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Motivation

2 Chapter 1 Introduction
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Figure 1.1 Feynman Diagrams for KL ! p0nn̄ decays

New Physics

KL->π0νν rare decay: Why is this important?

๏ Directly breaks CPV 

๏ Permits probing for New Physics (NP) beyond the standard model 

๏ Process occurs via a flavor changing neutral current (FCNC) 

๏ Validate Standard Model or discover new physics

Vtd

KL—>π0νν
CP- CP +

Vts
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KL—>πνν

BR (K+—>π+νν) = (9.11 + 0.72) x 10-11 (Buras …et. al  2015)

BR (KL—>π0νν) = (3.00 + 0.30) x 10-11 (Buras …et. al  2015) 

Non agreement between B and K decays indicates new physics

 (NA62)νν+π→+K

Phase 1

Phase 2

 (KOTO)νν0π→LK
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f i t t e r Prospective study on rare Kaons

Search for K+→ π+νν at NA62 – M. Moulson (Frascati) – ICHEP 2016 – Chicago – 6 August 2016−

K → πνν and the unitarity triangle

•  Intrinsic theory uncertainties ~ few percent

•  BR measurements overconstrain CKM 
matrix and may provide evidence for NP

3

Dominant uncertainties for SM BRs are from CKM matrix elements
Buras et al. 
JHEP 1511
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BR is proportional to CKM height
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The J-PARC E14 KOTO experiment studies the rare KL → π0νν decay to search for new physics
beyond the standard model that breaks the CP symmetry. The experiment, with a new beam line
and new detector components, is currently being prepared.
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1. Introduction

The CP violation phenomena observed in laboratories have been explained by the complex phase that
naturally comes into the 3 × 3 quark-mixing CKM matrix introduced by Kobayashi and Maskawa
[1]. This explanation was supported by the Re(ϵ′/ϵ) measurements made at CERN and Fermilab
[2,3], and results from the B-factory experiments at SLAC and KEK [4,5]. Although this CP viola-
tion mechanism was built into the standard model, it still cannot explain the large matter–antimatter
asymmetry in the universe. There should be another CP violation mechanism caused by new physics
beyond the standard model.

The purpose of the J-PARC E14 KOTO experiment is to search for new physics that breaks the
CP symmetry. The probe that we use is KL → π0νν decay. This decay mode has several features.

First, this decay directly breaks the CP symmetry: changing a (mostly) CP-odd state to a CP-even
state. In the standard model, as shown in Fig. 1, this decay mode goes through a penguin dia-
gram with a top quark in the loop. This diagram involves all three generations of quarks, and
thus the complex phase of the CKM matrix naturally comes into the decay amplitude. Because
|KL⟩ ∼ (|K 0⟩ − |K 0⟩)/

√
2, the amplitude of the KL → π0νν decay is:

A(KL → π0νν) ∝ A(K 0 → π0νν) − A(K
0 → π0νν) (1.1)

∝ Vtd − V ∗
td (1.2)

∝ ImVtd (1.3)

∝ η, (1.4)

where η is the imaginary component in Wolfenstein’s parametrization of the CKM matrix [6].
The measurement of the branching ratio thus determines the height of the unitarity triangle.
Second, in the standard model, this decay mode is suppressed and well understood. The branching
ratio, BR(KL → π0νν), is predicted to be (2.43 ± 0.39) × 10−11, based on currently known

© The Author(s) 2012. Published by Oxford University Press on behalf of the Physical Society of Japan.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Fig. Unitary triangle 
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Strong correlations seen in two-branch structure between Beyond Standard 
Model (BSM) predictions with left-hand/right-hand exclusive FCNC 

No correlations in the K—>πνν plane for models with this constraint

New physics via KL—>πνν decays

Search for K+→ π+νν at NA62 – M. Moulson (Frascati) – ICHEP 2016 – Chicago – 6 August 2016−

K → πνν and new physics

4

New physics affects BRs differently for different channels
Multiple measurements can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L →

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
currents dominate
− Z/Z′ models with pure 

LH/RH couplings
− Little Higgs with T 

parity

●  Models without above 
constraints
− Randall-Sundrum

−

−

−

Fig. Predicted correlations between BR(KL—>π0νν) and BR(KL—>π+νν) for various BSM.  
6
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BNL: E949 observed 2 clean events for K+—>π+νν~ BR (1.73 x10-10)

Model predictions and measurements

6 CHAPTER 1. INTRODUCTION

Figure 1.2: Predicted correlation between Br(KL ! ⇡

0

⌫⌫) and Br(K+ ! ⇡

+

⌫⌫) in various BSM
models. The grey area was ruled out experimentally. The SM prediction point is marked by a star.
This figure is quoted from [17]

1.3 History of K
L

! ⇡0⌫⌫ search

There were several experiments that searched the KL ! ⇡

0

⌫⌫ decay, as shown in Fig. 1.3. Due to
the small value of Br(KL ! ⇡

0

⌫⌫), only upper limits were given. The first study was performed
by Littenberg. He extracted a limit for the KL ! ⇡

0

⌫⌫ decay from the data of Cronin and Fitch
for the KL ! 2⇡

0 study[18].
The E391a collaboration at KEK performed the first dedicated search for the KL ! ⇡

0

⌫⌫

decay. Their detector is shown in Fig. 1.4. The detector system consisted of a main electromag-
netic calorimeter (shown as “CsI” in Fig. 1.4) and hermetic veto counters. The electromagnetic
calorimeter consisted of 576 un-doped CsI crystals whose size was 7.0 ⇥ 7.0 ⇥ 30 cm3 (i.e. 16 X

0

1)

long). The calorimeter measured energy and position of a pair of photons from ⇡

0 decays. The
upper limit on Br(KL ! ⇡

0

⌫⌫) was set to be 2.6 ⇥ 10�8[19].

1.4 KOTO Experiment

We prepared a new experiment aiming at a first observation of KL ! ⇡

0

⌫⌫, named KOTO
experiment[20]. The KOTO experiment is a successor experiment to the E391a experiment. This
experiment follows the experimental concept that was established by the E391a experiment. While
the sensitivity of the E391a experiment was three orders of magnitude far from the SM prediction,
the background level was O(1). For the improvement of the sensitivity, a new dedicated beam line
for the KOTO experiment was constructed at J-PARC. The design value of the proton intensity of
the Main Ring (MR) accelerator of J-PARC is 100 times higher than that of the KEK-PS. For the
background suppression, we updated the main electromagnetic calorimeter and some veto coun-
ters in the hermetic veto system. In addition, readout electronics were completely modified. The

1)radiation length

LHT: Littlest Higgs (T-parity)
MFV:Minimum Flavor Violation
RSc: Randall-Sundrum
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The E949 experiment at the Alternating Gradient
Synchrotron at Brookhaven National Laboratory
is an international collaboration of 70 scientists

from the United States, Canada, Russia and Japan. This
experiment follows the successful E787 discovery of
K+Æπ +νν with a detailed study of this mode at an order
of magnitude improved sensitivity.

The K+Æπ +νν decay is one of the ‘Golden Modes’ for
study of CP violation and quark mixing, and along with the
neutral analog K0Æπ 0νν can completely determine the
CKM triangle. These KÆπνν modes have small
theoretical uncertainty, allowing unambiguous extraction
of quark mixing and CP violation parameters. The
KÆπνν measurements are timely and important and
complementary to those obtained from the B system.
Measurement of K+Æπ+νν directly complements the
results expected soon on Bs mixing from the CDF and D0
experiments presently collecting data at the Fermilab
Tevatron, since the ratio ÎMB  /ÎMB    also gives a clean
determination of ÁVtdÁ. Any discrepancies in the values
found in the K and B systems would be unambiguous
indicators of new physics.

The E787 experiment presented
evidence for the K+Æπ+νν decay
based on the observation of two
clean events with an expected
background of 0.15±  0.05 events at
a branching ratio of 1.57+1.75

 ¥10-10.
The result is consistent with the
SM expectation of B(K+Æπ+νν ) =
(0.72 ± 0.21) ¥ 10-10, but the
central experimental value exceeds
it by a factor of two.

The goal of E949 is to reach a sensitivity of 10-11after 3
years of running at full intensity of the AGS during RHIC
operations. E949 encompasses many improvements to the
E787 apparatus that decrease backgrounds and allow for
running at higher rates. The experience of E787 provides a
high level of confidence in projecting the sensitivity of
E949, which has been borne out by preliminary
examination of the data from the first 12-week run of
E949 in 2002. This brief run demonstrated the superior
performance of E949 and achieved sensitivity comparable
to E787.  The
possibility of a
larger than
expected
branching ratio
gives strong
impetus for E949
to fully explore
the possibility of
new physics, or
alternatively to
make a precise
measurement of
the magnitude of Vtd.
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New measurement of the K+ → π+νν̄ branching ratio
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Three events for the decay K+
→ π+νν̄ have been observed in the pion momentum region

below the K+
→ π+π0 peak, 140 < Pπ < 199 MeV/c, with an estimated background of

0.93 ± 0.17(stat.)+0.32
−0.24(syst.) events. Combining this observation with previously reported results

yields a branching ratio of B(K+
→ π+νν̄) = (1.73+1.15

−1.05) × 10−10 consistent with the standard model
prediction.

PACS numbers: 13.20.-v, 12.15.Hh

The decay K+ → π+νν̄ is among a handful of hadronic
processes for which the decay rate can be accurately pre-
dicted in the standard model (SM) owing to knowledge of
the transition matrix element from similar processes and
minimal long-distance effects [1, 2]. The small predicted
branching ratio, B(K+ → π+νν̄) = (0.85 ± 0.07)× 10−10

[3], and the fact that this decay is a flavor-changing
neutral current process makes it a sensitive probe of a
wide range of new physics effects [1]. Previous stud-
ies of this decay by experiment E787 at Brookhaven
National Laboratory and its upgraded extension E949
have measured B(K+ → π+νν̄) = (1.47+1.30

−0.89) × 10−10

based on the observation of three events in a sample
of 7.7 × 1012 K+ decays at rest with a total expected
background of 0.44± 0.05 events in the pion momentum
region 211 < Pπ < 229 MeV/c above the K+ → π+π0

(Kπ2) peak (pnn1) [4, 5]. E787 set a consistent limit of
< 22 × 10−10 at 90% C.L. based on one candidate in a

sample of 1.7×1012 stopped K+ decays with an expected
background of 1.22±0.24 events in the momentum region
140 < Pπ < 195 MeV/c below the Kπ2 peak (pnn2) [6, 7].

In this Letter we report the results of a search for
K+ → π+νν̄ below the Kπ2 peak (pnn2) using 1.7×1012

stopped K+ decays obtained with E949 as well as the fi-
nal results on B(K+ → π+νν̄) from E949 data combined
with E787 data.

Identification of K+ → π+νν̄ decays relies on detection
of an incoming kaon, its decay at rest and an outgoing
pion with no coincident detector activity. The E949 ap-
paratus and analysis of the data in the pnn1 region have
been described elsewhere [5]. In this letter, we empha-
size the apparatus and analysis features most relevant for
pnn2.

Incoming kaons were identified by a Čerenkov counter
and two proportional wire chambers before being slowed
by an 11.1 cm thick BeO degrader and an active degrader,

Phys. Rev. Lett. 101, 191802 – Published 7 November 2008

Fig. History KL—>π+νν search

Ruled out 
experimentally

Ruled out 
experimentally

7
Fig. Predicted correlations between BR(KL—>π0νν) and BR(KL—>π+νν) for various BSM.  
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Goals of KOTO

Measure branching ratio BR(KL—>π0νν) with less than 10% uncertainty

๏ KOTO Step 1:  

‣ Make first observation of signal event (~10-12 sensitivity) 

‣ Search for new physics with BR higher than SM predictions  

๏ KOTO Step 2: 

‣ Measure roughly 100 events (~10-13 sensitivity)

8
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Measuring KL—>π0νν

~30 billion kaons

9
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Improvements in detectors and data processing were instrumental in advancement  
E391a was impeded by limited veto capabilities and lower beam power (~12GeV) 

Brief history of search
1.4. KOTO EXPERIMENT 7
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23 CHAPTER 3. EXPERIMENTAL APPARATUS AND RUNS

3.2 Detectors

3.2.1 Overview

The E391a detection system was located at the end of the beamline. The detector subsystems
were cylindrically arranged around the beam axis, and most of them were placed inside a large
vacuum vessel, as shown in Fig. 3.6. From here on, the origin of the coordinate system is
defined to be at the upstream end of the E391a detector, as shown in Fig. 3.6. This position
was approximately 12 m from the production target.

CC00

Figure 3.6: E391a detection system.

3.2.2 CsI calorimeter

The energy and hit position of the two photons were measured by using a electromagnetic
calorimeter placed at the downstream end of the decay region. The calorimeter was made of
576 undoped CsI crystals and assembled in a support cylinder with an inner diameter of 1.9 m,
as shown in Fig. 3.7. A collar counter (CC03) was installed inside of the calorimter with 12 cm
⇥ 12 cm hole, which is described later. The CsI calorimeter was placed at z = 614.8 cm. Most
of the crystals had a square shape, with the exception of crystals located at the outer edge. In
order to fill the gap at the periphery of the cylinder between the square-shaped crystals and
the support structure, specially shaped CsI crystals (Edge CsI) and lead-scintillator sandwich
counter (Sandwich module) were placed at the outer edge of main CsI crystals.

CsI crystals

Two di↵erent sizes of crystals were used in the array: 496 crystals, called “Main CsI”, had a
dimension of 7 cm ⇥ 7 cm ⇥ 30 cm (= 16X

0

) and 24 crystals, called “KTeV CsI”1, had a
dimension of 5 cm ⇥ 5 cm ⇥ 50 cm (= 27X

0

).
Each Main CsI crystal was wrapped with a 100 µm thick Teflon sheet and then wrapped with

a 20 µm thick Aluminized mylar, in order to isolate each crystal optically and to improve the light
collection. The Main CsI crystal yielded typically 15 photoelectrons per an enrgy deposition of

1borrowed from the KTeV experiment.

Figure 1.4: Cross-sectional view of the E391a detector. CsI: electromagnetic calorimeter; CV:
charge-particle counter; MB and FB: main-barrel and front-barrel photon counters; CC00, CC02-
CC07: collar-shaped photon counters; BHCV and BA: beam hole charged-particle and photon
counters.

E391a < 2.6 x 10-8

GN = 1.5 x 10-9

E731: FNAL 
KTeV: FNAL/KEK 
E391a: KEK

10 Year
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Dedicated pilot search was the KEK E391a collaboration

๏ Indirect branching ratio limit (KL—>π0νν) <1.5 x 10-9 set by 
BNL E787/949 using isospin symmetry 

๏ Set upper limit BR(KL—>π0νν) < 2.6 x 10-8 (90% confidence) 

๏ Limits of the detector were identified motivating next steps 

๏ Having only upper limits determined drives the experiment 
and indicates there is still more to be explored  

KOTO detector is specifically designed to measure the CP-
violating KL—>π0νν rare decay

Precursor to KOTO

11
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Experiment based at J-PARC (Japan Proton 
Accelerator Research Complex) in Tokai-mura.

J-PARC facility

“K0 at TOkai”
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J-PARC (Japan Proton Accelerator Research Complex) 

๏ Various research projects 

‣ roughly 20 hrs of travel from Ann Arbor

J-PARC facility

Fig. View of the J-PARC facility

“K0 at TOkai”

CHAPTER 2. KOTO EXPERIMENT

PTEP 2012, 02B001 S. Nagamiya

Fig. 1. The entire view of J-PARC.

Need to have high-power
proton beams

 MW-class proton accelerator R&D toward Transmutation at 0.6 GeV
Nuclear & Particle Physics at 50 GeV
Materials & Life Sciences at 3 GeV

Fig. 2. The goal of J-PARC.

significant this improvement is. The MR was steadily operated at 30 GeV. We achieved 145 kW to
the neutrino beamline in March 2011. Slow extraction at 5 kW to the hadron facility is still very low
compared to the anticipated level of 30 kW or more.

3. Selected results before the earthquake

Shown here are three typical scientific results obtained at each experimental facility before the
earthquake in 2011, to provide a flavor of the scientific output.

3.1. Neutrinos
Muon neutrinos are produced for the neutrino program at J-PARC. While traveling from J-PARC
to the Super-Kamiokande detector, located 295 km away, a muon neutrino may transform into an
electron neutrino. This depends on the mixing angle between the 1st and 3rd neutrinos, θ13. This is
a brand-new approach to determining this parameter θ13 to understand the neutrino masses. Strong
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Figure 2.1: A bird’s-eye view of the entire J-PARC facility. This figure is obtained from [5].

Table 2.1: A list of parameters of J-PARC accelerator facilities.

LINAC
Ion species Negative hydrogen ions
Repetion cycle 25Hz
Extraction Beam Energy 400MeV

RCS
Circumference 348.333 m
Repetion cycle 25Hz
Extraction Beam Energy 3 GeV

MR
Circumference 1567.5 m
Beam cycle 2.56 s (FX), 5.52, 6.0 s (SX)
Extraction Beam Energy 30 GeV
Achieved Beam Power 330 kW (FX), 43 kW (SX)

10
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Experimental hall
Hadron Experimental Facility (HEF)  

๏ Intense 30 GeV proton beam with around 50% duty factor 

๏ Secondary neutral beam is extracted (16o) and directed to KOTO detector

Fig. Target used for KOTO physics experiment

Hadron Experimental Hall

CHAPTER 2 The KOTO Experiment

A Appendices

A.1 Beam Simulation

A solid understanding of the neutral beam is very important for this type
of KL rare-decay experiments. To calculate our sensitivity, we need good
information for the KL yield and spectrum. Higher beam intensities are
preferable with regards to sensitivity, but we must then handle a high flux
of unwanted particles such as neutrons and beam photons. In order to
estimate the beam properties, we have performed Monte Carlo simulations
based on the GEANT4 framework. We used the GEANT4/QGSP package
for hadronic interactions.

In our calculations, the momentum of primary proton is assumed to be
30 GeV/c, and its yield to be 2× 1014 protons on target (P.O.T.) per beam
spill. The spill length and repetition are taken to be 0.7 and 3.3 seconds,
respectively.

In Step 1, we use the common target, called the “T1 target”, which
is a set of nickel disks, as shown in Fig. 52 [69]. In the simulation, there

Figure 52: Schematic drawing of the T1 target, prepared by the J-PARC
Target Monitor Group.

82

PTEP 2012, 02B008 K. Agari et al.

4m

chimney

beam

service
space

Fig. 4. Typical shield structure of the primary beam line in the HD-hall.

Fig. 5. Photograph of a rotating Ni disk target. The red spot indicates the position of the incident beam.

3.2. Production target
The T1 target is the first and currently the only production target in the hadron experimental facility.
The target is installed in the center of the HD-hall and secondary beam lines extend to the right (K1.8)
and left (K1.1 and KL) of the target. In designing the production target, important issues are not only
obtaining the maximum number of secondary particles but also maintaining the target and controlling
the radiation for the experimental facility. We referred to the water-cooled fixed targets of the C, C’,
and D beam lines at the alternating gradient synchrotron at Brookhaven National Laboratory and the
rotation target in the g − 2 experiment for the design of the T1 target.

3.2.1. Rotating nickel target. The thickness of the iron and concrete shielding in the HD-hall was
designed to satisfy the radiation dose rate limits at the boundaries of the radiation controlled area
and at the shield surface facing the surrounding soil for a nominal 750 kW beam power. Therefore,
beam loss at the T1 target is less than 225 kW, or 30% loss at nominal beam power. Of this, the heat
load to the T1 target material accounts for about 15 kW. To remove the heat from the surface of the
target disks, we adopted the method of dipping the disks directly into the cooling water. Figure 5
shows a rotating low-carbon pure Ni (NW2201) disk target and the cooling-water tank. The disk has
a diameter of 360 mm and a total thickness of 54 mm consisting of 5 disks separated by 3 mm gaps.

5/19
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Figure 2.8: The nickel T1 target. The left figure (quoted from Ref. [56]) shows conceptual design.
The right one (quoted from Ref. [57]) is its photograph, where the red point indicates the beam hit
position.

small spot size of the primary beam at the target. Thus, the
countermeasures on the target against the recurrence of the

accident are to make the target confinement robust enough

not to leak radioactive materials even in the case of target
failure, and to improve the monitoring system for the target

soundness. On that basis, we also made efforts to improve

the target itself in order to increase a design margin against
the beam power of 50 kW.

In the next section, the design of the new target is

described in detail. It is followed by the section on the
target confinement and gas-circulation system, and our

studies are summarized in the last section.

Fig. 1 Beam-line layout at the hadron experimental hall

Fig. 2 Photograph of the T1
target in May 2013 before the
installation and its cross-
sectional drawing. A gold target
is bonded to a copper block
which involves cooling water
pipes

J Radioanal Nucl Chem

123

Figure 2.9: The gold T1 target used in the physics run in May, 2013. Quoted from Ref. [59].
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(High-p)

(Test beam facility)

Extraction from MR

T1 target
(30% loss)

beam dump

KL

K1.8

(future
extension)

HD-hall 56mSY 200m

Figure 1. Layout of the hadron experimental facility. Dashed lines indicate additional beam
lines at future extension.

2. Primary beam line
The layout of the hadron experimental facility is illustrated in figure 1. The extracted primary
beam is transported to the HD-hall through the beam switching yard (SY). The length of SY
is about 200 m along the primary beam, and the size of the HD-hall is 60 m in width and
56 m in length. In future plans, a high-momentum beam line and a test beam facility can
be constructed in SY. Since on-hand maintenance is expected in SY, we have developed quick
disconnecting devices of water and electricity and quick alignment apparatuses for magnets to
reduce the radiation exposure during the maintenance works [3].

The cross-sectional views of the primary beam line in the hall are given in figure 2. Cooling
water and electric power are supplied from service space 4-m above beam level through
“chimneys” mounted on magnets. The connections of water and electricity are handled on
the service space, because the beam level is expected to be inaccessible due to high residual
radiation dose after beam operation.

The transported proton beam is focused on the secondary-particle-production target, T1,
with the spot size of σ ∼ 1 mm both in the horizontal and vertical directions. The T1
target is a rotating nickel disk directly cooled by water [5, 6]. The thickness of the disk is
54 mm, which is equivalent to 30-% beam loss in interaction length. At the early stage of the
beam commissioning, where the beam intensity is rather low, we also use a 60-mm-thick fixed
platinum target equivalent to 50-% beam loss. Although the target releases the beam power
of 750 × 0.3 = 225 kW, the heat deposit in the target material is only about 10 kW, and the
remaining power of over 200 kW is distributed to beam line elements downstream. Beam pipes
are closer to the beam than the magnet poles and hard to cool sufficiently without tritium
production. The connection of the pipes is also difficult problem. Therefore, the magnets are
placed in a large vacuum chamber in order to remove the beam pipes from the magnet pole gaps
[7]. Figure 3 shows a schematic drawing of the target and the large vacuum chamber.

The beam dump is capable of absorbing full beam power of 750 kW. Its core is made of
copper blocks and cooled by water. The total size of the core is 5 m in length and 2 m × 2 m
in cross-sectional area. There is a conical hole in the core so as to distribute the heat deposit
uniformly. The beam dump was designed so that it can be moved downstream remotely at the
future extension of the HD-hall.

The building construction of the HD-hall was completed on July, 2007. The primary beam
line and a secondary beam line (K1.8BR) in the hall were constructed in the next one and a

2

Figure 2.6: The proton transport line after extraction from the MR accelerator to the experimental
hall. Quoted from Ref. [58].

K1.1BR

K1.8BR

K1.8
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T1 target

Vacuum
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Beam
Analyzer
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FF

Collimators

Sweeping Magnet

Beam
Analyzer
(SQDQD)

Figure 4. Layout of the beam lines in the experimental hall.

beams are deflected by the combination of the electrostatic and magnetic fields and filtered by
the mass slits MS1 and MS2 located downstream of ESS1 and ESS2, respectively.

Figure 5 shows the beam envelope of the K1.8 beam line calculated with TRANSPORT [13].
The total length of the beam line is 45.9 m. The extracted secondary beams are vertically focused
at a intermediate focus slit (IF) in order to reduce pion contamination such as from K0

S decay
or from reactions at beam-line materials. After filtered by two sets of separators and mass slits,
the beams are analyzed with a beam spectrometer having a QQDQQ configuration, and finally
focused on an experimental target. The beam simulation was made using the DecayTURTLE
code [14]. The intensity of 1.8-GeV/c K− beam was estimated to be 1.4 × 106 /spill with
kaons-to-others ratio (K/(π+µ)) of 3.5 in Phase 1 (30 GeV, 270 kW), and 6.6× 106 /spill with
K/(π + µ) = 4 in Phase 2 (50 GeV, 750 kW).

The K1.8BR beam line is branched from K1.8 at a bending magnet downstream of the
first separator ESS1. Since it shares the upstream part of the K1.8 beam line, it cannot be
operated simultaneously with K1.8. However, effective sharing of beam time can be expected
like preparing the next experiment at one area during the beam run at the other area. The
K1.8BR beam line is designed to deliver separated charged kaons with the momentum up to
1.2 GeV/c. The beam envelope of the K1.8BR beam line is presented in figure 5. The length of
the K1.8BR beam line is 31.5 m, which is about 15-m shorter than K1.8 and is great advantage
for low-momentum kaon transportation. The intensity of 1.1-GeV/c K− beam is expected to
be 1.2× 106 /spill with K/(π+ µ) = 0.9 in Phase 1, and 5.5× 106 /spill with K/(π+ µ) = 1 in
Phase 2.

4

Figure 2.7: Layout inside HEF. Quoted from Ref. [58].
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Fig. Layout inside Hadron Experimental Facility
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Fig. 3D view of Hadron Experimental Facility
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KOTO neutral beam
Highly collimated neutral “pencil” beam

Fig. Secondary beam line

Target, collimators and sweeping magnets

15

Dipole 
(sweep) 
magnet

1st Collimator (4m)

Beam Plug

Photon Absorber

1st Collimator
Sweeping Magnet

2nd Collimator

Primary beam line

16°

KOTO Detector
Beam Plug5 m

Be Window

T1 Target

SUS Vacuum Window

K1.1 Ducts

Fig. 1: Schematic top view of the KL beam line used by the KOTO experiment. The primary

proton beam comes in from the left. The KL beam line starts at the T1 target and the beam

axis goes o↵ to an angle of 16� with respect to the primary beam line. The front of the

KOTO detector is located at the end of the beam line, about 21 m from the T1 target.

the MR, extracted by using a slow extraction technique [8], and transported through the

primary beam line to the facility [9]. The proton beam intensity is monitored by a secondary

emission chamber (SEC), located after the extraction point. The primary proton beam, with

a cross-section of approximately 1 mm in radius, is injected into the T1 production target.

The target consists of a 66-mm-long gold target of 6 ⇥ 6 mm2 cross section. It is equally

divided into six parts along its length with five 0.2-mm-thick slits.

The KL beam line is o↵-axis by an angle of 16� with respect to the primary proton beam

line. The full kinematic reconstruction of the neutral pion in the KL ! ⇡

0
⌫⌫̄ decay requires

a small diameter for the KL beam and was achieved with the collimation scheme shown in

Fig. 2. The secondary particles produced at the target pass through a pair of collimators

to shape the beam. At the exit of the second collimator, the neutral beam has a square

cross-section of 8.5 ⇥ 8.5 cm2 corresponding to a solid angle of 7.8 µsr. Before entering the

collimation region, the beam passes through a 7-cm-thick (12.5 X0) lead absorber which

removes most of the photons. A 2-T dipole magnet, located between the two collimators

sweeps out charged particles. Short lived particles decay in the long collimator region leaving

only KL mesons, neutrons, and photons at the entry of the detector region. Table 1 lists

the composition and location of all the components along the KL beam line. The materials

in the beam decrease the KL flux by 60%, as estimated using a Geant4 [10, 11] based MC

simulation. The collimation scheme of the KL beam line is described in Ref. [12].

2.2. KOTO Detector

Figure 3 shows a cross-sectional side view and the coordinate system of the KOTO detector.

The signature of a KL ! ⇡

0
⌫⌫̄ decay is a pair of photons coming from the ⇡

0 decay, without

any other detectable particles. The energy and position of the two photons are measured

4

2nd Collimator (4.5+0.5m)
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Figure 2.2: Zvtx-PT distribution for KL → π0νν decay in MC after applying all veto and kinematic
cuts. The black box indicates the signal region.
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Figure 2.3: Conceptual design of the KL beam.

namely photons, neutrons and KLs, survive in the beam. Since photons do not decay and neutron
decay is negligibly small, hits in detectors outside the beam region are mainly derived from decay
particles from KL.

Well-collimated beam
This requirement is the most critical for background reduction. The beam contains unavoidable
“halo” components, which means a portion of beam particles exists outside the beam core. Neutrons
or KLs in such region can make background through interaction of detector materials or the KL →
2γ decay, for example. The edge of the beam hence needs to be sharply collimated so as to minimize
such particles.

2.1.4 Backgrounds

Since the required “positive” signals are only two photons in the calorimeter, understanding and
reducing background events is crucial. In the KOTO experiment, background is expected to come
from the following two sources.

25

target to detector distance = 21.5 m

Fig. Layout inside Hadron Hall

(30GeV)

B = 2T

15

Fig. Depiction of neutral beam line production
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Principle 

๏ Signature is a pair of photons from the pion decay and a finite transverse momentum  

‣ 2γ and nothing else - Detect energy and position of photons from pion decay with 
an electromagnetic calorimeter, and reconstruct vertex position and momentum  

Major Obstacles

๏ Background contribution from KL—>2π0
  
with non-detected photons, other decay 

channels, and neutron interactions mimicking signals
  

Experimental method

Fig. Reconstruction method

48 CHAPTER 4. MONTE CARLO SIMULATION

Figure 4.1: KL momentum distribution ex-
pressed by the function of Eq. 4.1.  momentum [MeV/c]LK
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of generated KL:

dN

dp

= N

0

exp


�(p � µ)2

2�

2

�
, (4.1)

� = �

0

(1 � (A + S ⇥ p)(p � µ)), (4.2)

where p is the momentum of KL, N

0

is an arbitrary normalization factor, µ is the peak of the
distribution, �

0

is the standard deviation of the gaussian shape, and A and S are the o↵set and
the slope that represent characteristics of the asymmetric shape, respectively. The parameters
were determined by fitting the measurement with a spectrometer[39]: µ = 1.41991, �

0

= 0.810237,
A = �0.301413, and S = 0.017092. Figure 4.1 shows the KL momentum spectrum in the MC
simulation.

Next we simulated the position and direction of the KL. We first set a primary position at the
target, so as to be distributed uniformly in the target image: x = ±9.1 mm and y = ±1 mm. This
image corresponded to the region in the T1 target where the proton beam hits, seen from the KL
beam line. The direction of KL was selected uniformly. As the narrowest size of the beam hole in
the collimators were x = ±7.6 mm and y = ±12.5 mm at 7 m downstream from the T1 target, we
checked whether the extrapolated KL position at the narrowest position was inside the collimator
or not. If the extrapolated position located in the beam hole, we used this KL. Schematic views are
shown in Fig. 4.2. We finally shifted the x and y positions +4.366 mm and -2.940 mm, respectively,
to reflect the real situation.

4.1.2 KL Decay

The second stage of the simulation was to generate KL decays. The decay position was calculated by
the nominal life time with Lorentz-boost of the KL. The decay position distributed the exponential
curve represented as:

f(z) / exp
⇣
� z

�z

⌘
, (4.3)

�z = c⌧�� = c⌧ ⇥ p

MKL

, (4.4)

where p and MKL are the momentum and the nominal mass of KL, respectively. c is light velocity,
⌧ is the nominal life time of KL, and � and � are Lorentz boost factors. After the decay position

PK ~ 1.4GeV/c
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Fig. Monte Carlo sample of signal distribution 
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Hermetic detector

Image credit: J-PARC K0TO Experiment

Evacuated to ~10-5 Pa to 
suppress background

Fig. Outer vacuum container houses all main KOTO detectors  
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Radius = 3m
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Fig. KOTO detector components

Background reduction is crucial!
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KOTO detectors

Chapter 1. Introduction 5

between these background events and our signal events, these neutral background events are

studied carefully to ensure that they are successfully rejected.

1.3.1 Background

The challenge for the KOTO experiment is that the branching ratio for K0
L ! ⇡0⌫⌫̄ is on the

order of 10�11, and thus the majority of the decays observed in the experiment will not be the

target decay mode (for a list of more probable decays, see Table 1.1). The detectors must be

finely tuned to distinguish the background decays (defined as any other decay mode that is not

K0
L ! ⇡0⌫⌫̄) to ensure that they are vetoed. Chapter 2 will further explore the instrumentation

methods for detecting the background and distinguishing it from the target decay. Chapter 3

will discuss the data acquisition’s (DAQ) role in utilizing the detector outputs to cut background

events.

Decay Mode Branching Ratio

K0
L ! ⇡±e⌥⌫e 0.4055± 0.0011

K0
L ! ⇡±µ⌥⌫µ 0.2704± 0.0007
K0

L ! 3⇡0 0.1952± 0.0012
K0

L ! ⇡+⇡�⇡0 0.1254± 0.0005
K0

L ! 2⇡0 (0.864± 0.006)⇥ 10�3

K0
L ! 2� (0.547± 0.004)⇥ 10�3

K0
L ! ⇡0⌫⌫̄ (2.49± 0.39± 0.06)⇥ 10�11

Table 1.1: Branching ratios of various Kaon decays [pdg].

Three of the main neutral decays are used in simulation studies to compare with experimental

data to calibrate the detectors, validate the simulation studies, and improve their identification

to successfully distinguish the target decay. These decays, called normalization modes, are

the K0
L ! 3⇡0, K0

L ! 2⇡0, and the K0
L ! ��. Features such as the transverse momentum,

and subsequently the COE, expected number of clusters, and other kinematic variables set

these decays apart from the K0
L ! ⇡0⌫⌫̄ target decay. This thesis will explore the K0

L ! 2⇡0

normalization mode and optimize the veto cuts that are applied during simulation studies, to

improve the background to target signal ratio when studying this decay.

1.3.2 Halo Neutrons

While the other kaon decays provide a significant background, another major source of back-

ground comes from a di↵erent parent particle than the kaon. When neutrons react with residual

Table. Branching ratios of various Kaon decays (PDG)

Two sub-system design:

๏ Cesium Iodide Calorimeter (CsI) 

‣ Main detector of the KOTO experiment  

๏ Hermetic veto detectors 

‣ ~1000 channels
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The OEV counters fill the narrow space between the CsI crystals
and the cylindrical support structure. The main role of the OEV
counters is to reject photons passing through the outer-edge
region of the CsI calorimeter before entering the inactive material
of the support structure (see Fig. 1b). In particular, photons from
the K0

L-π0π0 decay with an energy around 600 MeV must be
detected with high efficiency. In fact the kinematics allows one of
the two photons from the π0 to hit the barrel detector (MB in
Fig. 1a) with an energy about 10 MeV. However this low energy
photon may not be detected with a 20% probability due to
sampling fluctuations of MB [5]. To keep a short veto time window
under high rate condition, the time resolution of a few nanose-
conds is required for the OEV counters. In addition, they need to
operate stably in vacuum under the heavy load of the CsI crystals.

In consideration of the requirements mentioned above, we
adopted a technology based on lead–scintillator sandwich calori-
metry with wavelength-shifting (WLS) fiber readout. This type of
detector is efficient for photons with an energy higher than
100 MeV [11,12]. Moreover, it is characterized by a fast response
due to the short decay times of plastic scintillator and WLS fiber.

We describe the design of the OEV counters (Section 2) and the
construction process (Section 3) in detail. The following topics on
the required performance are discussed in Section 4: mechanical
robustness of the counters located under the CsI crystals, dis-
charge characteristic of photomultiplier tubes (PMTs) in vacuum
conditions, light yield, and time resolution. Finally, we discuss an
energy calibration method with cosmic rays as well as its perfor-
mance and validity (Section 5).

2. Design

Fig. 2 illustrates the upstream view of the endcap of the KOTO
detector. The CsI calorimeter, the cylindrical support structure of
the vacuum vessel, and the OEV counters are shown. The CsI
calorimeter consists of two types of undoped CsI crystals: 2240
small (25 mm!25 mm) and 476 large (50 mm !50 mm) crystal
blocks. All crystals are 500 mm long. Hamamatsu PMTs (R5330
and R5364) with Cockcroft-Walton (CW) bases [13] are used as
readout devices. The CsI crystals are installed in the cylindrical
support structure of the vacuum vessel, which is made of 12-mm-

thick stainless steel with an inner diameter of 1.93 m. OEV is a
group of 44 lead–scintillator-sandwich counters. They have differ-
ent cross-sectional shapes in order to fill the space between the CsI
crystals and the cylindrical support structure.

The material spares of the barrel detectors FB and MB, which
were originally built and used in the E391a detector [14], were
utilized for the OEV counters since they shared the same compo-
nents. The first component consists of 5-mm-thick extruded
plastic scintillator sheets developed for the long barrel detectors.
This scintillator is based on MS resin (polystyrene 80%,
polymethyl-methacrylate 20%) [15] and is suitable to be used

Fig. 1. (a) Schematic side view of the detector setup of the J-PARC KOTO experiment. Most of the detectors are contained in the cylindrical vacuum vessel of 3.8 m in
diameter and 8.7 m in length. The K0

L beam passes through the center of the setup from the left. The CsI calorimeter is located downstream of the decay region. FB, NCC, MB,
OEV, CC03, CC04, CC05, CC06, and BHPV are photon veto counters; HINEMOS, BCV, CV, LCV, and BHCV are charged-particle veto counters. A membrane separates the decay
region, which is in vacuum at 10"5 Pa, from the detector region which is kept at about 0.1 Pa. (b) Detail of the outer-edge region of the CsI calorimeter. The main role of the
OEV counters is to detect possible photons coming from the K0

L-π0π0 background as indicated by the blue arrow. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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Fig. 2. Cross-section of the endcap CsI calorimeter (view from beam upstream).
Detector subsystems are contained in the cylindrical support structure of the
vacuum vessel made of stainless steel. The beam pipe is made of carbon-fiber-
reinforced plastic (CFRP). CC03 and LCV are the inner photon-veto and charged-
particle-veto counters, respectively. The inner region of the calorimeter consists of
2240 undoped CsI crystals with a 25 mm!25 mm cross-section, while the outer
region consists of 476 undoped CsI crystals with a 50 mm!50 mm cross-section.
OEV counters, which consist of 44 counters with different cross-sectional shapes,
fill the space between the outer side of the CsI crystals and the vacuum vessel. The
numbers written on each OEV counter (0–43) are the ID numbers.

T. Matsumura et al. / Nuclear Instruments and Methods in Physics Research A 795 (2015) 19–3120

Figure 2.10: A front view of the CsI calorimeter for the
KOTO experiment. This figure is quoted from [26].

Figure 2.11: A photograph of the
CsI calorimeter for the KOTO exper-
iment.

The CsI crystals for the CsI calorimeter were originally used at the FermiLab KTeV experi-
ment [27]. There were two types of crystals. The 20% of crystals were made from a single crystal
fabricated by HORIBA company (Fig. 2.12), while 80% of crystals were made by glueing two
25-cm-long single crystals (Fig. 2.13) [28]. As shown in Fig. 2.14, each CsI crystal was wrapped
with a 13-µm-thick mylar. To achieve a uniform light response along the crystal length, the
half of the crystal farther from the PMT was wrapped with aluminized mylar and the other half
was wrapped with black mylar. The length of reflective region and effective reflectivity were
tuned 1 for each crystal to keep the uniformity of scintillation response within 5% [28, 29, 30].

Two types of Photo Multiplier Tubes (PMTs) were used to read the scintillation light from
the two sizes of the CsI crystals. Hamamatsu R5364 3/4 inch PMTs were used for the small
crystals, and Hamamatsu R5330 1.5 inch PMTs are used for the large crystals. Those PMTs
were originally used at the KTeV experiment and re-used in the KOTO experiment. The
combination of PMTs and crystals were tuned so that the variation of the product of the light
yield of CsI crystals and the gain of PMTs, is kept under 3% [31].

A UV transmitting filter (Schott UG-11), with a peak transmission of around 80% at the
wavelength of 300 nm, and a near-zero transmission band in the wavelength range between 400
nm and 650 nm, was attached in front of each PMT to suppress the “slow-component” of the
scintillation of CsI crystals.

A 4.6-cm-thick transparent silicone disk, called “Silicone cookie”, was placed between each
CsI crystal and PMT to connect them optically without glueing. To suppress the heat generated
by the PMT bases, we developed a new High Voltage (HV) system with a Cockcroft-Walton

1The effective reflectivity was tuned by partially masking the aluminized mylar with stripes which are ink
applied with a pen[29]
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Fig. CsI calorimeter

Cesium Iodide (CsI) Photon DetectorCesium Iodide Calorimeter (CsI)

๏ Main detector of the KOTO experiment  

‣ 2716 channels (undoped CsI crystals X0= 27) 
read out by PMTs 

Hermetic veto detectors 

‣ ~1000 channels

ν
ν

KL
γγπ0

• Energy resolution (σE/E)  = 0.99 %/ΕGeV1/2 

• Timing resolution (σt/E) = 0.13 /ΕGeV1/2  ns 
• Position resolution (σd/E)    = ~2.5 /ΕGeV1/2 mm 

Fig. CsI  detector
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Fig. KOTO detector components

Neutron Collar 
Counter (NCC)

ν
ν

KL
γγπ0

Neutron Collar Counter (NCC)

๏NCC is used to suppress and estimate neutron 
background  

๏Measure flux and spectrum of halo neutrons 

๏Undoped CsI crystals (X0=1.9 cm) read out by 
wavelength shifting fibers arranged in 3 
optically separated regions

Background reduction is crucial!

PoS(KAON13)040

Short Title for header Naoki Kawasaki for the KOTO collaboration

z positions, is due to halo neutron background. The vertex can be reconstructed toward larger z
positions if the γ energy is mis-measured, either from shower leakage or photo-nuclear interactions
in the calorimeter. This was estimated to be one of the main background sources in E391a though
no event was observed in the signal box.

halo
neutron γπ0

ν
ν

KL 
NCC

π0

γ

γ

γ
main 
calori
meter

Figure 2: A schematic view of KL → π0νν̄ events and
halo neutron backgrounds.
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Figure 1.5: Final result of the E391a experiment. The vertical axis shows the reconstructed
transverse momentum of the π0 (Pt). The horizontal axis shows the reconstructed Z position of
the π0. In this plot, all of selection cuts were imposed. The region bounded by the solid line
shows the signal box.

KEK-PS. In addition, the primary proton energy of the J-PARC MR accelerator is 30 GeV. The
extraction angle of the KOTO beam line is 16 degree, which is larger than that of the E391a
beam line (4 degree). This configuration was chosen considering to improve the kaon-to-neutron
ratio in the beam, though it loses a part of the K0

L yield. Consequently, the K0
L flux in the

KOTO beam line was expected to be 27 times larger than that in the E391a beam line. This
is the largest factor to improve the sensitivity from that of the E391a experiment. Therefore,
the K0

L flux is a key issue for the KOTO experiment. Other improvement factors are obtained
from increase of the signal acceptance by the detector upgrade, and longer run time compared
to the E391a experiment. For reduction of background events, the new beam line was designed
to suppress the halo neutron flux as much as possible. This is very important, because halo
neutrons were main background source in the E391a experiment. The detector upgrade also
helps further suppression of background events.

1.3 K0
L flux

In order to achieve the high sensitivity to the K0
L → π0νν̄ decay, the K0

L flux is very important,
as mentioned in the previous section.

The K0
L flux was estimated by using several Monte Carlo (MC) simulation packages of hadron

interactions. Each package employs different hadronic models and extrapolating/interpolating
algorithms to predict the cross section of K0

L production at a given energy and angle. In the
case of the E391a experiment, MC predictions and obtained data agreed well with each other,
as summarized in Table 1.1. On the other hand, in the MC studies on the KOTO beam line,
the expected values of the K0

L yield were different among the packages, as summarized in Table
1.2. In particular, The K0

L flux expected by FLUKA was 3.6 times larger than that expected
by GEANT4.

8

Figure 3: Final result of the E391a experiment. The
vertical axis shows the reconstructed transverse mo-
mentum of the π0 . The horizontal axis shows the re-
constructed Z position of the π0. The region bounded
by the solid line shows the signal box. The cluster
on the left is the events produced by neutrons hitting
CC02 [2].

2. Neutron Collar Counter(NCC)

2.1 Detector Design

NCC is located at the entrance of the decay volume and surrounds the narrow KL neutral beam,
as an upgrade of E391a CC02 veto counter. A front and a side view of NCC are shown in Fig. 4.

We designed NCC to play two important roles against halo neutron background, one is back-
ground reduction and the other is background estimation. NCC consists of 48 inner modules and
8 additional outer modules. All these modules consist of undoped CsI crystals. CsI crystals have
a relatively long interaction length (λI = 39 cm) and short radiation length (X0 = 1.9 cm). Thus
CsI is advantageous to suppress π0 generation by neutron interactions and to stop 2 γ-rays from
generated π0 decay.

From the point of view of halo neutron measurement, the KL decay products (especially γ-
rays) become backgrounds . At the NCC position, single counting rate by KL decay is ∼ 100 times
larger than that of halo neutrons. To distinguish neutrons from other particles from KL decay, each
module consists of 3 optically separated CsI crystals ( Front, Middle, and Rear). The front and
side views of the NCC modules are shown in Fig. 6. According to a detector simulation , we can
suppress the contamination of KL decays from halo neutron events by more than 50%.

It is not possible to attach PMTs directly onto the inner crystals, thus we adopted a readout of
scintillation light via wavelength shifting fibers. We use Kuraray PMP Fibers, whose absorption

3

PoS(KAON13)040
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and emission spectrum matches the CsI emission spectrum and the quantum efficiency of PMTs
(Fig. 5).

front view side view
560mm

56
0m
m

148mm 200mm 96mmbeam hole
front middle rear

KL beam

66
m
m

Figure 4: Front view (left) and side view (right) of the NCC

Figure 5: Emission spectrum of pure CsI, absorption
and emission spectrum of PMP fiber, and quantum ef-
ficiency of PMTs.

PMT
Front66mm Middle Rear
148mm 200mm 96mm

MA
PMT

Individual 

common 

Individual
Common

cutaway side view

top view

Figure 6: Cutaway and top view of NCC modules.
The upper figure is cutaway side view, and the lower
figure is top view.

2.2 Detector Performance

We produced the NCC modules from Apr. 2012 to Aug. 2012. In order to veto the background
effectively, we need the NCC detector to be sensitive to energy deposition at the 1MeV level and to
achieve a light yield of 4.5 p.e./MeV with a uniformity within 20%. We checked the performance
of all modules using cosmic rays. The setup is shown in Fig. 7. We measured the light yield of
front, middle, and rear sections individually ( Fig. 8), and calculated the uniformity of each module
(Fig. 9). These results show that all modules pass the requirements set above.

We finished the stacking and installation of NCC inside the KOTO detector in December 2012.
During the December 2012 engineering run, the NCC could identify cosmic ray events using µ-

4

Fig. Front and side view of the NCC

Fig. KL—>π0νν and halo neutron events
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Photon Veto  
CsI crystal or lead-

scintillator sandwich

Fig. KOTO detector components

Photon Veto

๏Used to diminish background from other KL decays (KL—>3π0, 2π0,π+π-π0), and π0 from 
halo neutron   

๏Upstream and decay region: Main (MB) and Front Barrel (FB), and Outer Edge Veto (OEV) 

๏Downstream: Collar Counters (CC04-CC06), Beam Hole Photon Veto (BHPV), and Beam 
Hole Guard Counter (BHGC)

ν
ν

KL
γγπ0

MB both end read out (~128 channels) 
FB single end read out (~32 channels)
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γγπ0

ν

Photon Veto

Neutron Counter
Charged Particle Veto

Fig. KOTO detector components

ν

CSI Photon Detector

KL

Charged Veto 
plastic scintillator

Charged Veto

๏ Used to suppress background from other KL decays (KL—>π+π-π0, π+e+ν),   

๏ Upstream and decay region: Barrel Charged Veto (BCV), Charged Veto (CV), Liner 
Charged Veto (LCV) 

๏ Downstream: Collar counters (CC04-CC06), Beam Hole Charged Veto (BHCV), and 
Beam Pipe Charged Veto (BPCV)
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Charged Veto (CV)

Beam Hole Photon Veto (BHPV)

Improvements on the Charged Veto (CV)

• 0.8mm CFRP (carbon fiber reinforced) 
mechanical support;
• Scintillator fiber MPPC both ends readout;
• Prototype measured light yield 8-10 p.e./100keV   
deposited; inefficiency is expected to be <1x10-3;
• June 2012 verification with beam

Improvements on the Charged Veto (CV)

• 0.8mm CFRP (carbon fiber reinforced) 
mechanical support;
• Scintillator fiber MPPC both ends readout;
• Prototype measured light yield 8-10 p.e./100keV   
deposited; inefficiency is expected to be <1x10-3;
• June 2012 verification with beam

Catching photons down the hole

• Challenge: ~108 neutrons/0.7 
second, and more low energy 
beam photons(<10MeV)

o

 

Lead/Aerogel Cerenkov counter
o Readout fast pulses: 500MHz 

FADC board

28

25 modules in total

Neutron Collar Counter (NCC)

Charged Veto (CV)
• 0.8mm CFRP reinforced 
• MPPC scintillator fiber 

both end read out 
• 8-10 p.e/100KeV 
• inefficiency < 10-3

Collar Counter (CC04)CHAPTER 2 The KOTO Experiment
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Figure 2.22: Configuration of the downstream collar counters. Front view (left) and side view (right)
for each of CC04, CC05 and CC06 are shown. Yellow blocks indicate CsI crystals and blue lines or
cyan box indicate plastic scintillator modules.

Downstream collar counters
In the downstream of the CsI calorimeter, a series of collar counters name CC04, CC05 and CC06 are
installed for detection of photons and charged particles which escape into the downstream direction
through the calorimeter beam hole. Each detector is a stack of undoped CsI crystals around the
beam and equipped with a plastic scintillator layer in the upstream, as shown in Fig. 2.22. CC04
is located inside the vacuum tank. Detail for these detectors is in Refs. [87, 88].

Beam Hole Charged Veto (BHCV)
The BHCV detector consists of eight 3 mm-thick plastic scintillator of EJ204 (Eljen [80]) with
dimensions of 60 × 115 mm2 covering 225 × 225 mm2 region in the neutral beam, as shown in
Fig. 2.23. It detects charged particles escaping into the beam direction from KL decays, particularly
π± from the KL → π+π−π0 decay. The modules are arranged to have overlapping regions to
eliminate gaps between modules. Scintillation light in each modules is read from one side with a
2-inch PMT assembly of Hamamatsu [65] H7195MOD. This PMT is equipped with external HV
supply for each of the last three dynodes in order to reduce gain deviation in high-rate environment.

Beam Hole Photon Veto (BHPV)
The BHPV detector is located in the most downstream of the KOTO detector system and is placed
inside the neutral beam in order to detect KL decay photons escaping in the beam direction. As
mentioned in Sec. 2.2.4, the neutral beam contains a large number of neutrons as well as KLs and
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CsIPlastic scintillator

lead aerogel Cherenkov detector
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Figure 2.24: Diagram of a single module of the BHPV detector (top view).

1-5 
1.5 mm 
5.8 cm 

Module No.: 
Thickness of lead sheets: 

Thickness of aerogel: 

Parameters 
for each module 

γ"

6-10 
3.0 mm 
5.8 cm 

11-12 
- 

5.8 cm 

Trigger scintillator for calibration 
(BHTS) 

Figure 2.25: Configuration of the BHPV detector in the physics run of May, 2013. (Left) Sampling of
lead and aerogel for each module. No lead sheets were inserted in the last two modules since showers
started in these modules did not satisfy “coincidence of three or more consecutive modules” and
lead sheets in these modules did not effectively work as converter. (Right) Photograph of overview
of the detector. The beam came from the upper direction. This photograph was taken and provided
by H. Watanabe.

2.2.7 Vacuum and cooling system

The decay region must be kept in vacuum because neutrons can interact with residual gas in the
beam region, and π0 can be generated, which mimics a signal event. In order to suppress this type
of background enough small, the decay volume needs to be evacuated down to O(10−5) Pa. The
overall vacuum system is shown in Fig. 2.26. The whole KOTO detector system except downstream
detectors including CC05, CC06 and beam hole detectors is placed inside the large vacuum tank.
Vacuum of the decay region, called the high-vacuum region, is kept around 5 × 10−5 Pa, which
is separated with the detector region, called the low-vacuum region. Pressure of the low-vacuum
region is kept less than 1 Pa as a buffer region. This structure, with no detectors inside the high-
vacuum region, is necessary to avoid deterioration of vacuum due to outgassing and obtain vacuum
level of O(10−5) Pa. Separation of these vacuum regions is achieved by thin files called membrane.
Its structure is shown in Fig. 2.27. It consists of four layers and total amount of material was as
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General schematic of data acquisition flowchart

DAQ trigger levels

B. KOTO Experiment

The KOTO experiment is located at J-PARC in Tokai,
Iabaraki, Japan. The goal of the KOTO Experiment is to
observe the KL ! ⇡0⌫⌫̄ decay and measure its branching
ratio.

At J-PARC, the proton beam is accelerated using a 3 GeV
synchrotron and further boosted by a second synchrotron to
an energy of 30 GeV. The accelerated protons generate K
mesons by colliding onto a gold target. These K mesons then
enter and decay inside the KOTO detector. The KL ! ⇡0⌫⌫̄
decay can be identified by detecting only the two photons
from the ⇡0 decay in the final state since the neutrinos will
escape from the detector. We use the Cesium Iodide (CsI)
calorimeter to measure the energy and the position of the
photons. Other detectors surround the CsI and serve to detect
any other charged or neutral decay products and veto these
decays. Due to the two missing neutrinos, our signal requires
two photons with large transverse momentum deposited onto
the CsI calorimeter and nothing in any of the other veto
detectors as shown in Fig. 1.

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04� CC05� CC06��� BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013

BH*&

%301HZ�%+&9BP&V

BBBB
BBBB

_ _

2OG�%+&9

_ __

Fig. 1: Sideview of KOTO detectors. The secondary proton
beam come from the left of the figure.

In May, 2013, the experiment accumulated data with KL

flux of 4.2⇥107 KL per spill using a 2 s slow extraction of 2⇥
1014 protons spill every 6 s with 24 kW beam power [10]. In
2015 runs, the proton beam power increased to 48 kW. In total,
we collected about 20 times more data than in May 2013. The
analysis is in progress and we intend to press the upper limit of
the branching ratio below the Grossman-Nir bound. However,
in order to reach the Standard Model sensitivity, higher beam
intensities are required. The beam power is planned to increase
up to 100 kW in the near future [11].

II. THE DAQ SYSTEM

A. Current System

Our data acquisition system consists of two types of ADC
modules and three levels of triggers, as shown in Fig. 2. Two
types of ADC modules, 125 MHz and 500 MHz, are used
to receive PMT signals from approximately 3000 calorimeter
channels and 1000 veto detector channels. The requirements
for the data acquisition system are 14-bit dynamic range for
the energy measurement and 1 nanosecond timing resolution.
To meet these requirements, the analog PMT signals are
shaped into a Gaussian waveform of ⇠100 ns at full-width
at half-maximum (FWHM) using a 10-pole Bessel filter.
These waveforms are then digitized at 125 MHz or 500 MHz
and recorded for each detector channel. Most of the signals
generated by the detectors are digitized at 125 MHz. Detectors

closed to the beam pipe generally have high signal rate; thus,
the 500 MHz ADCs are used to digitize signals in these
detectors. By fitting the Gaussian waveform with points 8 ns
apart, we can reconstruct the timing of the PMT signals up
to 1 nanosecond resolution. The timing alignment between
detectors is calibrated using beam data. A lossless bit-packing
data compression algorithm was implemented to enhance the
data acquisition livetime.

Detectors

ADC

L1 Trigger!

L2 Trigger
L3 Trigger Permanent 

Storage at 
KEK

Waveform 
Digitization!

&!
Data 

Compression

Energy Sum 
&!

Detector Veto

COE 
Calculation

Event 
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&!
Data Collection

Analog !
Signal

Hit Energy L1 Trigger Request

Digital!
Data

Coax !
Cable

Optical!
Link

Optical!
Link

Digital!
Data

1 Gbps!
Ethernet!

Link

Data!
Files

SINET4!
Network

Fig. 2: The KOTO data acqsition system flow chart. The L1
trigger and the L2 trigger are hardware triggers. The L3 trigger
is a software trigger. Black indicates the data being transferred.
Orange represents the data link between each stage of the data
acqusition system.

The trigger system contains two hardware triggers (L1, L2)
and one software trigger (L3). The electronics hardware is
identical for the L1 trigger and the L2 trigger, where two
Xilinx FPGAs (XC5VFX70T Vertex 5 and XC4VFX12 Virtex
4) are implemented onto each electronic board. The L1 trigger
only uses the functionality of the Vertex 5 FPGA and the L2
trigger uses both Vertex 5 and Vertex 4 FPGA. The data output
from each ADC module is sent to the hardware triggers via 2.5
Gbps optical fibers. The ADC modules buffer the data until the
L1 trigger decision is made. The L1 trigger decision is made
every 8 ns by requiring a minimum total energy deposit of
550 MeV onto the CsI calorimeter and no activity in the veto
detectors. Each L1 trigger module are connected to 16 ADC
modules using optical fibers. The daisy-chain bus calculates
the energy sum over all L1 modules and the master L1 board
makes the trigger decision. The L1 trigger cut of requires a
minimum 550 MeV energy deposit in the CsI calorimeter and
maximum energy in other detectors, which varies based on
each veto detector threshold. Upon a L1 accept, the ADC
modules transmit the buffered data to the L2 trigger. Different
detector trigger selections can be made and adjusted run by
run. The master L1 trigger module outputs the information
of detector trigger selections for each event and the data
acquisition hardware trigger system performance. Prior than
the June 2016 run, these information was recorded by the
VME bus backplane. Trigger matching for each event was
performed offline, prior for data production and analysis. In
the June 2016 run, we implemented the feature of feeding
these information back to an ADC module, following all the
other event data stream, and be built in the L3 trigger system.

The KOTO experiment uses two characteristics from the
KL ! ⇡0⌫⌫̄ decay processes to identify such event - neutral
decay and large transverse momentum. The veto detectors
have high efficiency up to 99.9% towards detecting charged
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๏ Level 1 Request = number of triggers that meet Level 1 requirement 
(CsI E > E threshold [MeV] + no Veto) 

๏ Level 1 Accept = number of triggers that are passed to L2 when L2 
buffer is not full 

๏ Level 2 Accept = number of triggers that meet Level 2 COE (>165 mm) 
requirement  

๏ Level 3 = number of events built and stored

Trigger rate stability
• We have four types of trigger rate!

• Lv1 Trigger Request!

• Lv1 Trigger Accept ( Lv1 Trigger Request !& Lv2 buffer full)!

• Lv2 Trigger Accept !

• # of Events Built at Lv3 
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Chronicle of KOTO runsHistory of physics data taking
Run49 Run62 Run63 Run64 Run65 Run69
First 
physics run

Operation of Hadron facility 
was stopped.
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We searched for the CP -violating rare decay of neutral kaon, KL ! ⇡

0
⌫⌫, in data from

the first 100 hours of physics running in 2013 of the J-PARC KOTO experiment. One
candidate event was observed while 0.34± 0.16 background events were expected. We
set an upper limit of 5.1⇥ 10�8 for the branching fraction at the 90% confidence level
(C.L.). An upper limit of 3.7⇥ 10�8 at the 90% C.L. for the KL ! ⇡

0
X

0 decay was
also set for the first time, where X

0 is an invisible particle with a mass of 135 MeV/c2.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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C03, C30

1. Introduction The rare decay KL ! ⇡

0

⌫⌫ of the long-lived neutral kaon is a direct

CP -violating process [1, 2], and is one of the most sensitive probes to search for new physics

beyond the standard model (SM) of particle physics. Because this decay proceeds through the

flavor changing neutral current via the s ! d transition, it is strongly suppressed in the SM

and is sensitive to new heavy particles contributing to the decay [3, 4]. The SM predicts the

branching fraction (Br) to be (3.00± 0.30)⇥ 10�11 [5], while the current experimental upper

limit is 2.6⇥ 10�8 at the 90% confidence level (C.L.) set by the KEK E391a experiment [6].

The BNL E949 experiment [7] has set an indirect and model-independent limit Br(KL !
⇡

0

⌫⌫) < 1.46⇥ 10�9 based on the measurement of the K

+ ! ⇡

+

⌫⌫ branching fraction [8].

The signature of the KL ! ⇡

0

⌫⌫ decay is a single ⇡

0 from a KL decay in flight without

any other detectable particles. The experimental study is also sensitive to the two-body

decay KL ! ⇡

0

X

0, where X

0 is an invisible boson. It was recently pointed out that the

limit 1.46⇥ 10�9 based on the K

+ measurement does not apply to the KL ! ⇡

0

X

0 decay

if the mass of X0 is close to the ⇡

0 mass and new physics with a weakly-interacting light

particle can be probed through the KL ! ⇡

0

⌫⌫ study [9, 10].
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Figure 7.3: Distribution of reconstructed KL mass in the KL → 3π0 analysis. In the left figure,
data taken with the minimum bias trigger was analyzed without applying veto. The right figure
was obtained from data taken with the normalization trigger and veto by all detectors were applied.

mode due to its similarity to the single mode. The KL → 3π0 decay contribute as background when
four photons among six hit the calorimeter and the KL → π+π−π0 mode can also be background,
where two clusters of four derive from two photons from π0 and the other two from π±. Since the
branching fractions of these modes are larger than that of this mode by two orders of magnitude,
KL → 2π0 component must be extracted from huge background events with both kinematic and veto
information as the analysis of the signal mode. Therefore, event reduction by veto and kinematic
cuts is able to be evaluated by comparing various distributions between the data and the MC, which
is an effective way to validate the MC.

Distributions of reconstructed four-photon invariant mass are shown in Fig. 7.6 for the two
different conditions. The left shows a result with data taken with the minimum bias trigger and
no veto cuts except for those by the calorimeter were applied. A peak was observed around the
nominal KL mass of ∼500 MeV/c2, but with large contamination from other KL decay modes,
especially KL → 3π0. Since extra two photons must exist in these KL → 3π0 events, the veto cuts
are expected to reduce these background events significantly. The right histograms of Fig. 7.6 shows
the result after applying all the veto cuts as well as the kinematic cuts, where the data taken with
the normalization trigger was analyzed for larger statistics. Most of events from the KL → 3π0

decay were eliminated, particularly in the region below 400 MeV/c2. The MC simulation well agrees
to the data in the whole mass region for both cases and this indicates that the veto reduction is also
well reproduced. These results well validate reproducibility of the MC simulation. In particular,
remaining events in low mass region of < 400 MeV/c2 is basically due to inefficiency for extra two
photons in the KL → 3π0 decay, hence orders-of-magnitude event reduction is well confirmed by
comparing histograms for these two conditions.

Responses of veto detectors themselves are also evaluated. Figure 7.7 shows veto timing and
veto energy distribution for the MB and CV detectors in the KL → 2π0 samples of the minimum
bias trigger data. where all the veto cuts except the calorimeter and the cut on reconstructed KL

mass were removed for larger statistics. In the timing distribution of both MB and CV, sharp peaks
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mode due to its similarity to the single mode. The KL → 3π0 decay contribute as background when
four photons among six hit the calorimeter and the KL → π+π−π0 mode can also be background,
where two clusters of four derive from two photons from π0 and the other two from π±. Since the
branching fractions of these modes are larger than that of this mode by two orders of magnitude,
KL → 2π0 component must be extracted from huge background events with both kinematic and veto
information as the analysis of the signal mode. Therefore, event reduction by veto and kinematic
cuts is able to be evaluated by comparing various distributions between the data and the MC, which
is an effective way to validate the MC.

Distributions of reconstructed four-photon invariant mass are shown in Fig. 7.6 for the two
different conditions. The left shows a result with data taken with the minimum bias trigger and
no veto cuts except for those by the calorimeter were applied. A peak was observed around the
nominal KL mass of ∼500 MeV/c2, but with large contamination from other KL decay modes,
especially KL → 3π0. Since extra two photons must exist in these KL → 3π0 events, the veto cuts
are expected to reduce these background events significantly. The right histograms of Fig. 7.6 shows
the result after applying all the veto cuts as well as the kinematic cuts, where the data taken with
the normalization trigger was analyzed for larger statistics. Most of events from the KL → 3π0

decay were eliminated, particularly in the region below 400 MeV/c2. The MC simulation well agrees
to the data in the whole mass region for both cases and this indicates that the veto reduction is also
well reproduced. These results well validate reproducibility of the MC simulation. In particular,
remaining events in low mass region of < 400 MeV/c2 is basically due to inefficiency for extra two
photons in the KL → 3π0 decay, hence orders-of-magnitude event reduction is well confirmed by
comparing histograms for these two conditions.

Responses of veto detectors themselves are also evaluated. Figure 7.7 shows veto timing and
veto energy distribution for the MB and CV detectors in the KL → 2π0 samples of the minimum
bias trigger data. where all the veto cuts except the calorimeter and the cut on reconstructed KL

mass were removed for larger statistics. In the timing distribution of both MB and CV, sharp peaks
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Figure 7.6: Distributions of reconstructed KL mass in the KL → 2π0 analysis. Veto cuts other than
the calorimeter were not applied in the left figure and all the veto cuts were applied in the right
figure.

was implemented as that of accidental hits. Effect of this difference on the signal loss is, however,
reduced by setting veto width to be 15 ns, which was close to the periodic cycle of 21-ns interval.
Still the data shows slight excesses in energy or the number of hit modules distribution in these
detectors and this discrepancy is considered as a source of systematic uncertainty

KL → 2γ
For further confirmation of the analysis, reconstruction of the KL → 2γ decay was also compared
between data and the simulation. Since the KL mass is assumed to reconstruct this decay, other
kinematic variables were examined. Figure 7.10 shows data and MC comparison for various kine-
matic variables. As in Fig. 7.5, distributions of reconstructed KL energy, transverse momentum and
decay z vertex position agree well between the data and the MC, which validates the model of the
KL beam and the decay simulation again. The broader distribution of reconstructed KL transverse
momentum than in Fig. 7.5 is due to assumption of decay on the beam axis, which was not applied
in the KL → 3π0 analysis. Discrepancy is seen in the timing distribution between the data and the
MC as shown in the bottom right of Fig. 7.10, where timing difference of two photons’ reconstructed
vertex time is presented instead of ∆Tvtx used as a cut value in the KL → 2γ analysis. Although
the timing in the simulation seems to be too much smeared, its distribution in both the data and
the MC was found to be well contained in ±2 ns, which validated use of vertex time difference in
the KL → π0νν analysis.

7.3.5 Determination of the normalization factor

The numbers of events after all the selections in each analysis for the KL → 3π0, KL → 2π0

and KL → 2γ decay is summarized in Table 7.4 as well as acceptance to an incident KL at the
beam line exit (z = −1507 mm). Here, data with the normalization trigger is considered. Taking
cancellation of the systematic error as mentioned in Sec. 7.3.1, the normalization factor obtained
from the analysis of theKL → 2π0 mode was adopted as the final value to be used in theKL → π0νν
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reduced by setting veto width to be 15 ns, which was close to the periodic cycle of 21-ns interval.
Still the data shows slight excesses in energy or the number of hit modules distribution in these
detectors and this discrepancy is considered as a source of systematic uncertainty

KL → 2γ
For further confirmation of the analysis, reconstruction of the KL → 2γ decay was also compared
between data and the simulation. Since the KL mass is assumed to reconstruct this decay, other
kinematic variables were examined. Figure 7.10 shows data and MC comparison for various kine-
matic variables. As in Fig. 7.5, distributions of reconstructed KL energy, transverse momentum and
decay z vertex position agree well between the data and the MC, which validates the model of the
KL beam and the decay simulation again. The broader distribution of reconstructed KL transverse
momentum than in Fig. 7.5 is due to assumption of decay on the beam axis, which was not applied
in the KL → 3π0 analysis. Discrepancy is seen in the timing distribution between the data and the
MC as shown in the bottom right of Fig. 7.10, where timing difference of two photons’ reconstructed
vertex time is presented instead of ∆Tvtx used as a cut value in the KL → 2γ analysis. Although
the timing in the simulation seems to be too much smeared, its distribution in both the data and
the MC was found to be well contained in ±2 ns, which validated use of vertex time difference in
the KL → π0νν analysis.

7.3.5 Determination of the normalization factor

The numbers of events after all the selections in each analysis for the KL → 3π0, KL → 2π0

and KL → 2γ decay is summarized in Table 7.4 as well as acceptance to an incident KL at the
beam line exit (z = −1507 mm). Here, data with the normalization trigger is considered. Taking
cancellation of the systematic error as mentioned in Sec. 7.3.1, the normalization factor obtained
from the analysis of theKL → 2π0 mode was adopted as the final value to be used in theKL → π0νν
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background source

1. Halo neutrons hitting NCC (π0)

2. Halo neutrons hitting CsI

3. K
L
—>π+π-π0 

First run takeaways
Table 1 Summary of background estimation in the signal region.

background source number of events

KL → 2π0 0.047± 0.033

KL → π+π−π0 0.002± 0.002

KL → 2γ 0.030± 0.018

pileup of accidental hits 0.014± 0.014

other KL background 0.010± 0.005

halo neutrons hitting NCC 0.056± 0.056

halo neutrons hitting the calorimeter 0.18± 0.15

total 0.34± 0.16

obtains a finite transverse momentum. The KL → 2γ decay was simulated for KL’s with1

the transverse momentum larger than 20 MeV/c, and the number of this background was2

estimated to be 0.03 events. Accidental hits overlapping with the KL → π±e∓νe, KL →3

π±µ∓νµ, KL → 3π0, and KL → π+π−π0 decays can change the reconstructed hit timing4

and cause an inefficiency. The background due to this inefficiency was separately treated5

and estimated to be 0.014 events.6

The neutron backgrounds were caused by halo neutrons. One type of neutron background7

came from halo neurons interacting with the NCC detector material in the upstream end of8

the decay volume. Secondary particles by such interactions were detected by the calorimeter9

and mimicked the π0 from the KL → π0νν decay. The events in the upstream region (Zvtx10

<2900 mm) in Fig. 2 are π0’s produced by this process. They can be a background when11

photon energies are mismeasured or a secondary neutron is detected in the calorimeter and12

misidentified as a photon. The contribution due to this mechanism was estimated with the13

MC, in which the halo neutrons were generated by a beam-line simulation and its yield was14

normalized to the number of the upstream events in the data. We evaluated this background15

to be 0.056 events.16

Another type of the neutron background was due to halo neutrons hitting directly the17

calorimeter. A neutron incident on the calorimeter can deposit energy through hadronic18

interactions, and a secondary neutron from these interactions can deposit energy at another19

place after traveling inside the calorimeter. The contribution due to this mechanism was20

estimated with the data from a special run with a 5-mm-thick aluminum plate inserted21

inside the beam at z = 2795 mm. Neutrons in the beam scattered at the plate would hit the22

calorimeter and mimic the background events. We used the events which remained inside the23

signal region in this special run to estimate the number of background events. This sample24

was also used for training the neural network cuts used for the analysis. This background,25

estimated to be 0.18 events, was found to be the main background source in this analysis.26

Details on the background estimation are described in Ref. [31]. The total number of27

expected background events was 0.34± 0.16.28

6. Normalization The number of observed events was normalized to the total number of29

the KL decays in the collected data, which was obtained from the KL → 2π0 decay events in30

the normalization data. We calculated the single event sensitivity (SES), which corresponds31
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Fig. 2 Reconstructed π0 transverse momentum (PT) versus decay vertex position (Zvtx)

of the events with all the analysis cuts imposed. The region surrounded with a thick solid

line is the signal region. The black dots represent the data, and the contour indicates the

distribution of the KL → π0νν decay from MC. The events in the region surrounded with

a thin solid line were not examined before the cuts were finalized. The black italic (red

regular) numbers indicate the numbers of observed events (expected background events) for

the regions divided by solid and dashed lines.

selected. Among all possible combinations of the photons, the combination that had the1

best agreement of the Zvtx values for two (three) π0’s was adopted. Figure 3 shows the four-2

photon invariant mass distribution of the KL → 2π0 events before and after imposing the3

veto cuts. The events in the low mass region are mostly from the KL → 3π0 decays in which4

four out of six photons were detected in the calorimeter. The reduction of these events by5

detecting the extra two photons in the veto counters is well reproduced by the MC. Figure 46

shows the distributions of the reconstructed KL decay vertex position and energy of the7

KL → 3π0 events, which indicated the acceptance derived from MC was well understood.8

Slight data/MC discrepancy in theKL energy distribution was taken into account as a source9

of systematic uncertainty.10

The KL → 2π0 decay is the major KL background source because there are only two extra11

photons which can be detected by veto counters. We generated a MC sample with 40-times12

the statistics of the data. With two MC events that remained in the signal region after13

imposing all the cuts, the background contribution was estimated to be 0.047 events. For14

other decay modes, we generated the MC samples with various assumptions of topologies or15

mechanisms that could cause backgrounds to KL → π0νν. In the case of KL → π+π−π0, for16

instance, the decay can be a background if charged pions hit the downstream beam pipe,17

which was made of 5-mm-thick stainless steel, and were undetected. The nine events located18

in the low-PT region (PT < 120 MeV/c, 2900 < Zvtx < 5100 mm) in Fig. 2 are explained by19

this mechanism. The requirement PT > 150 MeV/c reduced the KL → π+π−π0 background20

to a negligible level. The KL → 2γ decay can be a background if an incident KL is scattered21

at the upstream vacuum window, which was made of 125-µm-thick polyimide film, and22
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• Expected/observed ~0.34/1 
• Major contribution from neutron ~70% 
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Figure 1. Schematic cross-sectional view of the KOTO detector.

Figure 2. Mechanism of neutron-
induced background. An incident pri-
mary neutron has hadronic interac-
tions and makes a primary shower.
An emitted secondary neutron from
the shower makes another shower af-
ter traveling in the calorimeter.

We took data in 2015 and accumulated 20 times more data than that in the 2013 run. We
also performed a special run to collect neutron samples, which is described in section 3.1.

2. Neutron-induced background
In the 2013 analysis, we found that beam-halo neutrons hitting the CsI calorimeter are the
dominant source of our background. A beam-halo neutron hits the CsI calorimeter and forms
a primary hadronic shower. In the interactions, a secondary neutron can be emitted and it
produces a secondary shower after traveling inside the calorimeter (Figure 2). These two shower
clusters can be observed without hits in any veto detectors. If such an event is reconstructed in
the signal box, it will be a background. In 2013, the estimated number of this “neutron-induced
background” was 0.18 out of the total background events of 0.34.

3. Methods to suppress neutron-induced background
We have developed several methods to suppress the neutron-induced background. The key of the
background reduction is to distinguish a photon cluster from a neutron cluster using calorimeter
hit information. The methods named “Shape χ2,” “Cluster Shape Discrimination,” and “Pulse
Shape Likelihood” that we developed will be explained in this paper. The first two use cluster
shape information, and the last one uses waveform information from the hits in the calorimeter.
The Shape χ2 method has been used in the 2013 analysis, and the Cluster Shape Discrimination
and the Pulse Shape Likelihood are newly developed after that.

Updates to reduce region 1

Specific experimental runs to 
study neutron induced events 

Studied using a 10 mm Al 
target placed on the beam line

Improvements after 2013
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CHAPTER 2. KOTO EXPERIMENT

with a known decay vertex position. This aluminum plate is called “Decay Volume Upstream
Al target” and the data taking with this target is referred to as “Decay Volume Upstream Al
target run”.

A 10-mm thick aluminum plate was inserted in the beam at the upstream of the FB to
enhance the neutrons hitting the CsI calorimeter for the study of the background caused by
them. Because most of photons and charged particles were stopped or detected by FB and
NCC, only the events with scattered neutrons hitting the CsI calorimeter were collected. This
aluminum plate is called “Z0-Al-target” and the data taking with this target is referred to as
“Z0-Al-Target run”.

Figure 2.42: Illustration of the aluminum plates inserted into the beam. Top: A 5-mm-thick
aluminum plate was inserted in the beam at the downstream of the FB to generate π0 → 2γ
for the calibration. Bottom: A 10-mm-thick aluminum plate was inserted in the beam at
the upstream of the FB to collect the neutrons hitting the CsI calorimeter for the study of
background caused by them.

2.7.3.4 cosmic-ray muon run

To calibrate detector subsystems with cosmic-ray muons as a minimum ionizing particles,
cosmic-ray muon runs were taken before and after the beam time. The triggers made from
CsI calorimeter, NCC, MB, CC04, CC05, CC06, and OEV were used for data taking.
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Neutron induced events 

๏Analysis on neutron sample generated by using a 10mm Al target 

‣ Neural Networks (NN) cuts to select between hadronic and photon cluster based on 
cluster shape dynamics (Cluster Shape Discrimination) 

‣ Shape χ
2 

compares observed energy deposit with the expected. The sum is taken 
over 27 x 27 crystals around cluster center 

‣ Pulse shape likelihood cut uses waveform information, hadronic showers tend to have 
a longer tail

Fig. Neural Net outcome of cluster shape cut

• Cluster Shape Discrimination 

Improvements after 2013
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Updates to reduce region 1

Ex. inputs: energy Χ2, Ediff, timing Χ2
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Improvements after 2013
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Updates to reduce region 1
Neutron induced events 

๏Analysis on neutron sample generated by using a 10mm Al target 

‣ Neural Networks (NN) cuts to select between hadronic and photon cluster based on 
cluster shape dynamics (Cluster Shape Discrimination) 

‣ Shape χ
2 

compares observed energy deposit with the expected. The sum is taken 
over 27 x 27 crystals around cluster center 

‣ Pulse shape likelihood cut uses waveform information, hadronic showers tend to have 
a longer tail
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Reduction of produced halo neutrons

๏ Improved aligned surfaces of collimators 

‣ Beam profile monitor 

๏ Vacuum window replaced (thinner) 

‣ 125 μm —>12.5 μm reduce neutron 
interactions

Reduction of neutron BG

• Source of halo neutrons
• Surface of collimators 
→ Realigned by using
    Beam Profile Monitor

• Vacuum window
 →Replaced with thinner one 
   (125μm→12.5μm)

Beam Profile Monitormovable collimators Polyimide vacuum window

241 1910
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469

observed, 
Scaled from 
first physics run

Neutron enhanced samples
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Detector upgrades 
before 2015 run.
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Figure 2.1: Cross-sectional view of the KOTO detector. The KL beam comes in from the left
hand side and decay in flight. The KL that decays in the central decay region is the target of the
analysis. The positive z-axis points in the beam direction, the positive y-axis points up, and the
x-axis is defined to satisfy the relation of the right-hand system: ~x = ~y ⇥ ~z.
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Figure 2.2: Schematic view of the ⇡

0 reconstruction. The right tetragon represents the CsI surface.
A KL, coming from the left side, decays at the solid circle and a pair of photons are generated.
The photons fly to the CsI calorimeter, and the calorimeter measures the energies and positions of
the photons.
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Fig. Movable collimators aligned with BPM

Fig. Beam Profile Monitor

Fig. Polymide vacuum window
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Upgrade of Beam Hole Charge Veto (BHCV)

๏ Suppress KL->π
+π-π0 

๏ Previous design: plastic scintillator 

๏ Now: 3 layers of wire chambers reduced count rate by 65% 

๏ Acceptance loss reduced by ~40% due to an achieved 99% 
efficiency in all layers

1.2. Upgrade of the in-beam charged particle detector
A charged particle detector, called Beam Hole Charged Veto (BHCV), is located at the
downstream of the electromagnetic calorimeter. The role of BHCV is to suppress the KL →
π+π−π0 background where charged pions, π+ and π−, escaping through the beam hole of the
calorimeter as shown in figure 2. Due to the high flux of neutrons and gammas in the KL beam,
its single counting rate reached around 10 MHz when 3-mm-thick plastic scintillators were used
as BHCV. Because the measurement of KL → π0νν̄ requires no in-time hit in any veto counter,
accidental hits in BHCV caused 10% loss of signal acceptance. To reduce the acceptance loss,
BHCV was upgraded to three layers of thin-gap wire chambers, as shown in figure 3, which is
more insensitive to neutral particles than the plastic scintillators. Its specification is summarized
in table 1.

CsI

π+
π-

Figure 2. Example of the
KL → π+π−π0 background
related to BHCV.

300 mm

30
0 

m
m

signal outputHV supply

Figure 3. Outline of the wire
chamber for BHCV.

Table 1. Specification of the wire chamber.
wire diameter/length 50 µm / 30 cm

number of wires 160 (10 wires/channel)
wire-wire spacing 1.8 mm
wire-cathode gap 1.4 mm
cathode plane graphite-coated kapton film

50-µm thick
gas CF4:n-pentane = 55:45

operation voltage 2.7 kV
capacitance per channel 50 pF

2. Study of Detector performance
2.1. Detection efficiency and background suppression
Figure 4 shows a set up of efficiency measurement of the wire chamber for BHCV. To select
penetrating charged particles, two additional plastic scintillators were located at the upstream
and downstream of BHCV. A distribution of energy deposition in one of the wire chambers
is shown in figure 5. The resultant efficiency was over 99.6% in all the three wire chambers.
Considering the detector performance of the wire chambers, the background suppression power
for KL → π+π−π0 was estimated by using Geant4[2] based Monte Carlo simulation. As a result,
the background reduction of the wire chambers was the same as the plastic scintillators.

2.2. Single counting rate
The single counting rate was measured in both the plastic scintillators and the wire chambers
during physics data taking in 2015. Figure 6 shows the single counting rate with respect to
the beam power. The wire chambers had a 65% lower counting rate than that of the plastic
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2.1. Detection efficiency and background suppression
Figure 4 shows a set up of efficiency measurement of the wire chamber for BHCV. To select
penetrating charged particles, two additional plastic scintillators were located at the upstream
and downstream of BHCV. A distribution of energy deposition in one of the wire chambers
is shown in figure 5. The resultant efficiency was over 99.6% in all the three wire chambers.
Considering the detector performance of the wire chambers, the background suppression power
for KL → π+π−π0 was estimated by using Geant4[2] based Monte Carlo simulation. As a result,
the background reduction of the wire chambers was the same as the plastic scintillators.

2.2. Single counting rate
The single counting rate was measured in both the plastic scintillators and the wire chambers
during physics data taking in 2015. Figure 6 shows the single counting rate with respect to
the beam power. The wire chambers had a 65% lower counting rate than that of the plastic

Figure 4. Set up for efficiency measure-
ment. In addition to the plastic sintilla-
tors of previous BHCV, two trigger scin-
tillators were used to make coincident trig-
ger.
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Figure 5. Energy deposit in a single wire
chamber. The red dashed line shows a
quarter of the peak used as threshold for
efficiency calculation.

scintillators. Although the wire chambers need to use a longer veto timing window of 25 ns
to confirm extra particle existence, due to large timing fluctuation coming from drift time of
discharged electrons, compared to the 15-ns of the plastic scintillators, the resultant acceptance
loss for KL → π0νν̄ was reduced by 40%1.
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Figure 6. Single counting rate of BHCV
with respect to the beam power.

3. Conclusion
In the KOTO experiment, an in-beam charged particle veto, named as BHCV, was upgraded
from the plastic scintillators to the three layers of thin-gap wire chambers to suppress the
acceptance loss for KL → π0νν̄ due to high rate accidental hits by neutral particles. Its single
counting rate was reduced by 65% and the resultant acceptance loss of KL → π0νν̄ became 40%
lower without changing its background reduction ability owing to the high detection efficiency
over 99.6% in each single wire chamber.
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1 Acceptance loss due to accidental hits in a veto counter can be calculated by multiplying its counting rate and
timing window.
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Figure 2.1: Cross-sectional view of the KOTO detector. The KL beam comes in from the left
hand side and decay in flight. The KL that decays in the central decay region is the target of the
analysis. The positive z-axis points in the beam direction, the positive y-axis points up, and the
x-axis is defined to satisfy the relation of the right-hand system: ~x = ~y ⇥ ~z.
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0 reconstruction. The right tetragon represents the CsI surface.
A KL, coming from the left side, decays at the solid circle and a pair of photons are generated.
The photons fly to the CsI calorimeter, and the calorimeter measures the energies and positions of
the photons.
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Figure 2.23: Outlook of the BHCV detector. The left figure shows a schematic view of module
arrangement and the right one is a photograph of the real detector before installation.

the neutron flux is expected to reach up to 100 MHz. Even in such a sever condition, this detector
needs to have high efficiency for photons from KL decays, better than 99.5% for high energy photons
with >1 GeV in order to suppress background from the KL → 2π0 decay for a search of signal events
with the SM sensitivity. Therefore, blindness for neutrons is critical for this detector from the view
point of performance deterioration due to high counting rates and reduction of unnecessary veto
signals from these neutrons.

In order to meet these requirements, a lead-aerogel sampling detector is newly developed for
the KOTO experiment [94]. Structure of a single module is shown in Fig. 2.24. A series of these
modules arrayed along the beam constitutes the detector system. Aerogel with refractive index of
n = 1.03 is used. Its dimensions in a module are 320 × 320 mm2 in cross section and 58 mm in
thickness, where two layers of tiles are arranged in a 2 × 2 grid. These tiles had been originally
made for the KEK E248 (AIDA) experiment [91] and are reused for this detector. Thickness of lead
sheets is 1.5 mm or 3.0 mm, which varies depending on modules, and the cross section was 398 mm
and 318 mm in horizontal and vertical direction, respectively.

In a module, an incident photon is converted into an electromagnetic shower in the lead layer,
aerogel C̆erenkov light generated by electrons and positrons in the shower is collected by light collec-
tion system, which consists of two flat mirrors and Winston cone funnels [92], and finally detected
by 5-inch PMTs of Hamamatsu R1250 [93]. Since neutrons basically produced protons or pions
by scattering or hadronic interaction and no or less C̆erenkov light is generated due to their slow
velocity, the detector is blind to neutron incidence. Further neutron separation is achieved using dif-
ference in shower development in electromagnetic interaction and hadronic interaction. The former
develops into the forward direction and the latter tends to have more isotropic angular distribution.
Hence by requiring coincidence of consecutive three or more modules in photon detection, more
rejection of neutron hit events is expected while keeping efficiency for high energy photons.

In the physics run, twelve modules are installed with lead and aerogel sampling as shown in
Fig. 2.25. Plastic scintillator counter with dimensions of 20 × 20 cm2 in cross section and 5 mm in
thickness followed for the purpose of calibration.
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Beam Pipe Charged Veto (BPCV)

๏ BPCV ~ 10% BG reduction

Reduction of KL→π+π-π0 BG

CC05 CC06

π-π+

beam
pipe

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04 CC05 CC06 BHCV BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013

γ π+
π-KL γ

-Thinner beam pipe
  ->#BG became 1/2.
-Installed new 
scintillator counters
  ->#BG became 1/10.

w/ scinti. vetow/o scinti. veto

5.7±0.1

0.44±0.03 0.04±0.01

0.23±0.02

New scintillator counter

15

Observed
Expected from
KL→π+π-π0 MC

16年9月15日木曜日

Reduction of KL→π+π-π0 BG

CC05 CC06

π-π+

beam
pipe

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04 CC05 CC06 BHCV BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013

γ π+
π-KL γ

-Thinner beam pipe
  ->#BG became 1/2.
-Installed new 
scintillator counters
  ->#BG became 1/10.

w/ scinti. vetow/o scinti. veto

5.7±0.1

0.44±0.03 0.04±0.01

0.23±0.02

New scintillator counter

15

Observed
Expected from
KL→π+π-π0 MC

16年9月15日木曜日

2016/3/5  19

87

9
7.2±0.5

1
0.2±0.1

87

Beam pipe

CC05 CC06

1m

Background

BPCV

BPCV

Detector upgrades 
before 2015 run.

Upgrades of downstream detectors
10 CHAPTER 2. KOTO EXPERIMENT

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04 CC05 CC06 BHCV BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013

z⌦

y

x

Figure 2.1: Cross-sectional view of the KOTO detector. The KL beam comes in from the left
hand side and decay in flight. The KL that decays in the central decay region is the target of the
analysis. The positive z-axis points in the beam direction, the positive y-axis points up, and the
x-axis is defined to satisfy the relation of the right-hand system: ~x = ~y ⇥ ~z.
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0 reconstruction. The right tetragon represents the CsI surface.
A KL, coming from the left side, decays at the solid circle and a pair of photons are generated.
The photons fly to the CsI calorimeter, and the calorimeter measures the energies and positions of
the photons.
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Fig. Reconstructed Pt vs. decay vertex postion

Fig. Reconstructed Pt vs. decay vertex postion
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Events without BPCV veto 
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Fig. Depiction of BPCV placement 

Fig. BPCV detector 

Updates to reduce region 3
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With expected higher beam power, upgrades are essential

๏ Additional veto detector(s) 

๏ New barrel detector 

๏ DAQ improvements 

๏ Both-end read out of CsI

Other improvements

37
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Beam Hole Guard Counter (BHGC)

๏ In-beam photon counter was added to tag 
photons that escape through the beam 
hole 

๏ Lead plate in front of acrylic Cherenkov 
detector  

๏ Estimated 90% rejection of 1 GeV photons
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Figure 1. A schematic view of the KOTO
detector system and a typical KL → π0νν̄.
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Figure 2. A typical case of KL → 2π0

background.

radiation is emitted, but the Cherenkov angle tends to be smaller in this case. If the angle
is smaller than the total reflection threshold in the acrylic plate, such photons cannot be
transported to the edge of the acrylic plate (Figure 3).

3. Physics run with BHGC in 2015
3.1. Design of BHGC
The thickness of the lead plate and the position of the BHGC were optimized. Based on studies
with MC simulations, the lead plate thickness was decided to be 9.6 mm, and the module position
was decided to be 130 mm away from the beam axis. With this design, 90% of the background
events caused by 1 GeV photons going through the detection gap will be rejected.

After the designing and constructing, the BHGC was installed in the KOTO detector system
in March 2015 (Figure 4).

3.2. The performance of the BHGC
We checked and monitored the light yield in each BHGC module with high momentum charged
particles. The charged particles were selected by closing beam plug located upstream of the
KOTO detectors to stop neutrons and kaons, and by requiring a coincidence with an in-beam
photon detector which detects only fast charged particles (β >0.98). As shown in Fig. 5, the
BHGC light yield was stable within a few percent. This means that there was no radiation
damage.

The single counting rate agreed with the rate expected from beam photons or KL decays

n�
p�

PMT�

PMT�

n�
p�

PMT�

PMT�
Lead Acrylic

Figure 3. Principle of the BHGC. The left figure shows γ hits BHGC. The middle and right
figures show neutron hits on BHGC, and proton is generated and goes to an acrylic plate
normally. The Cherenkov threshold is β > 0.67 (the middle figure case), and the total reflection
threshold is β > 0.89 (the right figure case).

or neutrons. This agreement shows that the BHGC has low sensitivity to neutrons. We also
confirmed that the BHGC response was well reproduced with MC simulations by selecting
gamma from KL decays. We finally checked reconstructed π0 Pt and Z position with a MC
simulation. The signal (blind) region is set for the reconstructed π0 Pt and Z position, as shown
in Fig. 6. A MC simulation had one KL → 2π0 decay event inside the blind region without
BHGC veto for the Single Event Sensitivity (S.E.S) of 1.8×10−10. We confirmed that the BHGC
rejected this one event inside the blind region.

BHGC
(View*from*downstream)Figure 4. BHGC viewed from downstream.

18200 18400 18600 18800 19000 19200 19400 19600 19800 200000

5

10

15

20

25

30

18200 18400 18600 18800 19000 19200 19400 19600 19800 20000

ra
tio

0.7
0.8
0.9
1

1.1
1.2
1.3

Lig
ht
&y
ie
ld
&(p

.e
.)

ra
tio

ratio to&the&average&value

→stable&within&a&few&percent

Apr May Jun

run&number

Figure 5. Stability as a function of run. The
top figure shows light yield and the bottom
figure shows the ratio to the average value.

Rec.Pi0Z
2000 3000 4000 5000 6000

Re
c.P

i0
Pt

0
50

100
150
200
250
300
350
400
450
500 h

Entries  4
Mean x    4124
Mean y   112.5
RMS x   842.8
RMS y   18.42
Integral       4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 h
Entries  4
Mean x    4124
Mean y   112.5
RMS x   842.8
RMS y   18.42
Integral       4

1

2 0

0

00

1
(0)

blind&region
signal&box

preliminary

reducible
Figure 6. KL → 2π0 backgrounds in a plane
of the reconstructed π0 Pt and Z position,
estimated by a MC simulation.

4. Summary
The BHGC is an acrylic Cherenkov counter developed to cover the detection gap near the
beam. Based on the stable operation and the expected performance, 90% of the background
events caused by 1 GeV photons passing through the detection gap can be rejected with the
BHGC.
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or neutrons. This agreement shows that the BHGC has low sensitivity to neutrons. We also
confirmed that the BHGC response was well reproduced with MC simulations by selecting
gamma from KL decays. We finally checked reconstructed π0 Pt and Z position with a MC
simulation. The signal (blind) region is set for the reconstructed π0 Pt and Z position, as shown
in Fig. 6. A MC simulation had one KL → 2π0 decay event inside the blind region without
BHGC veto for the Single Event Sensitivity (S.E.S) of 1.8×10−10. We confirmed that the BHGC
rejected this one event inside the blind region.
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4. Summary
The BHGC is an acrylic Cherenkov counter developed to cover the detection gap near the
beam. Based on the stable operation and the expected performance, 90% of the background
events caused by 1 GeV photons passing through the detection gap can be rejected with the
BHGC.
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Inner Barrel

Detector upgrades 
before 2016 run.

Installed an additional barrel photon
detector(Inner Barrel)

IB
MB

MB

IB

IB
MB

to suppress KL→2π0  BG 
further.

11
16年9月15日木曜日 Fig. Inner barrel prior to being inserted into main barrel detector

2m
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New barrel photon veto (IB)

๏ Aimed at reducing KL—>2π
0
 background 

๏ Sampling calorimeter (25 layers of 5 mm scintillators and 
24 layers of 1 mm lead plates)  

๏ Added another 5 X0 to the MB 13 X0 to decrease 
inefficiency of 4 gamma veto 

๏ MC estimated suppression of KL—>2π
0 
of 1/3 

Inner Barrel

35

Jan. 12 2016Detector upgrade: IB

Mounted 
  2 modules/day 
Continued the work 
during New Year’s 
holidays… 

31 of  32 modules has 
been mounted as of  
last night. 
The last module is 
being mounted today.

Fig. Inner Barrel  

the inefficiency by adding 5 X0 another inside the MB. According to the Monte-Carlo (MC)
estimation, the amount of K0

L → 2π0 will be suppressed to be one third.
The IB detector is a sampling calorimeter as shown in Fig. 2. It consists of 25 layers of 5 mm

thick scintillators and 24 layers of 1 mm lead plates, corresponding to 5 X0. The 32 modules
were made in a trapezoidal shape and formed as a cylindrical detector. The volume is 3 m
long along the beam direction, and inner and outer diameters are 1.5 m and 1.9 m, respectively.
Scintillation light is read out by a photomultiplier (Hamamatsu R329-EGP or R7724-100) at
both ends via Wave Length Shifting (WLS) Fibers (BCF92).

Figure 1. Schematic cross-sectional view of
the KOTO detector. The main background
event, KL → 2π0, is also displayed. The new
detector is shown as blue color.

Figure 2. Top Left) The WLS fibers are
attached in the scintillators. Bottom Left)
One module consists of 25 layers of 5 mm
thick scintillators and 24 layers of 1 mm lead
plates. Right) Formation as cylindrical shape.

3. Module production, construction and insertion to the existing KOTO detector
First, we attached WLS fibers to all 800 scintillators with UV adhesive. After the fibers were
glued, we found some cracks in the scintillators caused by uncured adhesive behind fibers. We
reproduced new scintillators with fibers for those who have large cracks and also annealed to
other scintillators at 80 ◦C for 3 hours to increase chemical resistance based on the result of
damage test.

In 2015, we started to make modules as shown in Fig. 3. To bundle the module, we used 0.75
mm-thick stainless band in 9 points. The accuracy of the module production was determined to
less than 1 mm. The module are supported by 8 rings as shown in Fig. 4. All the production
and construction processes were made in KEK. The detector was delivered to J-PARC, then
installed in April 2016. To insert the IB in the MB, the IB detector was pulled on the teflon
plates attached to the MB and the support rings.

4. Performance check
After installation, the performance of the IB detector was evaluated with the data. Fig. 5 shows
the timing resolution evaluated with cosmic-rays passing through the MB and IB detectors.
We obtained the timing resolutions by comparing relative hit timings between the MB and the
IB. The results were almost consistent with the expected values considering the light yield, the
decay time of WLS fibers and readout modules.

In May-June 2016, the first physics run with the IB detector was performed. To check the
veto response of the IB, the reconstructed KL mass using the event of four photons in the CsI

the inefficiency by adding 5 X0 another inside the MB. According to the Monte-Carlo (MC)
estimation, the amount of K0

L → 2π0 will be suppressed to be one third.
The IB detector is a sampling calorimeter as shown in Fig. 2. It consists of 25 layers of 5 mm

thick scintillators and 24 layers of 1 mm lead plates, corresponding to 5 X0. The 32 modules
were made in a trapezoidal shape and formed as a cylindrical detector. The volume is 3 m
long along the beam direction, and inner and outer diameters are 1.5 m and 1.9 m, respectively.
Scintillation light is read out by a photomultiplier (Hamamatsu R329-EGP or R7724-100) at
both ends via Wave Length Shifting (WLS) Fibers (BCF92).

Figure 1. Schematic cross-sectional view of
the KOTO detector. The main background
event, KL → 2π0, is also displayed. The new
detector is shown as blue color.

Figure 2. Top Left) The WLS fibers are
attached in the scintillators. Bottom Left)
One module consists of 25 layers of 5 mm
thick scintillators and 24 layers of 1 mm lead
plates. Right) Formation as cylindrical shape.

3. Module production, construction and insertion to the existing KOTO detector
First, we attached WLS fibers to all 800 scintillators with UV adhesive. After the fibers were
glued, we found some cracks in the scintillators caused by uncured adhesive behind fibers. We
reproduced new scintillators with fibers for those who have large cracks and also annealed to
other scintillators at 80 ◦C for 3 hours to increase chemical resistance based on the result of
damage test.

In 2015, we started to make modules as shown in Fig. 3. To bundle the module, we used 0.75
mm-thick stainless band in 9 points. The accuracy of the module production was determined to
less than 1 mm. The module are supported by 8 rings as shown in Fig. 4. All the production
and construction processes were made in KEK. The detector was delivered to J-PARC, then
installed in April 2016. To insert the IB in the MB, the IB detector was pulled on the teflon
plates attached to the MB and the support rings.

4. Performance check
After installation, the performance of the IB detector was evaluated with the data. Fig. 5 shows
the timing resolution evaluated with cosmic-rays passing through the MB and IB detectors.
We obtained the timing resolutions by comparing relative hit timings between the MB and the
IB. The results were almost consistent with the expected values considering the light yield, the
decay time of WLS fibers and readout modules.

In May-June 2016, the first physics run with the IB detector was performed. To check the
veto response of the IB, the reconstructed KL mass using the event of four photons in the CsI

calorimeter requiring no energy deposit in the MB and the IB was checked. As shown in Fig. 6,
we can observe the 498 MeV/c2 peak of KL → 2π0 and background contribution mainly from
KL → 3π0. Background contribution of KL → 3π0 estimated by MC is also plotted and it well
reproduces the data.

Figure 3. Module construction. Figure 4. IB support rings.

Figure 5. Timing resolution as function
of module IDs evaluated with cosmic-rays
for several IB (blue) modules. The timing
resolutions of the MB inner (red) and outer
(green) parts are also plotted.

Figure 6. Reconstructed KL mass using 4
photons in the CsI detector. Selection of no
hits in the IB and MB detectors were applied.
Black points show 2016 run data, and blue
points show KL → 3π0 MC.

5. Summary
We installed a new photon-veto detector to the KOTO experiment in April 2016. The IB detector
is expected to suppress the main background from K0

L → 2π0 to be one third. The performances
evaluated with the cosmic-ray and the neutral beam data are consistent with expectations and
more study is on going.
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Fig. Inner Barrel  
Fig. Depiction of inner barrel placement within MB 
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DAQ improvements

Component 2013 Summer 2015 Fall 2015 Summer 2016

ADC
16 Crates  

Uncompressed 
data

17 Crates  
Uncompressed data

17 Crates 
Compressed data

18 Crates 
Compressed data

FANOUT 16 FANOUT 
Module 32 FANOUT Module 32 FANOUT Module 32 FANOUT Module

MACTRIS Clock to two 
trigger boards

Clock to three 
trigger boards

Clock to three 
trigger boards

Clock provided to 
four trigger boards

L2
Firmware design 

by schematic 
only

Firmware design 
using Verilog with 

compression 

Firmware design 
using Verilog with 

compression 

Firmware design 
using Verilog with 

compression 

L3

Mandolin
Ethernet switch 

for event 
building 

Banjo cluster  
( 2 node type) 

Infiniband for event 
matching and 

building 

Banjo 
Infiniband for event 

matching and 
building 

Banjo 
Infiniband for event 

matching and 
building 
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Improved DAQ efficiency: 

๏ Data acquisition system has been steadily improved to 
accommodate larger data sets with increasing beam power 

๏ From 75-80% up to 90-95%

DAQ performance
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Current statusHistory of physics data taking
Run49 Run62 Run63 Run64 Run65 Run69
First 
physics run

Operation of Hadron facility 
was stopped.
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KL—> 2π0 KL—> 2γKL—> 3π0

Data is well reproduced
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KL—> 2π0KL—> 3π0

Distributions are well reproduced
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Preliminary results
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Figure 6. Scatter plot of Rec. PT vs Rec. z
after imposing all selection criteria. The gray
box is the masked region in the analysis. The
inner box is the signal region. The numbers
in black show the number of observed events,
and the numbers in red show the number of
expected background events based on Monte
Carlo simulation.

Background source The number of background events
K0

L → 2π0 0.04 ± 0.03
K0

L → π+π−π0 0.04 ± 0.01
Halo neutrons hitting the NCC 0.04 ± 0.04

Halo neutrons hitting the CsI calorimeter 0.05 ± 0.02
Sum 0.17 ± 0.05

Table 2. Estimated numbers of background events in the signal region for run62 data.

an upper limit on the K0
L → π0X0 decay to be 3.7 × 10−8 at 90% confidence level, where X0 is

an invisible particle with the π0 ’s mass.
After first physics run, we updated several detectors to reduce background events found in

the first physics run and collected 20 times much data than the first physics run. We checked
reduction of background events by using small data set and confirmed that background events
were well suppressed by new cuts.

Next, we will increase analyzing data to check background events with higher sensitivity and
optimize cut conditions to achieve higher sensitivity.
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Estimated background events in Run 62

Source Number of Events

KL—>2π0 0.04+0.03

KL—>π+π-π0 0.04+0.01

Halo neutrons hitting 
NCC (upstream) 0.04+0.04

Halo neutrons hitting 
CSI 0.05+0.02

Total 0.17+0.05
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Fig. Reconstructed π0 Pt vs. decay vertex postion
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Measured KL yield for each normalization decay mode (KL->3π0, 2π0, 2γ): 

๏ Estimated from number of reconstructed events in data after application of 
selection requirements for mode, acceptance of mode, BR(mode), and 
Protons on Target (POT) 

๏ Systematic uncertainty estimated from single cut efficiency 

KL flux estimation
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Measured KL yield for each normalization decay mode (KL->3π0, 2π0, 2γ): 

๏ Estimated from number of reconstructed events in data after application of 
selection requirements for mode, acceptance of mode, BR(mode), and 
Protons on Target (POT) 

๏ Systematic uncertainty estimated from single cut efficiency 

KL flux estimation
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Single Event Sensitivity (SES) is a measure of signal (KL—>π0νν) 
sensitivity and is obtained from remaining events in normalization 
modes after applying kinematic and veto cuts and total acceptance

Single event sensitivity

Experimental Run SES

E391a 11.1 x 10-9

Run49 12.9 x 10-9

Run62 ~5.9 x 10-9

SES =
1

Kyield ·Acceptancesignal

Si
ng

le
 E

ve
nt
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en
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ity

0.0E-9
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15.0E-9

Year
2009 2010 2011 2012 2013 2014 2015 2016

RUN 62

E391a

RUN49

work i
n progress

Increased Single Event 
Sensitivity attributed to: 

๏ Measured KL flux 

๏ Wider signal box due to 
improved BG reduction 
methods and upgraded 
detectors 

๏ Signal acceptance of cuts is 
roughly the same

Increased sensitivity by a factor of 2 
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ProjectionsHistory of physics data taking
Run49 Run62 Run63 Run64 Run65 Run69
First 
physics run

Operation of Hadron facility 
was stopped.

6
16年9月9日金曜日 50
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Estimate of all 2015 data

Estimated background events
Source Run 62 Number of Events All 2015 

KL—>2π0 0.04+0.03 0.07
KL—>π+π-π0 0.04+0.01 0.23

Halo neutrons hitting NCC (upstream) 0.04+0.04 0.13
Halo neutrons hitting CSI 0.05+0.02 <0.34

Total 0.17+0.05 0.77

SUMMARY OF 2015 DATA ANALYSIS  
PT vs Z plot for 2015 data, again

23

Black: Observed 
Red:   Expected

0.17±0.06

0.77±0.16

1.57±0.17

0.04±0.01

0.36±0.11

0.0

WORK IN PROGRESS single event 
sensitivity =  

 1.1×10-9

WORK IN PROGRESS

single event sensitivity = 
1.1 x 10-9

Black: Observed
Red: Expected

work i
n progress
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Fig. Reconstructed π0 Pt vs. decay vertex postion
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KOTO experiment performed at J-PARC is a dedicated search for the KL—>π
0
νν decay

Summary of KOTO first results

๏ KOTO Run 49 set a BR(KL—>π
0
νν) upper limit of < 5.8 x 10 

-8 
(90% confidence) 

๏ KOTO Run 49 set a BR(KL—>π
0
Χ

0
) upper limit of < 3.7 x 10 

-8 
(90% confidence), which is 

the first upper limit for Χ
0
mass of 135 MeV/c

2
  

Present

๏ We have collected a data set (2015 runs) roughly 20 times larger than the 2013 run 

๏ Confirmed that major BG observed 2013 run are well suppressed 

๏ Analysis is on going: 

‣ Focused on continued BG estimation and suppression 

‣ With the current calculated flux, we estimate a SES of 5.82 x 10
 
-9 for Run 62 and a SES 

of 1.1 x 10
 -9 for the entire 2015 data set 

๏ After completing analysis of all 2015 data, we expect to approach Grossman-Nir limit 
(theoretical model independent limit ~1.5 x10

 
-9 ) 

Summary
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๏ Overcome the background level and improve sensitivity ~10 -11 

๏ Additional detector upgrades (2018) 

๏ DAQ upgrades (2017~) 

๏ Beam power increase 42kW—>100kW (2019) 

๏ Explore new physics with a direct measurement  

๏ Extension of hadron hall (KOTO Step 2)

Next steps
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Outlook
1.4. KOTO EXPERIMENT 7
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Figure 1.3: History of the KL ! ⇡

0

⌫⌫ search.
A green point shows the first study performed
by Littenberg. Blue (Red) points in the fig-
ure show results of the analysis using a ⇡

0 !
e

+

e

�
� (⇡0 ! ��) decay to identify the KL de-

cay. A green line shows the GN limit. A pink
line shows the prediction in the Standard Model.

23 CHAPTER 3. EXPERIMENTAL APPARATUS AND RUNS

3.2 Detectors

3.2.1 Overview

The E391a detection system was located at the end of the beamline. The detector subsystems
were cylindrically arranged around the beam axis, and most of them were placed inside a large
vacuum vessel, as shown in Fig. 3.6. From here on, the origin of the coordinate system is
defined to be at the upstream end of the E391a detector, as shown in Fig. 3.6. This position
was approximately 12 m from the production target.

CC00

Figure 3.6: E391a detection system.

3.2.2 CsI calorimeter

The energy and hit position of the two photons were measured by using a electromagnetic
calorimeter placed at the downstream end of the decay region. The calorimeter was made of
576 undoped CsI crystals and assembled in a support cylinder with an inner diameter of 1.9 m,
as shown in Fig. 3.7. A collar counter (CC03) was installed inside of the calorimter with 12 cm
⇥ 12 cm hole, which is described later. The CsI calorimeter was placed at z = 614.8 cm. Most
of the crystals had a square shape, with the exception of crystals located at the outer edge. In
order to fill the gap at the periphery of the cylinder between the square-shaped crystals and
the support structure, specially shaped CsI crystals (Edge CsI) and lead-scintillator sandwich
counter (Sandwich module) were placed at the outer edge of main CsI crystals.

CsI crystals

Two di↵erent sizes of crystals were used in the array: 496 crystals, called “Main CsI”, had a
dimension of 7 cm ⇥ 7 cm ⇥ 30 cm (= 16X

0

) and 24 crystals, called “KTeV CsI”1, had a
dimension of 5 cm ⇥ 5 cm ⇥ 50 cm (= 27X

0

).
Each Main CsI crystal was wrapped with a 100 µm thick Teflon sheet and then wrapped with

a 20 µm thick Aluminized mylar, in order to isolate each crystal optically and to improve the light
collection. The Main CsI crystal yielded typically 15 photoelectrons per an enrgy deposition of

1borrowed from the KTeV experiment.

Figure 1.4: Cross-sectional view of the E391a detector. CsI: electromagnetic calorimeter; CV:
charge-particle counter; MB and FB: main-barrel and front-barrel photon counters; CC00, CC02-
CC07: collar-shaped photon counters; BHCV and BA: beam hole charged-particle and photon
counters.

GN = 1.5 x 10-9

KOTO(γγ )
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E731: FNAL
KTeV: FNAL/KEK
E391a: KEK
KOTO: JPARC

KOTO(

KOTO(

Year
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Thank You
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Additional Information
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Output of Calorimeter system

CHAPTER 2 The KOTO Experiment
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Figure 2: Cross section of the endcap CsI calorimeter (view from beam up-
stream). Detectors are contained in a cylindrical support structure of the vac-
uum vessel made of stainless steel. Beam hole, located at the center, is covered
by a beam pipe made of carbon fiber-reinforced plastic (CFRP). CC03 and LCV
are the inner photon veto and the charged particle veto counters. The inner re-
gion of the calorimeter consisted of 2240 undoped CsI crystals with a cross
section of 25 mm × 25 mm and the outer region consisted of 476 undoped
CsI crystals with a cross section of 50 mm × 50 mm. OEV counters, which
consisted of 44 counters with different shapes of cross sections, fill the space
between the outer side of the CsI crystals and the vacuum vessel. The number
written on each OEV counter (0-43) indicates the ID number.

Figure 3: Exploded views of an OEV counter (OEV-32) which is located at the
bottom center of the endcap (see Fig. 2). The left figure shows downstream
view with the top board and the top reflector sheet removed, and the right figure
shows upstream view. White color shows reflector sheet on the second scin-
tillator plate. Inside the frame, scintillator plates and lead sheets are stacked
alternately. Light from the scintillator plates is read out through WLS fibers.
The fibers are extracted through windows of the end plate.
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Figure 4: OEV counters located at the bottom right section of the endcap. In
this figure, each of four counters, OEV-26, 27, 28, and 31, consisted of two
modules which was read out with a PMT. Stacking layer direction is horizontal
at the bottom and vertical at the side.
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of long-term operation with large pressure of about 15 tons/m2120

in the E391a experiment [12].121
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bottom part, have a robust frame made of 2 mm-thick stainless125

steel (see the Fig. 3). By screwing the stacked layers in the126
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sheets were flattened. This suppresses the deformation under128

load caused by the CsI crystals. In contrast, there is no such129

a load on the OEV modules located in the upper half of the130

endcap. Hence, they are just covered by 1 mm-thick aluminum131

plates and bound with polyester tape to protect the contents.132

Hamamatsu R1924A 1” PMT [17] was used as a readout de-133

vice for the OEV counters. A total of 44 PMTs were placed134

about 80 cm behind the end plate of the counters. Some OEV135

counters consisted of two modules were connected to one PMT;136

thus, the total 44 OEV counters actually consisted of 64 mod-137

ules with nine different shapes of cross sections (type-0 to type-138
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high-voltage power supply for the PMTs, which operates in at-141

mospheric pressure or below 0.1 Pa. The power consumption142

of the base is 30 mW at the maximum, which is one order of143

magnitude less than that of resistor type dividers. This reduces144

the amount of heat generated inside the vacuum vessel. An-145

other great advantage is that the CW base can be operated with146

the same type of the voltage distributor already developed for147

the CsI calorimeter without any change [18].148

As illustrated partly in Fig. 4, the direction of the stacked149

layer is horizontal for the OEV modules located at the top and150
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gion of the calorimeter consisted of 2240 undoped CsI crystals with a cross
section of 25 mm × 25 mm and the outer region consisted of 476 undoped
CsI crystals with a cross section of 50 mm × 50 mm. OEV counters, which
consisted of 44 counters with different shapes of cross sections, fill the space
between the outer side of the CsI crystals and the vacuum vessel. The number
written on each OEV counter (0-43) indicates the ID number.
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tillator plate. Inside the frame, scintillator plates and lead sheets are stacked
alternately. Light from the scintillator plates is read out through WLS fibers.
The fibers are extracted through windows of the end plate.
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Figure 2.14: Configuration of the CsI calorimeter and related detectors. Quoted from Ref. [70] and
partially modified.

CsI crystal� PMT�
CW base�

Preamp.�

60 mm�

laser 
(355 nm from Nd-YAG laser)�

Category 6 
Ethernet cable�

Quartz fiber�

Liquid dye�

Silicon cookie�
UV filter�

PMT holder 
(carbon steel SS400)�

Magnetic shield 
(permalloy)�

scintillation light 
(360-400 nm)�

HV supply�

ADC/ 
trigger system�

Inside vacuum (~0.1 Pa)�

Differential 
output�

Single-end 
output�

Figure 2.15: Outline of the calorimeter system.
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2015 Background EstimationsBG estimation under tight cut
KL->2pi0KL->pipipi0

NCC Neutron
BG source #BG
KL→2π0 0.07±0.07

KL→π+π-π0 0.23±0.06
Upstream events 0.13±0.07
Hadron cluster 

events
0.34±0.11

Other BG sources Under 
estimation

Data

0.17±0.06

0.77±0.16

1.57±0.17

0.04±0.01

0.36±0.11

0.0±0.0

23
17年1月6日金曜日
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Estimation method 

๏ KL->2π0 and π+π-π0 estimated with MC and 
accidental overlay file 

๏ NCC was estimated with MC and 
normalization was performed by events in 
NCC region 

๏ Neutron events were estimated with the 
use of an aluminum target placed on the 
beam line

Background estimations
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Run 62 background
Run 62 neutron background 

in PHYSICS trigger

24
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RUN62 Physics
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0.021±0.008

0.0000.003±0.001

Assuming no correlation between PSLH and CSD

0.064±0.024 
(0.049±0.019)

Neutron Background KL—>π+π-π0 Background 

Run 62	
KL→π+π-π0 Background

Full MC (x400 Run 62)
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2016/7/22 14 

Run49 Condition + BPCV Veto 

Low Pt: 0.26 +/- 0.02 

Low Pt: no event 

kinematic cut 
(w/o kine. & shape NN) 
+ Veto cut 
(w/o newBHCV, BHGC) 
+ MaxShapeShisq<=4.6 
 
* POT is normalized to Run62 all 

Full 

Recycled 

Signal Region: 
0.043 +/- 0.009 

Updated on July 23rd  

Run 62	
KL→2π0 Background

Scaled from “fast simulation” for the 2013 Run	

(0.053 ± 0.003) x 0.63 (w/4 additional BHPV)  
= (0.033 ± 0.002) events
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CHAPTER 7 Analysis for the KL → π0νν Search
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Figure 7.30: Result of KL → 2π0 background estimation with the fast simulation method. The left
figure shows Zvtx-PT distribution after applying veto weight of all the detectors. The numbers for
each region indicate the number of background events obtained with the fast simulation method
and the full simulation described in Sec. 7.4.1, respectively. The right one shows the number of
background events related to each detector.

detection threshold*10. Below, “groove regions” shall also include boarder regions. Enough number
of light yield per energy deposit is helpful to make such inefficiency small and reduce this type of
background events. Although it is confirmed that the light yield requirement is successfully satisfied
for the design sensitivity of this experiment [82, 84], the evaluation was based on tight threshold of
100 keV, which might not be appropriate for this physics run with much worse sensitivity. Since
a tight threshold of CV causes a large signal loss due to a backsplash effect from electromagnetic
showers in the calorimeter, it is desirable to set the threshold as loose as possible within a tolerable
background level. Evaluation of Ke3 background hence needs to be considered for optimization of
the CV veto threshold.

Evaluation of CV veto performance
Evaluation of inefficiency against penetrating charged particles in CV is a key to understand this
background as already mentioned above. Although photoelectron yields obtained from measurement
for the real detector are taken into account as described in Sec. 5.4.2 with corrections for various
difference of experimental conditions, it is still worthwhile to validate implemented detector response
with the real data. For this reason, in-situ inefficiency was evaluated with data taken in this physics
run prior to estimation of background, where CV response in a Ke3-enhanced sample was compared
between the data and the full simulation.

Events by the minimum bias trigger data, described in Sec. 3.3.3 was used and the same event
selection with the previous section (Sec. 7.2) was applied except for CV veto. To enhance Ke3 com-
ponents, several kinematic selections are removed or changed: the π0 kinematic cuts and selections
on neutral net values, cluster sizes, energy ratio, eθ, reconstructed z vertex (Zvtx) and transverse

*10As another source of inefficiency, cutout holes with a size of 0.6 × 0.6 mm2, which is needed to fix modules, can
also contribute. This effect, however, is not included in the simulation and not considered as background, since the
effect is measured to be small enough [83, 84] and basically threshold-independent.

152

KL—>2π0 Background 

ALL MC 
observed 

(events in signal box)

observed 
(MC events in signal box)
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Neutron shower reduction: 

๏ Adding a two-sided read out to the CsI 
crystals 

๏ crystals:  

‣ interaction length ~38 cm 

‣ radiation length (X0 ) ~1.9cm

Next steps
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Next steps

New photo sensor upstream
● Both-end readout of CsI crystal → new project

– Longitudinal position with timing difference

● New 6mm□  MPPC with Silicone window

– Low mass, UV sensitive → ~20% photo detection for 310nm

500 MeV γ

1GeV neutron
 (downstream
        incident)

Light  from 
neutron

Light from
gamma

PMT
500mm

Timing difference (ns) Cut position (ns)

E
ff

ci
en

cy

~1 order 
   rejection!

Study on going
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Physics Trigger: 

๏CsI, MB, CV, NCC, and CC03 veto detectors

Event reconstruction
CHAPTER 4 Event Reconstruction

z�

θ�

r1


γ1 (e1, x1, y1)�

γ2 (e2, x2, y2)�

Calorimeter�

r2


ΔZ�

KL�

Beam axis�

x�
y�

Figure 4.4: Illustration of the π0 reconstruction.

described in Chap. 6. Photon clusters which are not used in reconstruction and clusters which are
not regarded as photon clusters are treated as “extra clusters” and used for veto as described in
Sec. 4.3.5.

4.3.3 π0 reconstruction with energy and position correction

As already described in Sec. 2.1.2, π0 is reconstructed from any pair of photon clusters on the
calorimeter assuming their invariant mass is equal to the nominal π0 mass (Mπ0) and x, y vertex
position of the parent π0 to be zero. Below, energy and photon hit xy position on the calorimeter
surface are denoted as ei, xi and yi, respectively as show in Fig. 4.4. An opening angle of the two
photons, θ, is calculated as

cos θ = 1−
M2

π0

2e1e2
. (4.2)

Using this angle and with the assumption of zero xy vertex position, the z vertex position, written
as Zvtx, is calculated from the following equations:

(1− cos2 θ)(∆Z)4 + (2r⃗1 · r⃗2 − (r21 + r22) cos
2 θ)(∆Z)2 + (r⃗1 · r⃗2)2 − r21r

2
2 cos

2 θ = 0, (4.3)

Zvtx = ZCsI −∆Z, (4.4)

where Eq. (4.3) is derived from the Law of Cosine on the triangle made of two photon tracks.
r⃗i(i = 1, 2) are two-dimensional vectors for the i-th photon hit position on the calorimeter surface
and given as r⃗i = (xi, yi), and ri = |r⃗i|. Notation of other variables follows Fig. 4.4. This equation
is a quadratic equation of (∆Z)2, and two solution for Zvtx are possible when both of two solutions
of (∆Z)2 were real numbers and positive. In case of two photon analysis, events with such two
solutions in Eq. (4.3) are discarded.

Once the z vertex position is obtained, incident angle of each photon is calculated. Correction is
then applied for energy and position of each photon cluster using this angle. The z vertex position
is again calculated with the same procedures for the updated photon cluster information. Other
variables to be used in the following event selection are calculated using this value; Transverse
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Fig. Reconstruction method
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Acceptance calculated as:  

Amode = (# Reconstructedmode / # 
Simulatedmode)

Flux calculation

KL yield found as:  

#KL =  # of. Rec. KL (data) / (Acceptancemode x BRmode)

Flux calculated as: 

#KL/POT = KL yield / (POTruns * POT norm factor)

POT runs = 2.61 x1016, POT norm factor = 2.00 x1014

64

mailto:lastname@aps.org?subject=


 
©2017, B. Beckford: bobeck@umich.edu

KL flux estimation

Mode N (Data Rec.) Acceptance (MC) Acceptance (MC) x 
BR (mode)

Yield= Ndata/
(AxBR)

Kl—>3π0 44365 + 210 (4.866 + 0.022) x 10-5 (9.499 + 0.072) x 10-6 (4.645 + 0.042) x 109

Kl—>2π0 1032 + 32 (2.526 + 0.003) x 10-4 (2.183 + 0.080) x 10-7 (4.709 + 0.159) x 109

Kl—>2γ 3113 + 56 (1.259 + 0.005) x 10-3 (6.887 + 0.080) x 107 (4.521 + 0.097) x 109

FLUX
Mode Chen 

(Run62-24kW)/2E14 POT
Lin

(Run62-24kW)/2E14 POT
Beckford

(Run62-24kW)/2E14 POT

Kl—>3π0 (3.582 + 0.021) x 107 (3.57 + 0.020) x 107 (3.583 + 0.032) x 107

Kl—>2π0 (3.613 + 0.113) x 107 (3.61 + 0.113) x 107 (3.628 + 0.122) x 107

Kl—>2γ (3.464 + 0.064) x 107 (3.46 + 0.064) x 107 (3.468 + 0.074) x 107

Average(old) (3.549 + 0.062) x 107 (3.55 + 0.045) x 107 (3.568 + 0.045) x 107
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Single event sensitivity

Experimental run Kl Flux (Run62) POT Accidental Loss Eff. veto Eff. kinematics

Run 62 (3.56 + 0.013) x 107 2.05 x 107 0.511 0.645 1.44 x 10-3

SES =
1

Kyield ·Acceptancesignal

K
yield

=
K

flux

2 ⇤ 1014POT
⇤ POT

run

Where:

Acceptance
signal

= Accidental
loss

⇤ ✏
V etos

⇤ ✏
kinematics
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Systematic 
Uncertainties
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Partial Acceptance for ith cut or veto is: 

๏ Partial Acceptance: PAi = # of events with all cuts including 
cut {i}) / # of events excluding cut {i} 

Partial acceptance

FDi =
PAi

data � PAi
data

PAi
data

Fractional Difference is calculated as:

Systematic Error is calculated as:

� =

sP
(FDi/PAi

data)
2

P
(1/PAi

data)
2
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Systematic Errors KL—>3π0  (24kW): 

๏ Kinematic cuts: Beckford (0.3%) 

๏ Vetos: Beckford (2.6%)  
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Systematic Errors KL—>2π0  (24kW): 

๏ Kinematic cuts: Beckford (3.3%) 

๏ Vetos: Beckford (4.2%)  
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Systematic Errors KL—>2γ  (24kW): 

๏ Kinematic cuts: Beckford (1.39%) 

๏ Vetos: Beckford (25.9%)  
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