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KOTO Experiment

+  Dedicated experiment for Kp— movv

# Located at J-PARC, Japan

+  ~50 people from US, Japan, Taiwan & Korea




Ki— mtVvv

Direct CP violating process

Theoretically clean: small uncertainty in BR(SM)

Sensitive to New Physics

But, rare: BR(SM) = (3.00+0.30)x10-11

http:/ / www.Inf.infn.it/ wg/vus/content/Krare.html
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Collimatos '

KOTO Detector

KL 2nd collimator

Beam plug

Sweeping magnet

KL 1st collimator

Dhntnn ahenrher |

Beam Line

+ KL beam extracted at 16 degree angle.
* Two stages of collimators.

+ Beam size ~ 3.5 cm at detector exit.
* A magnet sweeps out charged particles.

* Detector entrance at 21m from the target.

+ Kaon momentum peaked at 1.5 GeV

30GeV Proton beam
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Concept of Signal Detection

30 GeV proton

collimator

Au targe N

magnet

charged particle

Event Signatures:

* 2y on Csl

nothing elsewhere
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Background Sources - Neutron

Upstream-t© CV Hadron Cluster

Halo Neutron Halo Neutron Halo Neutron
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Rec. n° Pt [MeV/c]

Background Sources - Kaon

Ki—=mttmm0
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2015 Data Results

+ ~40% total collected data

s o b =1 ]l

BR < 3.0x10-2(90% C.L.)
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SM prediction
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Background Level at SES(10-11)

%+ 2015 SES = 1.3x109, a factor of 130 from SES=10-1

# 2015 Background Level (BGL) scaling to SES=10-11

2015 BGL 2015 BGL @ SES=10-1

Hadron Cluster 0.24+0.17
Ky—mttremd 0.05+0.02 65
CV-1 0.04+0.02 9.2
Upstream-7t0 0.04+0.03 B2
Kp—=m070 0.02+0.02 2.6




Hadron Cluster
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Wider Pulse in hadronic shower

Pulse Shape Discrimination

+ used in 2015 data analysis
# 1/10 reduction with 90% signal eff.
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Pulse-shape Likelihood ratio




Hadron Cluster

Cluster Shape Discrimination (neural net variable)

#2015 analysis: MC based inputs with TMVA neural net

K/

#2016 - 2018 analysis: pixel inputs with deep learning neural net
* Neutron BG x 1/4

I — 1 =

30% qg) E

* s CSD (2015)

\ = 215 CSD (2016-2018)

: ] : 9 107 =

10F i 12? -ba E B

1 Gamma |[[[] >ﬁ ﬂ -% B ——

o e B e E B : m — —0—— A .
“ » 810_2 = ':‘:'n_._l—Q—'

;_4 = -

ot e

: Z | _fﬁ
20: 10 3 :_

F I o s P ] e 0| e o B e W e o s,
i = 4 4.5 5 55 6 6.5 7 7.5 8
| Neutron || In(Cluster Energy) (MeV)




Hadron Cluster

* Csl both-end readout to measure shower depth
+ BGx1/10 ——
* Complete by early 2019
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Eta Production

*
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Cluster shape analysis by neural net

+ BGx1/6
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Ki—=mtmml

* New Charged veto inside the beam pipe i

+ Installation in early 2019 ol

* better coverage = BG x1/50
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Upstream-t!

Background mechanism:
50%: Y + Y(less E in Csl)
* BGx1/6 by cutting upstream 20 cm £«

50%: Y + n fuf
+ BGx1/4 by PSD & CSD 3

* BGx1/3 by Csl front-end readout 2002—

50—

Expected background level: SORTRT IO [T TN N
+ x1/5 for 2016-2018 data

Rec. n° Z [mm]
+ x1/8 for 2019- data
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1 310S X1 .ds

+ Radiation 13.5 + 5 Xg
+ Ki— 00 BG x 1/3
+ ~1 events in SES(10-11)



Improvement after 2015

+ 2016-2018 data:
* new analysis methods
+ thicker barrel detector
+ 2019 data:
+ (Csl front-end readout

* new beam pipe charged veto

Background Level scaled to SES=10-11
2015 BGL 2016-2018 BGL
Hadron Cluster

Ki—=mtmtmo

CV-n

Upstream-m?

Ki—momro




2015 Data with New Cuts
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DAQ Performance (2015)

» DAQ avg. Live ratio ~83% @ 42kW beam power
* Need upgrade for future 100kW beam power
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\/ e 4us DIGI-DATA PIPELINE

(Analog Pulse)
(Digital Data) 37K evts/spill =
2z
Y s
=
100 Q>)
V Lv1 Trigger
[ (a9
0:* Calculation done through
- custom-made 9U backplane
I T R
. Lv2 Trigger
/\9K evts/spill
| ted

4=

Trigger rate at 40kW beam power
Spill length ~ 2 sec



Requirements of 'Trigger System

* Should be able to handle trigger rate > 100kW beam power
« Lvl1 trigger/veto
“ better trigger rate control
+ Lv2 trigger
s Hexibiliby:
Y Kievry Ky I mby Ky -dmy

+ no more COE trigger



T'rigger Modules
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Lvl Et'Trigger
+ YE daisy-chain via optical fiber

s 25 tis lateney




vl Veto

* Veto/Trigger based on 3K = Ecn

+ A factor of 4 trigger reduction

“F  2015-2016: veto on XE

- Before online veto

After online veto
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Lv2 Trigger

+ Trigger based on number of clusters

Offline 2-Cluster Event
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Lv2 - Cluster Trigger

- Offline 2-Cluster Event = wéfxll hits within evt window250
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Lv2 - Cluster Trigger

, Energy (MeV) ., Time (ns) Online Peak Sensing
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Lv2 - Cluster Trigger
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Total corners / 4 = Num. of Clusters

Trigger efficiencies:

X3 KL%T(O\/V ~996%

Dead time ~150 ns

%  neutron study trigger eff. x4
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= 4 corners
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DAQ Live Ratio

DAQ) Performance

+ Lvl & Lv2 upgrade was completed in 2018
+ DAQ Live ratio ~100%
+ System is ready for 100kW beam power
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Projection of Sensitivity

1

SES =
NKL X Pdeca,y X Asig

*  Nku 1s proportional to beam power & run time
*  Pdecay: 3.2 %

*  Asigt signal acceptance

* width of veto timing window

+ accidental rate



External Accidental

. Neutrons from primary proton beam
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External Accidental

. Add a 20-cm (1.2\) iron wall before 2020

. Expect external rate x0.05

KOTO vacuum tank

Outer Modules (z:all)
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Internal Accidental

+  Wide veto window because of double pulses
= Expect to recover 50% signal by window x1/2

+ waveform analysis
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Projection of Sensitivity
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Summary

New Result BR(Kp—7m%vv) < 3.0x10-9(90% C.L.)
based on 40% of collected data.

Background is under control.

DAQ is ready for 100kW beam power.

Future sensitivity depends on run time (not fixed).
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New MB R&D
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Lv2 - Cluster Trigger
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Neutron Run
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CSD

. Cluster Shape Discrimination

11/1500 neutron reduction with 90%
signal acceptance

107"

1072

Y/n identification by using cluster energy &
timing information
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PSD

Cluster Shape Discrimination . Pulse Shape Discrimination

11/1500 neutron reduction with 90% .
signal acceptance

4 4
- SOAVUA S -
: 2 %
B k i i RAAAA
2%
RARHA
RARAA
. S
RRHHA
RAAAA
-
&
X

Neutron
Photon

i

0 05 04 06 08 1 0O 01 02 03 04 05 06 07 08 09 1

Pulse-shape Likelihood ratio
Csl Pulse Shape

Pu
(0)]
(é)]
o
17 L’ TTTrr Ty T Ty T T T Ty r T T Ty T T T Ty r T T T T T T T T I T

f\ , Wider Pulse from hadronic shower
\ (t —to)
7 53.65_ ‘ Neutron H :f 009: : - Neutron
[ TR g o e ha 3] e
R R S / \ I °°3.55:—‘M""A“; 1o : ‘ + § 0.08; | | -
f * as-| | ] —e—e %ﬁ ++ L 3 007—'——3—_‘_—‘——0—4_#*—1’_
: . - < 007¢ | I
: 3.45] 0.065f |
o -"“"" " o Seettetetece SR 0.06f
RN FEEE1 FEUT] FNUT] FNTT1 SNTNI SNRT1 AT FRNE FRUTE FRRT1 FRET1 RNUT1 IIT) 1.5 2 25 3 . 3.5 4 Cod b L L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 109,(Putse Height) [(RBC counts| Y B 5, (Puise Height [ABC counts]

Time [Clock = 8ns]



Neutron Reductuon

. Cluster Shape Discrimination . Pulse Shape Discrimination

11/1500 neutron reduction with 90% .
signal acceptance
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Hadron Clustes--

Dedicated run to collect neutron samples.

Good agreement between neutron & physics runs.
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LIVE On

LIVE Off

Trigger Table
Lvl w/o PS

Lvl w/ PS
LIVE Off Cluster Bit
ptical link and test optical transmission Ahgm,nent
Test trigger
[VE rising edge and Before spill on Reset

'm checks the result of optical link test
system issues alignment trigger
s out one clock signal simultaneously for alignment
DCs set the delay for Et daisy-chain
5 the global decay between Csl and veto crates
s a test trigger to check Lv2 clustering system

system is ready for spill on



Maximum Energy Distribution Before/After Veto




|.1A Reduction

e Estimated by using dst data with CDT trigger and without L3 veto (run26060-26066).

. Two cluster events are normalized to no CoE rate.
o CDT veto is applied to only physics and normalization events.
. L1A rate with CDT veto: 3.5K/spill in 37.5kW beam power.

L1A rate extrapolated to150kW beam power =14.2K ~ current L2 output limit.

Pedestal subtraction can improve L2 output limit by another factor of 2 = 300kW?

LCV IB CBAR FBAR NCC CC03 CC04 CCO5 CC06 BPCV

L1Veto (%)
CDT veto (%)




Phys. trigger




Left DC Delay
vs Run Number
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Likelihood of two-cluster System

Fourier PSD

Fourier PSD

Neutron
Filled: z0
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DAQ) Performance (2016

2016 after IB installation.

lected data is bad.
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Online COE Trigger

-

rom all 2716 crystals disregarding the timing
 between Csl channels were ignored

J)E online = COE offline
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-imental result:
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-4.5) x 107* A 2.90 deviation from the measurement!

from Buras, et al, JHEP 1511 (2015) 202




o) (o)} ~
o =) o

IS
o

IIIIIIIIIllllllllllllllllllllllllll

Accumulated P.O.T

W
o

N
o

10

X
-

<,
@

Accumulated P.O.T in Physics Run

A

2016-2018

....................... f

0/

L J

Number of KL.—>31 events

4. e
u 5Dec

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

x10°

) ) | L | |
16Jul 16Dec 17Jul

17Dec
Timeline

— 0

+ Spill quality selection

+ Live time correction

=224

P

=248

IIlllllllIIlllllIIIlllllIIIIIIIIIII‘IIIIIII'III

Accumulated #(KL—3mt) in Physics Run
2016—2018 |

)

\

]

.
|/

15Jul  15Dec

16Juf

16Dec

Norm. trigger
(pre-scale = 30)
+ kin. cuts

+ vetoes

+ IB veto (after 2016)

L

~298 |

1 l 1 '
17Jul 17Dec  Timeline



LvO Data Suppression

~4000 channel®9s9, 125MHz ADC
5% 500MHz ADC
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Hadron Clustes--
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Veto/Trigger based on Ecy
A factor of 4 trigger reduction.LV 1
Flexible trigger logic:

e.g. 2 hits in upper barrel channels
& & 2 hit in lower barrel channels.

pickup cosmic ray in physics run.




Neutron (Upstrea

kground mechanism

/0: Y + Y(less E in CSI) 1%(:J‘O‘ ‘1‘5‘0‘0‘ ‘2‘0‘0‘0‘ ‘2‘5‘0‘0‘ ‘3000 3500 4000 4500 5000‘ ‘5‘5‘0‘0‘ ‘6‘000

/6 (cut upstream 20 cm)
50%: Y + n
3 (Csl front-end readout)
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Models and Correlations

Rare Ki— mo%vv, BRsm = 3x10-11
CPV process.
theoretically clean, 2% uncertainty.
“gold mode” for probing deviation from SM.

enhancement or suppression from new physics?

Simplified Z', A% = 1, AY = 0.5

ModifiedZ, Ay =-0547 ModifiedZ, LH scenario
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DAQ Electronics P |
UChicago custom-made ADC/ Trigger modules |
14-bit 16-CH 125MHz ADC E |

12-bit 4-CH 500MHz ADC
Clock Distribution and Trigger Processor (CDT)
Optical Fiber Center (OFC)

BT

o ol




