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ニュートリノ振動
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フレーバー固有状態(物質との反応)と質量固有状態(時間発展)が異なる:

混合行列
(Pontecorvo-Maki-Nagawa-Sakata matrix)

Chapter 1

Introduction

Neutrino is an elementary particle with spin 1/2 and no electrical charge. It interacts with
matter only through the weak interaction. Neutrino was originally postulated by W. Pauli in
order to explain the observed continuous electron spectrum accompanying nuclear �-decay. Now,
it is known that there are three types (flavors) of neutrinos, ⌫e, ⌫µ and ⌫⌧ , associating with three
charged leptons; e, µ and ⌧ . In the standard model of particle physics, neutrinos were originally
considered as mass-less particles. There have been many experiments to measure the neutrino
mass directly [1–3], but no finite absolute mass has been measured. However, the observation
of neutrino oscillations by Super-Kamiokande [4] established the non-zero neutrino masses and
neutrino mixing. This result is supported by many neutrino experiments (atmospheric, solar,
accelerator, and reactor neutrino experiments [5–16]). The existence of neutrino oscillations
requires the modification of the standard model and hence its study is expected to make a link
to physics beyond the standard model.

1.1 Physics of Neutrino Oscillation

1.1.1 Neutrino mixing

Flavor eigenstates of neutrinos can be di↵erent from the mass eigenstates. Then the flavor
eigenstate, |⌫↵i(↵ = e, µ, ⌧) can be described by superpositions of mass eigenstates, |⌫ii(i =
1, 2, 3):

|⌫↵i =
X

i

U⇤
↵i|⌫ii, (1.1)

where U↵i is an element of the unitary matrix. Since there are three flavors, the matrix U is
3⇥3 with four independent parameters. Most popular way to express U is using three mixing
angles (✓12,✓23 and ✓13), and one CP phase (�):
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where cij = cos ✓ij and sij = sin ✓ij . This matrix is called as the PMNS (Pontecorvo-Maki-
Nakagawa-Sakata) matrix [17, 18] and is analogue of the CKM (Cabibbo-Kobayashi-Maskawa)
matrix in the quark sector [19, 20].

1

δ:CP phase

cij = cos ✓ij

sij = sin ✓ij

ニュートリノ質量>0 (←標準理論では0)

    → 飛行中にフレーバーが変化: “ニュートリノ振動”

P (⌫µ ! ⌫e) = 4c213s
2
13s

2
23 · sin

✓
�m2

31L

4E

◆
+ ... Δm2ij= m2j - m2j

振動確立は混合角, 質量二乗差, 距離(L), エネルギー(E)に依存
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ニュートリノ振動の理解・課題

Δm212(eV2) Δm232(eV2) θ12 (°) θ23 (°) θ13 (°) δ
中心値 7.6×10-5 2.4×10-3 34.0 40.4 9.1≠0 ?
誤差 0.2×10-5 0.1×10-3 1.1 3.2 0.6 ?

現状の理解 (~2012年, グローバルフィット by G. Fogli et al.)

→ 未測定 CP asymmetry (δ) の測定

今後、θ23の精度が重要 → T2K実験にてθ23の精密測定

 θ13≠0, しかも意外と大きい

P (⌫µ ! ⌫e) = 4 cos

2 ✓13 sin
2 ✓13 sin

2 ✓23 · sin
✓
�m2

31L

4E

◆
+ (CP asymmetry)...

(CP asymmetry) / sin ✓12 sin ✓13 sin ✓23 sin �
~0.56 ~0.65~0.16
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T2Kニュートリノ振動実験

νµ消失事象(νµ → νx)の観測を元に、(sin22θ23,Δm232)の精密測定

νµ

νx

P (⌫µ ! ⌫µ) ⇠ 1� sin2 2✓23 · sin2
✓
�m2

32L

4E

◆

νe出現事象(νµ → νe)の観測、有限なθ13の値を決定

目標精度:δ(sin22θ23)~0.01,  δ(Δm232)~10-4 eV2

主な目的
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実験概略
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• 世界最高峰の強度の陽子ビーム
• 世界最大級の水チェレンコフ検出器:        

スーパーカミオカンデ
• Off-axisビーム
➡振動の効果を最大に 

✴ νの方向がフラックスに影響
➡目標精度達成のためビームモニタ
で方向を1mrad以内に制御

特徴

ミューオン
ビームモニター スーパーカミオカンデ炭素標的

30GeV 
陽子 
ビーム

Beam-axis

Off-axis (2.5°)

π
π→µνµ

≈
0 m 118 m 280 m 295 km

電磁ホーン

ニュートリノ
ビームモニター

前置検出器
(ND280)
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SKでのνµ事象観測

Neutrino energy (GeV)
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振動なし

POT:統計の指標 

(Proton On Target)

P (⌫µ ! ⌫µ) ⇠ 1� sin2 2✓23 · sin2
✓
�m2

32L

4E

◆振動あり

(sin22θ23,Δm2
32) = (1.0, 2.4×10-3 eV2)

• νµの観測 : Charge current (CC)反応で出てくるµを観測
• 0~1GeVで主な反応 = CCQE; νµ + n → µ + p

• µの運動量・角度分布からνのエネルギーを再構成

シミュレーション

谷の位置・深さを見る
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振動解析
SKでの予測νµの事象数・
エネルギースペクトル

SKでの測定νµの事象数・
エネルギースペクトル

νフラックス νと物質の反応断面積 SKの検出効率

振動確率

①:ビームモニターによる安定した実験の遂行 & νビームの方向を
     精度よく制御。
②:T2K&外部実験の測定を元に予測精度(特にνフラックス)を向上。

=
×

 

×
 

×
 

①実験を続け、観測数を増やす
- 大強度陽子ビームの運用
- νの方向の制御

②νフラックス, ν反応断面積に大きな系統誤差(20~30%)

→ 振動解析を行い、(sin22θ23, Δm232)を求める。

感度向上のために......
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ビームモニターによる監視
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ビームモニター

• νµと同時に生成されるµの強度・方向を測定し、νµを間接的に監視

• リアルタイム監視 → 即座にビーム制御にフィードバック

1.5m

1.5m

Chapter 2. T2K experimental components and beam data taking summary

Muon beam monitor (MUMON)

The neutrino beam intensity and direction can be monitored on bunch-by-bunch basis by mea-
suring the profile of muons which are produced along with neutrinos from the pion two-body
decay. The neutrino beam direction can be measured indirectly as the direction from the target
to the center of the muon profile. The muon monitor (MUMON) is located behind the beam
dump at a distance of 118 m from the target, as shown in Fig. 2.7. The schematic view and
photograph of the muon monitor is shown in Fig. 2.9. It consists of two kinds of detector arrays:
ionization chambers and silicon PIN photodiodes. Each array consists of 49 sensors at 25 cm
intervals and covers a 150 ⇥ 150 cm2 area. The center of the muon profile can be measured
with 2.95 cm accuracy, which corresponds to 0.25 mrad precision on the beam direction. More
details of this monitor are described in [39].

Fig. 2. Two-dimensional profile of charged particles at the muon monitor by the
Monte Carlo simulation. The horizontal and vertical axes are denominated x and y,
respectively.

Fig. 3. Schematic view of the muon monitor. The beam enters from the left side.
On the upstream side, 49 silicon PIN photodiodes are set on the support enclosure.
On the downstream side, the large moving stage holds seven ionization chambers,
each of which contains seven sensors. The whole structure is covered with aluminum
insulation panels, which are not drawn in the figure.

4

Fig. 4. Photograph of the silicon PIN photodiodes (right) and the ionization cham-
bers (left) in the support enclosure. The beam enters from the right side.

In each array, there are 7 ⇥ 7 sensors at 25-cm intervals. They are set on an

aluminum support enclosure. With the two di�erent types of detectors, we

aim for redundant and complementary measurement.

Almost all components of the muon monitor in the muon pit are made out of

radiation tolerant and low-activation materials such as polyimide, PEEK

TM
,

ceramic, aluminum and so on. EPDM has the lowest radiation dose limit of

10

6
Gy [12] among the materials in the muon pit. The other instruments like

readout electronics and high voltage (HV) units are put in an electronics hut

on the ground.

3.1 Ionization chamber

3.1.1 Design of the ionization chamber

The ionization chamber array consists of seven ionization chambers. A drawing

of the ionization chamber is shown in Fig. 5. Each ionization chamber contains

seven sensors. The sensors sit on a 1929-mm long aluminum tray at an interval

5

Figure 2.9: Muon beam monitor. Right: the schematic view of the muon monitor (the beam
enters from the left side). Left: the photograph of the silicon PIN photodiodes (right) and the
ionization chambers (left) in the support enclosure (the beam enters from the right side).

2.3.3 Beamline Data acquisition system

For the stable and safe the beam operation, the beamline data acquisition (DAQ) system collects
information on the beamline monitors spill-by-spill. The DAQ also provides the spill information
to SK for the time synchronization based on the GPS time stamp.

The signals of SSEM, BLM, and horn current are digitized by the 65 MHz Flash ADC
(FADC) in the COPPER system [40]. The signals of CT and ESM are digitized by the 160 MHz
VME FADC [41]. The GPS time synchronization and the OTR use the custom-made readout
electronics. All of these readout systems are managed by the MIDAS framework [42], and the
event builder records the concatenated data of all monitors every spill, before the next spill
comes.

2.3.4 Global Time Synchronization

The T2K GPS time synchronization system builds on experience from K2K [43], which is a
predecessor of T2K. The system provides the time synchronization between the neutrino event
trigger time at SK, and the beam spill time at J-PARC.

At SK, all hits of photomultiplier tubes (PMTs) are recorded without the dead time. Among
recorded PMT hits, hits within ±500 µsec around the expected neutrino beam timing at SK are
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図 4.3 ビームコミッショニング時にMUMONの半導体検出器で再構成したビームプロファイルの例
(半導体検出器 49chを用いた結果)。49chでの信号からビームプロファイルを作成し、2次元ガウシア
ンでフィットを行い、中心位置と電荷を求めている。

4.5.1 シリコン検出器
半導体検出器として浜松ホトニクス製シリコン PINフォトダイオード S3590-08(図 4.4,表 4.2)を用い
ている。シリコン半導体検出器は広く使用されている検出器であり、その動作・特性は良く知られてい
る。T2K 実験の前身の長基線ニュートリノ振動実験 K2K においてもミューオンモニターとして採用さ
れ、安定に動作していた実績を持つ。

図 4.4 シリコン PIN フォトダイオード S3590-08
の写真。浜松ホトニクス webサイトより引用
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ウェハー

読み出し

図 4.5 シリコン検出器の簡単な動作原理

図 4.5のように、荷電粒子の通過によってウェハー内の空乏層に生じた電子・ホール対の移動によって
誘導された電流を読み出す (図 4.5)ことで信号を得る。

MUMONではシリコン PINフォトダイオードに 80 Vの電圧をかけて使用する [15]。

アレイ状の各chの電荷からµの
プロファイルの中心を求める

プロファイル中心=ビーム方向

Data

イオンチェンバー

7x7ch
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ビームモニター スーパーカミオカンデ崩壊領域

炭素標的
30GeV 
陽子ビーム ビーム軸

off-axis (2.5°)

π

π→µνµ

≈
0 m 118 m 280 m 295 km

≈電磁ホーン

ニュートリノ
ビームモニター

ND280ミューオンビームモニター:MUMON
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ミューオン
ビームモニター スーパーカミオカンデ崩壊領域

炭素標的
30GeV 
陽子ビーム ビーム軸

off-axis (2.5°)

π

π→µνµ

≈
0 m 118 m 280 m 295 km

≈電磁ホーン

ニュートリノ
ビームモニター

ND280

ビームモニター

• ν事象を観測し、νビームの強度・方向を直接測定
• νの反応断面積は小さいので、約1ヶ月のデータが必要

ニュートリノビームモニター:INGRID

Chapter 2. T2K experimental components and beam data taking summary

2.4.1 INGRID

The neutrino beam intensity and direction are monitored directly by measuring the profile of
neutrinos at the INGRID detector [44], located 280 m away from the target. The schematic
view of INGRID is shown in Fig. 2.16. It consists of 16 identical neutrino detectors arranged
in horizontal and vertical arrays around the beam center. The daily event rate and monthly
beam direction of neutrinos are monitored. The neutrino event rate can be measured with 4%
precision and the neutrino beam direction with an accuracy of better than 0.4 mrad.

The schematic view of the INGRID module is shown in Fig. 2.17. The INGRID module
consists of a sandwich structure of nine iron plates and eleven tracking scintillator planes. The
dimension of the iron plate is 124 cm⇥124 cm in the horizontal and vertical direction and 6.5 cm
along the beam direction. The total iron mass serving as a neutrino target is 7.1 tons per module.
Each of the 11 tracking planes consists of 24 scintillator bars in the horizontal direction glued
to 24 perpendicular bars in the vertical direction, for a total number of 8,448. The dimensions
of the scintillator bars used for the tracking planes are 1.0 cm⇥5.0 cm⇥120.3 cm. The INGRID
module is surrounded by veto scintillator planes to reject interactions outside the module. Each
veto plane consists of 22 scintillator bars segmented in the beam direction. The light yields in the
scintillators are read out with the wave length shifting fiber and the photo-sensors: Multi-Pixel
Photon Counter (MPPC). The total channels for INGRID is 9,592. The details of the INGRID
detector are given in [44,45].

Chapter 3. INGRID Detector
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Figure 3.1: Expected neutrino beam profile at the INGRID location (280 m downstream from
the primary proton beam target). Left distribution is the horizontal profile and right distribution
is the vertical profile. The spatial width (1�) of both profiles is about five meters.

1.5m 

Figure 3.2: Overview of the INGRID detector.
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~10 m

~10 m

1.5 m

Beam axis

Figure 2.16: Schematic view of INGRID. The center of INGRID is set at the beam axis.

2.4.2 ND280

The ND280 detector measures the o↵-axis neutrino flux and energy spectrum at a baseline of
280 m. ND280 e↵ectively sees a line source of neutrinos rather than a point source. Therefore it
covers a range of o↵-axis angles. The o↵-axis angle to ND280 from the target position is 2.04�.
This angle was chosen to make the neutrino spectrum at ND280 as similar as possible to the
spectrum at SK. The ND280 detector is a complex of many components: the electromagnetic

26

ν検出器
Chapter 6. Measurements at the Near and Far detectors
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Figure 6.8: The horizontal neutrino beam profile reconstructed by INGRID for Run 1. The
profile is fitted with a Gaussian function (lines in this plot). The statistical errors are smaller
than the marks. Systematic errors are not shown.

Table 6.3: Summary of the predicted and measured INGRID beam center and event rate for
Run 1. The systematic error is only from the uncertainty of the detection e�ciency and does
not include uncertainties of the flux and neutrino interaction cross-section.

Data Prediction
Rate [events/POT] 1.59 ⇥10�14 1.53 ⇥10�14

Horizontal center [mrad] 0.009±0.052(stat.)±0.336(syst.) 0.064
Vertical center [mrad] -0.314±0.055(stat.)±0.373(syst.) -0.477

6.2 Measurements at ND280

The event rate and energy spectrum of neutrinos are measured at ND280. The inclusive CC
⌫µ events are selected, and then subdivided into ”CCQE-like” and ”CC nonQE-like” samples
(”CC nonQE” means the CC interactions except for CCQE).

6.2.1 Data set for ND280 measurements

The ND280 data taking is summarized in Table 6.5. The good ND280 spills are obtained by
applying the ND280 data quality cuts to the good beam spills. The ine�ciency of ND280 is about
15%. The main causes to of the ine�ciency is the problems of the TPC hardware components
in Run 2.

6.2.2 Event selection

A negative charged muon-like long track starting from the FGD1 is selected to detect the inclusive
CC ⌫µ interaction. FGD1 works a neutrino interaction target and a detector. TPCs identify

83

各検出器でのν事象の数から、
νビームプロファイルを再構築

プロファイル中心
=ビーム方向

INGRID中心からの水平位置 (cm)

ν事
象
数
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Run 1 Run 2 Run 3b

Run 3c
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データ収集(2010年1月~2012年6月)

• 今回使用したデータの統計量(Run1-3): 3.01×1020 POT 

• Run1-2の約2倍,  T2Kの目標統計の4%
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東日本大震災

Run1-2のνµ消失
の結果は発表済
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SKでのν事象数・エネルギースペクトルの予測
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νフラックス予測
•モンテカルロシミュレーション(MC)を用いて予測

モデル依存: ハドロン生成反応の
生成運動量・角度分布, 反応断面積

炭素標的

陽子ビーム

FLUKA simulation:
炭素標的内のハドロン生成反応

GEANT3(w/ GCALOR) : 
電磁ホーンによる収束 & 
π,K→νへの崩壊

π K
µ

ν
ND280

SK

2.5°電磁ホーン
Off-axis角度

250kA (or200kA)
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νフラックス予測の改善
• ハドロン生成反応モデルの不定性
➡ 外部の実験データ(CERN NA61/

SHINE: 30GeV p+C 等)を元に、
ハドロンの生成運動量・角度分布、
反応断面積を調整

• モデル以外のパラメータの不定性
• νビームの方向、標的上での陽子ビームの位置・角度 

→ Off-axis角度に影響
• ホーン電流値 → νフラックスの量に影響

➡ T2Kの各種ビームモニターで測定。
➡ 安定したビーム運転により不定性を抑える。
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Figure 3: Comparison of the particle multiplicity dn/dp [/(GeV/c)] for positively (left)
and negatively (right) charged pions in proton-Carbon interactions at 31 GeV/c. Different
panels correspond to different angular intervals. Points with error bars – NA61/SHINE
data from [4], histogram – Fluka2008.3b predictions.

4

- FLUKA
・NA61/SHINE

→ 他の角度について
も同様に測定

NA61/SHINEで測定した
π+の生成断面積(100~140 mrad)

生
成
断
面
積

(/
(G
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/c
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π+運動量 (GeV/c)2 4 60
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SK νフラックス予測
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Chapter 4. Neutrino flux prediction
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Figure 4.10: The flux predictions for the SK far detector broken down by the neutrino parent
particle type. The ⌫µ (upper left), ⌫̄µ (upper right), ⌫e (bottom left), and ⌫̄e (bottom right)
fluxes are shown.The error bars, which is too small to be seen in most of the region, are MC
statistical error.

4.3 T2K flux prediction

The T2K flux is predicted with the flux simulation including the weighting for the hadron
interaction models. The flux is predicted for each neutrino flavor at the far and near detectors.
The predicted fluxes at SK and ND280 are shown in Fig 4.11. The fluxes are broken down by
the parent particle that decays to the neutrinos. The relative fractions of each flavor in the
SK flux is shown in Table 4.4. These fractions are estimated for 0⇠1.5, 1.5⇠3.0 and >3.0 GeV
energy ranges. The ⌫µ flux is dominant in the flux below 1.5 GeV, and the ⌫̄µ contamination is
⇠5%. In the intermediate (1.5⇠3.0 GeV) energy region, the relative fraction of ⌫̄µ increases as
the flux becomes more dominated by forward going pions that are not focused, which include ⇡�

that decay to ⌫̄µ. The ⌫e fraction also increases as the contribution from kaon decays becomes
dominant.

4.4 Flux uncertainty

Here, the uncertainties associated to the neutrino flux prediction are evaluated for the oscillation
analysis. The flux uncertainties arise from the following sources along with the error size of the
SK ⌫µ flux at the oscillation maximum energy:

• Hadron interaction uncertainties (Sec. 4.4.1).

– Pion and kaon production uncertainties: 6% and <1%

48

Oscillation maximum

SK νµフラックス

10 2

SK νµのフラックス誤差

• πの崩壊からの寄与が支配的。
• 誤差の内訳は、ハドロン生成モデルの不定性が支配的

• 陽子ビーム、Off-axis角度、の寄与はビーム制御により、        

小さく抑えた。
➡更にND280でのνフラックス&反応断面積の測定に基づき、

SKでのν事象の予測精度を改善。

Neutrino energy (GeV)
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ND280によるν予測の改善
• ND280でνµのCC反応を観測、                  

µの運動量・角度分布を測定

• ND280でのνフラックスとν反応断面積
を同時に測定
➡ SKのν事象予測に反映

Chapter 7. Extrapolation of ND280 measurements to SK prediction
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2 and 3 together for nominal (solid line) and reweighted MC after the BANFF fit (dashed line), and data
(dots). At the bottom of each distribution the residuals are shown.
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Figure 7.1: Distribution of the reconstructed muon momentum before and after the ND280
fit for CCQE-like events (left), and CC nonQE-like events (right). The error bars of data the
statistical error.
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Figure 7.2: Distribution of the reconstructed muon angle before and after the ND280 fit for
CCQE-like events (left), and CC nonQE-like events (right). The error bars of data the statistical
error.

Table 7.2: Summary of ND280 CCQE-like and CC nonQE-like events before and after the ND280
fit. This residual is based on the total number events in each sub-sample.

CCQE-like CC nonQE-like
Events Residual Events Residual

Data 5841 – 5214 –
MC(Before fit) 6243.8 -5.27 5255.4 -0.57
MC(After fit) 5854.4 -0.18 5202.7 0.16

101

CCQE: ν+n→µ+p

µの運動量分布(CCQE-like)

SK νµフラックス誤差

0.1

10 Neutrino energy (GeV)

CCQE反応断面積の誤差
νエネルギー Before After

<1.5GeV 0.11 0.09

1.5~3.5GeV 0.30 0.21

>3.5GeV 0.30 0.22

νフラックス-反応断面積間の逆相関
δ(νフラックス) × δ(反応断面積) 

> δ(νフラックス × 反応断面積)
1813年2月20日水曜日



エネルギースペクトルに対する誤差
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Chapter 6. Measurements at the Near and Far detectors

the oscillation analysis. The measurement is consistent with the MC prediction in all distribu-
tions. The two dimensional reconstructed vertex distribution is shown in Fig. 6.19. The vertex
distribution of ⌫µ candidate events is uniform and in the SK FV.
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Figure 28: Distributions of the ⌫µ final sample for RUN1+2+3 (left) and RUN3 only (right).
The plots shown here are the reconstructed muon momentum (top) and cosine of the angle
between the muon direction and the neutrino beam direction (middle), and the reconstructed
neutrino energy (bottom). The MC is normalized by POT and reweighted by the BANFF fit
central values. The neutrino flux has been reweighted to 11bv3.1 and the flux change due to
the horn current change during RUN3, as well as two flavor (⌫µ ! ⌫⌧ ) neutrino oscillation with
(sin2 2✓23, �m2

32)=(1.0, 2.4⇥10�3 eV2) are taken into account.
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Figure 28: Distributions of the ⌫µ final sample for RUN1+2+3 (left) and RUN3 only (right).
The plots shown here are the reconstructed muon momentum (top) and cosine of the angle
between the muon direction and the neutrino beam direction (middle), and the reconstructed
neutrino energy (bottom). The MC is normalized by POT and reweighted by the BANFF fit
central values. The neutrino flux has been reweighted to 11bv3.1 and the flux change due to
the horn current change during RUN3, as well as two flavor (⌫µ ! ⌫⌧ ) neutrino oscillation with
(sin2 2✓23, �m2

32)=(1.0, 2.4⇥10�3 eV2) are taken into account.
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Figure 28: Distributions of the ⌫µ final sample for RUN1+2+3 (left) and RUN3 only (right).
The plots shown here are the reconstructed muon momentum (top) and cosine of the angle
between the muon direction and the neutrino beam direction (middle), and the reconstructed
neutrino energy (bottom). The MC is normalized by POT and reweighted by the BANFF fit
central values. The neutrino flux has been reweighted to 11bv3.1 and the flux change due to
the horn current change during RUN3, as well as two flavor (⌫µ ! ⌫⌧ ) neutrino oscillation with
(sin2 2✓23, �m2

32)=(1.0, 2.4⇥10�3 eV2) are taken into account.
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Figure 6.18: Distributions of the reconstructed muon momentum (upper left) and angle (upper
right), and neutrino energy (bottom) in the ⌫µ CCQE candidate events for Run 1+2+3 data
with the MC prediction.

Table 6.11 and 6.12 summarize the number of events passing each selection step for Run1+2+3
data and the MC expectation. The MC expectation with oscillation is consistent with the ob-
servation.
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Chapter 6. Measurements at the Near and Far detectors

Super-Kamiokande IV
T2K Beam Run 0 Spill 952106
Run 66831 Sub 410 Event 96851432 
10-05-18:18:33:08
T2K beam dt =  1879.5 ns
Inner: 2949 hits, 8030 pe
Outer: 3 hits, 2 pe
Trigger: 0x80000007
D_wall: 709.7 cm
mu-like, p = 1024.6 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
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Figure 21: An example event display of a single-ring µ-like event. Four white crosses represent
the reconstructed vertex position. The left-right pair shows its height and the top-bottom pair
shows its horizontal position. The white circle represents the fitted Cherenkov ring. A pink
diamond is placed on the wall in the beam direction starting from the reconstructed vertex. The
bottom right figure is the hit timing distribution with information on the number of the tagged
µ-decay electrons.

24

Figure 6.16: Example of a single-ring µ-like event detected at SK. Developed figure of the SK
tank is shown. The middle square box represents the side area of the SK tank. The top (bottom)
circle represents the top (bottom) edge of the SK tank. The white circle indicates the fitted
Cherenkov ring. Four white crosses indicate the reconstructed vertex position. A pink diamond
is placed on the wall in the beam direction starting from the reconstructed vertex. The bottom
right figure is the hit timing distribution with information on the number of the tagged µ-decay
electrons.
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SKでのν事象の観測
• 一つのµ-likeなチェレンコフリングを　
持つν事象を選択(CCQE: ν + n → µ + p)

Single µ-like 
ring

• µの運動量・角度からνエネルギー
を再構成 (CCQEを仮定)

→ 58 事象

(sin22θ23,Δm2
32)=

(1.0,2.4×10-3eV2)

再構成したνエネルギー分布

選択したν事象の一例
N

um
be

r o
f e

ve
nt

s

w/ Stat. error

観測した事象数・エネルギー
スペクトルを振動解析に使用
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Chapter 8. Analysis of muon neutrino disappearance
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Figure 8.15: ��2 distribution for data.
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Figure 8.16: Allowed region of (sin2 2✓23, �m2
32) for data. The contour is estimated with the

F&C method
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振動解析の方法
Maximum likelihood method → (sin22θ23, Δm232)=o を決定。

Chapter 8

Analysis of muon neutrino
disappearance

8.1 Analysis method

The goal of this analysis of muon neutrino disappearance is to determine the best oscillation
parameters (sin2 2✓23, �m2

32) with high precision based on the 3.01⇥1020 POT (Run 1+2+3)
data set. An extended unbinned maximum likelihood method is used in the analysis. The
likelihood is constructed with the rate and energy spectrum of the SK ⌫µ events including the
systematic uncertainties of the SK prediction.

8.1.1 Definition of the likelihood

The likelihood is defined as:

L(Nobs,E
rec
obs;o,f) = Lnorm(Nobs;o,f) ⇥ Lshape(E

rec
obs;o,f) ⇥ Lsyst(f) (8.1)

where:

Lnorm, Lshape, Lsyst: the likelihood for the event rate, neutrino energy spectrum and systematic
uncertainties.

Nobs, E
rec
obs: the rate and reconstructed energy (Erec) spectrum of ⌫µ events observed at SK.

Erec is caclulated according to Eq. 6.1.

o: the neutrino oscillation parameters (sin2 2✓23, �m2
32) to be measured.

f : parameters representing systematic uncertainties for the prediction (called ”systematic pa-
rameters”). These parameters act as weighting factors to change the nominal SK predic-
tion. Following systematic uncertainties are taken into account: the neutrino flux, neutrino
interaction, the SK detection e�ciencies and energy scale, and final-state and secondary
interactions (called FSI-SI, described in Sec. 5.2).

Lnorm is the event rate likelihood for the Poisson probability to observed Nobs candidate
events:

Lnorm(Nobs;o,f) =
e�N

exp

(o,f )(Nexp(o,f))N
obs

Nobs!
, (8.2)

where Nexp(o,f) is the expected event rate.
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測定したνµ事象数と
エネルギースペクトル

系統誤差の寄与を表すパラメータ:

SK νフラックス、ν反応断面積、
SK検出効率を変化させる。

解析の流れ
• o, fを動かして、χ2 = -2 Log Lを最小
にするベストなo, fを決定。
• o以外の振動パラメータは固定

• 各o点とベストフィットでのχ2の差
(=Δχ2)を元にoの許容範囲を決定。

事象数 エネルギースペクトル 系統誤差

Δm2
12=7.5×10-5 eV2

sin22θ12=0.8757, sin22θ13=0.098
δCP=0

ベストフィット(★)のχ2との差

Δm
2 32

 (e
V

2 )
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データの解析結果

(sin22θ23, Δm232) = (1.00, 2.45×10-3 eV2) 
ベストフィット

再構成したニュートリノエネルギー分布

Reconstructed neutrino energy [GeV]

・Data (only stat. error)

- MC (best-fit)
データ: 58事象
ベストフィット:

57.97事象

# 
of
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ve
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s

2313年2月20日水曜日



)
23

θ(2
2

sin

0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

)
4

/c
2

| (
eV

2 3
2

m
∆|

0.0018

0.002

0.0022

0.0024

0.0026

0.0028

0.003

0.0032

0.0034  90% CLν 32
χ∆T2K const 

 90% CLνT2K FC 3

 90% CLνMINOS 2012 2

 90% CLνSuperK 2012 L/E 2

 90% CLνSuperK 2012 zenith 3

他の実験との比較

      MINOS:
- 加速器 @Fermilab

- データ: 2005~2012 
(νµ:1.07×1021POT, 
anti-νµ:3.36×1020POT)

      T2K Run1-2
- 1.45×1020 POT

      SK 大気ν:

- データ: Run1-4 
(@Neutrino2012)

T2Kの目標統計のわずか4%の統計
(3.01×1020POT)で、世界最高峰の精度を達成

     T2K Run1-3
- 3.01×1020 POT

90% C.L. コントアーの比較
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まとめ
• T2K実験においてνµ消失現象を観測することで、振動パラメータ

(sin22θ23, Δm232)を測定する。

• ビームモニターを用いて、要求の1mrad以上の精度でビーム方向を
コントロール、安定した実験遂行に貢献。

• 測定データを用いて、ニュートリノフラックスの予測精度を改善
させ、振動パラメータの精度を向上させた。

• 2010年1月~2012年6月までのデータで、(sin22θ23, Δm232) = 

(1.00+0.00-0.04, 2.45±0.19×10-3 eV2)を得る

• T2K目標統計のわずか4%で世界最高峰の測定精度を達成
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