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The KOTO experiment at J-PARC searches for the rare decay, K — 7%¥. The mode is
CP-violating, with a theoretical branching ratio highly suppressed in the Standard Model at
(2.94 +0.15) x 10~ [3]. With a small theoretical uncertainty, this search is sensitive to new
physics. In the analysis of 2016-2018 data, three events were observed within the signal region,
which was consistent with the background estimation. An upper limit on the branching ratio was
set at < 4.9 x 107 (90% CL) [1]. Since that analysis, new hardware and analysis methods have
been implemented to reduce the background level significantly. The search in 2021 had a single
event sensitivity of 9.26 x 107!? which was comparable to 2016-2018 data taking. No events were
observed in the signal region, which allowed KOTO to set the best upper limit on BR(K; — 7%vv)
to date at < 2.1 x 10~? (90% CL). This is a report on the latest result of the search from data taken
in 2021.
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Figure 1: A cross-sectional side view of the KOTO detector with the beam entering from the left. The main
Csl calorimeter is denoted in red, while detector names in green with an underline indicate a charged particle
counter and the others are photon veto counters. The origin of our axes lies 21.5 meters away from the fixed
target.

1. Introduction

The KOTO collaboration searches for the ultra-rare decay, K;, — 79%v, also called the "Golden
Mode". This moniker was given for two reasons: (1) it is a flavor changing neutral current process
that is direct CP-violating with a branching ratio directly proportional to the height of the CKM
triangle, (2) the process is dominated by short distance interactions, and thus has a small theoretical
uncertainty in the Standard Model (SM) branching ratio at 2.94 + 0.15 X 1071 [3]. Not only
does measuring the branching ratio mode provide a useful check on SM parameters, but the low
theoretical uncertainty also makes it an ideal mode to search for new physics, as even relatively
small deviations from the expected branching ratio may be indicative of beyond SM physics.

The best direct upper limit on the branching ratio of K; — 7%V was done by the KOTO
experiment, based on data taken in 2015. The limit was set at BR(K; — 7%v) < 3.0 x 107 at
90% confidence level (CL) [2]. A tighter but indirect limit was set by NA62’s measurement of the
mode, K* — n*vv. Due to isospin symmetry [4],

BR(K; — n%vv) <4.3-BR(K* — ntvv)

This constraint allowed NA62 to set an indirect upper limit, BR(K; — n%vv) < 6.4 x 10710
at 90% CL [5]. Between the direct limit set by KOTO and the SM branching ratio, there is a full
two orders of magnitude of sensitivity to explore for new physics.

2. Experimental Apparatus and Methods

2.1 Apparatus

The KOTO detector sits in the Hadron Experimental Facility (HEF) in J-PARC. HEF receives
a 30 GeV proton beam which is extracted from the J-PARC main ring, and incident on a fixed gold
target. A vast amount of K; are generated at the target and transported through two collimators
which are set at an off-angle of 16° from the incident proton beam. The collimators create a tight
beam profile with a size of 8 x 8 cm? at the exit of the beam line. Between the two collimators sits
a powerful sweeping magnet that prevents charged particles produced at the target from entering
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the KOTO detector region. The main calorimeter consists of 2716 undoped Cesium lodide crystals
with a length of 50 cm and cross-sectional size of 2.5 X 2.5 (5 X 5) cm? on the inner (outer) region.
A detailed cross-sectional view of the KOTO detector is provided in Fig. 1.

2.2 Experimental Methods

The measurement of the mode K; — n°

vy is particularly difficult. The neutral K; cannot
be tagged, and the decay products are not measured directly. The neutrinos escape undetected
and carry away some transverse momentum, while the decay 7° — 2y occurs promptly. Thus,
the signature of this mode is two photons from the pion decay incident on the Csl calorimeter
(CSI) with a high transverse momentum, while nothing is observed in the veto detectors. The pion
decay vertex is reconstructed from the measured photon hit positions and energies in the CSI, and

assuming the pion mass as in Eq. 1.
M2, = 2E,, Ey, (1 - cos(6)) (1)

The opening angle 8 and the center of energy on the CSI allow a precise calculation of the
decay vertex of the pion. From there, it is simple to calculate the pion transverse momentum.
Due to the fact that K; — 7°v¥ is an ultra-rare decay, all of the particles produced by a kaon
decay must be measured - otherwise, they may produce a background signal. For example, if two
photons from the decay K;, — 2x¥ are incident on the CSI while two escape undetected with some
transverse momentum, this would bear a striking resemblance to the signal, K; — 7°v¥. To reduce
background from other kaon decays, the decay volume is surrounded by a hermetic veto system
with high detection efficiency to measure these secondary particles.

3. Previous Analysis

KOTO accumulated data in 2016-2018 that accounted for nearly twice the K, flux of data taken
in 2015. After the blind analysis on this data, KOTO observed 3 events in the signal region - this
was consistent with the background expectation of 1.22 + 0.26. Two new major backgrounds were
discovered after opening the signal box, accounting for the majority of the background expectation,
see Fig. 2. The largest background resulted from charged kaon contamination in the beam line,
while the second largest was from halo K;, — 2y.

source Number of events
Ky, K1 —3n° 0.01 +0.01
Ky, — 2~ (beam halo)  0.26 + 0.07 *
Other K, decays 0.005 £ 0.005
K* 0.87 £0.25°
Neutron Hadron cluster 0.017 4 0.002
CVn 0.03 +0.01
Upstream 7° 0.03 4 0.03
total 1.22 +0.26

Figure 2: Background table from the analysis of data taken in 2016-2018. Background denoted with an ?
were only studied after opening the signal region.
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Because of the high background level, the upper limit obtained from the data taken in 2016-
2018 was 4.9 x 1072 at 90% CL. In the following sections, these background are explored with new
discrimination methods involving new detectors and analysis strategies.

3.1 K* — n%*v Background

0

The charged kaon background contribution was dominated by the K* — n”e*v mode. The

charged kaons should be swept out by the sweeping magnet between the collimators. However, if

a neutral particle bypasses the magnet and interacts in the second collimator, then it may produce

0

secondary particles such as a K*. The mode K* — n”e*v is particularly troublesome if the positron

has a low enough energy or if it hits a vacuum support structure near the front barrel (FBAR). In

this case, the positron and neutrino escape undetected, like the two neutrinos in K; — 7%vv.

Figure 3: A view of the UCV installed in front of the detector entrance in 2021.

Before the data taking in 2021, an upstream charged veto detector (UCV) was installed in
front of the detector as shown in Fig. 3. The purpose of this detector is to veto K* entering the
decay region. The detector is comprised of a 0.5 mm plastic scintillator with a Multi-Pixel Photon
Counter (MPPC) readout. The UCYV is thin in order to reduce interactions with neutral particles in
the beam, while maintaining high detection efficiency of the K* at 92%), which leads to a factor of
13 reduction in background caused by K* [6].

3.2 Halo K; — 2y

In a normal K; — 2y decay, the center of energy and calculated transverse momentum is
small. By also considering the projected angle between the two hits on the CSI, this background
is typically under control. Similar to the previous section, if there is an interaction in the second
collimator, either a K, scatter or a neutral interaction generating another Ky, then the K;, may enter
the detector region with a high transverse momentum. These are labeled as "Halo" K .

During the signal reconstruction, the pion mass and decay vertex on the beam axis is assumed,
such that if a K — 2y decay occurs close to the CSI and off the beam axis, then it may be
reconstructed into the KOTO signal region. The kinematics and shower shapes of this background
are significantly different than the signal. Through the use of a Fischer Discriminant and likelihood
analysis, this background was reduced by a factor of 8§ while keeping signal acceptance high at
around 94%.
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4. 2021 Data Analysis

For the data taken in 2021, the Single Event Sensitivity (SES) of K; — 7%vv was determined
by normalizing to the mode K; — 27°. The simulated acceptances of the modes are denoted by
Ax in Eq. 2, where X is either signal or the normalization mode, and Nyqm, represents the number
of K; — 270 observed in 2021 data.

normBR(KL - 271'0)

A
SES =
AsigNnorm

2

With data taken in 2021, the SES (preliminary) was calculated to be (9.26 + 0.75) x 10719,
which is similar to the data taken in 2016-2018.

4.1 Background Sources

The notable background sources in this analysis are listed in Fig. 4. The two troublesome
background in the 2016-2018 analysis are now manageable, and the total expected background
contribution is reduced by nearly a factor of 5. The two major sources of background in this analysis
come from upstream 7% and K; — 279, If a neutron hits the upstream Neutron Collar Counter
(NCC) detector, which is made of undoped CsI crytals, a 7° may be generated which promptly
decays into two photons. If there is an energy mismeasurement, typically from the photonuclear
effect, then this 7° may be reconstructed into the signal region. Therefore, understanding the
photonuclear effect is crucial to manage this background source. The K; — 2x° background

is caused primarily by detector inefficiency. If two photons from a 7°

escape undetected, then
the remaining 7° may make it into the signal region. This background is also influenced by the

photonuclear effect, which is a major cause of photon detection inefficiency in KOTO.
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Figure 4: a) A table containing the largest background sources in the 2021 data analysis. Upstream 7 and
K; — 279 are now the two largest sources of background. b) The result after opening the blinded region.
Shaded in red is the signal distribution. No events were observed in the signal region.
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4.2 Results

During the analysis process, the central box in Fig. 4 b) was blinded to reduce human bias. After
finalizing the analysis and opening the blinded region, no events were observed in the signal region,
which is consistent with background and signal expectation. With a SES of (9.26 +0.75) x 10710
and by applying Poisson statistics, KOTO was able to set a world best direct limit on the branching
ratio of K7, — 7%V at the 90% CL (preliminary).

Br(K; — 7’vv) <2.1x107° (3)

This result is nearly a 50% improvement on KOTO’s previous best upper limit. New detectors
and analysis techniques reduced the troublesome background in 2016-2018, leading to a reduction
in total background by around a factor of 5.

5. Future Prospects

KOTO is continuing to take data until 2027-2028 with the explicit goal to reach a SES of
below 107'°. The J-PARC accelerator is increasing the beam intensity towards 100 kW, and with
2-3 months of data taking per year, KOTO should reach the SES goal, while pushing towards SM

sensitivity. New analysis techniques are ongoing to study and reduce the background sources shown

in Fig.4. KOTO is ready to take more data and continue the search for K; — n°vv.
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