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KL → π0νν
•  (JEHP11(2015)033)

• Suppressed SM process
• Theoretically clean  

• CKM parameter uncertainty
• theoretical uncertainty ~2%

• Sensitive to new physics 
• High energy scale as large as 1000 TeV
• Correlation to 

• Grossman-Nir bound 

ℬSM(KL → π0νν) = (3.4 ± 0.6) × 10−11

ℬ(K+ → π+νν)

ℬ(KL → π0νν) < 4.3ℬ(K+ → π+νν)
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Sensitivity —Ultimate Grossman-Nir bound —

• Ultimate Grossman-Nir bound 

  

→   :   

     (bench mark of future bound)

• Goal of current KOTO experiment 

   SES: below   

    →Upper limit<
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12×8×66 mm3 Gold target

56 m

KOTO experiment in Hadron Experimental Facility at J-PARC
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30 GeV proton beam 
Slow extraction 
65 kW, 2-s spill / 5.2-s spill (2021)

J-PARC

Target

KOTO



Concept of signal detection
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Where are we? KOTO results of 2021 analysis
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Results of  2021 data analysis 

source Current estimation

Upstream　π0 0.064±0.050(stat)±0.006(sys)

KL→2π0

K+

Hadron cluster 
BG 0.024±0.004(stat)±0.006(sys)

Scattered 
KL→2γ 0.022±0.005(stat)±0.004(sys)

Halo KL→2γ 0.018±0.007(stat)±0.004(sys)

η production in 
CV 0.023±0.010(stat)±0.006(sys)

Sum                 0.255±0.058(stat)

0.060 ± (0.022)stat(+0.051
−0.060)sys

0.043 ± (0.015)stat(+0.004
−0.030)sys

(+0.053
−0.068)sys

Single Event Sensitivity(S.E.S.):8.7×10-10  
                        c.f. 2016-2018 analysis:7.2×10-10
BG Estimation

c.f. 2016-2018 analysis:1.23±0.26

observed, Expected Data

286.1±2.3 0.02±0.006

0.255±0.058

0.195±0.083

0

0

0

Signal region

blind region 
0.490±0.103

56

Prelim
inary

Prelim
inary
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Prospects for future run 

63

Installed a new UCV 
upgrade DAQ

Beam Power :64kW→ 80-100kW
Better beam structure Upgrade the power supply  

of the magnet in Main Ring

Install a new magnet  
in the KL beam line to suppress K±

SES:7.2×10-10

Published
Analysis 
on-going

SES:8.7×10-10

POT: x10 in 3-4 years 
with 60 days/year data taking 
SES will reach the sensitivity 
below 10-10

K. Shiomi 
KEK IPNS seminar
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KOTO current status and  prospects
9

KOTO 2021 

Upper limit : 
SES : 

2 × 10−9 (90 % CL)
8.7 × 10−10

K L
→

π0 νν

SES : 
~2 background events expected
if just extrapolated from the 2021 analysis
Upper limit with Feldman Cousins method

∼ 8 × 10−11

Fluctuations from small statics
           limits the sensitivity
We need new experiments
               with larger statistics 

Preli
minary



KOTO II with extension of hadron experimental facility
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T1

10

Dump

T2

KL2 beam line

Extension of hall with 2nd target

Higher momentum &
higher intensity  KL

Extraction angle: 16∘ → 5∘

T1



KOTO II with extension of hadron experimental facility
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T1

11

Dump

T2

KL2 beam line

Extension of hall with 2nd target Extension was supported by 
KEK Project Implementation Plan 2022
→ Top priority to request new budget
Released on 2022.6.24 
https://www.kek.jp/wp-content/uploads/2022/07/KEK-PIP2022.pdf

Higher momentum &
higher intensity  KL

Extraction angle: 16∘ → 5∘

T1

https://www.kek.jp/wp-content/uploads/2022/07/KEK-PIP2022.pdf


More KL
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Extraction angle θProton
KL

Small extraction angle  → High flux, High momentum
                                        ⇄ neutron background
→  is optimal
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Design of beam line
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T1 target Primary beam line

KL beam line

16 degree

20m

KOTO area
5° 63m

16° 20 m

Current KOTO beam line Extrapolate at 5°  → too long
 is reduced due to decay and solid angle KL

Primary beam line shield



Design of beam line
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T1 target Primary beam line

KL beam line

16 degree

20m

KOTO area

5° 43 m

16° 20 m

Current KOTO beam line 

Detector behind the beam dump
for shorter beam line

T1 target Primary beam line

KL beam line

16 degree

20m

KOTO area
5° 63m

16° 20 m

Current KOTO beam line Extrapolate with 5°  → too long
 is reduced due to decay and solid angle KL

Not fit in the current  
hadron experimental hall

Primary beam line shield

Beam dump→stop primary beam



KOTO II with extension of hadron experimental facility
15

T1

15

Dump

T2

KL2 beam line

Extension of hall with 2nd target

Higher momentum &
higher intensity  KL

Extraction angle: 16∘ → 5∘

T1



Idea of experiment behind the dump
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Proton

Primary beam line

5° 43m

DetectorDump
Calorimeter

1. Narrow beam⇄ Signal reconstruction (Beam width at calorimeter : 15 cm)
2. Longer decay volume to increase the decay → 20-m long detector
3. Shorter beam-line length is better  

           to have larger solid angle  
                  to minimize the decay loss 
    → Minimize the distance between the target and the dump
    ⇔ Should keep the beam line away from the main body of the dump

20 m

15 cm

Solid angle :4.8μsr



KL2 beam line
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T2 target
2nd collimator

5 degree
Experimental area

1st collimator

30GeV 
Proton

Sweeping magnet

Another magnet at most downstream

1.3 Beam Line

1.3.1 Performance of the beam line

Table 1 summarizes the beam parameters for KOTO step-2 and those in the current
KOTO experiment.

Table 1: Beam parameters for KOTO step-2 and the current KOTO experiment.

KOTO step-2* KOTO
Beam power 100 kW 64 kW (100 kW in future)
Target 102-mm-long gold 60-mm-long gold
Production angle 5◦ 16◦

Beam line length 43 m 20 m
Solid angle 4.8 µsr 7.8 µsr
* Note the parameters for step-2 are tentative for this study.

To evaluate the performance of the beam line for KOTO step-2 (KL2 beam line),
the target and beam line simulations were conducted. The target in the study was
chosen to be a simple cylindrical rod made of gold with its diameter of 10 mm
and length of 102 mm, which corresponds to 1λI (interaction length). The 30 GeV
primary protons were injected to the target with the beam size (σ) of 1.6 mm in
both horizontal and vertical directions. No beam divergence was considered in the
simulation. The secondary particles which went in the direction of 5 degree (within
±0.3 degree) to the primary beam direction were recorded at 1 m downstream from
the target to be used in the following beam line simulation as inputs. For the
simulation of the particle production at the target, we used the GEANT3-based
simulation as a default, and GEANT4 (10.5.1 with a physics list of QGSP BERT
or FTFP BERT) and FLUKA (2020.0.3) for comparison, as shown in Fig. 6 (left).
The resultant KL fluxes were found to agree with each other within 30%. GEANT3
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Figure 6: KL spectra at 1 m from the T2 target by the target simulation (left)
and at the exit of the KL2 beam line at 43 m from the T2 target by the beam line
simulation (right). In the left plot, the results by using various simulation packages
are also shown, as well as the result by the GEANT3-based simulation (labeled “G3
GFLUKA”) which is our default in this study.
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1.1 × 107KL /(2 × 1013POT)Ppeak = 3 GeV/c

 gain 
from KOTO
× 2.4

Dump
T2 target30 GeV proton

FLUKA

Geant3

Geant4

Geant4

5° 43m KL2 beam line

Magnet

Magnet

2nd Collimator1st Collimator

at the entrance of detector
for 100 kW beam on T2

Production 
angle

Beam 
line 

length

Solid 
angle

KOTO 16° 20 m 7.8 μsr
KOTO II 5° 43 m 4.8 μsr

Gain × 5 × 0.8 × 0.6

Beam hole 
of calorimeter

20 m 15 cm



•   POT /spill
• 24 MHz  incident in the dector during spill

8.8 × 1013

KL

 rate at the detectorKL
• 100 kW beam on T2 target
•  target length (63% loss)
• 2-s spill / 4.2-s reputation cycle

1λ
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1.1 × 107KL /(2 × 1013POT)
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±0.3 degree) to the primary beam direction were recorded at 1 m downstream from
the target to be used in the following beam line simulation as inputs. For the
simulation of the particle production at the target, we used the GEANT3-based
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Figure 6: KL spectra at 1 m from the T2 target by the target simulation (left)
and at the exit of the KL2 beam line at 43 m from the T2 target by the beam line
simulation (right). In the left plot, the results by using various simulation packages
are also shown, as well as the result by the GEANT3-based simulation (labeled “G3
GFLUKA”) which is our default in this study.

8

Ppeak = 3 GeV/c

24 MHz (on spill)

KL



Beam core neutron and photon
19

provided the smallest KL yield and thus is considered to be a conservative choice
in the discussion of the sensitivity.

In designing the KL2 beam line, we first follow the design strategy of the KOTO
beam line (KL beam line) [9]. The KL2 beam line consists of two stages of 5-m-long
collimators, a photon absorber in the beam, and a sweeping magnet to sweep out
charged particles from the target. The photon absorber, made of 7-cm-long lead,
is located at 7 m downstream of the target. The first collimator, starting from
20 m from the target, defines the solid angle and shape of the neutral beam. The
solid angle is set to be 4.8 µstr. The second collimator, starting from 38 m from the
target, cut the particles coming from the interactions at the photon absorber and the
beam-defining edge of the first collimator. The bore shape of the second collimator
is designed not to be seen from the target so that particles coming directly from the
target do not hit the inner surface and thus do not generate particles leaking outside
the beam. The first sweeping magnet is located upstream of the first collimator in
this study. Although an additional sweeping magnet is needed at the end of the
beam line in order to sweep out charged kaons which are produced by interactions
of neutral particles with the collimators, its effect was evaluated independently from
the base design beam line, as discussed later.

Figures 6 (right) and 7 show the simulated spectra of KL, neutrons, and photons
at the exit of the KL2 beam line, respectively. The KL yield was evaluated to be

0 1 2 3 4 5 6 7 8 9 10
 Momentum (GeV/c)

310

410

Neutron spectrum

0 10 20 30 40 50 60 70 80 90 100
 Energy (MeV)

210

310

410

510

Photon spectrum

Figure 7: Simulated neutron (left) and photon (right) spectra at the exit of the
beam line.

1.1 × 107 per 2 × 1013 protons on the target (POT). Note that the beam power of
100 kW corresponds to 2×1013 POT per second with 30 GeV protons. The resultant
KL flux per POT is 2.6 times higher than that of the current KOTO experiment.
The KL spectrum peaks at 3 GeV/c, while it is 1.4 GeV/c in the current KOTO
experiment. The simulated particle fluxes are summarized in Table 2.

Figure 8 shows the neutron profile at the assumed calorimeter location, 64 m
from the T2 target. As shown in the figure, the neutral beam is shaped so as to be
a square at the calorimeter location.
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Harsh condition  
for in-beam counters

Table 2: Expected particle yields estimated by the simulations.

Particle Energy range
Yield On-spill rate

(per 2× 1013 POT) (MHz)
KL 1.1× 107 24

Photon
>10 MeV 5.3× 107 110
>100 MeV 1.2× 107 24

Neutron
>0.1 GeV 3.1× 108 660
>1 GeV 2.1× 108 450

The beam power of 100 kW corresponds to 2×1013 POT/s with 30 GeV
protons. The on-spill rate means the instantaneous rate during the
beam spill, assuming 2-second beam spill every 4.2 seconds.
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Figure 8: Beam shape at the end-cap plane, represented by the neutron profile.
The left figure shows the distribution in ±15 cm of the beam center, and the right
top (bottom) histogram indicates the horizontal (vertical) distribution in ±50 cm
of the beam center.

Evaluation of neutrons spreading to the beam halo region, called “halo neutron”,
is important since they are potential sources of backgrounds due to their interaction
with the detector materials. Here we define the core and halo neutrons as those
inside and outside the ±10 cm region at the calorimeter, respectively. The ratio of
the halo neutron yield to the core yield was found to be 1.8× 10−4.
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Table 2: Expected particle yields estimated by the simulations.

Particle Energy range
Yield On-spill rate

(per 2× 1013 POT) (MHz)
KL 1.1× 107 24

Photon
>10 MeV 5.3× 107 110
>100 MeV 1.2× 107 24

Neutron
>0.1 GeV 3.1× 108 660
>1 GeV 2.1× 108 450

The beam power of 100 kW corresponds to 2×1013 POT/s with 30 GeV
protons. The on-spill rate means the instantaneous rate during the
beam spill, assuming 2-second beam spill every 4.2 seconds.
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Figure 8: Beam shape at the end-cap plane, represented by the neutron profile.
The left figure shows the distribution in ±15 cm of the beam center, and the right
top (bottom) histogram indicates the horizontal (vertical) distribution in ±50 cm
of the beam center.

Evaluation of neutrons spreading to the beam halo region, called “halo neutron”,
is important since they are potential sources of backgrounds due to their interaction
with the detector materials. Here we define the core and halo neutrons as those
inside and outside the ±10 cm region at the calorimeter, respectively. The ratio of
the halo neutron yield to the core yield was found to be 1.8× 10−4.

10

Neutron Photon

Momentum (GeV/c) Energy (GeV/c)
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Collimator design to suppress beam halo
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Flux of beam halo neutron
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Table 2: Expected particle yields estimated by the simulations.

Particle Energy range
Yield On-spill rate

(per 2× 1013 POT) (MHz)
KL 1.1× 107 24

Photon
>10 MeV 5.3× 107 110
>100 MeV 1.2× 107 24

Neutron
>0.1 GeV 3.1× 108 660
>1 GeV 2.1× 108 450

The beam power of 100 kW corresponds to 2×1013 POT/s with 30 GeV
protons. The on-spill rate means the instantaneous rate during the
beam spill, assuming 2-second beam spill every 4.2 seconds.
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of the beam center.

Evaluation of neutrons spreading to the beam halo region, called “halo neutron”,
is important since they are potential sources of backgrounds due to their interaction
with the detector materials. Here we define the core and halo neutrons as those
inside and outside the ±10 cm region at the calorimeter, respectively. The ratio of
the halo neutron yield to the core yield was found to be 1.8× 10−4.
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Magnets to suppress charged particles
22
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1st magnet
1.2T 1.5m

2nd magnet
2T 1.5m Momentum kick : 0.9 GeV/c

  without 2nd magnet
→  with 2nd magnet 
             is assumed  
              for background study

R(K+/KL) = 4.1 × 10−6

< 1.1 × 10−6

R(K+/KL) = 0.41 × 10−6

KL, neutron, π±

K±
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KOTO-II detector

2m

3m

2m

12m

0m 6.5m 20m

Signal region

KOTO

KOTO II

Peak  momentum : 1.4 GeV/c (step-1) → 3 GeV/c  (step-2)KL

Possible to use longer decay volume  (2 m → 12 m)
Larger diameter calorimeter (2 m → 3 m)

44m from T2
3m 15m

Beam hole :  20 cm × 20 cm



Candidate of in-beam charged veto
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30 cm

1.4 mm

1.
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m

 Au/W wireϕ = 50 μm

 thick carbon-coated polyimide foil50μm

MWPC-type gas wire chamber
(Thin Gap Chamber)
Tolerable for 100kHz/cm2 hit rate
99.9% efficiency with 2-out-of-3 logic
Used in KOTOFig. 5. Charge output of the chamber. Fig. 6. Charge output v.s. HV.

Fig. 7. Time jitter of the chamber signal.
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Fig. 8. Gain uniformity along the wire.

7. Conclusion & Future prospect

We designed a chamber to be used for the KOTO experiment. Tests showed that the prototype has
a sufficiently high detection efficiency and short time jitter. A rate tolerance of the chamber should be
studied. We are planning to construct three 30 cm × 30 cm chambers and install them in the KOTO
detector system for the physics run early in 2015.
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Measurement of muon flux behind the dump
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CalorimeterKL → π0νν π0 → 2γ

sections, reconstructed zvtx is used to give a realistic evaluation. P truth
decay ×Atruth

geom can

be compared with A2γ which is defined with reconstructed zvtx:

A2γ =
Number of events with 2γ hits with 3 m < zvtx < 15 m

Total number of KL at z = −1 m
.

With a MC simulation, A2γ of 2.4% is obtained, which is consistent with P truth
decay ×392

Atruth
geom = 2.4%.393
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Figure 22: Decay probability (a) and geometrical acceptance (b).

1.5.4.2 Cut acceptance394

The cut acceptances for the cuts from 1-6 and 8-9 2 listed in Sec. 1.5.3 are summa-395

rized in Fig. 23. The overall cut acceptance after applying all those cuts is 40%.396

The distributions of cut variables are shown in Fig. 24. The assumed acceptance for397

all the additional cuts to reduce the hadron-cluster background and halo KL → 2γ398

is 0.94 = 66%. Including all the above, the cut acceptance is 26%.399

1.5.4.3 Accidental loss400

In order to veto background events, we set a timing window (veto window) to detect401

extra particles with respect to the two-photon hit timing at the calorimeter. The402

width of the veto window is set to 40 ns for the Central Barrel Counter, 30 ns for403

2The seventh cut, zvtx selection, is already treated in the previous section.
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The comparisons between the model and actual measurements in the KOTO step-1
calorimeter are shown in Fig. 14 [12]. The model is more conservative than the
resolutions in the inner region of the KOTO step-1 calorimeter. 1

Figure 14: Energy (left) and position (right) resolutions for the central region of the
calorimeter [12]. The points with error bars show the measured data with electron,
the solid line shows a fit with a function, and the filled area shows the combined
statistical and systematic errors. The dashed line shows the model used in this
study.

1.4.3.2 Two-photon fusion probability in the calorimeter

The two-photon fusion contributes to the KL → 2π0 background. Missing two of
four photons from the decay causes the background. Fusion is one of the mechanisms
to miss a photon.

The model of the fusion probability is shown in Fig. 15 as a function of the
distance between two-gamma incident-positions on the calorimeter. This model
was prepared with a MC study using the calorimeter in KOTO step-1.

1.4.3.3 Inefficiency of the particle veto

Calorimeter photon inefficiency The photon inefficiency of the calorimeter
contributes theKL → 2π0 background. The modeled inefficiency is shown in Fig. 16,
which was the same as in the proposal and was obtained with a MC study.

Barrel photon inefficiency The photon inefficiency of the barrel counter is
shown in Fig. 17, which was prepared for the barrel detector upgrade in KOTO

1 The modeled energy resolution is also more conservative than the actual measurements in
the outer region. The modeled position resolution is better by at most 3.2 mm than the actual
resolution in the outer region of the current calorimeter for the incident energy smaller than 2 GeV.
5-cm-square CsI crystals are used in the outer region instead of 2.5-cm-square ones in the inner
region.

17

Central Barrel CounterFront Barrel Counter
Upstream Collar Counter Calorimeter

Downstream Collar Counter
Beam Hole CounterCharged Veto Counter

Figure 13: Conceptual detector. The upstream edge of the Front Barrel Counter is
44 m from T2 target.

1.4.3 Modeling of detector response

The interaction of particles in the calorimeter can be modeled in terms of the
energy / position resolutions, and two-photon fusion probability (a proba-
bility to identify two incident photons nearby as a single cluster). The interaction
of particles with respect to the veto performance is modeled by inefficiency as
a function of the particle type, the incident energy, and the incident angle. The
timing smearing of the Central Barrel Counter is applied for some studies. Other
energy or timing smearing is not applied for the veto counters.

The photon-detection inefficiency of the barrel counter is estimated based on the
study performed for the newly installed barrel photon counter in KOTO step-1 [11].
The inefficiency of the in-beam detector (the Beam Hole Counter in the conceptual
detector) is based on the performance of the current detector in the KOTO step-1.
The other modelings are the same as in the proposal [7].

For the inefficiency, here we just introduce models with detection thresholds.
These relate to the background estimation in Sec. 1.5. The thresholds relate to
the detection rate of the counters to be described in Sec. 1.5.4.3. We decided the
thresholds considering both.

1.4.3.1 Energy / position resolutions of the calorimeter

The pT and zvtx resolutions of the reconstructed π0 is affected by the energy and
position resolutions of the calorimeter.

The energy resolution is modeled as follows:

σE

E
=

(
1⊕ 2√

E(GeV)

)
%.

The position resolution is modeled as follows:

σx =
5√

E(GeV)
(mm) .
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1.4.3 Modeling of detector response

The interaction of particles in the calorimeter can be modeled in terms of the
energy / position resolutions, and two-photon fusion probability (a proba-
bility to identify two incident photons nearby as a single cluster). The interaction
of particles with respect to the veto performance is modeled by inefficiency as
a function of the particle type, the incident energy, and the incident angle. The
timing smearing of the Central Barrel Counter is applied for some studies. Other
energy or timing smearing is not applied for the veto counters.

The photon-detection inefficiency of the barrel counter is estimated based on the
study performed for the newly installed barrel photon counter in KOTO step-1 [11].
The inefficiency of the in-beam detector (the Beam Hole Counter in the conceptual
detector) is based on the performance of the current detector in the KOTO step-1.
The other modelings are the same as in the proposal [7].

For the inefficiency, here we just introduce models with detection thresholds.
These relate to the background estimation in Sec. 1.5. The thresholds relate to
the detection rate of the counters to be described in Sec. 1.5.4.3. We decided the
thresholds considering both.

1.4.3.1 Energy / position resolutions of the calorimeter

The pT and zvtx resolutions of the reconstructed π0 is affected by the energy and
position resolutions of the calorimeter.

The energy resolution is modeled as follows:

σE

E
=

(
1⊕ 2√

E(GeV)

)
%.

The position resolution is modeled as follows:

σx =
5√

E(GeV)
(mm) .

16

Measured 
Measured 

Model Model 

Smearing energy and position
Model based on the performance of the current CsI calorimeter

M
ea

su
re

d w
ith

 
 in

 en
gi

ne
er

in
g r

un
 in

 20
12

wi
th

 sp
ec

tro
m

ete
r i

n f
ro

nt
 of

 th
e c

alo
rim

ete
r

e±



Signal— event selections —
34

projθ

θ

)
0

,y
0

=(x0r)
1

,y
1

=(x1r

x

y

z

vtxz Calorimeter surface

Figure 20: Geometrical relation in the vertex reconstruction.

3. Calorimeter fiducial area : max(|x0|, |y0|) > 175 mm, max(|x1|, |y1|) > 175 mm.

4. Photon energy : E0 > 100 MeV, E1 > 100 MeV.

5. Distance between two photons : |r1 − r0|> 300 mm.

6. Projection angle (θproj as shown in Fig. 20) : θproj ≡ acos
(

r0·r1
|r0||r1|

)
< 150◦.

7. π0 decay vertex : 3 m < zvtx < 15 m.

8. π0 transverse momentum : 130 MeV/c < pT < 250 MeV/c.

9. Tighter π0 pT criteria in the downstream (Fig. 21): pT
(MeV/c) >

zvtx
(mm)×0.008+50.

10. Selection to reduce hadron cluster background
In order to reduce neutron clusters, cluster shape, pulse shape, and depth
information of the hits in the calorimeter are used as in the analysis of the
KOTO step-1. The signal selection efficiency of 0.93 = 0.73 is assumed. The
reduction of the background is discussed in Sec. 1.5.5.6.

11. Selection to reduce halo KL → 2γ background
The photon incident-angle information is used to reduce the halo KL → 2γ
background as in the KOTO step-1. The signal selection efficiency of 0.9 is
assumed. The reduction of the background is discussed in Sec. 1.5.5.4.

The first 5 selections ensure the quality of the photon cluster; The sum of the
photon energies is useful to reduce a trigger bias, because we plan to use the sum
of the calorimeter energy for the trigger. The edge region of the calorimeter is
avoided to reduce the energy leak outside the calorimeter. Higher energy photons
give good resolution. Large distance between the two photons reduces the overlap
of two clusters.

The next four are kinematic selections. The projection angle selection requires
no back-to-back configuration of the two photons to reduce KL → 2γ. Larger π0

pT is required to match the kinematics of the signal. The tighter pT selection is
required in the downstream region, because the reconstructed pT tends to be larger
due to worse pT resolution for the decay near the calorimeter.
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Tight  at downstream

E0 + E1 > 500 MeV
x2

i + y2
i < 1350 mm

max( |xi | , |yi | ) > 175 mm
Ei > 100 MeV
|r1 − r0 | > 300 mm
θproj < 150∘

130 MeV/c < pT < 250 MeV/c
pT

The last two are the identification criteria with the calorimeter to discrimi-
nate photon and neutron clusters, or to discriminate correct and incorrect photon-
incident angle.
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Figure 21: pT criteria in the zvtx-pT plane. The blue doted line shows the tighter
pT criteria in the downstream region.

1.5.4 Signal yield

The yield of KL → π0νν can be factorized into the decay probability within the
z region from 3 m to 15 m, the geometrical acceptance to have 2 photons in the
calorimeter, and the cut acceptance described in the following subsections. The
signal losses called “accidental loss” and “shower-leakage loss” will be introduced
and discussed in the later subsections.

1.5.4.1 Decay probability and geometrical acceptance of two photons
at the calorimeter

The decay probability (P truth
decay) is defined:

P truth
decay =

Number of KL’s that decayed in 3 m < z < 15 m

Total number of KL’s at z = −1 m
.

It is evaluated with a MC simulation as in Fig. 22(a) to be 9.9%.
The geometrical acceptance (Atruth

geom) is defined:

Atruth
geom =

Number of KL’s with 2γ’s in the calorimeter that decayed in 3 < z < 15 m

Number of KL’s that decayed in 3 m < z < 15 m
.

It is also evaluated with a MC simulation to be 24% as shown in Fig. 22(b).
The P truth

decay and Atruth
geom relate to the true decay z position. In the following

sections, reconstructed zvtx is used to give a realistic evaluation. P truth
decay ×Atruth

geom can
be compared with A2γ which is defined with reconstructed zvtx:

A2γ =
Number of events with 2γ hits with 3 m < zvtx < 15 m

Total number of KL at z = −1 m
.

With a MC simulation, A2γ of 2.4% is obtained, which is consistent with P truth
decay ×

Atruth
geom = 2.4%.

23

Quality
 cuts

KL
→ 2γ

High  signal characteristics
Region with worse  resolution

pT
pT

selection with cluster shape and waveform
Discrimination of photon/neutron clusters
Discrimination of true/fake incident angle

E0

E1



0 2000 4000 6000 8000 10000
 energies (MeV)γSum of two 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04 Acc:1.00

(a)

0 200 400 600 800 1000 1200 1400 1600
 R (mm)γmax 

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018

0.02 Acc:0.86

(b)

0 200 400 600 800 1000 1200 1400 1600
 max(X,Y) (mm)γmin 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035 Acc:0.88

(c)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

 energy (MeV)γmin 

0

0.01

0.02

0.03

0.04

0.05

Acc:1.00

(d)

0 500 1000 1500 2000 2500 3000
 distance (mm)γTwo 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04 Acc:1.00

(e)

0 20 40 60 80 100 120 140 160 180 200
)°Projection angle  (

0

0.005

0.01

0.015

0.02

0.025

0.03 Acc:0.86

(f)

0 50 100 150 200 250 300 350 400
 (MeV/c)

T
p

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035
Acc:0.70

(g)

0

0.002

0.004

0.006

0.008

0.01

0.012

Pr
ob
ab
ilit
y

0 5000 10000 15000 20000
Z(mm)

0
50
100
150
200
250
300
350
400
450
500

(M
eV
/c
)

Tp

(h)

Figure 24: Distributions of variables used in the event selections: (a) sum of two
photon energies, (b) radial hit position, (c) inner hit positions (d) minimum photon
energy, (f) projection angle, (g) pT, (h) tighter pT selection in the downstream
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particles, such as photons, neutrons, and KL. The layer-hit is decided with the417

energy deposit larger than the 1/4 of the minimium-ionizing-particle peak. The418

counter-hit is decided with two coincident hits out of three layers, which maintains419

the charged-particle efficiency better than 99.5% with less contribution from the420

neutral particles. The width of the veto window is 30 ns to cover the drift time of421

the ionized electron in the chamber. The particles in the beam simulated with the422

beam line simulation were injected into the beam-hole charged-particle veto counter.423

Fig. 25 shows the hit rate of each readout channel. The channel -1 corresponds to the424

counter-hit rate with the two-out-of-three logic, which is 2.9 MHz. The accidental425
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9. Tighter π0 pT criteria in the downstream (Fig. 21): pT
(MeV/c) >

zvtx
(mm)×0.008+50.356

10. Selection to reduce hadron cluster background357

In order to reduce neutron clusters, cluster shape, pulse shape, and depth358

information of the hits in the calorimeter are used as in the analysis of the359

KOTO step-1. The signal selection efficiency of 0.93 = 0.73 is assumed. The360

reduction of the background is discussed in Sec. 1.5.5.6.361

11. Selection to reduce halo KL → 2γ background362

The photon incident-angle information is used to reduce the halo KL → 2γ363

background as in the KOTO step-1. The signal selection efficiency of 0.9 is364

assumed. The reduction of the background is discussed in Sec. 1.5.5.4.365

The first 5 selections ensure the quality of the photon cluster; The sum of the366

photon energies is useful to reduce a trigger bias, because we plan to use the sum367

of the calorimeter energy for the trigger. The edge region of the calorimeter is368

avoided to reduce the energy leak outside the calorimeter. Higher energy photons369

give good resolution. Large distance between the two photons reduces the overlap370

of two clusters.371

The next four are kinematic selections. The projection angle selection requires372

no back-to-back configuration of the two photons to reduce KL → 2γ. Larger π0
373

pT is required to match the kinematics of the signal. The tighter pT selection is374

required in the downstream region, because the reconstructed pT tends to be larger375

due to worse pT resolution for the decay near the calorimeter.376

The last two are the identification criteria with the calorimeter to discrimi-377

nate photon and neutron clusters, or to discriminate correct and incorrect photon-378

incident angle.379
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Assumed signal efficiency
• n/γ discrimination (3 cuts) : 
• Consistency between the 

reconstructed γ angle and the 
shower shape: 0.9

0.93



Signal loss
• Accidental loss : evaluated to be 39%
• Shower leakage loss

37



Single loss — shower leakage loss—
38

KL → π0νν

Gammas from  decay in  sometimes cause shower-leakage to veto counters
→ Signal happens to be vetoed.

π0 KL → π0νν



Single loss — shower leakage to Central Barrel :  backsplash—
39

Backsplash
Central Barrel Central Barrel

Background : Should veto Signal : Should not veto

How to discriminate ?

photon from 
other  decayKL



Signal loss — suppress backsplash loss—
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Shower-leakage loss=9%
Signal survival probability=91%
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# of signal events
41

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

Beam power : 100 kW at T2 target
Data taking :  s

# of events (SM) : 35 events
3 × 107

Improvement factor
       in total× 190
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1.5.4.5 Signal yield including the signal losses

We evaluate the number of the signal (S) in 3×107 s running time with BRKL→ß0˚˚ =
3× 10−11:

S =
(beam power)× (running time)

(beam energy)
× (number of KL/POT)

× Pdecay × Ageom × Acut × (1-accidental loss)× (1-backsplash loss)× BKL→π0νν

=
(100 kW)× (3× 107 s)

(30 GeV)
× (1.1× 107KL)

(2× 1013 POT)

× 9.9%× 24%× 26%× (1− 39%)× 91%× (3× 10−11)

=35.

Here, Pdecay is the decay probability, Ageom is the geometrical acceptance for the
two photons entering the calorimeter, Acut is the cut acceptance, and BKL→π0νν is
the branching fraction of KL → π0νν. Distribution in the zvtx-pT plane is shown in
Fig. 30.
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Figure 30: Distribution in the zvtx-pT plane for KL → π0νν for the running time of
3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5 Background estimation

1.5.5.1 KL → π0π0

KL → π0π0 becomes a background when two clusters are formed at the calorimeter
and the other photons are missed in the following cases.

1. Fusion background: Three photons enter the calorimeter, and two of them
are fused into one cluster. The other one photon is missed due to the detector
inefficiency.

2. Even-pairing background: Two photons from a π0-decay form two clusters
in the calorimeter. Two photons from the other π0 are missed due to the
detector inefficiency.
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Background evaluation
42

Beam power : 100 kW at T2 target
Data taking :  s3 × 107
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Background — Inefficiency modeling —
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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

40

2.5 events are expected
   is limited with kinematics and resolution 

One charged pion is lost in Charged Veto 
The other one is lost in Beam Hole Charged Veto

π0 pT

Tighter  
at downstream

pT

Calorimeter In-beam inefficiency : 5 × 10−3

 Inefficiency:  depending on momentumπ− 4 × 10−4 − 10−5
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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.
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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.
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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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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

42

4.0 events are expected.
Second magnet is assumed to reduce it to be .× 1/10

K+ γ
e+

Calorimeter
γ
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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

44

3 events are expected.
 reduction with 73% signal efficiency (  ) is assumed× 10−7 0.93

Cluster shape + Pulse shape
 with 72% signal efficiency× (2.5 × 10−6)

Shower depth
 with 90% signal efficiency× (2.1 × 10−2)

KOTO achieved   reduction  
with 0.65 signal efficiency

∼ 10−7

halo neutron
Calorimeter

neutron
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Halo neutron → π0
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0.11±0.19 0.2 events are expected.
Fully active upstream collar counter is assumed.
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Halo neutron → η

8.2 events are expected.
3-mm thick plastic scintillator at 30-cm 
upstream of the calorimeter is assumed.
More reduction by using the cluster shape cuts 
can be expected.
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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 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

40

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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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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KL → 2π0

10.3 ± 0.8
KL → π+π−π0

2.5 ± 0.4
KL → π±e∓ν

0.078 ± 0.001
haloKL → 2γ

4.8 ± 0.2

K+

4.0 ± 0.4
Hadron cluster

3.0 ± 0.5
upstream π0

0.2 ± 0.1
 production at CVη

8.2 ± 2.3

# of signal events (SM) : 35
# of background events : 33
S/N = 1.1 → 6.1σ observation

100 kW beam, s   
→ POT : 

3 × 107

6.3 × 1020
SES: 8.5 × 10−13

Update from KAON2022
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100 kW beam,   s   POT
SES: ,  S/B=1.1
• 35 SM signal / 33 background events

→  observation

• →

• 38% deviation from SM→90%-CL indication of NP

3 × 107 = 6.3 × 1020

8.5 × 10−13

6.1σ

Δℬ/ℬ = 23 % Δη/η = 12 %

Base design → better sensitivity with more studies

May find NP effect

Example 
70% deviation from SM
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18 Global analyses
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Fig. 227: UT fit today (left) and extrapolated to the 50 ab�1 scenario for the SM-like scenario

(right). Four sets of fits are shown using loop, tree, CP conserving and CP violating data

subsets, respectively.

the CKM parameters and the parameters representing NP contributions to Bd � B̄d mixing.

18.3. Model-independent analyses of new physics

One can parametrise all possible types of new physics in terms of Wilson coe�cients of the

weak e↵ective hamiltonian. In hadronic decays this approach involves too many coe�cients

to be feasible in practice. However, in some cases only a restricted set of Wilson coe�cients

contributes and such model-independent fits are possible. These cases are discussed in this

section.

18.3.1. Tree-level decays. (Contributing author: Ryoutaro Watanabe)

(Semi-)leptonic B meson decays are derived from the quark level process, b ! q`⌫ for

q = u and c. Belle II has su�cient sensitivity to precisely measure a variety of observables

619/688

Belle II   with only Tree contribution50 ab−1

Hight from , for exampleℬ(KL → π0νν)

100 kW beam,   s   POT
•

3 × 107 = 6.3 × 1020

Δη/η = 12 %

ℬ(K+ → π+νν)

May find NP effect



Preparation of KOTO II — realistic detector —
• Realistic detector geometry → Weight / Cost evaluation
• Geant4 geometry → ready for full simulation

56



57



58



Preparation of KOTO II — barrel detector—
• 1 module : 135 layers of  

scintillator (1-mm thick) and  
lead (5-mm thick)

• Read out with PMT outside of the vacuum
• 32 modules in φ  4 in z → 1 vacuum tank×

59

Sectional Modules, side viewSectional Modules, side viewSectional Modules, side viewSectional Modules, side viewM
odule Ready for:

PM
Ts, M

irror Fiber Ends, W
rap light tight,  etc.

1st prototype

Work in progress 
    in U of Chicago

Mockup study



Preparation of KOTO II — barrel detector—
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0 1 2 3 4 5 6

# in Z 2 2 4 4 4 4 4

# in φ 20 20 24 32 32 32 32

55
0 

m
m



Preparation of KOTO II — Calorimeter —
• An example 

configuration to 
study more. 

• Idea of assembly
• Stacking from 

the bottom.
• Fix with 

pressure from 
side and top

61

3-m diameter

5-cm◻︎ 50-cm long CsI

5-cm◻︎ ~50-cm long Shashlyc 
(0.275-mm lead / 1.5-mm scinti.)

2.5-cm◻︎50-cm long CsI

Outer Veto : 20-cm◻︎ ~50-cm long Shashlyc (1-mm lead / 5-mm scinti. )



Preparation of KOTO II  
— Trial of photon angle measurement with Calorimeter —

• Considering to use it in front of main calorimeter
• Construction of prototype modules

• Lead : 0.15-mm-thick, Scintillator: 1-mm-square scintillating fibers
• Read out with MPPCs
• 5-layer 14-mm-wide module : Light yield : ~100 p.e./MeV  

62

Simulation of angular resolution of new electromagnetic sampling calorimeter  
(NIMA 1052 (2023)168261)

Lead/Scintilator sandwich
→ 15-mm-wide scintillator readout
→ Shower development

Photon incident angle resolution 
a few degree for  0.2-2 GeV Eγ

G.Y. Lim

16 modules / plane
12 sets of (X,Y) plane



63
Design of KL annex —Radiation shielding— 

Dose rate in vertical average Dose rate in horizontal average 

North roof of KL annex

South
Bottom soil

T. Matsumura

Determined the minimum thickness of wall and roof → Realistic annex design by company

:  2m for   
(0.5 m z < 20 m)

Troof 2.5μSv/h
No limit for Twall

1.5 m iron 
KL beam dump



Preparation of KL Annex — Determination of roof access —
64

Determined the position / size of the roof open→Realistic annex design by company

40 m
z

x

z

y Access region from roof

6 
m

10
 m



Hadron hall : Proton target

Current Hadron Target
Gold (6-divided)

Cooling-water pipes

Copper

Stainless 
steel

66mm

Proton 
beam

temperature of 
each gold piece is 
measured at left 
and right edges

Be window

One gold target is turned over 
and stacked on another one

➢ Up to 95 kW beam (5.2-sec cycle)

➢ Indirectly water-cooled

➢ Gold was chosen due to the good thermal conductivity and 
thermal expansion coefficient close to that of copper

➢ Involved in airtight chamber and He gas is circulated to monitor 
the target soundness

target chamber

cf. prev. target: max 57kW

• installed in Nov., 2019.
• first beam commissioning was 

performed in 2020 run.

Current target

Up to  115 kW beam 

2-sec spill / 4.2-s cycle


Gold + Cu with cooling water

by H. Takahashi at 3rd HEF-ex WS
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Rotation speed (rpm)

flat disk(previous system)

spoke (previous system)

turbo fin (previous system)

turbo fin (new rotation system)

Temperature-controlled air
(newly installed)

Up to 1000 rpm

150kW
equivalent

Operation speed (plan)

Preliminarily result (in Air)
flat disk spoke type turbo-fin type

Cooling Efficiency

The cooling efficiency at 500 rpm seems to be high enough 
for 150kW beam operation. (to be checked in detail)

New rotation system was constructed for 
higher rotation-speed tests.

Shape of target disk

Sufficient cooling efficiency 
for 150kW beam was 

achieved at 200 rpm by 
adopting turbo-fin shape!

By CFD, a better cooling efficiency is 
expected for higher rotating speed. 500 rpm → enough cooling performance
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Rotation speed (rpm)

flat disk(previous system)

spoke (previous system)

turbo fin (previous system)

turbo fin (new rotation system)

Temperature-controlled air
(newly installed)

Up to 1000 rpm

150kW
equivalent

Operation speed (plan)

Preliminarily result (in Air)
flat disk spoke type turbo-fin type

Cooling Efficiency

The cooling efficiency at 500 rpm seems to be high enough 
for 150kW beam operation. (to be checked in detail)

New rotation system was constructed for 
higher rotation-speed tests.

Shape of target disk

Sufficient cooling efficiency 
for 150kW beam was 

achieved at 200 rpm by 
adopting turbo-fin shape!

By CFD, a better cooling efficiency is 
expected for higher rotating speed.

New target under development

Rotating target with turbo-fin (Cu, gas-jet drive)

Protons hit outer region (Au, etc)

346 mm

by H. Takahashi at 3rd HEF-ex WS



Architectural and Civil Engineering Design
Realistic design by Nikken Sekkei based on site level survey

by H. Takahashi at 3rd HEF-ex WS
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Extended hall and Road
in consultation with
JAEA and 
the local government



Time line of Hadron Experimental Facility extension
• Time line for the earliest case 

• 1st Priority to get budget on KEK PIP2020
• Depends on the budget request (every one year)
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The Fastest
Timeline of the Project

4

FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028 FY2029 FY2030 FY2031 FY2032

Hadron
Hall

COMET Phase-II

Expanded Programs
with more beam lines

Current Programs
with SX Power towards 100kW

MR accelerator
Upgrade

Hall Extension

Constr
uction

construction parallel to beam operation in the first 4 years, 
beam-suspension in the next 2.5 years

The Extension Project of Hadron Experimental Facility (7 years)

HK starts
BELLE2 LS2

Phase-II ConstructionPhase-a Phase-I

Slipped by 1 year



Phasing
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The Fastest
Timeline of the Project

4

FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028 FY2029 FY2030 FY2031 FY2032

Hadron
Hall

COMET Phase-II

Expanded Programs
with more beam lines

Current Programs
with SX Power towards 100kW

MR accelerator
Upgrade

Hall Extension

Constr
uction

construction parallel to beam operation in the first 4 years, 
beam-suspension in the next 2.5 years

The Extension Project of Hadron Experimental Facility (7 years)

HK starts
BELLE2 LS2

Phase-II ConstructionPhase-a Phase-I

Proposal
submission

KOTO II Preparation group KOTO II collaboration

New design / 
Prototyping / Funding Construction Beam survey



Current and future R&D items
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1.7 Detector Feasibility Study

1.7.1 Angle measurement of photon

In addition to the current reconstruction of π0 by using energies and positions of two
photons detected in a calorimeter, we can extract its decay position independently
when we can measure incident angle of the photons. By requiring a consistency
between two vertices reconstructed from different observables, we can select genuine
single π0 decay and reject various kinds of wrong pair of photons such as odd-pairing
KL → π0π0 backgrounds and neutron induced two clusters. It also enables us to
remove π0 and η decays produced by halo neutrons because they occur far from the
beam axis. We can expect similar rejection against KL → 2γ decays when the KL

deviate from the beam center due to scattering.
For the angle measurement of photon, we should get information about the

spatial profile of shower particles generated in the electromagnetic calorimeter. This
will be realized by recording energy deposits in a detector finely segmented in three
dimensions. We started the study with a setup of sampling calorimeter consisting
of alternating lead sheets and strips of plastic scintillator as shown in Fig. 42. The
dimensions of a lead sheet and a plastic scintillator strip are 500 × 500 × 1 mm3

and 500 × 15 × 5 mm3, respectively. By arranging the strips in x- and y-direction
alternatively along z-direction, we can get shower profiles in x-z and y-z planes in
turn.

Figure 42: Simulation setup for studying on angle measurement. The detector is
a sampling calorimeter consisting of alternating lead sheets and strips of plastic
scintillator.

41

Trial production and performance test of shashlyc counter 
for calorimeter candidate  
Energy, timing resolutions, neutron/γ discrimination

Prototype test of photon-angle measurement
(G.Y.Lim + Korean group)

Radiation environments
⇔ Use of MPPCs

read out of fibers from side with MPPCs
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Straw-chamber tracker for 
→ precise vertex reconstruction
5-mm diameter, 12-  thick foil

KL → π0l+l−

μm

CV: 3-m diameter charged veto without any gap(< ) 
Scintillator pad? for  < 300 ps resolution
Readout with MPPCs, APDs…? ⇔ radiation damage

10−3

New scintillator 
with perovskite quantum dots
→ O(10) ps timing may be expected

Consideration on Barrel Charged Veto

Current and future R&D items
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Summary
⚫ In the KOTO experiment, reduction of the accidental

loss is one of the issue to be solved in order to reach
higher-sensitivity.

⚫ We found that more than 50% of the accidental counts
of FB VETO are caused by the neutron capture reactions
in scintillators (1H) and support structures (Fe isotopes).

⚫ Inserting a B4C sheet between lead/scintillator layers
can reduce 90% of the counting rate caused by thermal
neutrons. As a result, the accidental loss of FB VETO can
be improved from 21% to 12%.

Effect of low-energy neutrons on accidental counting rate 
in the KOTO experiment

KOTO is a high-sensitivity experiment aiming to
search for the rare KL → 𝜋0𝜈 ҧ𝜈 decay (Br ~10-11).
The signal criteria is 2g detection in the CsI and no
hit in the VETO counters (Fig.1). Hence, higher
accidental rate of the VETO counters causes loss of
the rare “signal” due to accidental VETO. Typical
counting rates are 5 MHz for FB VETO and 2 MHz
for MB VETO. In total, ~60% of the SM signal is

International Conference on Kaon Physics 2022 (KAON2022),   14 September 2022, Osaka

Fig.3 shows a histogram of the detection time with energy deposit more
than 1 MeV in FB VETO, where the initial time is the start timing of beam
transport at 1m downstream of the gold target. There are two major
components: sharp peak at around 70-300 ns (Prompt Component) and
broad bump at around 10 μs-3 ms (Delayed Component).

Toru Matsumura (on behalf of the KOTO collaboration), National Defense Academy of Japan, Yokosuka, Japan (E-mail: toru@nda.ac.jp)

1. Introduction

Since thermal neutrons induce the delayed accidental hits,
we can suppress them by inserting neutron absorber into
the VETO counter. Boron carbide (B4C) sheet is a good
candidate for this purpose because of following reasons.

⚫ Cross-section for the 10B(n,α)7Li* reaction to thermal
neutrons is large (3840 b). Most of 7Li residuals (94%)
are in excited state and 0.48 MeV γ’s are emitted from
them; nevertheless, FB VETO with 1 MeV threshold is
basically insensitive to the γ’s.

⚫ Thin mylar sheet is commercially available (50-100 μm).
Thus, we can insert it between lead plate and reflector
sheet without major modification of the detector.

The effect of insertion is summarized in Table 1. By
inserting 100-μm-thick of B4C sheet to all the 54 layers of
the FB module, the accidental rate reduces from 2.3 MHz
to 1.2 MHz (90% reduction in the delayed components).
As a result, the accidental loss of FB VETO may be
improved from 21% to 12% with 50 ns timing window.

Tab.1  Effect of B4C sheet insertion (64kW)

Cause of the accidental rate
In the past few years, we reinforced radiation shield around the experimental area with 30 cm-thick-
iron and 10 cm-thick polyethylene. As a result, activity due to high-energy neutrons from the
primary beamline was drastically reduced. At present, the main source of the accidental counts is
stemmed from particles from the KL beamline. Our objective is to investigate the origin and
mechanism of the accidental activity originated from the KL beamline with a beamline simulation.

expected to be lost in the present experimental condition. Therefore, reduction of the accidental
VETO rate is one of the issue to be solved in order to reach higher sensitivity.

Fig.1 Signal criteria and accidental veto. FB and 
MB VETO are Lead/Scinti. sandwich counter.

Fig.2 Top view of the KOTO beamline

accidental 
VETO

2. Origin of the accidental hit in FB VETO

Mechanism of the accidental VETO rate

⚫ Prompt Component (33%)
・KL-decay particles such as 𝜋±, 𝜇, 𝛾
・Scattered neutrons or 𝛾’s  at the upstream charged veto counter (UCV)
These are true-timing hits that should be vetoed.

⚫ Delayed Component (53%)
・Neuron capture: n+1H→ 2H+ γ (2.2 MeV) in the scintillator
・Neuron capture: n+56Fe→ 57Fe+ γ (7.6 MeV) in the support structure 
Neutrons generated by the 𝜋−𝑝 → 𝜋0𝑛 reaction are thermalized in the 
KOTO detector; they are captured by the scintillators and stainless steel.
This component is uncorrelated timing hits and should be suppressed ! Fig.3  Detection time of FB after the production Fig.5  A typical reaction mechanism of the delayed component

3. Data/MC comparison
The accidental rate of FB VETO with 64kW
beam was 2.99MHz after subtracting the
primary beamline contribution. On the other
hand, the Monte Carlo (MC) estimation was
2.3 MHz, which was in agreement with 20%
accuracy. The small discrepancy between the
data and MC may be due to incompleteness
of the hadron package of MC or existence of
unaware background source.

Fig.6 shows threshold dependence of the FB
accidental rate estimated with MC for all
component and only delayed one. Due to the
strong effect of 2.2 MeV γ accompanying the
neutron capture of 1H, one can see that the
delayed component become pronounced
(~50%) at low energies. Hence, if we can
eliminate the unwanted delayed component in
an effective way, drastic suppression of the
accidental rate is achievable.

In addition to the above mentioned sources, thermal or
epi-thermal neutrons that directly come from upstream of
the beamline are possible source of accidental counts.
Evaluating this by simulation requires a long calculation
time and is difficult to reproduce the geometry required
for reliable results. Therefore, the presence or absence of
low-energy neutrons was investigated by systematic
measurements with various neutron counters.

One of such counter is 6LiI(Eu) scintillator covered in
front with two layer of the neutron absorber (20%-boric
acid mixed polyethylene). The thickness of the absorber
makes a big difference in sensitivity to thermal and
epithermal neutrons. Fig.9 shows ADC distributions for
different absorber thickness measured at 30 cm below the
beam axis. No difference was observed in the neutron
detection rate, which indicates that we can exclude the
possibility of thermal and epithermal neutrons coming
from the upstream of the beamline.

Fig.6  Threshold depemdence of 
FB counting rate 

4. A possible way to suppress the accidental hits

5. Other sources?

Fig.7  B4C mylar sheet (100 μm)

Condition rate 
(MHz)

rate [delayed] 
(MHz)

No B4C sheet 2.34 1.25

B4C sheet 100 μm 1.20 0.11
B4C sheet 100 μm
(Inner 27 layer only)

1.43 0.33

B4C sheet 50 μm 1.39 0.31

90%
reduction

FB
 O

R 
ra

te
(M

H
z)

MC
2.3 MHz

π- from KL decay π-p→ π0n reaction
thermalization capture γ detection

~60%

Fig.8  LiI(Eu) scintillator

Fig.9  ADC distributions of LiI

Fig.4  A typical reaction mechanism of the prompt component

 hits the detector → thermal neutron → capture →high counting rate
 sheet for each lead layer will reduce the detector hit rate 

→ Prepare a lead- -scintillator module → Test at J-PARC

π±

B4C
B4C

Realistic mechanical design of barrel (U of Chicago)

Design of upstream collar

Construction of 1st section

Current and future R&D items
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In-beam charged veto
Low Gain Avalanche Diode?

In-beam photon veto
lead-aerogel module is considered
Any other ideas?

Current and future R&D items



More study items and more collaboration
• Korea-Japan co-research (2023-2024)

• Dual readout calorimeter, LGAD, … for KOTO II
• Mechanical design : will have supports from engineer group in U of Chicago.
• KEK detector R&D platform

• Development of quantum-dot scintillator with fast timing
• Study with Full-simulation / Fast-simulation packages

• Reduction of background using cluster shape : halo ,  production in CV, …

• Feasibility studies for other decay modes, , ,  …
• Will prepare KOTO-II proposal in JFY2023.

• Any suggestions, contributions are welcome.
• More international collaboration is one of the keys.
• Could you consider to join the KOTO-II preparation group to prepare a proposal?

KL → 2γ η
KL → π0e+e− KL → π0μ+μ− KL → π0X
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Conclusion
• KOTO II at extended hadron experimental facility at J-PC will measure 

• Extension of Hadron Experimental Facility 
      → Supported by KEK PIP 2022

• 40 events can be observation in SM with S/B=1.1 →  discovery.
• Deviation of 38% may give 90% indication of NP.
• Preparation toward KOTO II is on-going.

• Many challenges in the detector / analysis → many chances of contributions.
• Will prepare our proposal in JFY2024.
• You are more than welcome to join us.
• Let’s make a next generation experiment!

ℬ(KL → π0νν)

6σ
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