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Hors d’Oeuvre New Physics Reach of Flavour Physics

A Glimpse at the Zeptouniverse

recent analysis of tree level flavour changing Z0
: Buras et al. (2014)

K ! ⇡⌫⌫̄ decays sensitive to
scales up to 2000TeV if left- and
right-handed FV couplings are
present

(fine-tuned) cancellation of e↵ects
in K0 � K̄0 mixing required

new physics reach of B decays
lower by an order of magnitude
(⇠ 100TeV!)

‚ high precision in rare K and B decays is crucial!

6 M.Blanke Flavour Physics Beyond the Standard Model

http://www.lnf.infn.it/wg/vus/content/Krare.html

B
N

L E787+E949 Lim
it

B
N

L E787+E949 Lim
it

Standard Model BR(K+ � �+��)� 1011

B
R

(K
L
�

�
0

+
�
�
)�

10
1
1

+ Buras 2014

C
ER

N
 N

A
62

JH
EP11(2020) 042

Gro
ssm

an
-N

ir 
Lim

it 
by

K
+  deca

y →
 KL d

eca
y I

so
sp

in ro
tat

ion

http://www.lnf.infn.it/wg/vus/content/Krare.html


New Physics
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versus                   
AJB, Buttazzo, Knegjens, 1507.08672
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Theoretically clean

Nightmare for experimentalists

neutral KL ➔ 2Υ (from π0)+ νν
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KL ! ⇡0⌫⌫
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KL ! ⇡0⌫⌫

FNAL KTeV
KEK E391a

FNAL E731, E799

Standard Model

KOTO 2015
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Reconstruction

θ based on invariant mass
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θ
Beam axis

E1

E2

m2
⇡0 = (p1 + p2)
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= 2E1E2(1� cos ✓)



2 photons only

finite transverse momentum

Pγ1

Pγ2

Properties of　
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KL ! ⇡0⌫⌫

PT

Narrow KL beam

Pπ0
E1

E2



… but there are backgrounds
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charged particles

Detect charged particles with plastic 
scintillators
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more photons

Cover decay volume with Photon veto detectors
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Beam hitting the detector
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KL neutron beam



Beam hitting the detector

Make a hole in the detector
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KL neutron beam



Υ’s passing through the hole

Photon 
detector 
downstream
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Υ’s absorbed in beam pipe
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Υ’s absorbed in beam pipe

Place detectors INSIDE vacuum

17

KL ! ⇡0⇡0

γ

γ

γ

γ

Vacuum



Basic detector design
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Japan Proton Accelerator Research Complex
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Tokai Village



J-PARC in Japan
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30 GeV , 100 kW



Experimental Hall
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30GeV protons
16deg



Hadron Hall
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How to make KL beam
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KL ! ⇡0⌫⌫

protons

B

Sweep away 
charged 
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Neutral beam 
(KL, neutrons, 

photons)
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CsI Calorimeter for 2γHermetic veto to suppress 
KL→2π0 background



CsI  
Calorimeter

2716 CsI crystals from the 
Fermilab KTeV experiment

50 cm (27 X0) long

2.5 cm and 5 cm square 
crystals
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Charge Veto

Veto charged 
particles w/ <10-3 
inefficiency

Only 3mm thick

Made be Kyoto Univ.
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Photon Veto

To detect 
escaping 
photons

13.5 X0
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Additional
Photon Veto

Inserted another 
cylindrical 
photon veto

+ 5X0
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Feb. 2016



from KEK E391a
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Front Barrel 
Photon Veto

Dec. 3Dec. 2



Purpose

Veto photons

count halo neutrons

48 3-CsI-block modules
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Neutron  
Collar Counter

2012/05/12 Collaboration meeting @ KEK

• Introduction

• J-PARC

• Kaon 

experiments

Contents

So, ...
• KOTO

• Piano

• Papionn

• Pi+KL
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PMT

Front7cm Middle Rear

Z
15cm 20cm 10cm

MA
PMT

Individual 
(4fibers × 3ch)

common 
(28fibers ×1ch)
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Individual readout for halo-n measurement
each module consists of 3 crystals to distinguish halo-n events from γ 
events  by difference of shower shape                                                             
→ read by MA-PMT (3ch per 1 module)                     

Common readout for rejecting CC02 BG
necessary to achieve 1MeV veto threshold　→ integrate readout of 3 
crystals by common 28 fibers and achive enough L.Y. 

Fiber Readout

2012/05/12 Collaboration meeting @ KEK

• Introduction

• J-PARC

• Kaon 

experiments

Contents

So, ...
• KOTO

• Piano

• Papionn

• Pi+KL
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roles & design concept of NCC
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KOTO実験の為のNeutron Collar Counterのデザイン及び開発KOTO実験の為のNeutron Collar Counterのデザイン及び開発

NCCのpositionと役割
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front view

NCC : 崩壊領域上流部のビームホール周りに設置されるveto検出器

Side View

崩壊領域

beam hole

simulationから、designへの要請を明らかにする。

NCCの3つの役割
上流部のKL崩壊によるBGの抑制
ハロー中性子がNCC自身と相互作用して生じるBGの抑制
BG源のハロー中性子のFluxとEnergyの測定

side view

three important roles
eliminate BG from upstream KL decay
suppress halo neutron BG
measure energy & flux of halo neutron

Front Barrel

NCC
front view

feature
CsI Full active detector 
consists of 48 modules ×4 ch  (+ 8 outer CsI crystals ) 
→ number of channel is exactly 200  in  total
WLS-Fiber readout

outer CsI
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3.5 Downstream veto counters

In order to detect extra particles in KL decay which escape from the beam
hole, several veto counters are placed downstream of the main calorime-
ter. Figure 17 shows the downstream part of the E14 detector. One collar
counter (CC04) are placed just behind the calorimeter inside the vacuum,
and additional two counters (CC05, CC06) follow after the vacuum tank. At
the downstream end of the E14 detector, Beam Hole Charged Veto (BHCV)
and Beam Hole Photon Veto (BHPV) counters are located in the neutral
beamline.

Figure 17: Downstream part of the E14 detector.

3.5.1 Downstream collar counters (CC04–CC06)

Downstream counters, CC04-CC06, cover the aperture between the beam
hole of the CsI calorimeter and BHPV. The particles after decay on fiducial
volume can hit the inner surface of the beam hole of CC03 or adjacent
counters, but escape from the veto system because the total radiation length
along the path is not enough. Such ”edge” effects should be recovered by
a set of downstream counters. The CC04 counter is installed just after
the CsI calorimeter. The counter could be large enough and stay close
to CC03, but shower leakage from the rear end of the calorimeter might
leave a false veto signal in CC04. This counter should not be so large and
stay far from the calorimeter; another way is to increase the veto threshold
of CC04, which leads to degradation of photon detection efficiency. Such
optimization of the geometrical size, distance from the calorimeter and veto
threshold was performed for the E391a experiment. In E14, the thickness of

29

Beam

Figure 19: Schematic side view of the BHPV arrangement.

Detailed description of BHPV structure The aerogel array has a
cross section of 30 cm by 30 cm, a thickness of 5 cm, and the refractive index
of 1.03. These modules are lined up in 25 layers along the beam direction,
each of which is placed 35 cm apart as shown in Fig. 19. The total length
and thickness of the BHPV are 8.75 meters and 8.9 X0, respectively. This
configuration enables us to select events that have their shower development
in the forward direction, and thus reduce the sensitivity to neutrons. The
parameters of the BHPV are summarized in Table 2.

Table 2: Base parameters of the BHPV. The parameters of each module and
the whole system are listed separately across the double line in the table.

Items Parameters
size of module 30 cm (H) by 30 cm (V)
Pb converter 2-mm thick
aerogel refractive index=1.03

30 cm (H) by 30 cm (V)
10-mm-thick×5 tiles

main mirror flat, 45◦ degree inclined
light funnel Winston cone

(din=30 cm, dout=12 cm)
photomultiplier Hamamatsu R1250 (5-inch)
number of modules 25
layer spacing 35 cm
size in beam direction 875 cm
radiation length 8.9 X0

Expected performance In order to estimate the BHPV performance,
we performed a GEANT3-based simulation. Detailed description of the
studies are found in the proposal. We summarize the estimated BHPV
performance in Table 3. Here, a hit is defined as a module in which four

32
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Main Barrel 
+CsI Calorimeter

Dec. 6, 2012Y. Sugiyama



DAQ system
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14bit FADC to record waveform and 

to form triggers digitally

Designed, produced by US
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KL ! ⇡0⌫⌫

Single event sensitivity (S.E.S)
• S.E.S = (KL yield)�(signal acceptance)

• Signal box : determined by S/N
• S.E.S : 6.9�10-10 (S.E.S2015 : 1.3�10-9)

2019/9/10 KAON2019 17

signal acceptance : 2.0�10-4

!" → $%&&̅ MC blind regionsignal region

2015 signal box

2016 ~ 2018 
signal box

signal acceptance : 
+ 6% (from 2015 signal box)

Preliminary

PT
Pπ0

PT

Z (mm)

Signal MC
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concrete and iron shieldCSI

FIG. 1. Cross-sectional view of the KOTO detector. The beam enters from the left. Detector components with their
abbreviated names written in blue (in green and underlined) are photon (charged-particle) veto counters.

The cross-sectional view of the KOTO detector is
shown in Fig. 1. The origin of the z-axis, which lies along
the beam-direction, is the upstream edge of the KOTO
detector, 21.5 m away from the target. The x (horizon-
tal) and y (vertical) axes are defined using a right-handed
coordinate system. The detectable particles in the final
state of KL→π0νν are the two photons from the π0 de-
cay. We measure the photon energy and timing with a 2-
m-diameter cylindrical electromagnetic calorimeter (CSI)
[21] centered along the beam-axis with a 15 × 15 cm2

beam hole. The CSI is composed of 2716 undoped-CsI
crystals that have a length of 50 cm and a cross-section
of 2.5× 2.5 cm2 (5× 5 cm2) inside (outside) the central
1.2×1.2 m2 region. To ensure that there are no other de-
tectable particles, the decay volume is surrounded with
hermetic veto counters. Photon veto counters consist of
undoped-CsI crystal counters (NCC, OEV, CC03, CC04,
CC05, and CC06), or lead-scintillator (FB, MB, and IB),
lead-aerogel (BHPV), and lead-acrylic (BHGC) counters;
charged-particle veto counters are made of plastic scintil-
lators (Hinemos, IBCV, MBCV, CV, LCV, and BPCV)
or wire chambers (newBHCV). A cylindrical photon veto
counter named the Inner Barrel (IB) [22] was installed
and used since 2016. The waveform from the detectors
is recorded by either 125-MHz [23] or 500-MHz sampling
ADCs [24]. Details of the apparatus are available in [6].

Data taking The data taken in 2016–2018 corre-
sponds to 3.05× 1019 POT. In this dataset, the primary
proton beam was extracted every 5.2–5.5 sec from the
J-PARC main ring for a duration of 2 sec. The beam
power varied from 31 to 51 kW. The KL incident rate
on the KOTO detector varied from 4 to 7 MHz. Physics
triggers which were organized around a first-level trig-
ger (L1) and a second-level trigger (L2) were used in the
data acquisition to collect the KL → π0νν signal sam-
ple. L1 required the total deposited energy in CSI to
be larger than 550 MeV with no coincident hit in NCC,
MB, IB, CV, and CC03. In 2018, L1 further required no
coincident hit in CC04, CC05, and CC06. In 2016, L2
calculated the position of the center of deposited energy

(COE) in CSI, defined as RCOE =
∑

eiri/
∑

ei where
ei and ri are the deposited energy and the (x, y) posi-
tion of each CSI crystal, respectively, and selected events
whose RCOE was larger than 165 mm [25]. In 2017 and
2018, L2 counted the number of electromagnetic showers
in CSI and selected the events with the desired num-
ber of showers [26]. The number of triggered events in
physics triggers was 6.55 × 109. KL → 2π0, KL → 3π0,
and KL→2γ decay samples were collected with another
trigger using only L1 with a prescale factor.

Event reconstruction and selection In the offline anal-
ysis, adjacent crystals with deposited energies larger than
3 MeV in CSI were grouped into a cluster, which was used
to reconstruct the photon energy, timing, and position.
The opening angle (θ) between the two photons was cal-
culated from cos θ = 1 −M2

π0/(2Eγ1Eγ2), where Mπ0 is
the nominal π0 mass, and Eγ1 and Eγ2 (<Eγ1) are the
energies of the two photons. Using the opening angle
and assuming the π0 → 2γ decays on the beam-axis, the
π0 decay vertex position (Zvtx) and the π0 4-momentum
were calculated.

The π0 from KL → π0νν decays is expected to have
a finite transverse momentum (Pt) due to the neutrinos.
We defined the signal region in the Pt and Zvtx plane
as the area encompassing 130 < Pt < 250 MeV/c and
3200<Zvtx<5000 mm excluding the area with Pt<1/35·
(Zvtx−4000 mm)+130 MeV/c for 4000<Zvtx<5000 mm
in order to suppress the background from KL→π+π−π0

decays.

To avoid bias, the event selection criteria (cuts) were
determined using data collected outside the blind re-
gion defined by 120 < Pt < 260 MeV/c and 2900 <
Zvtx < 5100 mm. The selected events were required to
have (Eγ1 + Eγ2) > 650 MeV and RCOE > 200 mm
in CSI to avoid trigger inefficiency. The photon en-
ergy was required to be 100 < Eγ < 2000 MeV and
the photon position (x, y) was required to be within the
CSI fiducial region defined as

√
x2 + y2 < 850 mm and

min(|x|, |y|) > 150 mm. The timing difference between
the two photons was required to be within 1 ns, and

2 photons (100 < Eγ < 2000 MeV)

finite transverse momentum

E2γ > 650 MeV
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Single event sensitivity (S.E.S)
• S.E.S = (KL yield)�(signal acceptance)

• Signal box : determined by S/N
• S.E.S : 6.9�10-10 (S.E.S2015 : 1.3�10-9)
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signal acceptance : 2.0�10-4
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concrete and iron shieldCSI

FIG. 1. Cross-sectional view of the KOTO detector. The beam enters from the left. Detector components with their
abbreviated names written in blue (in green and underlined) are photon (charged-particle) veto counters.

The cross-sectional view of the KOTO detector is
shown in Fig. 1. The origin of the z-axis, which lies along
the beam-direction, is the upstream edge of the KOTO
detector, 21.5 m away from the target. The x (horizon-
tal) and y (vertical) axes are defined using a right-handed
coordinate system. The detectable particles in the final
state of KL→π0νν are the two photons from the π0 de-
cay. We measure the photon energy and timing with a 2-
m-diameter cylindrical electromagnetic calorimeter (CSI)
[21] centered along the beam-axis with a 15 × 15 cm2

beam hole. The CSI is composed of 2716 undoped-CsI
crystals that have a length of 50 cm and a cross-section
of 2.5× 2.5 cm2 (5× 5 cm2) inside (outside) the central
1.2×1.2 m2 region. To ensure that there are no other de-
tectable particles, the decay volume is surrounded with
hermetic veto counters. Photon veto counters consist of
undoped-CsI crystal counters (NCC, OEV, CC03, CC04,
CC05, and CC06), or lead-scintillator (FB, MB, and IB),
lead-aerogel (BHPV), and lead-acrylic (BHGC) counters;
charged-particle veto counters are made of plastic scintil-
lators (Hinemos, IBCV, MBCV, CV, LCV, and BPCV)
or wire chambers (newBHCV). A cylindrical photon veto
counter named the Inner Barrel (IB) [22] was installed
and used since 2016. The waveform from the detectors
is recorded by either 125-MHz [23] or 500-MHz sampling
ADCs [24]. Details of the apparatus are available in [6].

Data taking The data taken in 2016–2018 corre-
sponds to 3.05× 1019 POT. In this dataset, the primary
proton beam was extracted every 5.2–5.5 sec from the
J-PARC main ring for a duration of 2 sec. The beam
power varied from 31 to 51 kW. The KL incident rate
on the KOTO detector varied from 4 to 7 MHz. Physics
triggers which were organized around a first-level trig-
ger (L1) and a second-level trigger (L2) were used in the
data acquisition to collect the KL → π0νν signal sam-
ple. L1 required the total deposited energy in CSI to
be larger than 550 MeV with no coincident hit in NCC,
MB, IB, CV, and CC03. In 2018, L1 further required no
coincident hit in CC04, CC05, and CC06. In 2016, L2
calculated the position of the center of deposited energy

(COE) in CSI, defined as RCOE =
∑

eiri/
∑

ei where
ei and ri are the deposited energy and the (x, y) posi-
tion of each CSI crystal, respectively, and selected events
whose RCOE was larger than 165 mm [25]. In 2017 and
2018, L2 counted the number of electromagnetic showers
in CSI and selected the events with the desired num-
ber of showers [26]. The number of triggered events in
physics triggers was 6.55 × 109. KL → 2π0, KL → 3π0,
and KL→2γ decay samples were collected with another
trigger using only L1 with a prescale factor.

Event reconstruction and selection In the offline anal-
ysis, adjacent crystals with deposited energies larger than
3 MeV in CSI were grouped into a cluster, which was used
to reconstruct the photon energy, timing, and position.
The opening angle (θ) between the two photons was cal-
culated from cos θ = 1 −M2

π0/(2Eγ1Eγ2), where Mπ0 is
the nominal π0 mass, and Eγ1 and Eγ2 (<Eγ1) are the
energies of the two photons. Using the opening angle
and assuming the π0 → 2γ decays on the beam-axis, the
π0 decay vertex position (Zvtx) and the π0 4-momentum
were calculated.

The π0 from KL → π0νν decays is expected to have
a finite transverse momentum (Pt) due to the neutrinos.
We defined the signal region in the Pt and Zvtx plane
as the area encompassing 130 < Pt < 250 MeV/c and
3200<Zvtx<5000 mm excluding the area with Pt<1/35·
(Zvtx−4000 mm)+130 MeV/c for 4000<Zvtx<5000 mm
in order to suppress the background from KL→π+π−π0

decays.

To avoid bias, the event selection criteria (cuts) were
determined using data collected outside the blind re-
gion defined by 120 < Pt < 260 MeV/c and 2900 <
Zvtx < 5100 mm. The selected events were required to
have (Eγ1 + Eγ2) > 650 MeV and RCOE > 200 mm
in CSI to avoid trigger inefficiency. The photon en-
ergy was required to be 100 < Eγ < 2000 MeV and
the photon position (x, y) was required to be within the
CSI fiducial region defined as

√
x2 + y2 < 850 mm and

min(|x|, |y|) > 150 mm. The timing difference between
the two photons was required to be within 1 ns, and

2 photons (100 < Eγ < 2000 MeV)

finite transverse momentum

E2γ > 650 MeV

BLIND



Rare decay experiment
=

Fight against backgrounds
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Against  backgroundKL → π0π0

No hits (> 1-3 MeV) in photon veto counters

No extra clusters or single-crystal-hits (> 3-10 
MeV) in CsI calorimeter

39
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concrete and iron shieldCSI

FIG. 1. Cross-sectional view of the KOTO detector. The beam enters from the left. Detector components with their
abbreviated names written in blue (in green and underlined) are photon (charged-particle) veto counters.

The cross-sectional view of the KOTO detector is
shown in Fig. 1. The origin of the z-axis, which lies along
the beam-direction, is the upstream edge of the KOTO
detector, 21.5 m away from the target. The x (horizon-
tal) and y (vertical) axes are defined using a right-handed
coordinate system. The detectable particles in the final
state of KL→π0νν are the two photons from the π0 de-
cay. We measure the photon energy and timing with a 2-
m-diameter cylindrical electromagnetic calorimeter (CSI)
[21] centered along the beam-axis with a 15 × 15 cm2

beam hole. The CSI is composed of 2716 undoped-CsI
crystals that have a length of 50 cm and a cross-section
of 2.5× 2.5 cm2 (5× 5 cm2) inside (outside) the central
1.2×1.2 m2 region. To ensure that there are no other de-
tectable particles, the decay volume is surrounded with
hermetic veto counters. Photon veto counters consist of
undoped-CsI crystal counters (NCC, OEV, CC03, CC04,
CC05, and CC06), or lead-scintillator (FB, MB, and IB),
lead-aerogel (BHPV), and lead-acrylic (BHGC) counters;
charged-particle veto counters are made of plastic scintil-
lators (Hinemos, IBCV, MBCV, CV, LCV, and BPCV)
or wire chambers (newBHCV). A cylindrical photon veto
counter named the Inner Barrel (IB) [22] was installed
and used since 2016. The waveform from the detectors
is recorded by either 125-MHz [23] or 500-MHz sampling
ADCs [24]. Details of the apparatus are available in [6].

Data taking The data taken in 2016–2018 corre-
sponds to 3.05× 1019 POT. In this dataset, the primary
proton beam was extracted every 5.2–5.5 sec from the
J-PARC main ring for a duration of 2 sec. The beam
power varied from 31 to 51 kW. The KL incident rate
on the KOTO detector varied from 4 to 7 MHz. Physics
triggers which were organized around a first-level trig-
ger (L1) and a second-level trigger (L2) were used in the
data acquisition to collect the KL → π0νν signal sam-
ple. L1 required the total deposited energy in CSI to
be larger than 550 MeV with no coincident hit in NCC,
MB, IB, CV, and CC03. In 2018, L1 further required no
coincident hit in CC04, CC05, and CC06. In 2016, L2
calculated the position of the center of deposited energy

(COE) in CSI, defined as RCOE =
∑

eiri/
∑

ei where
ei and ri are the deposited energy and the (x, y) posi-
tion of each CSI crystal, respectively, and selected events
whose RCOE was larger than 165 mm [25]. In 2017 and
2018, L2 counted the number of electromagnetic showers
in CSI and selected the events with the desired num-
ber of showers [26]. The number of triggered events in
physics triggers was 6.55 × 109. KL → 2π0, KL → 3π0,
and KL→2γ decay samples were collected with another
trigger using only L1 with a prescale factor.

Event reconstruction and selection In the offline anal-
ysis, adjacent crystals with deposited energies larger than
3 MeV in CSI were grouped into a cluster, which was used
to reconstruct the photon energy, timing, and position.
The opening angle (θ) between the two photons was cal-
culated from cos θ = 1 −M2

π0/(2Eγ1Eγ2), where Mπ0 is
the nominal π0 mass, and Eγ1 and Eγ2 (<Eγ1) are the
energies of the two photons. Using the opening angle
and assuming the π0 → 2γ decays on the beam-axis, the
π0 decay vertex position (Zvtx) and the π0 4-momentum
were calculated.

The π0 from KL → π0νν decays is expected to have
a finite transverse momentum (Pt) due to the neutrinos.
We defined the signal region in the Pt and Zvtx plane
as the area encompassing 130 < Pt < 250 MeV/c and
3200<Zvtx<5000 mm excluding the area with Pt<1/35·
(Zvtx−4000 mm)+130 MeV/c for 4000<Zvtx<5000 mm
in order to suppress the background from KL→π+π−π0

decays.

To avoid bias, the event selection criteria (cuts) were
determined using data collected outside the blind re-
gion defined by 120 < Pt < 260 MeV/c and 2900 <
Zvtx < 5100 mm. The selected events were required to
have (Eγ1 + Eγ2) > 650 MeV and RCOE > 200 mm
in CSI to avoid trigger inefficiency. The photon en-
ergy was required to be 100 < Eγ < 2000 MeV and
the photon position (x, y) was required to be within the
CSI fiducial region defined as

√
x2 + y2 < 850 mm and

min(|x|, |y|) > 150 mm. The timing difference between
the two photons was required to be within 1 ns, and
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2

concrete and iron shieldCSI

FIG. 1. Cross-sectional view of the KOTO detector. The beam enters from the left. Detector components with their
abbreviated names written in blue (in green and underlined) are photon (charged-particle) veto counters.

The cross-sectional view of the KOTO detector is
shown in Fig. 1. The origin of the z-axis, which lies along
the beam-direction, is the upstream edge of the KOTO
detector, 21.5 m away from the target. The x (horizon-
tal) and y (vertical) axes are defined using a right-handed
coordinate system. The detectable particles in the final
state of KL→π0νν are the two photons from the π0 de-
cay. We measure the photon energy and timing with a 2-
m-diameter cylindrical electromagnetic calorimeter (CSI)
[21] centered along the beam-axis with a 15 × 15 cm2

beam hole. The CSI is composed of 2716 undoped-CsI
crystals that have a length of 50 cm and a cross-section
of 2.5× 2.5 cm2 (5× 5 cm2) inside (outside) the central
1.2×1.2 m2 region. To ensure that there are no other de-
tectable particles, the decay volume is surrounded with
hermetic veto counters. Photon veto counters consist of
undoped-CsI crystal counters (NCC, OEV, CC03, CC04,
CC05, and CC06), or lead-scintillator (FB, MB, and IB),
lead-aerogel (BHPV), and lead-acrylic (BHGC) counters;
charged-particle veto counters are made of plastic scintil-
lators (Hinemos, IBCV, MBCV, CV, LCV, and BPCV)
or wire chambers (newBHCV). A cylindrical photon veto
counter named the Inner Barrel (IB) [22] was installed
and used since 2016. The waveform from the detectors
is recorded by either 125-MHz [23] or 500-MHz sampling
ADCs [24]. Details of the apparatus are available in [6].

Data taking The data taken in 2016–2018 corre-
sponds to 3.05× 1019 POT. In this dataset, the primary
proton beam was extracted every 5.2–5.5 sec from the
J-PARC main ring for a duration of 2 sec. The beam
power varied from 31 to 51 kW. The KL incident rate
on the KOTO detector varied from 4 to 7 MHz. Physics
triggers which were organized around a first-level trig-
ger (L1) and a second-level trigger (L2) were used in the
data acquisition to collect the KL → π0νν signal sam-
ple. L1 required the total deposited energy in CSI to
be larger than 550 MeV with no coincident hit in NCC,
MB, IB, CV, and CC03. In 2018, L1 further required no
coincident hit in CC04, CC05, and CC06. In 2016, L2
calculated the position of the center of deposited energy

(COE) in CSI, defined as RCOE =
∑

eiri/
∑

ei where
ei and ri are the deposited energy and the (x, y) posi-
tion of each CSI crystal, respectively, and selected events
whose RCOE was larger than 165 mm [25]. In 2017 and
2018, L2 counted the number of electromagnetic showers
in CSI and selected the events with the desired num-
ber of showers [26]. The number of triggered events in
physics triggers was 6.55 × 109. KL → 2π0, KL → 3π0,
and KL→2γ decay samples were collected with another
trigger using only L1 with a prescale factor.

Event reconstruction and selection In the offline anal-
ysis, adjacent crystals with deposited energies larger than
3 MeV in CSI were grouped into a cluster, which was used
to reconstruct the photon energy, timing, and position.
The opening angle (θ) between the two photons was cal-
culated from cos θ = 1 −M2

π0/(2Eγ1Eγ2), where Mπ0 is
the nominal π0 mass, and Eγ1 and Eγ2 (<Eγ1) are the
energies of the two photons. Using the opening angle
and assuming the π0 → 2γ decays on the beam-axis, the
π0 decay vertex position (Zvtx) and the π0 4-momentum
were calculated.

The π0 from KL → π0νν decays is expected to have
a finite transverse momentum (Pt) due to the neutrinos.
We defined the signal region in the Pt and Zvtx plane
as the area encompassing 130 < Pt < 250 MeV/c and
3200<Zvtx<5000 mm excluding the area with Pt<1/35·
(Zvtx−4000 mm)+130 MeV/c for 4000<Zvtx<5000 mm
in order to suppress the background from KL→π+π−π0

decays.

To avoid bias, the event selection criteria (cuts) were
determined using data collected outside the blind re-
gion defined by 120 < Pt < 260 MeV/c and 2900 <
Zvtx < 5100 mm. The selected events were required to
have (Eγ1 + Eγ2) > 650 MeV and RCOE > 200 mm
in CSI to avoid trigger inefficiency. The photon en-
ergy was required to be 100 < Eγ < 2000 MeV and
the photon position (x, y) was required to be within the
CSI fiducial region defined as

√
x2 + y2 < 850 mm and

min(|x|, |y|) > 150 mm. The timing difference between
the two photons was required to be within 1 ns, and

π+π-

π0

KL decay BG (related pipipi0)

2020/12/13 collaboration meeting @online 25

KLpipipi0DL cut was developed by Joseph
• decided to get better S/N
• highly correlated Pt and Z

• https://kds.kek.jp/event/31999/contributions/120499/attachments/93900/
111804/KL-_pipipi0_background_reduction_using_DNN_6.pdf

• https://kds.kek.jp/event/31999/contributions/120486/attachments/93906/
111810/KLpipipi0DL_20190827.pdf

Data  

signal ptz (from Jay’s slide)

*) → ,*,+,,
plots w/o KLpipipi0DL cut

major BG contributions in 
low pt region w/o 
KLpipipi0DL cut
*± → ,*-. ∶ 0.30 ± 0.08
*± → ,*5. ∶ 0.20 ± 0.06
*± → ,*,± ∶ 0.12 ± 0.05
*) → 2,*: 0.18 ± 0.07

Total : 1.91 ± 0.17

KL decay BG

2020/12/13 collaboration meeting @online 23
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Figure 6.16: Projection angle distributions of simulated KL → π0νν and KL → 2γ sample.
The black line and arrow indicate the region accepted by the projection angle cut.

cluster shape NN: The cluster shape neural network (NN) cut was newly developed for the 2015
data analysis*2 to eliminate the hadron-cluster background. As with the shape-χ2 cut, this cut uses
cluster shape information. The main difference from the shape-χ2 is that the cluster shape NN cut
uses timing information of the crystals in a cluster.

The neural network training was performed with the Z0 Al run data (see Sec. 3.2) for the hadronic
shower sample and KL→π0νν MC for the electromagnetic shower sample.

The distribution of this variable is shown in Fig. 6.18d.

theta-χ2: The theta-χ2 method, which was newly developed for the 2015 data analysis*3, evalu-
ates the consistency of incident polar angle of photon obtained with two different methods: the π0

reconstruction described in Sec. 4.2.3 and a neural network regression method. The neural network
regression method uses the energy distribution in a cluster, the radial position of the photon, and the
azimuthal angle of the photon obtained with the π0 reconstruction as the input parameters, and was
trained with simulated KL → π0νν events. The resolution of the obtained incident polar angle θNN

was evaluated as shown in Fig. 6.19.
The consistency was quantified with χ2

θ defined as

χ2
θ =

(θrec − θNN )2

σ2
θNN

, (6.13)

where θrec is the polar angle obtained with the π0 reconstruction and σ2
θNN

is the angle resolution (in
standard deviation) of θNN .

The distribution of this variable is shown in Fig. 6.18e. We required χ2
θ < 4.5 for each photon.

eta-χ2: We developed this cut to eliminate the CV-η background for the 2015 data analysis. Using
the NN regression method in the theta-χ2 cut, we evaluated the goodness of the assumption that
two photons were produced at a common point on the CV front module. Details are described in
Sec. 6.4.2.3.

We required the goodness of the CV-η assumption, χ2
η, to be larger than 17.

*2This method was developed by Y. C. Tung [86]
*3This method was developed by Y. C. Tung [87]

(2015 data analysis)

θproj

θproj (deg)
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Cluster shape difference: Neural Net

Pulse shape difference: FFT waveform

Combined reduction: x (1.8 ± 0.2) x 10-6 
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Hadron cluster BG 
update from 2015 (cut)

2019/9/10 KAON2019 21

1. Cluster shape cut with 
deep learning
-S/N :�~2 

from 2015

2. Pulse shape 
discrimination with 
Fourier transformation
-S/N :�~1.8

from 2015

Against hadron cluster 
backgroundHadron cluster BG 

update from 2015 (cut)

2019/9/10 KAON2019 21

1. Cluster shape cut with 
deep learning
-S/N :�~2 

from 2015

2. Pulse shape 
discrimination with 
Fourier transformation
-S/N :�~1.8

from 2015



Against η’s produced in 
Charged Veto

Shower shape difference: 

Used neural network based on 
energy and timing of each crystal 
in clusters 
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η → γγ
neutron

reconstructed 
as π0 → γγ
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BG summary
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0

00473.1 ±
4.2 0.08 ± 0.06 0.00 ± 0.00

0.18
± 0.09

0.00
± 0.00

0.07
± 0.05

0.05 ± 0.02

#BG
KLpi0pi0 <0.18

KLpi+pi-pi0 <0.02

KL3pi0 
(overlapped 
pulse)

<0.04

Ke3 (overlapped 
pulse) <0.09

KL2gamma 0.00 � 0.00

Upstream π0 0.00�0.00

Hadron cluster 0.02 
�0.00

CV-pi0 <0.10

CV-eta 0.03�0.01

Total 0.05±0.02

S.E.S : 6.9�10-10

observed
expectation

Preliminary

Preliminary

0.33 ± 0.11 (including signal region)

Background estimation 
at the end of Aug. 2019
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so we opened the box…

4 events inside 
the signal region
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Many checks
Event properties

1 event was due to our error

Loosened cut analysis

Detector efficiency stabilities 

Analysis with cuts used for 2015 data

… 

but nothing wrong
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BG estimation related 
overlapped pulse

• Underestimated the BG 
from overlapped pulse?

• Checking the properties 
of the other candidates 

• Did we miss other 
background sources?
• planning to reevaluate 

other BG sources
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expectation
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0.05�0.02
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473.1 ±
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On Sep. 10, 2019.

Presented the status at the KAON 2019 Conference

by S. Shinohara



After KAON2019

NO CHANGE IN CUTS

Found an error in timing parameters.   
4➔3 events by fixing it.

Found two new background sources, and 
updated background estimation
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1.  backgroundK+ → π0e+ν

P*max = 228 MeV/c

Background if K+ is produced, and e+ is missed
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1.  background: 
Yield of K+ in neutral beam

K+ → π0e+ν

In 2020, reconstructed 847  events

K+/KL = (2.6 ± 0.1) x 10-5 in the beam
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FIG. 4. Reconstructed K± mass (MK± ) distribution after imposing
the K±

→ π±π0 selection criteria except for the requirement on
MK± . The bottom panel shows the ratio of data and MC for each
histogram bin.
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FIG. 5. Reconstructed π0 transverse momentum (Pt) versus π0

decay vertex position (Zvtx) plot of the K±
→ π0e±ν events from

the MC simulation after imposing the KL→π0νν selection criteria.
The size of the rectangle represents the number of events in arbitrary
units. The numbers indicate the number of background events in
different regions.

configurations of the magnet on and off, as well as statistical

uncertainties. Finally, NK±

BG was corrected with RA
K±

and
was estimated to be 0.87± 0.13stat ± 0.21syst.

KL → 2γ decays that occur off the beam-axis can be a
background source since the reconstructed Pt can be large
and the cut on the projection-angle no longer works. The
yield of the beam-halo KL was evaluated by using KL →
3π0 events with large RCOE values. After multiplying the
MC expectations by the measured beam-halo KL yield, the

number of the beam-halo KL → 2γ background events was
estimated to be 0.26±0.06stat±0.02syst, where the systematic
uncertainty comes from the MC reproducibility of the beam-
halo KL spectrum.

Conclusions and prospects With the 2016–2018 dataset,
we obtained an SES of (7.20 ± 0.05stat ± 0.66syst) × 10−10

and observed three events in the signal region. We estimated
the total number of background events to be 1.22± 0.26 with
the two new background sources. The corresponding prob-
ability of observing three events is 13%. We conclude that
the number of observed events is statistically consistent with
the background expectation estimated after finding two new
sources. Assuming Poisson statistics and considering uncer-
tainties [32], we set an upper limit on the branching fraction
of the KL → π0νν decay in this dataset to be 4.9 × 10−9 at
the 90% C.L.

To suppress the background from K± decays in future
datasets, we are preparing a new charged-particle veto counter
to be installed in the beam at the upstream edge of the KOTO
detector. We have developed and installed a prototype consist-
ing of 1 mm2 scintillation fibers in 2020 and its performance
was checked. We are also considering to install a new sweep-
ing magnet at the beam-exit to reduce the number of K±’s
entering the KOTO detector. To suppress the background
from beam-halo KL → 2γ decays in future datasets, we are
developing new cuts to extract the true incident angle of the
photons based on the cluster energy and shape. We expect that
these improvements will suppress backgrounds from K± and
beam-halo KL→2γ decays.
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1.  background: 
# of background events
K+ → π0e+ν

MC: 0.81 ± 0.13 evts

With sweeping 
magnet OFF, observed 
27 evts (26.0 ± 3.2 
expected)

0.87 ± 0.13stat ± 
0.21syst evts after corr.
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FIG. 5. Reconstructed π0 transverse momentum (Pt) versus π
0 decay vertex position (Zvtx) plot of the events after imposing

the KL →π0νν selection criteria on the (a) K± →π0e±ν and (b) beam-halo KL → 2γ MC simulation. The size of rectangles
represents the number of events in arbitrary units. The numbers indicate the number of background events in different regions.

new cuts to extract the true incident angle of the pho-
tons based on the cluster energy and shape. We expect
that these improvements will suppress backgrounds from
K± and beam-halo KL→2γ decays.
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2. Halo KL → γγ background

Background if KL in beam halo decays to 2γ
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2. Halo KL → γγ background: 
# of background events

Scaled #MC events by the data/MC ratio

Estimated 0.26 ± 0.07 bkg events
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FIG. 5. Reconstructed π0 transverse momentum (Pt) versus π
0 decay vertex position (Zvtx) plot of the events after imposing

the KL →π0νν selection criteria on the (a) K± →π0e±ν and (b) beam-halo KL → 2γ MC simulation. The size of rectangles
represents the number of events in arbitrary units. The numbers indicate the number of background events in different regions.

new cuts to extract the true incident angle of the pho-
tons based on the cluster energy and shape. We expect
that these improvements will suppress backgrounds from
K± and beam-halo KL→2γ decays.
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FIG. 2. Reconstructed KL mass (MKL
) distribution of KL→2π0

events after imposing the KL→2π0 selection criteria except for the
requirement on MKL

. The bottom panel shows the ratio of data and
MC for each histogram bin.

decays, we used events with four clusters in CSI. Among the
three possible π0 pairs from photon combinatorics, we se-
lected the one with the smallest Zvtx difference. We required
the reconstructed invariant KL mass (MKL

) to be within ±15
MeV/c2 of the nominal KL mass. Figure 2 shows the MKL

distribution after imposing the kinematic cuts for KL → 2π0

and the veto cuts except for the requirement on MKL
. The

SES was obtained as:

SES =
1

Asig

Anorm Br(KL→2π0)

Nnorm
, (1)

where Anorm is the acceptance of KL→2π0 decays after tak-
ing into account other KL decay contaminations, Br(KL →
2π0) is the branching fraction of KL→ 2π0 [30], and Nnorm

is the number of events after imposing the KL → 2π0 selec-
tion criteria with a correction of the prescale factor applied
to the trigger. Based on Asig = 0.61%, Anorm = 0.41%,
and Nnorm = 7.98 × 105, the SES was estimated to be
(7.20 ± 0.05stat ± 0.66syst) × 10−10, which corresponded
to 1.8 times better sensitivity than the previous search [6].

The systematic uncertainties on the SES are summarized in
Tab. I. The two largest uncertainties were from shape-related
cuts and inconsistencies in the normalization procedure. The
discrepancy in the acceptance between data and MC for each
shape-related cut was studied using a sample of π0’s from the
reconstructed KL → 2π0 events, and their sum in quadrature
was calculated to be 5.2%. The uncertainty on the normaliza-
tion was calculated as the maximum difference between the
SES calculated using KL → 2π0, KL → 3π0, and KL → 2γ
decays, and was estimated to be 5.2%.

Background estimation Table II summarizes the back-
ground estimation. The total number of background events
in the signal region was estimated to be 1.22± 0.26 by adding
the central values of each background source. Note that the

TABLE I. Summary of relative systematic uncertainties on the single
event sensitivity.

source uncertainty [%]

trigger effect 0.26
photon selection cuts 0.57
kinematic cuts for KL→π0νν 2.9
veto cuts 3.2
shape-related cuts 5.2
KL momentum spectrum 0.98
kinematic cuts for KL→2π0 3.2
KL→2π0 branching fraction 0.69
normalization modes inconsistency 5.2
total 9.2

TABLE II. Summary of background estimation.

source Number of events

KL KL→3π0 0.01 ± 0.01
KL→2γ (beam-halo) 0.26 ± 0.07 a

Other KL decays 0.005 ± 0.005
K± 0.87 ± 0.25 a

Neutron Hadron-cluster 0.017 ± 0.002
Upstream-π0 0.03 ± 0.03
CV-η 0.03 ± 0.01

total 1.22 ± 0.26

a Background sources studied after looking inside
the blind region.

backgrounds from K± and beam-halo KL→2γ decays were
not known when we first looked inside the blind region, and
they were added after performing the studies described later in
this paper.

The KL → 3π0 background arises from photon detection
inefficiency in veto counters mainly due to accidental hits over-
lapping a photon pulse and shifting its measured time outside
the veto window. To suppress this type of background, a pulse-
shape discrimination method was introduced by applying a fast
Fourier transform (FFT) to the waveform recorded by the veto
counters. We prepared templates in the frequency domain of
the single hit waveform collected from data, and calculated a
χ2 value based on the difference between the observed wave-
form and the template. When the χ2 value exceeded a given
threshold, the veto window was widened to accommodate pos-
sible timing shifts due to overlapping pulses. The number of
background events from KL → 3π0 was studied with the MC
simulation, and estimated to be 0.01 ± 0.01. Backgrounds
from other KL decays were estimated using MC simulations
and their aggregate number was estimated to be 0.005±0.005.

The hadron-cluster background is caused by two hadronic
clusters being misidentified as photon clusters in CSI. This
can occur when a beam-halo neutron hits the CSI and pro-
duces a cluster, and another neutron from the hadronic inter-
action produces an additional cluster. With the insertion of a
10-mm-thick aluminum plate in the beam at Z = −634 mm,
we collected a control sample with an enhanced number of
scattered neutrons hitting the CSI. Using this sample, an algo-
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2/3 

A3) To what is due the improvement on the overlapped pulse background estimation wrt [2]? The 
FFT method has been applied to a MC sample for the final estimation? Finally it is now 
referred as a background only due to KL→3π0 decays, while in [2] a component due to Ke3 
was also mentioned.  

Re: 
The change in the !! → 3#" background is simply due to increased statistics of the MC 
simulation. We did not change any cut sets.  
For the Ke3 background, the number of background events was changed from <0.09 to 
<0.08 (90% C.L.) This is because the number of estimated !!’s entering KOTO detectors 
decreased by 4.5% after updating one parameter used in the veto decision. 
In the second paragraph of “Background estimation”, 
a new sentence 

The numbers of !! → 2#", !! → #%###", and !! → #±0∓$ background events 
were estimated to be <0.08, <0.02, and <0.08 (90% C.L.), respectively. 

was added. 
From the conference, the number of !! → 2#" background events changed from <0.18 to 
<0.08 (90% C.L.) by increasing the MC statistics. The number of !! → #%###" 
background events did not change. 
The upper limits on these backgrounds come from limited MC statistics as discussed in the 
reply A2). 

 
A4) The background due to other KL decays is here estimated as a unique value 0.005±0.005 

while in [2] different decays were studied separately.  
Re: 
!! → 21 from beam-core, for which the previously reported value of 0.001 ± 0.001, was 
updated to 0.005 ± 0.005 after we found that the scale factor for the MC simulation was 
incorrect. We studied other !! decays, and the number of background events from each 
source was estimated to be less than 0.1 at the 90% C.L. 
More specifically: 
!! → #±0∓1$ < 0.05 (90% C.L.) 
!! → #"#±0∓$ < 0.04 (90% C.L.) 
!! → #±#∓ < 0.03 (90% C.L.) 
!! → 001 < 0.09 (90% C.L.) 
!! → !±0∓$ < 0.04 (90% C.L.) (This assumes BR(!! → !±0∓$) = 1 × 10#( ) 
The background estimates from these will appear in a full paper on this analysis in future. 
The upper limit is due to the limited MC statics, as discussed in the reply A2). 

 
A5) The SES obtained in the presented analysis has a central values higher than the preliminary 

result given in [2], the difference is consistent with the systematic error quoted as due to the 
normalization channel: is the normalization used for the present analysis different wrt [2]?  

Re: 
The data were processed again after we found an incorrect parameter setting which affects 
the timing used to veto events with multiple pulses in the veto counters. The normalization 
factor calculated with the reprocessed data resulted in a 0.6% change in the SES. 
We also updated the following two correction factors used in the !! → #"$$̅ MC 
simulation: the hadron-cluster background rejection coming from the fast Fourier 
transform method, which caused a 2.3% change in the SES, and the online-trigger 
correction factor, which caused a 1.4% change in the SES. 
In total, the SES changed by 4.3% from the value in [2]. 
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Zvtx (only signal region)

Pt (only 
signal 
region)

: 0.04 SM 
events (=3.0e-11 / 7.2e-10)

<latexit sha1_base64="5QexzAg3sIx1AoJ+ZXrFQ3aj7QQ="></latexit>

KL ! ⇡0⌫⌫

<latexit sha1_base64="SPnCG12FdmZYWSMMyBE9RyIaTGg=">AAACAnicdVBLSwMxGMzWV62vVU/iJVgET0u2dLXHohfBSwX7gO62ZNO0Dc1mlyQrlKV48a948aCIV3+FN/+N6UNQ0YHAZOb7SGbChDOlEfqwckvLK6tr+fXCxubW9o69u9dQcSoJrZOYx7IVYkU5E7Sumea0lUiKo5DTZji6mPrNWyoVi8WNHic0iPBAsD4jWBupax9cdfwkgr6OoZ+wDoJ0fhdp1y4iB516ZbcCkeMht+J6hpQ8F6ESdB00QxEsUOva734vJmlEhSYcK9V2UaKDDEvNCKeTgp8qmmAywgPaNlTgiKogm0WYwGOj9GA/luYIDWfq940MR0qNo9BMRlgP1W9vKv7ltVPdrwQZE0mqqSDzh/ophybwtA/YY5ISzceGYCKZ+SskQywx0aa1ginhKyn8nzRKjus56LpcrJ4v6siDQ3AEToALzkAVXIIaqAMC7sADeALP1r31aL1Yr/PRnLXY2Qc/YL19Aukhln4=</latexit>

K± ! ⇡0e±⌫

<latexit sha1_base64="DTkXgRZPSITXFawJX+Q50zLKcUI="></latexit>

halo KL ! 2�

hadron cluster

data
background MC



Sensitivity
Single Event Sensitivity: based on  

 
= (7.20 ± 0.05 stat ± 0.66 syst) x 10-10
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rithm using a Convolution Neural Network was developed to
discriminate neutrons from photons, based on their cluster’s
energy and timing patterns in CSI as well as their reconstructed
incident angle. Additional discrimination power was obtained
by applying the FFT to the waveform of each CSI crystal and
calculating the likelihood ratio of templates in the frequency
domain for both the photon and neutron clusters. The com-
bined reduction of these shape-related cuts against hadron-
cluster events (Rshape) was estimated to be (1.8±0.2)×10−6

after taking into account photon contaminations in the con-
trol sample. The number of background events was calculated
fromRshape×α×NAl and was estimated to be 0.017±0.002,
whereα is the ratio of the number of signal and control sample
events outside the blind region before imposing shape-related
cuts, and NAl is the number of control sample events in the
signal region before imposing shape-related cuts.

The CV-η background is generated by η production when
beam-halo neutrons hit CV [31], which was a charged-particle
veto counter made of plastic scintillator strips and located in
front of CSI. The upstream π0 background is caused by π0

production when beam-halo neutrons hit NCC, which was lo-
cated upstream of the decay volume. These backgrounds were
studied with MC simulations, and the yields were normalized
with the ratio between data and MC for events in the region of
Zvtx > 5100 mm (Zvtx < 2900 mm) for the CV-η (upstream
π0) background with loose selection criteria.

Examining the blind region With the background estima-
tion excluding K± and beam-halo KL→ 2γ decays, we pro-
ceeded to unblind the analysis and observed four candidate
events in the signal region and one extra event in the blind re-
gion [12]. After we found an incorrect parameter setting which
affects the timing used to veto events with multiple pulses in
the veto counters, the data were processed again. After im-
posing the same selection criteria to this sample, three of the
original four candidate events in the signal region remained
as shown in Fig. 3. Of these, the second event from the right
in Fig. 3 has overlapped pulses in NCC. The probability of
observing such an event is 2.2%. The other events in the blind
region have no such features.

Background studies after examining the blind region Two
new types of backgrounds, one from K± decays and one from
beam-halo KL → 2γ decays, were found and studied after
examining the blind region.

A K± generated in the collision of a KL with the down-
stream collimator can enter the KOTO detector. Among K±

decays, K±→π0e±ν is the most likely source of background
because the kinematics of the π0 is similar to the one from
the KL → π0νν decay. The K± flux at the beam-exit was
evaluated using a K± → π±π0 decay sample taken in 2020
with a dedicated trigger (π±π0 trigger). The π±π0 trigger
selected events with three clusters in CSI, one coincident hit
in CV, and no coincident hits in other veto counters. In the
offline analysis, the cluster closest to the extrapolated position
of the CV hit into CSI was identified as charged, while the
others as neutral. The Zvtx was reconstructed from the two
neutral clusters with the π0 assumption. The π± direction was

 (mm)vtxZ
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FIG. 3. Reconstructed π0 transverse momentum (Pt) versus π0

decay vertex position (Zvtx) plot of the events after imposing the
KL → π0νν selection criteria. The region surrounded by dotted
lines is the signal region. The black dots represent observed events,
and the shaded contour indicates the KL → π0νν distribution from
the MC simulation. The black italic (red regular) numbers indicate
the number of observed (background) events for different regions. In
particular, 1.22 ± 0.26 (1.97 ± 0.35) is the background expectation
for the 3 (4) events observed inside the signal (blind) region.

calculated from the Zvtx and the charged cluster position in
CSI, and its absolute momentum was obtained by assuming the
Pt balance between the π0 and π±. The energy of the charged
cluster (Eπ±) was required to be 200< Eπ± < 400 MeV to
select a minimum-ionizing particle. The reconstructed K±

invariant mass (MK±) was required to be 440< MK± <600
MeV/c2. Figure 4 shows the MK± distribution after imposing
the K±→π±π0 selection criteria except for the requirement
on MK± . Based on 847 K± → π±π0 candidate events, the
ratio of the K± to KL flux at the beam-exit was measured to
be (2.6 ± 0.1) × 10−5. Figure 5 shows the Pt versus Zvtx

plot of the background events from the K± → π0e±ν de-
cay MC simulation. The number of background events from

K± decays (NK±

BG ) was estimated to be 0.84 ± 0.13, where
97% comes from K± → π0e±ν decays. The discrepancy in
the acceptance between data and MC for the cuts used in the
KL → π0νν analysis against K± decays was studied using
another control sample collected in the 2020 special run. This
control sample consisted of data taken with the physics trigger
while the sweeping magnet in the beam line was turned off
to enhance the K± flux at the beam-exit. We simultaneously
collected data with the π±π0 trigger in this magnet-off config-
uration to normalize the K± yield. We observed 27 events in
the signal region after imposing the cuts to the control sample.
This number agreed with 26.0± 3.2 events expected from the
K± decay MC simulation. The ratio of these two numbers
(RA

K±
) was calculated to be 1.04 ± 0.26, where the uncer-

tainty comes from the K± spectrum difference between the
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Study of the KL→π0νν decay at the J-PARC KOTO experiment
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The rare decay KL → π0νν was studied with the dataset taken at the J-PARC KOTO experiment in 2016,
2017, and 2018. With a single event sensitivity of (7.20± 0.05stat ± 0.66syst)× 10−10, three candidate events
were observed in the signal region. After unveiling them, contaminations from K± and scattered KL decays
were studied, and the total number of background events was estimated to be 1.22± 0.26. We conclude that the
number of observed events is statistically consistent with the background expectation. For this dataset, we set an
upper limit of 4.9× 10−9 on the branching fraction of KL→π0νν at the 90% confidence level.

Introduction. The rare kaon decay KL → π0νν directly
breaks CP symmetry [1, 2] and has a highly suppressed
branching fraction predicted to be (3.00 ± 0.30) × 10−11 in
the Standard Model (SM) [3]. The accurate prediction of the
branching fraction makes this decay sensitive to new physics
beyond the SM (e.g. [4, 5]). The current best upper limit on
the branching fraction is 3.0 × 10−9 at the 90% confidence
level (C.L.) [6] set by the KOTO experiment [7, 8] at the Japan
Proton Accelerator Research Complex (J-PARC) [9] with the
dataset taken in 2015. An indirect upper limit, called the
Grossman-Nir bound [10], of 7.8 × 10−10 is set using the
K+ → π+νν̄ decay [11].

The KOTO experiment is dedicated to studying the KL→
π0νν decay. We presented preliminary findings on the
KL → π0νν search based on data accumulated from 2016
to 2018 at a conference [12]. At the time, we reported the
observation of four candidate events in the signal region with
a small background expectation. In this paper, we conclude
our findings with the 2016–2018 dataset after re-analyzing the
data and studying additional sources of background contami-
nation. Note that KOTO is also sensitive to the KL→π0X0

decay (e.g. [13–16]), where X0 is an invisible light boson, but
this paper focuses on the analysis of the KL→π0νν search.

Experimental methods and apparatus A 30-GeV proton
beam from the J-PARC main ring was incident on a gold
production target [17] in the Hadron Experimental Facility.
Particles produced at the target were guided through a 20-m-
long beam line consisting of two collimators and a sweeping
magnet located between them [18]. At the end of the down-
stream collimator (beam-exit), the beam consisted of neutrons,
photons, and KL’s and had a size of 8× 8 cm2. The peak KL

momentum was 1.4 GeV/c [19], and the KL flux was mea-
sured to be 2.1× 10−7 KL’s per proton on target (POT) [20].
Beam particles that leak outside the nominal beam size due
to interactions with beam line components are referred to as
“beam-halo" particles.

The cross-sectional view of the KOTO detector is shown in
Fig. 1. The origin of the z-axis, which lies along the beam-
direction, was the upstream edge of the KOTO detector, 21.5
m away from the target. The x (horizontal) and y (vertical)
axes were defined using a right-handed coordinate system.
The detectable particles in the final state of KL→π0νν were
the two photons from the π0 decay. We measured the photon
energy and timing with a 2-m-diameter cylindrical electro-
magnetic calorimeter (CSI) [21] centered along the beam-axis
with a 15 × 15 cm2 beam hole. The CSI was composed of
2716 undoped-CsI crystals that had a length of 50 cm and
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Further Background 
Suppression

64



To suppress 
hadron cluster background

To suppress the Hadronic background by x 0.1

Utilize shower depth difference

65

Last JPS

500 MeV γ

1GeV neutron
 (downstream
        incident)

Light  from 
neutron

Light from
gamma PMT

500mm
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E
ff

ci
en

cy

1 order rejection!

Study on going

Dark noise of MPPC
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Beam halo neutron



Installed in 2018
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72 第 8章 両読み手法による中性子事象削減能力の評価
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図 8.17 エネルギーの大きい方のクラスターと小さい方のクラスターの ∆T の相関。横軸が二つ
のクラスターのうち、エネルギーが大きいクラスターの ∆T、縦軸がエネルギーが小さいクラス
ターの ∆T を示す。

を (2.1 ± 0.1) × 10−2 まで削減できる。∆T カットの大きい方の閾値を変化させ、γ 線と中性子の
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図 8.18 γ 線サンプル (KL → 3π0)と散乱中性子サンプルの ∆T 分布。2つのクラスターのうち、
∆T の大きい方をプロットしている。

efficiencyを求めた。図 8.19に ∆TE.W. と ∆TM.E の γ 線と中性子に対する efficiencyを示す。時間
分解能だけでなく、efficiencyの点でも ∆TE.W. の方が性能が高い。

8.6 まとめ
MPPC で測定した時間を較正し、MPPC で測定した時間と PMT で測定した時間の差 ∆T の時間
分解能を求めた。時間分解能はクラスターのエネルギーが 400 MeV 以上の事象に対し、0.6 ns で

π0: 90%

neutron bkg: 
x 2.1 x 10-2



To further suppress Halo 
KL→2γ background
Developing cuts on  
cluster shape and kinematic parameters

Bkg: x0.04 (signal: x0.9)  (preliminary)
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Collaboration Meeting 20201213

Shape !"

Reduced Max Shape !"

Area Normalized

BG events :Smaller !#$"
→BG like

+ !"→ $% &'& MC
+ Halo !" → () MC

Reduced Shape !#$" ( = !
"

%&' )

Reduced Max Shape !"

Area Normalized

+ !"→ $% &'& MC
+ Halo !" → () MC

Reduced Shape !()*%+," ( = !
"

%&' )

• After imposing   kinematic cuts + add cuts + veto cuts + shape cuts

No large difference
→Correlate to shape cuts? 

6

Pi0 Energy after LH Cut

osk meeting 20201207

Pi0E 

+ !"→ $% &'& MC
+ Halo !" → () MC

Pi0E 

Extrapolated 
LH ＞0.672

Difference can be seen 
even after LH cut

• The difference of pi0 energy can be used to discriminate Sig. & BG. 
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To veto K+ in beam:
Upstream Charged Veto

Tested a prototype in 2020

Sheet made of 1 mm square 
fibers read out by MPPC

Can identify K+ → π+π0
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Installation of UCV 25

UCV

Chamber for UCV

View from this side

View from upstream

We successfully installed UCV in December 2019.

UCVPrototype

Veto functionality of UCV 27
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� The selected events have on-time and MIP like 
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䐡 noise fluctuation
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2

concrete and iron shieldCSI

FIG. 1. Cross-sectional view of the KOTO detector. The beam enters from the left. Detector components with their abbreviated names written
in blue regular (in green regular and underlined) are photon (charged-particle) veto counters.

a cross-section of 2.5 × 2.5 cm2 (5 × 5 cm2) inside (out-
side) the central 1.2 × 1.2 m2 region. To ensure that there
were no other detectable particles, the decay volume was sur-
rounded with hermetic veto counters. Photon veto counters
consisted of undoped-CsI crystal counters or lead-scintillator,
lead-aerogel, and lead-acrylic sandwich counters; charged-
particle veto counters were made of plastic scintillators or wire
chambers. A cylindrical photon veto counter named the Inner
Barrel (IB) [22] was installed and used since 2016. The wave-
form from the detectors was recorded by either 125-MHz [23]
or 500-MHz sampling ADCs [24]. Details of the apparatuses
are available in [6].

Data taking The data taken in 2016–2018 corresponds to
3.05 × 1019 POT. In this dataset, the primary proton beam
power varied from 31 to 51 kW. The KL incident rate on the
KOTO detector varied from 4 to 7 MHz. Physics triggers
which were organized around a first-level trigger (L1) and a
second-level trigger (L2) were used in the data acquisition to
collect the KL → π0νν signal sample. L1 required the total
deposited energy in CSI to be larger than 550 MeV with no
coincident hit in NCC, MB, IB, CV, and CC03. In 2018, L1
further required no coincident hit in CC04, CC05, and CC06.
In 2016, L2 calculated the center of deposited energy in CSI
and selected the events whose distance from the beam center
(RCOE) was larger than 165 mm [25]. In 2017 and 2018,
L2 counted the number of electromagnetic showers in CSI
and selected the events with the desired number of showers
[26]. The number of triggered events in physics triggers was
6.55 × 109. KL → 2π0, KL → 3π0, and KL → 2γ decay
samples were collected with another trigger using only L1
with a prescale factor.

Event reconstruction and selection In the offline analysis,
adjacent crystals with deposited energies larger than 3 MeV in
CSI were grouped into a cluster, which was used to reconstruct
the photon energy, timing, and position. The opening angle
(θ) between the two photons was calculated from cos θ =
1 − M2

π0/(2Eγ1
Eγ2

), where Mπ0 is the nominal π0 mass,
and Eγ1

and Eγ2
(<Eγ1

) are the energies of the two photons.
Using the opening angle and assuming the π0 → 2γ decays
on the beam-axis, the π0 decay vertex position (Zvtx) and the

π0 4-momentum were calculated.

The π0 from KL→π0νν decays is expected to have a finite
transverse momentum (Pt) due to the neutrinos. We defined
the signal region in the Pt and Zvtx plane as the area encom-
passing 130<Pt<250 MeV/c and 3200<Zvtx<5000 mm
excluding the area with Pt<1/35 · (Zvtx − 4000 mm) + 130
MeV/c for 4000<Zvtx< 5000 mm in order to suppress the
background from KL→π+π−π0 decays.

To avoid bias, the event selection criteria (cuts) were deter-
mined using data collected outside the blind region defined by
120< Pt < 260 MeV/c and 2900< Zvtx < 5100 mm. The
selected events were required to have (Eγ1

+Eγ2
) >650 MeV

and RCOE > 200 mm in CSI to avoid trigger inefficiency.
The photon energy was required to be 100 < Eγ < 2000
MeV and the photon position (x, y) was required to be within

the CSI fiducial region defined as
√

x2 + y2 < 850 mm and
min(|x|, |y|)> 150 mm. The timing difference between the
two photons was required to be within 1 ns, and their distance
to be larger than 300 mm to ensure cluster separation. The
ratio between the energies of the two photons (Eratio), defined
as Eratio = Eγ2

/Eγ1
, was required to be larger than 0.2. The

product of the photon energy and the photon momentum angle
with reference to the beam-axis (Eθ) was required to be larger
than 2500 MeV·deg; the requirement onEratio andEθ reduces
the KL→ 2π0 background from photon mis-combinations in
the π0 reconstruction. The opening angle between the photon
directions projected on the x-y plane (projection-angle) was
required to be less than 150◦ to reduce the KL → 2γ back-
ground. Events were discarded if a veto counter had a hit
with a deposited energy above its given threshold and a timing
within its given veto window. Finally, shape-related cuts based
on each cluster in CSI and the waveform of each CSI crystal,
described later, were used to reduce background events from
neutrons.

Normalization and single event sensitivity (SES) The
acceptance for KL → π0νν (Asig) was evaluated using
GEANT4-based [27–29] Monte Carlo (MC) simulations. Ac-
cidental activities in detectors recorded during the data taking
were overlaid on the MC events. The SES was normalized
with the KL→ 2π0 decay sample. To reconstruct KL→ 2π0



New UCV
0.5 mm square fibers
Full coverage of beam and outside
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Quick look at the  
May 2020 Run data

Clean with prototype 
UCV and improved 
halo KL bkg cuts

#Background events

K+: 0.05±0.01

halo KL: 0.01±0.00

70

How to proceed Run85 analysis?
w/ Halo KL->2γ cut and UCV cut
Run85 w/ UCV Halo KL->2γ K+ BG

19

-The number of BG events inside signal box is 0.06±0.01  (Only consider Halo KL->2γ, K+ BG) 
-No event except for NCC events remains outside the signal box  
 after applying Halo KL->2γ and UCV cut while the number of remaining events in the low Pt  
 region seem to be larger than MC expectation before applying UCV cut.



Beam Power
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ATAC/MR_status Mar-1-2018

JFY$ 2017$ 2018$ 2019$ 2020$ 2021$ 2022$ 2023$ 2024$

Event $$$HD$target$ Long 
shutdown

FX power [kW]
SX power [kW] 

475
50

>480
50

>480
50

>480
70 

>700
> 80

800
> 80

900
> 80

Cycle time of main 
magnet PS
New magnet PS

2.48 s 2.48 s 2.48s 2.48s 1.32 s
             

<1.32s <1.32s

High gradient rf system
2nd harmonic rf system

Ring collimators
Add.collima
tors (2 kW)

Add.colli. 
(3.5kW)

Injection system
FX system

SX collimator / Local 
shields

Ti ducts and SX devices 
with Ti chamber Ti-ESS-1 (Ti-ESS-2)

Mid-term plan of MR

Mass$produc+on$
installa+on/test$

Kicker PS improvement, Septa manufacture /test

Kicker PS improvement, FX septa manufacture /test

New buildings

FX: The higher repetition rate scheme : Period 2.48 s —>  1.32 s for 750 kW.
            ( = shorter repetition period )                              —>  1.16 s for 1.3 MW
SX: Mitigation of the residual activity for 100kW

1

Manufacture,$installa+on/test$

Local$shields$

SX Power (kW) 50 70 80 90 100
spill cycle (s) 5.2 5.2 5.2 4.6 4.2

Our assumption

New Main 
Ring Power 

Supplies
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Single Event Sensitivity
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Summary
BR( ) < 4.9 x 10-9 (90% CL) based 
on data collected in 2016-2018

3 observed events is consistent with the 
estimated 1.22 ± 0.26 background events

The new K+ background, halo KL background, 
and old hadron-cluster background are 
suppressed in new data

KOTO will improve sensitivity as the beam 
power is increased after 2021

KL → π0νν

73
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