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- Good probe for New Physics search



Experimental search for KL=>n%v v

BR(K, — n'w)
Search for K; — nviv and K; — 7’ XY Decays at the J-PARC
4 KOTO Experiment

J.K. Ahn et al. (KOTO Collaboration)
1()_8 Phys. Rev. Lett. 122, 021802 -~ Published 15 January 2019
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KOTO experiment

Study of KL= 9y v @J-PARC 30GeV Main Ring.
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Collaboration meeting
with Zoom(July 2020)
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Experimental principle

K= mOv v decay

Neutral beam line

target

a

proton

‘2 v +Nothing+R¢t”

Assuming 2y from m©,
Calculate z vertex.

M2( 7 0)=2EE>(1-cos 6)

Calculate 79 transverse momentum
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KOTO detector
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History ot data taking
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Analysis status of 20160-2018 data

-Determined selection criteria and opened signal box at Aug. 2019.
-Observed 4 candidate events inside the signal box

-Reported @ Kaon2019

x1.9 better than

- -10
E.5:6.9x10 2015 analysis
500; 7
:450;_ .......................................................................................................................................... I6
noo; ___________________________________________________________________________________________________________________________________________

Rec. mO Pt (MeV/c) ¢n

2000 3000 4000 5000 6000
Rec. 0 vertex(mm)

#Bkg estimation table
before opening signal box

KL—>2 0
Ki—»m+m-to
KL—3 %+ accid.
Ke3 + accid.

KL—2r
Upstream m©
CV-nO

CV-n
Hadron cluster

#BG
<0.18
<0.02
<0.04
<0.09

0.00+0.00
0.00+0.00
<0.1
0.03+0.01
0.02+0.00

0.05+0.02



Rec. m°Pr (MeV/c)

Properties of candidate events
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Rec. w0 vertex(mm)
-Mis-selection was due to mis-setting
of the nominal timing.
-Corrected the setting and
re-processed all events.

-No significant effect on other events.
-Decided not to take this event

as a candidate:Nobs: 4 — 3
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Updated background table (ICHEP2020)
m-

90% C. L 68% C.L.

W'
ﬂ\ KL—2m0

Sultk Ate Ke— rore 0.03:0.03  0.03%0.03
K= St <AL %;J K:omle:tv  0.30£0.09  0.300.09
K)Lv—evggt;ped sy 001001 0.01£0.01 | — <0.07 <0.04
é?,inapped sl | <O Neutron Upstream©  0.001£0.001  0.0010.001
Ki=2y DS | LD Hadron cluster 0.020.00  0.02 £0.00
Ke3 (110 produced) <0.04 <0.02 C\/-170 <0.10 <0.05
ngga(yq Peta <0.01 <0.01 CV-n 0.03:0.01  0.03+0.01
radiative Ke3 <0.046 <0.023 Total  centralvalue  0.39(x0.10)  0.39(0.10)
> Ked <0.04 <0.02
Z K —eey <0.09 <0.05 Bri';figi"g
KL= T <0.03 <0.02 K=— o=
KL—2y (core-like)  <0.11 <0.06 K=—-mle*v
KL—2y (halo) <0.19 <0.10 K== 10y
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Charged Kaon Backgrounds

K+ generated in
the beam line Absorber

K+ /K~ 1.3x106 MKt
Based on GEANT3

Pt vs Z after all the cut

K* = 7le*v

g 500 — Entrie: o 40

E 450 mean x 3111

= - - ean 156.8

y cf. Corresponding BG level 2%2’5 5289

350?— = 0.30 = 0.09 |
K.%'Y 300/ .

low energy e* Ty P*max = 228 MeV/c ol 1
E E 10.8
200:— ‘:l_

1502— s oIge 06
= - 0.4
#Bkg events depends on e )
Eu | | | | | | | | | 0

K* flux a5

11

11 1111 111 L1 11 | .| 111 | .| 111 1111 111
2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Vertex Z (mm)

o
o




K* flux measurement

Installed a new detector K=

I

\\\\\\
12 channels of plastic scintillators,

TR

—

Tl

Tl

2020 May-Jun Run
-Took data for K+ flux measurement
with a dedicated trigger
-Checked the performance and

effect of upstream charged veto counter
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Measured K=

@ Kt - ¢y *

] KL—>11'+

e yv

flux

Distribution of events

Projected mass distribution Data in 2020 run in the signal region
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Rec. Mo (MeV) 750} Rec. momentum of K+
10 NO* 70 '
b T 6500 ot |
- = -
v o 600F SO0 +
+ = wn -
§ 107 § 5501 oeﬁ 84‘7 *g 40 +
" ; L 30 ‘
> - — >
> 10} i 500§ NK+MC 281+ 7, . %’ 20— + ++
<|» © 450+ ’ 10— +
g . | o0k ~ E
o 12:' J n r 400 _E + ty
= .1: — +~.L"‘:"'*“.'.i.+ A 350; '81'5; L - J_+..1+-¥-+-3- +l 4‘ |
&005_ I -':f+ ++++ 300-1 - TN I e e i i A &DOE;I; ++++ ik 1+]Y1‘+I |
07100 200 300 400 500 600 700 800 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 %7000 2000 3000 4000 5000
MeV Zvtx (mm) MeV

The distribution of selected events are well reproduced

Kt flux ratio:

RKi — FKi/FKL

Comparison between data and MC

meas / RM C _

=3.0x0.1
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oy MC simulation of K+ decays (K+ distribution is scaled by best fit)

Measured K+ flux Is
3 times larger than MC.




Updates of BG table with K* measurement

#BG (90% #BG (68% #BG (90% #BG (68%
C.L) C.L) C.L.) C.L)

K, - 2n° <0.09 <0.05 0.09+0.09 0.09+0.09
K, - ntnn® <0.02 <0.01 t 0.90+0.27 0.90+0.27 New
%V;Izg;e dpulse) 0012001 0.010.01 =021 =0.12
Neutron  Upstream 10 0.001£=0.001 0.001=£0.001
:g?/:irlapped pulse) <0.09 <0.05 Hadron cluster 0.02 +0.00 0.02 £0.00
K, - 2y 0.001+0.001  0.00120.001 CV-pi0 <0.10 <0.05
Ke3 (r° production) <0.04 <0.02 CV-eta 0.03%0.01 0.03%+0.01
Ke3 (7* beta decay)  <0.01 <0.01 Total central value 1.05+0.28 1.05+0.28 NeW
radiative Ke3 <0.046 <0.023
Ke4 <0.04 <0.02
K; = eey <0.09 <0.05
K, > ntn <0.03 <0.02
K; — 2y (core-like) <0.11 <0.06
K, - 2y (halo-K) <0.19 <0.10

-BG table was updated based on the result of the K* flux
-Tentative total BG estimation: 1.05+0.28
—Nobs(3) is not significantly larger than total #BG.

We will finalize the analysis and report the results in this autumn
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To suppress K= BG

Prototype module has 30%

inefficiency due to
@Limited coverage.
@lnsensitive region
in the fiber.
@Noise fluctuation.

K+

~Energy distribution

120?

Hit decision
-*- Data

Kt - mtn®
Kt - n%¢v

K, >mre yv

||||||||| bbb 2 |
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MeV

->Developing a new upstream charged veto counter

6Enlarge the detector\

New UCV chamberj

( @Tilt the detector

Cladding
(PMMA)
Core(PS)

insensitive

|

Cladding Thickness : T=2% of S
Numerical Aperture: NA=0.55
Trapping Efficiency : 4.2%

From Kuraray’s brochure
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Prospects tor future runs

Have 2 month beam time before 2021 long shutdown.
-> We can reach a sensitivity of ~3 x 10-10 by suppressing K+ BG.

After long shutdown,
->Beam power will increase up to 100 kW. (Current power:50kW)
->Slow-extraction spill structure would be better.

S.E.S.
2015 1.3x10° = St s
1:15:09 Accelerator| s
1E-09 upgrade ?__.4 103.6
9E-10 X 924
2016-2018 e S
7 B 4+ 70.0
7X-I O_-I O 6E-10 3.(: —
5E-10 T
' 476
4E-10 ‘.*\]
By 2021:3x10-10 R
o 2
14.1
1E-10
By 2025:0(10-11) s i
2015 2017 (75) 2018 2020 2022 2024 2026 2028

BR(K" — ntvw) x 10"

http://www.lnf.infn.it/wg/vus,
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Standard Model




Summary

- The KOTO experiment studies the KL—m7%y v decay

3 events were observed in 2016-2018 data.
Found a possibility of K+ background contamination.

Measured K= flux was 3 times larger than the MC
expectation.

Updated BG level is 1.05+0.25 and not negligible
compared with Nobs(=3)

D We will finalize the analysis and
report the results in this autumn

Developing a new detector to suppress K+ BG and Continue
to take physics data to reach the sensitivity of O(10-11).
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Backup



This event remained
~roperty of Event #3 due to a mistake. ..

sw———— 1+ Eventin Run74
S N N | CV hits in neighboring two strips
(each less than the threshold)

HINEMOS (inner scintillator of NCC) had
a hit but the timing was mis-measured.

250
200/ %8
150/ -

100; | | | | ‘Q Hinemos NCC MB : E E N E E ‘
so?wwé ............................ ............................. ............................. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, é ,,,,,,,,,,,,,, 9000 é é E ié i E ___________ E _______________ |
O 500040005000 6000 = 8000 L on-time
Zyries (M) ggéﬂmof nominal time for
peak selection
| | B G000 [ b it b b
The on-time hit was lost | 5000 L l
peak selection in this run period. 3000 R
. . . . . 2000F 5 5 JHIRL U 4 L
(The large deviation existed in this ook B R—
detector and in this run period.) N:Soe st B B0 T
-100
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This must be accounted
IN our BG estimation

—h

Property of Event

9000 F

- Event iIn Run69

Ch.0 (common) i
- Overlapped pulse in NCC usedforveto [1}
FB Hinemos NCC MB KL beam zzzz
— 3
\ %2 N 7000 100 20(51 53001 400 500
oooooo 650§ . . &X
=3 Ch.1 (f B [
Ff— A (front)
— 7 Common ]|t {1}
O o0 300000 50006008 N -
V/ (mm) ‘I‘ J’ NCC 3000 - i(;)d - 260 %mn " Tan s
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Study with loose cuts

- Study with loose cuts to enhance overlapped pulse events
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* Loose cuts
Selected events vetoed by
overlapped pulse discriminator

Loose NCC veto was applied to
avoid online veto effect
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Study with loose cuts

- One of the waveforms display

;\Wml
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The other two events
also had similar

overlapped pulse
N

The discriminator
could select

- overlapped pulse

events and
MC reproducibility
was good
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Measurement of KT — 7t decay /

cluster image

- ‘y /K/ ) W
K+ 0 = ot
» —
5.
+
TT—
Csl
calorimeter

O Measure KT - 1170 decay (BR=20%)
[ Trigger three cluster events in the calorimeter

[J Reconstruction
@ For two neutral hits, impose M,,, = M0 > define K* decay vertex

@ For a charged hit, from the hit position and assumption of Pt balance of ¥ and °

— calculate the magnitude of the momentum
— reconstruct four vectors of all the particles

@ Calculate M___o

23



Reconstruction of KT -» 7 r? 26

1.

Repeat following procedure 2-6 for all the combinations

Reconstruct a ©° from two y's
v’ Determine Z position of vertex assuming a 7° decays on z-axis.
v’ Polar angles of three momenta are determined.

v’ Energies of y clusters are reliable, so two four-vectors p, and p,,
are also determined

Calculate p; of % (€ magnitude)

Assuming the transverse momentum of K7 is zero,
momentum conservation in the transverse plane gives
71,'0

Dt
sinf;

1Dl = - pr is determined
Calculate shape-y? of three clusters.

Sort all the combinations with respect to
2 2
smallness of y;, + xy,. Choose the smallest.

For momenta of all the particles are now on ready

Calculate the invariant mass of K™ as:

Mzon = \/(ph TPy, T pn)z

KOTO CSI calorimeter cannot
directly measure momentum of
", but can measure hit position.

shape-x? represents how the cluster’s
2D energy deposit is likely to be that of y.
If a cluster is made by 7™, this becomes

large.
e 24



Fvaluationof KT BGon K, —» m

0

VvV analysis 9

[ Purpose of this study

—Evaluation of the K* BG on
K; —» n°vv analysis by

data-driven method

O Collection of K* control sample

2nd
collimator

€ Sweeping magnet (D1 magnet) in the beamline
@ Turned off D1 magnet to increase K= yield

by a factor of 4000

& Statistics
v" 5 hours data
v’ Measure K7 yield by K* —» n*1® decay
- Corresponds to 2.5 x 101° K

Nentries

Ratio

P distribution obtained
by K* — *tn? analysis
2000:
1000—

500}

ferYe T SR N
T T

oy
0 1000 2000 3000 4000 5000

MeV 25




0

Evaluation of K™ BG on K; — m"vv analysis

Data
Data (D1 magnet off) — N :
K, - vV remain

)\> selection N compare
+ K"MC
K™ MC (D1 magnet off) > Nr o ain

K™ yield measured
by K¥ - n*tn® decay

PtZ correlation plot for Apply all PtZ correlation plot for Apply all

500¢ 2 500

450;—- o e e S e | 8 4505_.. . B R e e )

e e | > 350 magnet off ) D1 off data 19%
C('E 200;_38_"'. g o g B0 8 é 200; ) .
100 :— |0 4 100E o | —

D1 off MC 12%
! statistics

05 K* spectrum 9%

C1 1 l 1 | - 1 l 1 1 11 I | - 1 1 l 1 11 | :l 1 I 1 L1 1 1 1 11 I | - 1 1 I 1 11 1 o
072000 3000 4000 5000 6000 02000 3000 4000 5000 6000 Total 25%
©° Rec. vertex (mm) n° Rec. vertex (mm)

_ _K'%decays , K*decays _ I
RD10ff = ©Data €mc =1.04 x

The # of events in the blind region is consistent between data and MC 1 0
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Special run to collect neutron samples

Hadron cluster BG Special run to take control sample
Al targelt
neutron neutron
2015 control sample 2016-18 control samples

I30(

—125(

o

| H15(

—10(

Iso

2000 3000 4000 5000 6000 2000 3000 2000 5000 6000 "
PiORecZ PiORecZ

Develop more powertful discrimination.
27
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New cuts against Hadron-cluster BGs

- Deep learning

| 32 outputs in each 3x3 block

E

Neutron

10 152 P EE

+ Pulse shape discrimination

by Fourier transformation
[peak-10, peak+17]
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Neutron Rejection (%)

Neutron Rejection (%)

X2 Improvement

I
08|
ook o Teain
- e TS
| "= CSD2015 |
0.4 | 8 0.85 0.9 0.95 1
02|
- Performance on single cluster
1 1 | | 1 1 1 | 1 1 1 I 1 1 1 I 1 | 1 1
% 0.2 0.4 0.6 08 1
Gamma Efficiency (%)
]
0.8
0.6
| Template events, Eff: (3.26+0.06)x 102
4
o4r Non-template events, Eff(3.05+0.11)x 102
sl @ 90% KpiOnunu efficiency
0 i 1 L il l 1 1 1 l il 1 Il l 1 L L l 1 Il 1 1 L
0 0.2 04 0.6 0.8 1

KpiOnunu efficiency (%)



Detector upgrade in 2019

Calorimeter upgrade

to suppress the hadronic background

N

gamma —E
neutron | d
—+ heutron |
|| e Sy
| 98]
10 mm \,‘AI
—>
Neutron

o
o
)

Arbitrary Units

o
o
a

I‘I'IIII|IIII|IIII|IIII|IIII|IIII|II

0.04

0.03

0.02

0.01

Confirmed good separation ability

with 2019 data
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%

K, — 370 (Data)
(w/kinematic cut)
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