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Introduction G

® Search for New Physics via measurement of
K; —» ¥ decay

Very rare and theoretically clean decay:
Bsm (K, = w%vv) = (3.0+0.3) X 10711 j1iep 11033 2015)
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Experimental principle 3

Veto counter Csl calorimeter

Gold
target K, Veto counter 7
» —
30 GeV

proton beam

O Signature of K; —» n%v¥ decay

€ Measure energy and hit position of Py 4 Define signal region

’ : 0
two y’s by the Csl calorimeter In Z - PT plane

€ Neutrinos are not measured
- Require no signal in the hermetic veto counters

Signature of signal 2 2y + nothing

@ Calculate decay z-position assuming
MZ, = M%,= 2E,E,(1 — cosb,,)

v

Zytx



Post-unblind studies of 2016-2018 analysis 4

Data taken during Expected # of BGs in the signal region
2016-2018 #BG (90% | #BG (68% #BG (90% | #BG (68%
5..500- : 7 cL) c.L) cL) c.L)
§450;— Pr GSEHtEd' ' : : lﬁ K, - 21° <0.09 <0.05 'zt 0.03:0.03 0.03+0.03
400 Clt"Kd?OﬂZOlQ K, > mtnn® <002 <0.01 K* - mOety  0.30:0.00  0.300.09
3 L9 | - S —
gﬁg | )/ U gjv;lz’;ped ousey 0013001 001001 (e e S Ll
- : P B eutron pstream 11 .001=+0. .001+0.
B % 4 Neut Upst 0 0.001+0.001 0.0010.001
250", ————— . Ke3
2005 " - . 7 (overlapped pulse) <ok <0.05 :3:{2:‘ 0.02 +=0.00 0.02 +0.00
15(}5 ::;% f - A K, > 2y 0.001£0.001  0.001+0.001 —_— o010 005
100 : A 1 Kes (m <0.04 <0.02 CV-eta 0.03+0.01  0.03+0.01
50: : T: 1 production)
F : : Total central value 0.39%+0.10 0.39%+0.10
/L 1L SEE (B <0.01 <0.01
03006 3000 4000 5000 6000 ° decay)
PiORecZ N radiative Ke3 <0.046 <0.023
. Ke4 0.04 0.02 .
Signal blind region e : : U: Updated from Kaon2019
) K, — eey <0.09 <0.05 N . NeW
region K, —»mtne <0.03 <0.02 ’
v K — 2y (core-like)  <0.11 <0.06
K, — 2y (halo-K)  <0.19 <0.10

O Adopted blind analysis technique and opened the blind region in the summer of 2019.

@ SES=——=7.1x10"1° or 0.04 SM events expected.

K Esig
O We found four candidate events in the signal region and carefully checked our analysis.
€ One event was due to mistake of the application of cuts (N,,: 4 = 3)
€ New concern: K, dominant contribution but syst. uncertainty remained.



Charged kaon?

Cl c2

Absorber . K+

-Bollg= || [T

Beam plug

AN
KL 1st collimat H
Sweeping...
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O K; interacts with the inner wall of
collimator and produces K*

O Geant3-based beamline simulation
predicts KT /K; ~ 1.6 X 107° at the
entrance of the decay volume

O K* — n%Tv (BR=5%) can generate
a ¥ with large P,

m agn et ?ﬁ allimator
collimator

\\\
Ry

—

KOTO detector

\/

low energy et 4 P*max = 228 MeV/c

V

# of BG from KT decays
=(0.33 £0.09) X uncertainty of simulation
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Data collection to measure K* flux ©
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> Measure KT flux with KT — mt® decay

v Develop a new trigger scheme
v Install a prototype charged veto counter in the upstream (UCV)
v Study selection criteria to purify K¥ = 7t 1° events

We have successfully collected the data



Measurement of K* — r*r? decay 7

cluster image

K* o [
» . /%% y
T+
=
Csl
calorimeter

O Measure KT — *1° decay (BR=20%)
[ Trigger three cluster events in the calorimeter

[J Reconstruction
@ For two neutral hits, impose M,, = Mo - define KT decay vertex

@ For a charged hit, from the hit position and assumption of Pt balance of ¥ and r°
—> calculate the magnitude of the momentum
- reconstruct four vectors of all the particles

@ Calculate M0



Event selection of K — n¥r® decay

MC simulation

Zvtx-Rec.Mass distribution

[1Selection criteria

500, — @ determined by the MC study
"oq Black K* — w2 MC. & Sufficiently large acceptance

F — 7770 K —
650" Green KL :..’ T 71'71' MC E~4 X 10 4

600
5501 | ]
500F [ %
400/

30040 2000 270 3500 4000 4500 5000 5500 6000 D Back groun ds

Rec. vertgx position Z_o (mm) ‘ K o TL’+TL'_TL'0 (BR—13‘y)
L - 0
populates in low Mo region

OPurity of K* - tn events
€ >>90% by MC study

Rec. invariant mass
of K¥,M__o (MeV)

Signal region



ata 9
Measured KT flux o

E Kt > n%v* O K, >mnte yv
Distribution of events

Projected mass distribution Data in 2020 run in the signal region
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OO The distribution of selected events are well reproduced by MC simulation of

K* decays.
O K7 flux ratio: N
Ryt = Fy+/Fg, Measured K= flux is
Comparison between simulation 3 times Iarger than MC.

> RILS /RME = 3.0 4 0.1

* K* distribution is scaled by best fit



2016-2018 analysis BG table (updated, preliminary)

10

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

KL_)ZTf
K, - ntn

K; — 3m°
(overlapped pulse)

Ke3
(overlapped pulse)

K; - 2y

Ke3 (m° production)
Ke3 (r* beta decay)
radiative Ke3

Ke4

K; — eey

K, - mntn~

K; — 2y (core-like)
K; — 2y (halo-K)

<0.09
<0.02

0.01+0.01

<0.09

0.001+0.001
<0.04

<0.01
<0.046
<0.04

<0.09

<0.03

<0.11

<0.19

<0.05
<0.01

0.01=0.01

<0.05

0.0010.001
<0.02

<0.01

<0.023
<0.02

<0.05

<0.02

<0.06

<0.10

=(0.334+0.08) X

0.09+0.09 0.09+0.09 New
K* > nlety 0.90£0.27 0.9010.27 New
K* - au*v <0.21 <0.12
Neutron Upstream 0 0.001£=0.001  0.001=+0.001
Hadron cluster 0.02 +£0.00 0.02 £0.00
CV-pi0 <0.10 <0.05
CV-eta 0.03=+0.01 0.03+0.01
Total central value 1.05+0.28 1.05+0.28 N ew

# from K* decays

uncertainties of simulation
Prediction by

MC simulation /\

Uncertainty of Uncertainty of the
flux > x 3.0 estimation of acceptance
- ongoing using
K™ control sample

O BG table was updated based on the result of the KT flux.
] Tentative total BG estimation = 1.05 + 0.28



To veto K+ (upstream charged veto, UCV)

FB NCC Hinemos MB MBCV IB IBCV CV CC03 OEV LCV CC04 CC05 DCV

L - ul 1
i

0 A new detector installed before 2020 May-June run

[ Purpose

@ To confirm the existence of K*
& To veto K*

[ Basic design

€ 1-mm-thick plastic scintillation plate
(composed of ImmU[ plastic scintillation fibers)

@ Use 6mm[d MPPCs (Si-photo sensor) to detect
scintillation photons




Veto functionality of the prototype UCV 12
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[0 The selected events have on-time and MIP like MeV

energy deposit in UCV.

[0 30% inefficiency exists but can be explained by
D limited coverage of K™ halo
@) limited sensitive region of scintillation fiber
@ noise fluctuation
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[J To reduce inefficiency

(@ Limited coverage of K* halo
- Enlarge the chamber

2 Limited sensitive region of scintillation fiber

- New scheme to place fibers (under consideration)

Cladding
( X (PMMA)
|_Core(PS) Current 1mm

-1 __ insensitive
= 0%

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

Trapping Efficiency : 4.2%
From Kuraray’s brochure

@) Noise fluctuation

- Keep distance between MPPC and beam core

to avoid irradiation of MPPC

'; Vig00 N 1 L

nni
—
IEF
—1H
I
mL
MR
=l

0.5mm
Zig-zag shape

0.5mm
with angle




Summary and plan

[ We collected the data to measure the incident
K= flux into KOTO detector.

@ The measured K< flux was larger than MC simulation
by a factor of 3.

1 BG table of the 2016-2018 analysis was updated by this
measurement. The level of BG is not negligible.

- After wrapping up our BG studies, we will publish paper in autumn

OTo suppress KT, UCV (upstream charged veto) is needed
@ Prototype test was done in 2020 run

€ New UCV is under development and will have more
sensitivity to New Physics with new data collection
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An event appeared due to mis-measurement of timing

on-time

_i = nominal time for
peak selection

S P IS A A A R
100 0 100 200 300 400
Time (ns)

[ Mistreatment of cuts

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

500
=0
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*400¢
350}
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Presented at Koron20197
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€ The nominal time was once correctly defined —
with an appropriate algorithm, but was shifted \ = =
due to a mistake. We just corrected it because -2000" =

we did not perform an additional tuning.

# of observed events: 4 — 3

2000 3000 4000 5000 6000
PiORecZ

Y (mm)  FBHINEMOS] NCG M|B BCV CV CS\ [ CGO

2000_ \‘I"‘. ! N I‘L I T 1 \J \\J
\ ! f 1 N

e > KL
e Pecay region ‘

| | |
0 2000 4000 60

16



K* production at UCV
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Ry+ = Fy+/Fg, was measured with
and without inserting UCV in beam.

& To confirm whether UCV
produces K.

RMES JRIE = 3.0 £ 0.1 w/UCV
= 3.0 + 0.3 w/o UCV

v We did not observe R+ difference
between w/UCV and w/o UCV.

- Level of UCV-induced K* was not
significant compared to beamline
originated K=.



2018 autumn CSI calorimeter upgrade 1 (hadron clusterw

f'— Neutron BG —\

beam hal
N
radiation length~2cm interaction length~40cm
upstream downstream

K shallow distribution J k uniform distribution j

# of Hadron

SES Cluster BG @(\o‘(‘ \9
1.3x10°  0.24 o @ ] o
ALY 6ox100 002 ¢ To achieve SM sensitivity, we need to

3x10°1 0.5 suppress neutrons by a factor of ten

SM sensitivity




2018 autumn CSI| calorimeter upgrade 2 (idea:’-9

upstream Csl crystal

Previous m

Attach MPPCs

N \
—F W7 'em

neutron \
4 /\\ //’ % /m

MPPCs ™| interaction length ~ 40 cm

Measure the depth with the time difference AT = T yjppc — TpyT

= Small AT implies ¥



2018 autumn CSI calorimeter upgrade 4 20
(result)

Q 0.07 {4 > .
S 0065 K, > 2% - Special run setup —\
- . |
%005 - .| (Energy weighted K, — 32° Data) n ,__|—'/ng
'é 0.04— y . 1
< t | Neutron sample (Data) Al plate
0.03|— . ] . & J
: ™ neutron
0.02? .. ﬁ %‘
[ . . LY —
0.01 : -f} "\. maxAT = max{ATl, ATZ}
o - .._f'..-#""(’ ﬁ"} - amos

- 1 ‘ 1 1 L | 1 1 1 I 1 L 1 | L L 1 | L 1 L I 1 1 1 ‘ 1 1 L | 1 1 L I 1 L 1 I L
26 28 30 32 34 36 38 40 42 44
AT [ns]

Use the larger AT out of two clusters (maxAT)

Retaining 90% of ¥ from K; — m’vv decay,
neutron contribution was be able to be suppressed
down to 1/60 !



Prototype UCV used
In May-June 2020 run



UCV front-end scheme 1 22

We decided to use an inductor

to shorten the waveform |
signal line —
H f

AC C C X mmm—
coupling —mmm

Normal MPPC signal

]
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--------

----------------

Keys of the bias circuit:

(1) Small resistance of inductor = avoid the loss of gain due to leak current.

@ Inductor becomes high impedance for high freq. = capacitor shortens the pulse.

@ The slow oscillation frequency (1.6MHz or 630 ns) can be removed by differential circuit.



UCV front-end scheme 2 23

@l Test
500 pulse
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1 » Out = 125MHz ADC
Buffer : ’ -

' _
""""""" 1 Vout
1 s q

Common low
gain output

AC
coupling

Vout

+
Vout

Out = 500 MHz ADC

coaxial
cable 0 | tacaa=Y.

O m E EEEEEEEEEEEE = E = &N

S
S
<t+H—=1=
[] | ]
[l
N m m m o E o EE O Em

--------------

Keys of the entire front-end circuits

O Avoid using large resistor in the bias circuit to accept large leakage current do to irradiation
O Simultaneously read with two gain circuits without increasing # of channels

v High gain (x20) readout for each channel (12ch 500MHz ADCs)

v Low gain (x1) summed readout (6 MPPCs are summed, 2ch 125MHz ADCs)



Entries

Basic performance check of UCV 24

Neutral particles are removed by
our beam plug. By this insertion,

/ charged particles can be enhanced.

\7 Z
Y, K L“* . . ]

uwp

UCV

Csl
calorimeter
Distribution of UCV peak of ch1 = Data w/ plug closed
hjslpeak_1 > 1 _ 050 . .
Entries 778497 Q FE L - . .
| o j oo . % | L1 || Collected data by inserting our
| > 0.8 ..:"_‘ L e DY beam pIUg t
o MIP peak S o7t L
i - L ;
10° / ~0.19 MeV £0% W SR The events were triggered by
i =S e e .
2] 3 o AT CSl energy deposit.
i ) 0_3;; 1_-_*_‘-*.-_- _"E-'-:':':_'u ,:"'%;z!':l'-‘;' '
10, > 02 iR A -.E;E;.?&, =  MIP and clear on-time peaks
i [+T] Py - : o n
8 IR e 1 S i i could be observed.
0 50 100 150 200 250 300 350 400 450 500 |.|=.| —9001‘30—60—40—20 0 20 40 60 80100 °
Peak (ADC) Tycv Tesi (NS)
Signal peak height Timing difference between = UCV worked as expected.
(in ADC unit) CSl and UCV hits (ns)

(arbitrary timing offset is included)



K= study



Reconstruction of KT - ¥

1.

Repeat following procedure 2-6 for all the combinations

Reconstruct a 7° from two y’s
v' Determine Z position of vertex assuming a =° 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 K is zero,
momentum conservation in the transverse plane gives
nO

Pt
Sinf,

1Dl = - p, is determined
Calculate shape-x? of three clusters.

Sort all the combinations with respect to
smallness of )(%1 + )(%2. Choose the smallest.

For momenta of all the particles are now on ready

Calculate the invariant mass of K as:

Mon = \/(p)ﬁ T Dy, T pﬂ)z

0

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

shape-y? represents how the cluster’s

2D energy deposit is likely to be that of y.
If a cluster is made by =, this becomes
large.



Fvent selection of K* — nXr° decay

1. Require exactly three clusters in the CSI calorimeter
2. Requirement of the simultaneity of three hits

3. Consistency of y-candidate cluster’s 2D energy deposition
properties in each CSI crystal between observed and that of y-MC.

4. \eto cuts

@ Almost the same as K; — ¥

vV analysis except for CV
Require CV hit (more than 0.3 MeV = 60 % of MIP energy deposit)

5. CV hit count

For both rear and front CV planes, there are only one hit in each plane.

Consistency of CV hit module ID and the T cluster position
The ¥ cluster energy deposit should be MIP-like

Accoplanarity angle of t* and ° must be back-to-back

O 0 N D

Draw 2D correlation plot of (Z0,M o)



Distributions of K+ candidates collected in run85 28
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Data collection of K* control sample for the
acceptance estimation

] Sweeping magnet in the beamline

L 2O} magnet is placed
upstream of the 2nd collimator

2 By turning off D1,
K7 contribution can be —— magnet )
enhanced by 4000 collimator

O K™ control sample
@ 5 hours data

Corresponds to 7 X 108 K* incidents measured
by K* = ntn? decay (3 cluster events)

@ Directly evaluate K* BG contribution 3"
for K, —» n°vv by data-driven approach o

(2 cluster events) -*— Data Distributions obtained
by Kt — n*tr® analysis

> Analysis is ongoing B K* - n%v



