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The KOTO experiment at J-PARC searches for the rare decay, 𝐾𝐿 → 𝜋0𝜈𝜈. This search requires
a high intensity 𝐾𝐿 beam, setting KOTO in a unique position to probe sub-GeV quark coupling
to dark matter. One avenue to study this is the mode 𝐾𝐿 → 𝜋0𝜋0𝑋 , where 𝑋 → 𝛾𝛾. This mode
was studied in the E391a experiment at KEK in the 𝑋 mass region 194.3-219.3 MeV, with the
best upper limit on the branching ratio set with an 𝑋 mass of 214.3 MeV at < 2.4 × 10−7 [1]. In
KOTO, with an improved calorimeter and kaon flux, the single event sensitivity is improved up
to an order of magnitude in that mass range. In addition, the scope of the study is broadened to
include the first search for 𝐾𝐿 → 𝜋0𝜋0𝑋 with 𝑋 mass in the range 160-190 MeV. The simulation
results compared to data in the low mass region and preliminary Single Event Sensitivity (SES)
will be discussed.
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1. Introduction

1.1 Motivation

Dark matter models in the sub-GeV range are gaining theoretical popularity, and there are many
models which posit that dark matter may couple strongly with quarks and still match observational
limits on relic density [2]. Despite this, there is still a significant observational gap in the MeV
range to which KOTO is sensitive. These low mass models have limitations on allowable final
states, which makes it possible for KOTO to search for a specific decay signature. This analysis
focuses on testing models where 𝑋 → 2𝛾.

1.2 Experimental Principle

In the decay 𝐾𝐿 → 2𝜋0𝑋 , where 𝑋 → 2𝛾, there are 6 final state photons. Each of the pions and
the X particle will decay promptly into two photons, and the signal is six observed electromagnetic
clusters in the KOTO calorimeter [3] (CSI), and nothing elsewhere. Since there are no missing
particles, this analysis can take advantage of the many kinematic constraints available. In total,
there are 5 important constraints used in the reconstruction: (1) a kaon mass constraint, (2-3)
the two pion mass constraints, (4-5) the kaon momentum constraints obtained from the center of
energy in the x-y plane on the CSI. By taking advantage of these constraints, this fit drastically
improves the signal sensitivity and background rejection. Additionally, a 𝜒2 can be extracted from
the constrained fit because the energy and position resolutions of the KOTO calorimeter are well
known. The 𝜒2 is calculated from the measured energies and positions in relation to those obtained
from the fit by Eq. 1.

𝜒2 =

6∑︁
𝑖=1

(𝑥 𝑓 𝑖𝑡 ,𝑖 − 𝑥𝑚𝑒𝑎𝑠,𝑖)2

𝜎2
𝑥𝑖

+
(𝑦 𝑓 𝑖𝑡 ,𝑖 − 𝑦𝑚𝑒𝑎𝑠,𝑖)2

𝜎2
𝑦𝑖

+
(𝐸 𝑓 𝑖𝑡 ,𝑖 − 𝐸𝑚𝑒𝑎𝑠,𝑖)2

𝜎2
𝐸𝑖

(1)

By minimizing the 𝜒2, the best combinations of photons that satisfy the constraints are chosen,
making this technique a powerful tool to quantify the quality of an event’s reconstruction. Similarly,
a constrained fit method can be used to reject 𝐾𝐿 → 3𝜋0 background. By adding an additional
pion mass constraint, it is possible to find the best combination of photons that satisfies a three pion
mass constraint. If the 𝜒2 value small for this fit, then it is likely 𝐾𝐿 → 3𝜋0 background

2. Analysis Results

The Single Event Sensitivity (SES) of 𝐾𝐿 → 2𝜋0𝑋 was determined by normalizing to the
mode 𝐾𝐿 → 3𝜋0, and evaluated for 𝑋 mass in the range of 160-220 MeV in 5 MeV spacings.
The simulated acceptances of the signal is denoted by 𝐴𝑠𝑖𝑔 in Eq. 2, and 𝑁𝐾𝐿→3𝜋0 represents the
number of 𝐾𝐿 → 3𝜋0 observed in the 2018 data.

𝑆𝐸𝑆 =
𝐴𝐾𝐿→3𝜋0BR(𝐾𝐿 → 3𝜋0)

𝐴𝑠𝑖𝑔𝑁𝐾𝐿→3𝜋0
(2)

With the data taken in 2018, the SES for the range of X masses is shown in Fig. 1. The low mass
region was used as a control region to compare data and Monte Carlo. Discrepancy is expected,
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either due to a non-perfect simulation of detector response, as well as photo-nuclear cross sections
not being well simulated. As a result, a scale factor of 1.9 was applied to the background expectation.
After applying cut thresholds on the constrained fit 𝜒2, as well as applying quality cuts on the data,
the expected background contribution from 𝐾𝐿 → 3𝜋0 is 0.13±0.13 in the entire high mass region.
This means KOTO is extremely sensitive to new discovery in this mass range.

(a) Single Event Sensitivity (b) Invariant Mass of 𝛾5 and 𝛾6 in MeV

Figure 1: a) The SES of the signal as a function of X mass. There is a sharp drop off in acceptance below
170 MeV due to a lower acceptance of signal near the pion mass. b) The simulation result compared to data
in the low mass region. The signal region is blinded, with the expected background from 𝐾𝐿 → 3𝜋0 shown
in red.

3. Future Prospects

Analysis is finalized, and the open box analysis is ongoing. Due to the high sensitivity of this
search, KOTO may also be able to do a first search of the mode 𝐾𝐿 → 2𝜋0𝛾𝛾 in the future. The
branching ratio is calculated in the Standard Model in ChPT [4]. Work is in progress to estimate
the SES of 𝐾𝐿 → 2𝜋0𝛾𝛾 in the high mass region. Additionally, analysis on the data collected in
2021, which represents a larger dataset than that collected in 2018, is ongoing.
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