Z [m],

* No extra clusters or single-crystal-hits (> 3-10
MeV) in Csl calorimeter
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Against odd-pairing
K, > & 7 background

I 7V :!/E 'I %* 2VY’s from different 110

AN EEEN A AN R >
I»’yzo 6 I %* Wrong reconstructed vertex
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‘/\"\\ Against K, — yy

(‘fl ) background

_ * Pr> 120 MeV/c
6000:— -
- [ — K=t :
50005 — KL—2y = QPTOJ 150
4000:—
“F (2015 data analysis)
2000;—
10002—
0_- .

0 20 40 60 80 100 120 140 160 180

HPTOJ (de g)



Against hadron cluster
background

Beam halg-heutron

500;
450
400:
350:
3005 -
250"
200-7=
150
100
50:

2000 3000 4000 5000 6000

n—}-

T

10 mm Al
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Against hadron cluster
background

luster shape difference: Neural Net
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Against N’'s produced in
~_~Charged Veto

vy * Shower shape difference:

}’]—)

neutron %k Used neural network based on

energy and timing of each crystal

--------------------------- in clusters
reconstructed -

asz =1y

B -
s | N background TIP signal

03—

oF Neural network
A output
0: N R B R

1 N L [ 1
0 0.2 0.4 0.6 0.8 4
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Background estimation
at the end of Aug. 2019

S.E.S:6.9%x10-10

500, I
SA50¢ KLpiOpi0 <0.18
n"400f KLpi+pi-pi0 <0.02
- KL3piO0
3502 (ove?llapped <0.04
300f pulse)
2505 T Ejlie(;)verlapped <0.09
200; - KL2gamma 0.00 = 0.00
ISOf Upstream r° 0.00%0.00
100; | | : | Hadron cluster 2%2.00
V42 o 08 o 06 | 0.00 0. oupl <0.10
0= | | 0 CV-eta 0.03+0.01
2000 3000 4000 5000 6000 Total 0.0520.02

observed PiORecZ,
expectation
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sO we opened the box...

+=500¢

=450
2400

350;
300

2500 " 3

200-°

1505 . =

100

50

2000 3000 4000 5000 6000

PiORecZ

* 4 events inside
the signal region



Many checks

* Event properties
* | event was due to our error
* Loosened cut analysis
* Detector efficiency stabilities
* Analysis with cuts used for 2015 data

* ...

* but nothing wrong
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2019/9/10 KAON2019

110,2019.
C\DJQ jtefhe KAON 2019 Conference

3 a
bY S. ShmOhar BG estimation related
overlapped pulse

, I T

=500 [ | |
4500 vt 0.07. | 0.00 . KL3piO (overlapped pulse)  <0.04
Q"4005_ ................ I L +0.05... ] . + 0,005 Ke3 (overlapped pulse) <0.09
3502 ;_ ........... 033+0 ..... 11 ......................................... 5 .
- : / ............... =L .......................................... ) » Underes“mated the BG
INGsNEHITIE ! from overlapped pulse?
; ................... .................... . i OC
”””A ..... .’..:.:../..,,.(..:.:.. ........................................ 2 . .
- .......................................................... T 1 ° Check|ng the properﬂes
‘52 . ’08‘_'“006 ....................................... Of the Other Cand Idates
05000 3000 4000 5000 6000  Did we miss other
Pi0RecZ background sources?
expectation - planning to reevaluate

other BG sources



After KAON?2019

* NO CHANGE IN CUTS

* Found an error in timing parameters.
4->3 events by fixing it.

* Found two new background sources, and
updated background estimation
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|. Kt — 7%*v background

Csl calorimeter

1st collimator  sweeping 2nd colllmator

i i ﬂ%

Au ta rge\\
e _ﬁﬁ

% Pax = 228 MeV/c

* Background if K* is produced, and e* is missed
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|. KT = 7% *v background:
Yield of K* in neutral beam

* |n 2020, reconstructed 847 K Ty 7T+7TO events

* K*/KL=(2.6£0.1) x 10 in the beam

10 &
% —— data
7/

199

—4— Data

MC Sample

CIK — m*x

ane*

K_>:¢0
ecays

[y
(=]

[y
(=)

[y
> S
I T TTI

[y
TTTI TTTI

data/MC  Eventsi200 Mevic?)

" 300 =500 j\yf7T + o(MeVic?)



|. KT = n'*v background:

500

54

# of background events
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S
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100F
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0.08 -0.04

o

00 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

vtx (mm)

Sweeping magnet

meees OFfF seem K’ %Y
] I pRcTEuEns
missing e

% MC:0.81 £ 0.13 evts

* With sweeping

magnet OFF, observed
27 evts (26.0 = 3.2
expected)

* 0.87 £ 0.13seac
0.2 | sys: evts after corr.




2. Halo KL = YY bacl<ground55

Csl calorimeter

1stcollimator ~ sweeping 2nd colllmator
Absorber \magnet r
Au targe\ K=
30 GeV/c

proton L _ﬁ I I

* Background if K. in beam halo decays to 2y

“high Pr” I



2. Halo K. — Yy background?
Yield of halo KL

%Xk Measured halo KL — 37170 )’llc ,,,,,,,,,,,,,,,,

200 300 400 500 600
RCOE [mm]
10EE ¥ ﬁﬂﬂﬂft
£ H}Fﬂ ni
"0 100 200 300 400 500

RCOE [mm]



2. Halo K. — Yy background:

# of background events
* Scaled #MC events by the data/MC ratio

* Estimated 0.26 £+ 0.07 bkg events

500

- (b) .
430 E 0.46 +0.13 0.42 -0.12 M C

400

350 )
3005 o =" =2 _"0.39 :0.09
: L 1

________________
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T
!

2000 "=z 0 g L 0.26-007

1501

100/
501

| I | | 1111 | | I | | 111 | | I | | 1111 | | I | | IIIIIIIIIII
1?)00 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
vtx (mm)



Final Background

Estimation
source Number of events
Kr Kr —3m’ 0.01 + 0.01
K1 — 2+ (beam-halo) 0.26 £ 0.07 *
Other K1, decays 0.005 £ 0.005
e 0.87 + 0.25®
Neutron Hadron-cluster 0.017 £+ 0.002
Upstream-7” 0.03 = 0.03
CV-n 0.03 £ 0.01
total 1.22 + 0.26

* Background sources studied after looking inside
the blind region.



K, - nfetyv
K, - nntetv
K, » min™t

K, — eey

K, » K*etvy

<0.05(90% C.L.)
<0.04 (90% C.L.)

<0.03 (90% C.L.)
<0.09 (90% C.L.)

<0.04 90% C.L.)
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data

background MC
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Sensitivity 61

* Single Event Sensitivity: based on K1, — 2
A27r BT27T
SES =
Asig N27T
H 1
Asig NK decay

= (7.20 £ 0.05 stat £+ 0.66 syst) x 10-10
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Final results from the

2016-2018 run

- 439 0 0
F436.79 =383 * 0.53 +0.13 0
3 £ 4

— 1.97 2035

- | including signal region

- e

0

. 10.20
'S : ! +0.09
' 1.22:026 .-
0
0.14 -0.06 0

00 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

th (mm)

% 3 observed events
@sensitivity = 7.20 x 10-10

.22 + 0.26 bkg events
* BR <49 x |0 (90% CL)
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Final results from the

2016-2018 run

* Submitted to a journal
arX1v:2012.07571v1 [hep-ex] 14 Dec 2020

Study of the K; — 7’v7 decay at the J-PARC KOTO experiment

J. K. Ahn,! B. Beckford,? M. Campbell,? S. H. Chen,? J. Comfort,* K. Dona,> M. S. Farrington,> K. Hanai,® N. Hara,’
H. Haraguchi,6 B Hsiung,3 M. Hutcheson,? T. Inagaki,7 M. Isoe,’ 1. Kamiji,8 T. Kato,® E. J. Kim,? J. L. Kim,’ H. M. Kim,’

T. K. Komatsubara,”'° K. Kotera,® S. K. Lee,” J. W. Lee,® * G. Y. Lim,”!° Q. S. Lin,” C. Lin,? Y. Luo,’> T. Mari,®

T. Masuda,!! T. Matsumura,'? D. Mcfarland,* N. McNeal,? K. Miyazaki,6 R. Murayama,QJr K. Nakagilri,g’3t H. Nanjo,g’ §

H. Nishimiya,6 Y. Noichi,® T. Nomura,”-'° T. Nunes,® M. Ohsugi,6 H. Okuno,’ J. C. Redeker,’ J. Sanchez,> M. Sasaki,!?

N. Sasao,!! T. Sato,” K. Sato,> 9Y. Sato,® N. Shimizu,® T. Shimogawa,'* ** T. Shinkawa,'? S. Shinohara,® 3 K. Shiomi,”>1°

R. Shiraishi,® S. Su,? Y. Sugiyama,® ** S. Suzuki,'* Y. Tajima,'> M. Taylor,> M. Tecchio,> M. Togawa,® ** T. Toyoda,’

Y.-C. Tung,> ' Q. H. Vuong,® Y. W. Wah,> H. Watanabe,”'° T. Yamanaka,® H. Y. Yoshida,'? and L. Zaidenberg?
(KOTO Collaboration)


https://arxiv.org/abs/2012.07571

Further Background
Suppression
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To suppress
hadron cluster background

* To suppress the Hadronic background by x O. |

Beam hal

* Utilize shower dept

n difference

samma —

neutron——iI— "ali» I8

ﬁ /|—>At<—|
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To further suppress Halo
KL—2Y background

* Developing cuts on
cluster shape and kinematic parameters

* Bkg: x0.04 (signal: x0.9) (preliminary)

Nled LNUlLllldllLeu
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To veto K* in beam:
Upstream Charged Veto

R R VAN Y Tested a prototype in 2020

* Sheet made of | mm square
fibers read out by MPPC

* Can identify KT — 72"
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* 0.5 mm square fibers
* Full coverage of beam and outside
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width of each module: 8.05mm
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Rec. 7’ P, (MeV/c)
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Quick look at the
May 2020 Run data

Run85 w/ UCV
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* Clean with prototype
UCV and improved
halo K. bkg cuts

* #Background events
* K*:0.05+0.01
* halo K.:0.01+0.00
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Beam Power

ATAC/MR_status Mar-1-2018

Mid-term plan of MR
FJ-PA. . - P
FX: The higher repetition rate scheme : Period 2.48 s —> 1.32 s for 750 kW.
( = shorter repetition period ) —> 1.16 s for 1.3 MW

SX: Mitigation of the residual activity for 100kW

v | 2017 | 2018 | 2019 | 2020 | 2021 2022 2023 | 2024

Event mmNewbuidings HD target
FX power [kW] 475 >480 >480 >480 >700 800 900
SX power [kW] 50 50 50 70 >80 >80 > 80
Cycle time of main 248 s 248 s 2.48s 2.48s 1.32s <1.32s <1.32s

80/90(100
SHIRTAOM 5.2 | 5. 5246 |42

Injection system A Kicker PS improvement, Septa manufacture /test H N ew M al n

FX System * Kicker PS improvement, FX septa manufacture /test
R| ng Power
Supplies

Ring collimators

SX collimator / Local
shields

Ti ducts and SX devices

with Ti chamber T-ESS-1 (Ti-ESS-2)
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Single Event Sensitivity
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2015 2017 (75) 2018 2020 2022 2024 2026 2028 5.8 10.2 124 14.6 16.8 19.0 21.2 234 256 278

Year

Standard Model

BR(Kt — nvw) x 10"
http://wwwInf.infn.it/wg/vus,
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Summary

* BR(K, — 7n'uD) < 4.9 x 10 (90% CL) based
on data collected in 2016-2018

% 3 observed events is consistent with the
estimated |.22 *+ 0.26 background events

* The new K* background, halo K. background,
and old hadron-cluster background are
suppressed in new data

* KOTO will improve sensitivity as the beam
power is increased after 202 |
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