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　　　　　　崩壊とは？

•ループを含むダイアグラム：New Physicsに感度がある！

•CPの破れの大きさを決めるCKM行列の複素成分ηを小さな理論
的不定性で決定できる

➡標準理論とそれを超える物理への良いプローブ：Golden Mode

•非常に稀な崩壊 + 全てが中性の粒子：意欲的な実験！
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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 Current 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,
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•シグナル事象：π0からの２つのγ線 のみ

•入射するγ線のエネルギーと位置を測定 : CsIカロリメータ

•カロリメータのe391a実験からの改良点

•7×7×30 cm3 → 2.5×2.5×50 cm3 (+5cm角)

•波形読み出し

KOTO detector
Another background is π0 production from beam neutrons interacting

with residual gas in the decay region. In order to suppress this background,
the decay volume is evacuated to 10−5 Pa, as was obtained in E391a by
separating the detector and the decay region with a thin film.

Figure 14: Schematic view of detector setup.

4.3.1 Calorimeter

The electromagnetic calorimeter measures the positions and energies of pho-
tons to reconstruct π0 in the K0

L → π0νν decay. In the E391a experiment,
the Calorimeter was made of 576 pure CsI crystals. Each crystal was 7.0×7.0
cm2 and 30-cm long (16 X0) [59].

For the experiment at J-PARC, we plan to replace these crystals with the
pure CsI crystals used in the calorimeter of the Fermilab KTeV experiment.
The crystals, called “KTeV CsI crystals” hereafter, are smaller in the cross
section and longer in the beam direction (50 cm, 27 X0) than the crystals in
E391a, which ensures us much better performance in the new experiment.
Figure 15 shows the layout of the new Calorimeter, which then consists of
2576 crystals. These crystals are of two sizes, 2.5 × 2.5 × 50 cm3 for the
central region (2240 blocks), and 5.0×5.0×50 cm3 for the outer region (336
blocks) of the Calorimeter.

The reasons for replacing the calorimeter are as follows.

• Reduce the probability of missing photons due to fused clusters.
If two photons hit the Calorimeter close to each other, the generated
showers will overlap and be misidentified as a single photon. Figure 16
shows an event display for two photons that enter the CsI Calorimeter
with 6-cm separation. By using the KTeV CsI crystals, two photons
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Bessel filter

•Bessel filterを通した出力を125MHzのFADCで記録

100ns 100ns
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Bessel filter
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トークの内容
•カロリメータのアップグレード
‣ 統合試験、性能評価のためのビームテスト

•波形読み出し
‣ Bessel filterを用いた波形読み出しで得られる性能って？

•25mm角の小さな結晶による fine granularity
‣ KOTO実験のカロリメータのための新たな解析手法

•数字は全て preliminary という事で。。。
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ビームテスト
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CsI beam test

•LNS, 東北大学

•beam time : 2010/04

•energy : 最大 800MeV の positron
• (0,10,15,20,30,40) [deg] ×

(100,200,300,460,600,800) [MeV]

•setup

•144本 (12×12) の CsI 結晶

•scintillating fibers 位置検出器

•時間のreference用シンチレータ
（500MHz FADCで記録）
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non-linearity

•non-linearityはその波高と相関がある
➡ 各イベントでの、最大の波高とエネルギー和の相関
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Function Generatorを用いた追検証

•ビームデータが示すnon-linearityは説明可能

Function Generator
Tektronix AFG3252

preamp card

amp

CsI PMT amp amp filter amp

amp filter amp

FADC

Function Generator
Tektronix AFG3252

preamp card

CsI PMT
FADC

Figure 3.21: The setup of the check measurement. The setup was same as one at the
beam test except CsI and PMT replaced with a function generator.
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Figure 3.22: Correlation between observed pulse height and relative output charge nor-
malized by applied voltage at the function generator. A output non-linearity was also
observed at the check measurement.
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non-linearityを考慮したcalibration
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incident position dependence

x[mm]

y[
m
m
]

+5%

-10%

+5%

-10%

x[mm]

y[
m
m
]

0deg, 600MeV
w/o correction

0deg, 600MeV
w/ correction

Monday, December 19, 2011



 

energy resolution
•right : incident position is limited by scifi. tracker

•might be suffered by calibration error for a certain channel
•left : incident position is not limited
•might be suffered by shower leakage
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timing resolution
•２つの方法で時間分解能を評価
(I) reference 用シンチレータとの時間差の広がり
(II) 隣り合う特定の２つの結晶の時間差の広がり
✓ 時間分解能の要因（光量, ノイズ量, Gainなど）が同じ結晶
（いずれもKOTO実験のCsIカロリメータの標準的な値）
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波形読み出し
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波形読み出しの性能は何によって決まるか？

•Bessel filter を用いる

•分解能を決める主な要因

•光量

•ノイズレベル（高周波）

•single photoelectron の 時間の確率密度分布

•single photoelectron の Bessel filterを通した波形
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絶対光量測定
•KOTO実験で用いるCsI結晶：相対光量は測定済

•いくつかサンプリングして絶対光量を測定
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ノイズレベル
•FADCで記録したペデスタル周りの揺らぎで評価

•低周波（⇔ 125MHz）は問題にならない
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single photoelectron の 時間の確率密度分布
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single photoelectron の 時間の確率密度分布

減光

時間の
reference
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single photoelectron の filterを通した波形

•適当な関数でパラメータ化

•非対称ガウシアン

•Gaussian(μ, σ(t))

•σ(t)=a(t-μ)+σ0 
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波形シミュレーション
•波形を生成してみる

•ビームテストのデータと比較

生成した波形（～MIP）

time[ns]

σ0[ns] asymm. par : a

ビームテストの波形パラメータ
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時間分解能
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エネルギー分解能
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新たな解析手法
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•従来はエネルギー重心を用いて入射位置を決定していた

•角度に応じたシャワーの長さの補正を適用

•Fittingで入射位置を決められないか？

Fittingによる入射位置の決定
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Figure 4.3: A schematic view of template generation for each incident position. Tem-
plates to be used at fitting were dynamically generated for each incident position.

-100 0 100

-210

-110

 -74.6@ -87.1 -74.6@ -87.1

-100 0 100

-210

-110

 -53.8@ -66.3 -53.8@ -66.3

-100 0 100
-310

-210

-110

 -55.9@ -68.4 -55.9@ -68.4

-100 0 100

-310

-210

-110

 -77.0@ -89.5 -77.0@ -89.5

-100 0 100

-310

-210

-110

 -67.3@ -79.8 -67.3@ -79.8

-100 0 100

-210

-110

 -76.0@ -88.5 -76.0@ -88.5

ro
w 
en
er
gy
 / 
to
ta
l e
ne
rg
y MC, 20°, 600MeV

x[mm]

Figure 4.4: An example of shower shape fitting. A bin width corresponds to the width
of a crystal. The red line shows the fitted template. Error for each bin was set at a value
proportional to the square-root of the row energy.
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での位置を表しているわけではないからである。そこで、以下のシャワー長 (L)の関数で持って γ

線の入射位置を求める

xcor = xc − L · sin θ · cos φ (A.5)

ycor = yc − L · sin θ · sinφ (A.6)

zcor = zc (A.7)

ここで、θは γ 線の z軸からの極角を表し、φは z軸周りの方位角を表す。γ 線の入射角度を概
算するために PCOE を γ 線の入射位置と仮定して、π0の崩壊位置を再構成する。そして、得られ
た π0 の崩壊位置から γ 線の方向を計算し θと φを求める。また、シャワー長 (L)は

L(cm/X0) ≡
|Pinc − Prec|

X0
= p1 + p2 · ln(E(GeV )) (A.8)

で定義される。ここで、X0 は CsIの放射長 (1.85cm)、Eは γ 線の入射エネルギーである。p1、
p2は自由なパラメーターで、シミュレーションの結果から p1 = 6.368、p2 = 0.99426と決めた。図
A.7にシャワー長 (L)と入射 γのエネルギーの関係を、図A.8に位置の補正前と後での xinc −xrec

の分布図を示す。

図 A.6: γ線の位置補正の概念図。Precは再構
成された γ線の位置、Pincは γ線の入射位置。
シャワー長と γ 線の入射角度を考慮すること
で γ 線の入射位置を求めることができる
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図 A.7: 入射 γ 線のエネルギーとシャワー長
(L)の相関図
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図 A.8: γ 線の入射位置と再構成された γ 線
の位置との差の分布。緑のハッチはシャワー長
による補正前 (xrec = xc)。赤のハッチはシャ
ワー長による補正の後 (xrec = xcor)。
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•E,θ,φ毎にシャワーの典型的な広がりをしらべる

Fittingによる入射位置の決定expected position resolution. By summing bins from each bin, we obtained the expected
mean energy occupation for each 25 mm (each single crystal) at each position. Figure
4.2 shows the mean energy occupation for various incident angle. Based on the typical
shower shapes for various energies and angles, the shower shape template was dynam-
ically generated for each incident position as shows in Figure 4.3. Figure 4.4 shows
an example of the shower shape fitting. Error for each bin was set at a value propor-
tional to the square-root of the energy of the column/row, because energy fluctuation is
approximately decided by photon statistics.
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Figure 4.1: Correlation between the dis-
tance from incident position and energy
occupation for each 0.25 mm. The 0.25
mm pitch is enough smaller than the ex-
pected position resolution. The black line
shows the mean energy occupation of each
position.
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Figure 4.2: The mean energy occupation
for each single crystal at each position rel-
ative to the incident position for various
incident angles. The mean energy occupa-
tion for a single crystal was obtained by
summing bins of histogram such as Figure
4.1.

We can archive better position resolution with the newly developed method. Figure
4.5 shows the comparison between the developed fitting based method and the previous
energy weighted mean method.

The developed method to reconstruct incident position was evaluated with the beam
test data. ... 仙台データとの比較

4.2 Incident angle discrimination

The incident angle discrimination can be a powerful tool to suppress backgrounds at the
KOTO experiment. On the reconstruction of the KL → π0νν̄ decay with two photons
on the calorimeter, we assume those two photons come from a π0 decay on the z-axis.
Figure 4.6 shows a schematic view of the π0 reconstrunction. Once we find two photons
on the calorimeter, then the invariant mass of the two photons can be represented by

50
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•E,θ,φ毎にシャワーの典型的な広がりをしらべる

•入射位置に応じたテンプレートを動的に生成

Fittingによる入射位置の決定
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Figure 4.3: A schematic view of template generation for each incident position. Tem-
plates to be used at fitting were dynamically generated for each incident position.
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Figure 4.4: An example of shower shape fitting. A bin width corresponds to the width
of a crystal. The red line shows the fitted template. Error for each bin was set at a value
proportional to the square-root of the row energy.
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Fittingによる入射位置の決定
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Figure 4.5: The comparison between the previous energy weighted mean method and the
newly developed fitting based method. The RMS value of the residual error histogram
xrec − xtrue was used as a index of position resolution in this time.

the following formula :

m2
π0 = 2E1E2(1 − cosθ12) (4.2)

where mπ0 is the π0 mass, Ei is energy of the ith photon and θ12 is the angle between
the momentum of the two photons. Then the cosθ12 can be represented by the following
:

(r1 − r0) · (r2 − r0) = x1x2 + y1y2 + (z1 − Zvtx)(z2 − Zvtx)
= |r1 − r0||r2 − r0| cos θ12 (4.3)

where ri = (xi, yi, zCsI) is the incident position of the ith photon on the calorimeter
and Zvtx is the decay vertex of the π0. With these equations, the decay vertex Zvtx is
calculated.

If the two photons are not from a π0 decay or if the two photons is not from z-axis, we
mis-calculate the decay vertex Zvtx, in other word, the incident angle of those photons.

There are several background sources caused by such mis-assumption. The first case
is the KL → γγ decay from the beam halo and the η production (then η → γγ ) by
the interaction between detector materials and neutrons in the beam halo. The second
case is the π0 production by the interaction between detector materials and neutrons in
the beam halo. Those backgrounds can be rejected by the incident angle discrimination
with the upgraded calorimeter.
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•shower shape templateの応用

•入射角度θ, φを間違えるタイプのバックグラウンド

shower shapeによる入射角度の識別Another background is π0 production from beam neutrons interacting
with residual gas in the decay region. In order to suppress this background,
the decay volume is evacuated to 10−5 Pa, as was obtained in E391a by
separating the detector and the decay region with a thin film.

Figure 14: Schematic view of detector setup.

4.3.1 Calorimeter

The electromagnetic calorimeter measures the positions and energies of pho-
tons to reconstruct π0 in the K0

L → π0νν decay. In the E391a experiment,
the Calorimeter was made of 576 pure CsI crystals. Each crystal was 7.0×7.0
cm2 and 30-cm long (16 X0) [59].

For the experiment at J-PARC, we plan to replace these crystals with the
pure CsI crystals used in the calorimeter of the Fermilab KTeV experiment.
The crystals, called “KTeV CsI crystals” hereafter, are smaller in the cross
section and longer in the beam direction (50 cm, 27 X0) than the crystals in
E391a, which ensures us much better performance in the new experiment.
Figure 15 shows the layout of the new Calorimeter, which then consists of
2576 crystals. These crystals are of two sizes, 2.5 × 2.5 × 50 cm3 for the
central region (2240 blocks), and 5.0×5.0×50 cm3 for the outer region (336
blocks) of the Calorimeter.

The reasons for replacing the calorimeter are as follows.

• Reduce the probability of missing photons due to fused clusters.
If two photons hit the Calorimeter close to each other, the generated
showers will overlap and be misidentified as a single photon. Figure 16
shows an event display for two photons that enter the CsI Calorimeter
with 6-cm separation. By using the KTeV CsI crystals, two photons
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Another background is π0 production from beam neutrons interacting
with residual gas in the decay region. In order to suppress this background,
the decay volume is evacuated to 10−5 Pa, as was obtained in E391a by
separating the detector and the decay region with a thin film.

Figure 14: Schematic view of detector setup.

4.3.1 Calorimeter

The electromagnetic calorimeter measures the positions and energies of pho-
tons to reconstruct π0 in the K0

L → π0νν decay. In the E391a experiment,
the Calorimeter was made of 576 pure CsI crystals. Each crystal was 7.0×7.0
cm2 and 30-cm long (16 X0) [59].

For the experiment at J-PARC, we plan to replace these crystals with the
pure CsI crystals used in the calorimeter of the Fermilab KTeV experiment.
The crystals, called “KTeV CsI crystals” hereafter, are smaller in the cross
section and longer in the beam direction (50 cm, 27 X0) than the crystals in
E391a, which ensures us much better performance in the new experiment.
Figure 15 shows the layout of the new Calorimeter, which then consists of
2576 crystals. These crystals are of two sizes, 2.5 × 2.5 × 50 cm3 for the
central region (2240 blocks), and 5.0×5.0×50 cm3 for the outer region (336
blocks) of the Calorimeter.

The reasons for replacing the calorimeter are as follows.

• Reduce the probability of missing photons due to fused clusters.
If two photons hit the Calorimeter close to each other, the generated
showers will overlap and be misidentified as a single photon. Figure 16
shows an event display for two photons that enter the CsI Calorimeter
with 6-cm separation. By using the KTeV CsI crystals, two photons
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Figure 4.7: An example of the KL → γγ decay reconstruction from two photons.
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Figure 4.8: Examples of PDFs for 600 MeV (a) 0 mm, (b) 60 mm from the recon-
structed incident position. The black/red/blue line shows the PDF for the incident
angle 0◦/20◦/40◦.
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•signal/BGを仮定した時の列エネルギーのLikelihoodの比
を取る

shower shapeによる入射角度の識別
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Figure 4.9: (a) The likelihood ratio distribution for 10◦/40◦ 600 MeV. (b) The S/N ratio
for each signal efficiency.

4.3 Incident direction discrimination

KL → π0νν̄ のBGには、backward pi0 みたいなBGもあるので、gammaの入射方向が
分かると嬉しい。あと、CC02-pi0 でシャワーが下流で発生、エネルギーが漏れる場合。
波形が発行位置によって若干違いがある事を見つけた。
今回のデータでは rejection powerを評価するのに十分なデータがない上、backward

pi0 BGはCsI後方のCC04によって強く抑制されるが、CC04はデザイン中なので、量的
な評価はしないけど、アイデアを提起した。

4.4 Double pulse separation

125MHz FADCで reasonableな性能を得るために、filterで波形を広げた代償として、dou-
ble pulse separationが問題になる恐れがあるので評価するよ。

4.4.1 Overlapped pulse discrimination

4.4.2 Double pulse separation
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まとめ
•KOTO実験のCsIカロリメータについて研究を行った

•アップグレード → ビームテストによる統合試験

•non-linearityを発見するも対処し、目標精度を達成

•波形読み出し → 波形・分解能の理解

•分解能の要因を明らかにし、その測定方法を確立

•25mm角の小さな結晶 → 新たな解析手法の開発

•shower shape fittingによる入射位置導出

•shower shape likelihood ratioによる入射角度識別
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