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The KOTO II is a next-generation experiment to measure the branching ratio of  ! → c0aā with
30 GeV proton beam at J-PARC. The KOTO II is a successor of the currently running KOTO
experiment. We plan to expand the hadron experimental facility at J-PARC, and construct a new
beamline of KOTO II there. The extraction angle of the ! is 5 degrees, smaller than that in KOTO
to have more  ! with a harder momentum spectrum. The KOTO II detector is being designed with
a 12 m signal decay region and a 3 m diameter calorimeter to have more signal acceptance. The
expected numbers of signal and background events are 35 and 40, respectively. Here, the Standard
Model value of the branching ratio and 3 × 107 s running time are assumed. The signal can be
observed with 5f significance. The design, current developments, and the expected sensitivity of
KOTO II will be reported.
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1. Search for the decay  ! → c0aā in the KOTO experiment

The rare kaon decay  ! → c0aa is a sensitive probe for new physics beyond the Standard
Model (SM) [1, 2] . Due to the accurate and suppressed contribution from the SM with the branch-
ing ratio (2.94 ± 0.15) × 10−11 [3], a deviation from the SM value in the measurement of the
branching ratio could indicate new physics.

The decay is being searched for in the KOTO experiment [4] at the hadron experimental fa-
cility of J-PARC.  !’s are generated with primary 30 GeV protons in the production target at the
production angle of 16 degrees into the solid angle of 7.8 µsr. The momentum peaks at 1.4 GeV/c at
the entrance of the detector. A preliminary world-best upper limit of 2.1×10−9 (90% CL) has been
obtained in the analysis of data taken in 2021 with the single event sensitivity (SES) of 9.26×10−10

[5]. The SES is expected to reach below 10−10 in several years, and the progress will be limited due
to low statistics of the signal yield with background contributions.

2. KOTO II experiment for the measurement of the decay  ! → c0aā

We are planning a next-generation experiment KOTO II [6, 7] with a new second production
target T2 at the extended hadron experimental facility (HEF) of J-PARC under a plan as shown in
Fig. 1.
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Figure 1: KOTO II experiment with the future extension of the hadron experimental facility of J-PARC.

The signal characteristics is two photons from a c0 decay with no other detectable particles. A
narrow  ! beam is prepared with a beamline, and a detector with the signal decay region is prepared
downstream. Two photons form a c0 decay are detected with a calorimeter. No other detectable
particles is ensured with a hermetic veto system surrounding the decay region. The decay vertex
(Ivtx) and the transverse momentum (?T) of the c0 are reconstructed with the energies and positions
of the two photons at the calorimeter by assuming the vertex on the z axis. The signal is searched for
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by applying veto conditions for the detector, and by imposing selections on the two photons and the
reconstructed c0. The larger ?T of the c0 is the signal characteristic due to two escaping neutrinos.

The production angle of  ! is 5 degrees in KOTO II with the detector behind the primary
proton dump. The length of the beamline is 43 m, where short-lived particles decay out, and charged
particles are swept out with two magnets in the beamline. Finally, long-lived neutral particles W,
neutron, and  ! remain. The  ! momentum peaks at 2.9 GeV/c at the exit of the beamline with
the flux 1.1 × 107  ! per 1013 protons on target (POT), which is 2.6 times larger than the  ! flux
in KOTO.

The KOTO II detector starts at 44 m from the production target, which is the origin of the
coordinate with the z axis along the  ! beam direction. Two photons from a c0 in the signal decay
are detected with a calorimeter at I = 20 m. The diameter of the calorimeter is 3 m, which is larger
than the diameter 1.9 m in KOTO. A 20 cm square beam hole is in the calorimeter, which limits
the solid angle of the  ! beam 4.8 µsr. The length of the decay region is 12 m from 3 to 15 m in
z, which is larger than 3 m in KOTO. Owing to the harder momentum spectrum of  ! , the longer
decay region is effective with the larger calorimeter.

The counting rates of the sub-detectors are evaluated as shown in Fig. 2. The signal can be
lost with coincident accidental hits in the veto system. Such accidental loss is evaluated to be 39%
with the counting rates and the widths of veto timing windows. The contribution of muons from
the primary beam dump can be negligible based on a measurement using the current beam dump
with 30 GeV protons at the HEF.
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Figure 2: Estimation of the couting rates, veto windows, and the singal loss for the sub-detectors.

The expected number of signal events is 35 for the value of the branching ratio in the SM with
the 100-kW beam in the running time of 3 × 107 s as shown in Fig. 3. This corresponds to the SES
8.5 × 10−13 with the POT 6.3 × 1020. The total improvement factor is 190 from KOTO. The larger
decay probability is obtained in the signal region in z with the similar geometrical acceptance of two
photons in the calorimeter owing to the harder momentum spectrum of  ! . The signal region 5 m
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away from the calorimeter gives better signal to background ratio. Therefore, looser event selction
is possible. Backsplash loss is the signal loss due to hits in the veto system with the shower leakage
from the calorimeter. The accidental loss and backsplash loss is controlled with the timing and hit
position of the barrel counters [6].

KL yield Decay 
Probability

Geometrical 
Acceptance

Cut 
efficiency 1- Accidental loss 1-Backsplash 

loss

KOTO 3.3% 26% 3% 36% 50%
KOTO II ×2.6 10% 24% 26% 61% 91%

Improvement
factor 2.6 3 0.9 8.7 1.7 1.8
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Figure 3: Estimation of the number of signal events in Ivtx) and ?T plane (left) and the improvement factors
from KOTO (right) using 100-kW beam in the T2 target in 3 × 107 s running time.

The number of background events from several sources are evaluated as shown in Fig. 4. The
expected number of the total background is 40. The reduction factor of hadron clusters is assumed
based on the KOTO performance. Better reduction of  ! → 2W in beam halo is assumed.
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.

564

1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

580

1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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haloKL → 2γ
4.8 ± 0.2

is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

594

The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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Figure 4: Estimation of the number of background events for several sources in Ivtx) and ?T planes.

These signal and background contributions could give a 5-f observation of  ! → c0aa. If the
measured branching ratio is different from the value in the SM by 40%, it would be an indication
of new physics at the 90% CL.

3. Conclusion and Prospects

We have found that we could measure the branching ratio of  ! → c0aā with KOTO II in the
extension of HEF at J-PARC. Five f observation is possible for the value of the branching ratio in
the SM.

We are developing a realistic detector configuration as shown in Fig. 5. We are also discussing
values of kaon physics, more physics programs in KOTO II such as  ! → c04+4− decay, and
detector technologies to support the direction [8]. We are planning to submit a KOTO II proposal
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to the J-PARC Program Advisory Committee in 2024. In order to realize KOTO II taking data in
2030s, we are eagerly seeking new members to build up KOTO II together.

20 m

Decay volume 
(Vacuum)

Charged Veto

Calorimeter
3 m

4.4 m

1.9 m

Figure 5: A detector configuration of KOTO II under study.
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