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Physics In rare Kaon decays: K—= 1w

s-d transition via loop diagrams,
Flavor Changing Neutral Current
(FCNC) process ~A2rs

~ 10-4 suppression in SM

K, - 2%r  BR«IM(As_dz)?
Top quark dominates

K" — KV superposition extracts
imaginary part of the amplitude
CP violating

Kt = 77 BR«|As_az|?

Top and charm contributes




K—=1vw in the Standard Model (SM)

* 2
Br(Ky — ¥v) = k. (I‘““;févm).)

KL— 0y 0 i
BR.(K; — 7%D) = (2.94 £0.15) x 10
CKM uncertainties are dominant while intrinsic one ~2%.
Br (K+ — ?T+".f{f[]/]) = Ko (1 + Apm)
2
Vi Ve SEIIRD + \'Re Ve, Vea (PElig)SESPED)
K*— 7ty X &

BRy, (KT — n"up) = (8.60 £ 0.42) x 107!

BRswm are quoted from Acta Phys. Pol. B 53, 6-A1 (2022)

Small theoretical uncertainty, suppressed in SM
= Good probe to search for New Physics beyond SM




New physics can appear in the loop

llustration of correlations in /" models with | H and RH couplings
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BR(KL—m0wv) can be enhanced to be O(10-10).
Even in case that BR(K+—rtvv) is consistent with the SM prediction.




KOTO experiment

KL —rovv study
at J-PARC

KL= 1OV branching ratio

100

o KOTO 2015
sensitivity (< 3x ] 09)
2015
2016-18 109 Grossman-Nir

bound (<6.4x10-19)

|

Search down
to <10-10,

approaching 11
v 10

prediction

SM (Bx10-11)

Grossman-Nir bound: indirect limit
from relation to BR(K+—=11+wv);
Calc’d from NAGB2 results (2021)
with 10 region



KOTO collaboration

KOTO stands for
KO at Tokal.

o

Photo @ collaboration meeting
on June 30 - July 2, 2023

KEK, NDA, Osaka, Saga, Yamagata,
Jeonbuk, Korea, NTU, Arizona State, Chicago, Michigan
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—Xperimental principle
K, — 7( — 2y) vo (nothing)

Two stages of collimator and Calorimeter

a sweeping magnet

Photon absorber
/4
B . 4'
30 GeV/c \_| y

66mm-long
gold target

V o
proton /ﬂ- - = I Ky %
L ‘\ “
\‘ \~

16 degree
production L q Q 7

2V In the calorimeter in the end-cap
No extra particle, and thus no hit in veto detectors



Reconstruction of event kinematics

Calculate the 7° decay vertex and transverse momentum (P7)
with 2y energies and positions measured by the calorimeter

Vertex calculation

Calorimeter

The signal region is defined

on Prvs Z plane .
Zvertex o




KOTO detector

The core part of the
detector, surrounding the KL S
decay region, are located |
iInside the vacuum tank.
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KOTO detector

Veto
e
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KOTO latest results
- From KOTO 2021

Data Analysis
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P.O.T. = Protons On Target
KOTO data accumulation history
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Accumulated Protons O
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Beam power 64.5kW at hlghest in 2021
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Additional barrel-
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Review of the previous analysis (2016-18 data)

Black: observed

Final PT vs Z plot  Red: expected G~ ©nNgle Event Sensitivity =
| (7.20 = 0.05¢tat + 0.66syst) x 10-10

0EL39 0 0 Background table
450 £436.79 +383 * 10.53 +0.13 0
400 Source Number of events
350 2y K, K, — 32° 0.01 +0.01
< 3005 1.97 s0.35 | K; — 2y (beam halo) 0.26 + 0.07°
% 2500 et | Other K, decays 0.005 £ 0.005
s F H— | (k= 0.87 + 0.25°)
Z 2000 ' . 10-20
o8 F i 23 4026 .« Neutron Hadron cluster 0.017 4= 0.002
150 [ —— CV 1y 0.03 = 0.01
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1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 D) Newly evaluated backgrounds
thx (mm)

Nobserved (=3) < Statistically consistent with Neg (=1.22+0.20)

Better sensitivity but worse limit
BRIKL=1OwW)<4.9x10°(90% C.L.) than the result from 2015 data

» Must reduce K+ and halo KL backgrounds

14



K+ and halo KL= 2y backgrounds

K* - 7le* Halo K; — 2y

sweeping CSI calorimet: sweeping CSI calorimeter

1 tc.olllmator magnet 2nd co|||mator ‘colllmator magnet 2nd collimator ‘
/
Photon absorber + 0.+ Photon absorber /
. — w — k_ — H alo KL K
30 GeV/c > L 30 GeV/c L

proton /’w K proton
% Au target

Au target

The interaction of K. with the 2nd collimator The interaction of K. with the 2nd collimator

produces Kx, produces halo K.
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New in 2021 run:;

UCV - Upstream Charged Veto

For K= detection in the beam at the
entrance of the KOTO detector

A plane of square scintillation fibers,
read by MPPC

0.5mm-square fibers
- Tilted 25 degree to reduce inefficiency
due to fibers’ inactive region (clad)

FB NCC Hinemos MB

Y [m]

UCV

O

L,

\\fﬂ%=u=

_JL beam \%

Charged
Particle
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KOTO 2021 data analysis:

—valuation of K# flux and rejection by UCV

- K= flux was evaluated by using control data which were
simultaneously taken in physics run
- 3-cluster trigger, collecting 2y (from mO)+1r+

700 - | .'.‘.'.' :&'-)1 -
’N-\ - e : e Yo it % 120.:_ .......
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UCVVetoEne [MeV

UCV detection inefficiency=7.8%

K# flux: R(K%/KL)=3.3%x10-5

Corresponding to K* BG rejection by a factor of 12



New in 2021 data analysis:

Analysis method to reject halo K; — 2y

r

Shower shape likelihood

- Consistency between shower shape
and reconstructed angle

CSI calorimeter

Halo K, — 2y

CSI calorimeter

~\

Kinematic MVA

- Multi-variable analysis by using
kinematical variables

r

Blue:signal

Distributions of input variables Red:Halo KL—2y
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Reduce halo KL—=2y by a factor of 8, while signal efficiency = 94%



KOTO 2021 data analysis:
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Background evaluations in detalil:

KL— 2110 background

Inefficiency of the photon detection is critical fLO_'Q‘TO background

for KL.—=210 BG estimation. K= mz o ‘
We relied on the simulation in the past | j T 5]
analysis but different versions of GEANT4 K - .
gave us different results. | | AN H
Data-driven evaluations (and corrections)

2 of 4y hit CSl and
are needed. 2 are lost due to detection inefficiency

We use KL—= 310 events with 5y in the . | |
Inefficiency evaluation by using K = 3110

calorimeter as evaluation samples. p N
! )

Calculate energy (Es) and direction of remaining othy
1y by using kinematic constraints (vertex from
2110 reconstruction, transverse momentum KL
balance, KL mass)

Check the energy deposit in the detector of
destination

20



Inefficiency evaluation with 5y data
Category: Barrel (IB or MB), high B

Reconstructed Es: >200MeV

Nt : Energy deposit (E IN the barrel detectors
Destination: IB/MB region gy deposit (Edep)

Black: data

" Red: KL—=3m0 MC (GEANT4 v10.6) T

Inefficiency event = N(Edep<1MeV) Blue: KL—310 MG (GEANT4 v9.5) . -

1 In data (uncertainty is 100%) 10

Corresponding inefficiency o
= (4.8+4.8)x10 5

1.320.5 in MC - G4 v10.6 .

(cf. 0.4+0.3 in G4 v9.5 MC)
Corresponding inefficiency
= (6.2+2.5)x10°

O ZE
g LSE -
‘ _'CB = i
CDU 0.5: ................
MC-to-data correction factor: o2
1/1.3=0.77 T Max(Edep(IB), Edep(MB)) (MeV)
Uncertainty: 100% Inefficiency

Limited by statistics of control data 21



Background evaluations in detalil:

KL— 210 background with correction factors

Applied the weight to BG events in MC, according to
energies and destinations of missing photons in each event

Catogory  Comectonfacoron _ Unoery
Barrel, high E 0.77 +85% /-100%
Barrel, low E 1.10 +9.9%

FB (upstream) 1.42 +12.6%
BHPV (downstream) 1.5 +42% [ -51%

Destination categories
“Barrel”

“BHPV”

9

“FB”
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Background evaluations in detalil:

KL— 210 background on Pt vs Z plane

MC with correction

500— ; 5
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Background evaluations in detalil:

Upstream m° background

10 can be produced by the interaction
between halo neutrons and the
upstream detector (NCC). Upstream 7

The reconstructed vertex must be |
around the NCC position, which is 40 Y —33 csi
outside of the signal region. Halo neutron i

If the measured photon energy Is

WrOﬂg (Emeasured<Etrue), the reSUH:ant I_‘
reconstructed vertex can be inside

the signal region.

This happens due to photo-
nuclear interactions in the
calorimeter.

-> Need data-driven evaluations

0
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iN the Csl calorimeter

Data-driven evaluation of photo-nuclear interaction

Wrong E measurement due to
Upstream 7Y  photo-nuclear interaction in CSI

%aCQ

JZ'O /
Halo neutron 14

|

The MC reproducibility of the photo-

nuclear interaction (PN) in the Csl

calorimeter can be evaluated by using 6y

sample (KL—3r0).
- M(BY) = MKL

- Large center of energies radius (RCOE)

This discrepancy was taken into

account as the correction factor.

Photo nuclear
Interaction

KL—310
g

oy events with large COE

|

‘ — Data ’

N i —— Core K. (non PN)

___________________________ —— Halo KL
—— Scattered KL

200 400



Background evaluations in detalil:

Upstream m° background on Pt vs Z plane

MC with correction

tat) = 0'91(3

S

|016¢008(

0861223 1

. 1" P (MeV/c)
+
llllllllllﬁ‘”l“lll

(:)Nobs =215 \\NQ

| P064F0.050 5, £ 0006,

_D.00T8£0.0018

\ 100- "

25% discrepancy comes
from an imperfect 50
reproducibility of m0’s 0

IllllIlll|llll|llll|llll|ll

L D.T4E0.08 ., £ 001,

inematics In MG 2000 3000 4000 5000 6000

Rec. ' Z
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(& NBa, w/o correction=0.035)



KOTO 2021 data analysis:
Summary of backgrounds

Source
Upstream m©
KL— 2110

K=

Scattered and
halo Ki(—2y)

Hadron cluster BG

n production in CV

Sum

Estimated value

0.064 £ 0.050 (stat.) = 0.006 (syst.)

0.060 £ 0.022 (stat.) fg:ggé (syst.)

0.043 = 0.015 (stat.) fg:ggg (syst.)

0.022 £ 0.005 (stat.) £ 0.004 (syst.)
0.018 £ 0.007 (stat.) £ 0.004 (syst.)

0.024 £ 0.004 (stat.) £ 0.006 (syst.)
0.023 £ 0.010 (stat.) £ 0.006 (syst.)

0.255 £ 0.058 (stat.) fg:ggg (syst.)
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KOTO 2021 data analysis:

Single Event Sensitivity
= 8.7 x 10-10

Rec. n P (MeV/c)

Ready for opening the box
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KOTO 2021 data analysis:
_Results

= No signal candidates
were observed in the
signal region.

- Set the upper limit to be
BR(KL—m%vv) < 2.0x10-°
at 90% confidence level.

- Corresponding to SESx2.3
based on Poisson statistics.

We are preparing the paper of this result.

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

| KOTO 2021 Data

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

..........................
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Prospects

30



Improvement after 2021 run

The MR accelerator was shutdown in 2021-22

UCV upgrade for the magnet power supply upgrade.
Less material and better efficiency f New UCV \

DAQ upgrade Optical box

To prepare for a higher beam power, (Al mylar)
and to accommodate more control
data simultaneously in physics run PMT array

Capable to handle ~x2 more trigger
rate

160 mm

X
0.2mm-thick
film scintillator

Beam line Upgrade >099.9% efficiency was achieved
50-cm-long, 0.9-T permanent magnet \_ inashortrunin June 2023
has been installed at the end of the
beam line to sweep out K+,

We are ready for next run.
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KOTO expected sensitivity in the near future

Protons on Target (POT) / year

80
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X
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SES:8.7x10-10

|

lIII’IIII‘IIII‘IIII‘II

2022

2024

2026

2028

The accumulated POT will be x10
larger than 2021 in 4-5 years.

Assumption

- The beam power increases
as 80—90—100kW.

60 days beam time / year.

= SES will reach the level better
than 10-10,

- The achievable sensitivity will
be (5-8)x10-11,

Thanks to the MR power supply upgrade in 2021-22,
- A higher repetition (5.2s—4.2s cycle) can be adopted = Higher beam power
- 65kW in 2021 with 5.2s repetition = 80kW with 4.2s repetition

- A smoother time-structure beam is expected = Reduction of accidental loss
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Next generation KL= 1Ovv experiment

And to go further, ...
KOTO |l in Extended Hadron Experimental Facility

HEF-ex is on top of the

KEK-PIP 2022

- Expecting that programs
In the new hall will be
launched in 2030's

3. “&]New physics search with

- # of signal ~35 (in SM) / # of BG ~30
. ~50 discovery of K; — VLT (in SM)
-+ 25% measurement of the BR (in SM)

- Sensitive to new physics that
enhances the BR by >40%

= 7o B E
oroduction angle e B —— .
- Larger and

longer detector 44m :
than KOTO from T2 10m  3m 15m 20m 33




Summary

KOTO concluded the 2021 data analysis

The single event sensitivity = 8.7x10-10,
the expected number of backgrounds = 0.255

After opening the signal box, no candidate events were
observed inside the signal box.

New upper limit: BR(KL—11%wW)<2.0x10-9 (90% C.L.)

KOTO continues taking data and will reach the sensitivity level
better than 10-10in 4-5 years.

Next generation experiment “KOTO II” is being discussed.
- Aiming to observe >30 SM events with S/N ratio of 1
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