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KOTO experiment
• KL→π0νν !
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J-PARC Laboratory

•Main ring (30 GeV protons)
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J-PARC bird view

                          decay

•decay via direct CPV
•loop diagram : sensitive to New Physics
•well known : theoretical error ~ 2%
•　
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A Feynman diagram of the decay.

1.2. CP VIOLATION IN THE STANDARD MODEL 7
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Figure 1.3: The unitarity triangle. (a) Representation of the triangle formed by the CKM
matrix element in the complex plane. (b) Rescaled triangle with vertices A,B and C at (ρ̄, η̄),
(1, 0) and (0, 0), respectively. In this context, ρ̄ = ρ(1− λ2/2) and η̄ = η(1− λ2/2). As will be
described in later, the branching ratio of the KL → π0νν̄ decay determines the height of the
unitarity triangle.

1.2.2 Curren t status of CKM parameters

As shown in Equation 1.25, A,λ and η determine the size of CP violation in the Standard Model.
They are also used in theoretical calculations to predict the branching ratio of KL → π0νν̄
decay, as will be discussed in the next section. Therefore, we briefly summarize the current
status of constraints on the CKM parameters, which are imposed from a combination of various
experiments.

The λ = |Vus| is determined by the decay rates of strange particles. The current average
value is reported to be |Vus| = 0.2200 ± 0.0026 [5]. The A can be determined with the λ and
the measurement of the |Vcb| as shown in Equation 1.20 and 1.23. The |Vcb| is obtained from
the semi-leptonic decays in B mesons to be |Vcb| = (41.3 ± 1.5) × 10−3 [5].

The constraints on (ρ̄, η̄) plane, where ρ̄ = ρ(1 − λ2/2) and η̄ = η(1 − λ2/2), respectively,
are imposed from several experimental measurements. A detailed description can be found in
ref. [5]. The |ε| and sin 2β are typical parameters in the K and B meson systems, respectively.

The |ε| is connected to (ρ̄, η̄) through the relation [10]:

ε = η̄A2BK

[
1.248(1 − ρ̄)A2

(
mt

170(GeV)

)1.52

+ 0.31

]
, (1.28)

where BK is the ratio of the true matrix element to that obtained using vacuum insertion, and
it is estimated to be 0.85 ± 0.15 [11].

The decay processes of b → cc̄s give, in the time-dependent CP violation, an important
parameter sin 2β, where β is an angle of the unitary triangle in the (ρ̄, η̄) plane as shown in
Fig. 1.3 (b). The present experimental results from BELLE and BaBar experiments determine
it to be [5]:

sin 2β = 0.736 ± 0.049 . (1.29)

All the constraints on the (ρ̄, η̄) nicely overlap in one region as shown in Fig. 1.4. The
measurement in the K meson system, |ε|, and the measurement in the B meson system, sin 2β,

the size of CP 
violation

Re

Im

BrSM
�
KL → π0νν̄

�
= (2.43± 0.39)× 10−11
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Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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Principle
• KL pencil beam 
• 2γ + nothing

• Calorimeter + Hermetic veto

• Signal reconstruction
• Assume 2 gammas come from π0

• Require large transverse momentum
• z vertex - Pt distribution

4

2.3 バックグラウンド 11

という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K 0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K 0
L → π0νν 分布。赤枠で囲ま

れた部分を信号事象と同定する。横軸の 0
は Front Barrel( 2.6.1)の上流端。

2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。

cos θ = 1−
M2

π0
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FB NCC MB CV
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Detector construction 5

The first crystal (2010.6.19)

Closing vacuum chamber (2012.12.6)

Earthquake (2011.3.11)
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Detector construction

• To reduce the interaction between the beam particles and the residual gas, 
the evacuation started from 2013-Jan-4.
• The current vacuum level of the decay region is 7x10-5Pa.

6
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Engineering run

• We performed engineering runs in Dec. 2012 - Jan. 2013

• Major milestones.
• Stable operation of all the detectors in vacuum

→ We operated the whole detectors during run. 
• Confirmation of the DAQ / Slow control system

→ We took many types of data. 
• Confirmation of the detector calibration methods

→ Established.
• Check the performance of the whole detector system in situ

→ The main topics of this talk.

7
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• Detector introduction. ( some parts of all)
• CsI calorimeter
• Charged Veto
• Main barrel

• Some plots from the engineering run

8
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CsI calorimeter
• The main detector of KOTO experiment

• 2m diameter 500mm (27X0) long full active undoped CsI
• Originally made for FNAL KTeV
• Fine granularity (2716 crystals)

• 25×25mm : 2240 crystals  + 50×50mm : 476 crystals
• π0 reconstruction
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Charged Veto (CV)
• Charged veto

• Fully new detector
• Located in front of the CsI calorimeter
• Two planes of 2m diameter 3mm thick plastic scintillators
• WLS fibers, and MPPCs on both ends
• < 10-6 inefficiency is required (10p.e./100keV)

• The performance is well understood
• Enough light yield is achieved in whole veto region

10

Preliminary

CV light yield distribution
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Main barrel (MB)
• Large area photon veto detector

• Same as E391a
• 64 segmented modules (right figure)
• 5.5 m long sandwich 

of the plastic scintillator and lead sheet (14X0)
• WLS fiber, and PMTs on both ends

• Need to veto 1MeV in whole region
• Determine the hit position based on the time difference

between both ends.
• Correct energy and timing.

11

and using a single-photon counting method [19]. The differences
were within 3%.

In the module construction, we used Bicron BCF-91a for the FB
and Kuraray Y-11 for the MB.

4.3. Groove geometry

The light yield obtained by WLS fibers depends on the density
of the fibers embedded in the scintillator plate. First, we tested
several geometrical configurations of fibers, as shown in Fig. 22.

In these tests, we fixed the fibers into machined grooves with a
silicone compound for good optical contact. A high-density fiber
configuration did not outperform a lower-density arrangement.
For a scintillator thickness of 5mm, a 10mm spacing proved
optimal. The gain by using 5mm-spacing was incremental.
Additionally, we found the depth of the groove should not be

large compared to the diameter of the fiber. Based on these
studies, we chose case (b) for convenient fabrication and
assembly.

4.4. Glue for Þbers

By filling the gap between the scintillator groove and the fiber
with optical glue and removing any residual air, we can increased
the light conversion efficiency by about a factor of two at best. The
choice of glue from the viewpoint of light conversion efficiency,
ease of handling for mass-production, short curing time, etc. was
an important question. Considering the fabrication of a large
number of scintillator plates, we decided to use an adhesive cured
by UV light. For those glues, we tested their radiation hardness
and aging effect under exposure to UV light. Among several
candidates, we found that NORLAND Optical Adhesive NOA61 [12]
was the most resistive against both radiation and UV light.

4.5. Reßector sheets

In order to collect the largest number of photons as possible,
the reflector material on the surface of the scintillator plays an
important role. We therefore tested various materials. The
standard light reflector materials, like Hypersheet, Tybek, and
Teflon, gave good performances as a reflector sheet. However, in
our application, the lead/scintillator laminate is compressed and
the reflector material must be mechanically strong and the
reflection properties need to be stable under pressure. Under
these conditions, we selected TiO2 PET (Toray RW188 (E60L#188))
[13]. This material is made of PET added by TiO2, and is commonly
used as a reflector of the computer display. The thickness is
188mm. We also checked the out-gassing rate from this material,
and confirmed its usability in vacuum.

4.6. New PMT

For the readout of scintillation light through WLS fibers, we
developed a new PMT to improve the quantum efficiency. By
adopting (1) a prism-shaped photo-cathode, (2) an extended-
green photo-cathode material, and (3) an optical mirror surface of
dynode electrodes, the photoelectron yield was increased by a
factor of 1.8 compared to that of the standard R329 PMT
(Hamamatsu) [14].
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Main barrel (MB)
• Large area photon veto detector

• Same as E391a
• 64 segmented modules (right figure)
• 5.5 m long sandwich 

of the plastic scintillator and lead sheet (14X0)
• WLS fiber, and PMTs on both ends

• We can achieve less than 100mm position resolution and sub ns 
timing resolution.
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and using a single-photon counting method [19]. The differences
were within 3%.

In the module construction, we used Bicron BCF-91a for the FB
and Kuraray Y-11 for the MB.

4.3. Groove geometry

The light yield obtained by WLS fibers depends on the density
of the fibers embedded in the scintillator plate. First, we tested
several geometrical configurations of fibers, as shown in Fig. 22.

In these tests, we fixed the fibers into machined grooves with a
silicone compound for good optical contact. A high-density fiber
configuration did not outperform a lower-density arrangement.
For a scintillator thickness of 5mm, a 10mm spacing proved
optimal. The gain by using 5mm-spacing was incremental.
Additionally, we found the depth of the groove should not be

large compared to the diameter of the fiber. Based on these
studies, we chose case (b) for convenient fabrication and
assembly.

4.4. Glue for Þbers

By filling the gap between the scintillator groove and the fiber
with optical glue and removing any residual air, we can increased
the light conversion efficiency by about a factor of two at best. The
choice of glue from the viewpoint of light conversion efficiency,
ease of handling for mass-production, short curing time, etc. was
an important question. Considering the fabrication of a large
number of scintillator plates, we decided to use an adhesive cured
by UV light. For those glues, we tested their radiation hardness
and aging effect under exposure to UV light. Among several
candidates, we found that NORLAND Optical Adhesive NOA61 [12]
was the most resistive against both radiation and UV light.

4.5. Reßector sheets

In order to collect the largest number of photons as possible,
the reflector material on the surface of the scintillator plays an
important role. We therefore tested various materials. The
standard light reflector materials, like Hypersheet, Tybek, and
Teflon, gave good performances as a reflector sheet. However, in
our application, the lead/scintillator laminate is compressed and
the reflector material must be mechanically strong and the
reflection properties need to be stable under pressure. Under
these conditions, we selected TiO2 PET (Toray RW188 (E60L#188))
[13]. This material is made of PET added by TiO2, and is commonly
used as a reflector of the computer display. The thickness is
188mm. We also checked the out-gassing rate from this material,
and confirmed its usability in vacuum.

4.6. New PMT

For the readout of scintillation light through WLS fibers, we
developed a new PMT to improve the quantum efficiency. By
adopting (1) a prism-shaped photo-cathode, (2) an extended-
green photo-cathode material, and (3) an optical mirror surface of
dynode electrodes, the photoelectron yield was increased by a
factor of 1.8 compared to that of the standard R329 PMT
(Hamamatsu) [14].
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• Highlights from the engineering runs
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KL neutral decay modes(1)
• KL→3π0

• 6 gammas in CsI calorimeter
• High statistics ( Br(3π0) : 19.5%)

• Good sample to check the CsI calorimeter performance.
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Threshold 100

KL neutral decay modes(2)

• KL→2π0
• 4 gammas in CsI calorimeter
• Backgrounds : 3π0,  π+π-π0
• Good samples to check the

hermetic veto performance
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Veto performance
• Preliminary results.

• Using the back ground of 2π0 reconstructed events, 
the MB spectra in the data and the 
simulation are almost consistent. 
The veto performance is well understood.
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Summary
• KOTO experiment aims to detect KL→π0νν !

• Detector construction almost finished and engineering 
runs were performed in 2012.12-2013.1
• The whole detector system works well.

• KOTO is ready to start the physics run to investigate 
the new-physics region

• The physics prospects, future schedule and plan will 
be presented by Dr. Togawa in the next talk.
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