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参加している実験	


•  T2K	
  (Tokai	
  to	
  Kamioka)実験	
  
•  Super-­‐Kamiokande	
  →	
  Rogerが紹介	
  
•  J-­‐PARC加速器	
  
•  将来実験	
  
– T2K前置検出器のアップグレード	
  
– Hyper-­‐Kamiokande	
  →	
  Rogerが紹介	
  
– AXEL	
  → 市川さんが紹介	
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ニュートリノグループメンバー	

•  スタッフ	
  
	
  	
  　中家 (スポークスパーソン),	
  市川 (解析コーディネーター),	
  	
  	
  
	
  	
  	
  	
  	
  Roger	
  (T2K-­‐SKグループコンビナー,	
  12月着任),	
  	
  
　 	
  南野 (前置検出器グループコンビナー)　　	
  
•  ポスドク	
  
	
  	
  	
  	
  	
  	
  Son,	
  Benjamin,	
  Nikhul,	
  中村、久保	
  
•  博士課程学生	
  

	
  廣田,	
  仲村,	
  林野,	
  江,	
  潘	
  
•  修士課程学生	
  

	
  中西,	
  平本,	
  芦田,	
  田中!	
  
	
  

ü 賞(2015年)	
  
-­‐  物理学会若手奨励賞 － 家城（OB）	
  
-­‐  測定器開発優秀修士論文賞	
  –	
  仲村	
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メンバー紹介（スタッフ、研究員）	

T2K	
 SK	
 HK	


J-­‐PARC	
  
Acc.	
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 4	




メンバー紹介（学生）	


T2K	
 SK	
 HK	

J-­‐PARC	
  
acc.	
 AXEL	


廣田	


博士	


仲村	


林野	


江	


潘


芦田	
  

修士	

田中!	
  

中西	
  

平本	
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ν振動	


•  νのフレーバー固有状態(να)は、質量固有状態(νj)の
重ね合わせとなる。	
  

•  生成されたναが伝搬するとき、各質量固有状態νjは
別々の時間発展をする（質量が違うため）ので、質
量固有状態の混合比が変わり、別のフレーバーが
混入する。この量子干渉効果がν振動である。	
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第 13章 ニュートリノ振動 4

図 13.3: ニュートリノ質量発生機構モデル。(a)ディラック質量　 (b)マヨラナ質量、(c)(d)は (b)のモデ
ル例　 (d)シーソーメカニズム

量の大きな νRを導入する以外は標準理論の枠内で考えることにし、mL = 0、mDはクォークもしくはレ
プトンの質量程度、mR ≫ mDとする。この時固有解は容易に求められ

|ν′ > ≃ |N1 > −mD
mR

|N2 >, |N >≃ |N2 > +
mD
mR

|N1 > (13.9a)

mν′ ≃ −m
2
D

mR
, mN ≃ mR (13.9b)

質量が負であることは問題ではない。|ν>= γ 5|ν′ >と置けば質量を正にできるからである。上式から

mν ·mR = m2D (13.10)

となり、mRを大きくすることによりmνを小さくできる。これがシーソーメカニズムという名の由来で
ある。
　以上に述べたようにマヨラナニュートリノであれば、ニュートリノ質量を小さくするメカニズムが
幾つか考えられる。ディラックニュートリノの場合は、小さな質量を自然に導入することが難しいので、
現在はマヨラナニュートリノ説が有力である。

13.3 ニュートリノ振動
　ニュートリノ (νe,νµ,ντ)は、弱い相互作用で荷電レプトンと対になって生産される状態で定義され

る。これを弱相互作用もしくは香りの固有状態といい一般に質量固有状態と同一であるとは限らない。
同一でなく混合がある場合、香りの固有状態 (να)は、質量固有状態 (ν j)の重ね合わせとなる。

|να >=∑
j
Uα j|ν j > (13.11)

この場合生成されたニュートリノが伝播するとき、各質量固有状態は別々の時間発展をするので、混合
比が変わり別の香り状態が混入する。これは前章の香りの振動と全く現象でありニュートリノ振動と呼
ばれる。ν jは安定であるとし、質量が小さいことを考慮すると、香りの状態の時間発展は

|να(t) >=∑
j
Uα j|ν j > e−iE jt , Ej =

√
p2+m2j ≃ p+

m2j
2E

(13.12)
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•  Neutrino	
  mixing	
  
– Neutrinos	
  have	
  two	
  sets	
  of	
  eigenstates.	
  
•  mass	
  (propagaTon)	
  and	
  flavor	
  (detecTon).	
  

– Dirac	
  CP	
  violaTon	
  phase	
  in	
  the	
  lepton	
  sector,	
  δCP.	
  
•  Complex	
  phase	
  of	
  PMNS	
  mass	
  matrix	
  (3x3	
  unitary	
  matrix)	
  

IntroducTon	
  (1)	
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Note:	
  	
  cij	
  =	
  cos(θij),	
  sij	
  =	
  sin(θij)	
  

“Acc./Atm.	
  ν”	
  
θ23	
  ~	
  45°	
  	
  

|Δm2
32|	
  ~	
  2.4x10-­‐3	
  (eV2)	
  

“Solar/Reactor	
  ν”	
  
θ12	
  ~	
  34°	
  

Δm2
12	
  ~	
  8x10-­‐5	
  (eV2)	
  

“Reactor/Acc./Atm.	
  ν”	
  
sin22θ13	
  ~	
  0.1,	
  
“Acc./Atm.	
  ν”	
  

δCP	
  (90%	
  constraints)	
  

Majorana	
  phases;	
  
Not	
  yet	
  observed	
  

flavor	
  states	
   mass	
  states	
  PMNS	
  mixing	
  matrix	




ニュートリノ振動パラメータ	


ü 混合角(θ12,	
  θ13,	
  θ23)、	
  
ü  CP位相δ	
  
ü 質量の二乗差Δm2

21,	
  Δm2
32	


•  まだ分かってないものはCP位相δとΔm2
32の符号（質量階層）	
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PDG2014	
ニュートリノ振動実験で測定できるもの	


m1	


m2	


m3	


順階層	
 逆階層	


m1	


m2	


m3	


m	

νe	
  
νμ	
  
ντ	




IntroducTon	
  (2)	

•  MaJer	
  dominant	
  universe	
  
– We	
  expect	
  equal	
  amounts	
  of	
  maoer	
  and	
  anT-­‐
maoer	
  to	
  have	
  produced	
  in	
  the	
  Big	
  Bang.	
  

– Today	
  (13.8	
  Gyears	
  later),	
  observed	
  asymmetry	
  is	
  

– Quark-­‐sector	
  CP	
  violaOon	
  
•  The	
  Quark-­‐sector	
  CP	
  violaTon	
  results	
  in	
  an	
  O(10-­‐17)	
  
asymmetry.	
  	
  
•  Too	
  low	
  to	
  explain	
  observed	
  O(10-­‐10).	
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University College London

15 / 18 Frank Deppisch | Neutrinos and Collider Physics | 26/08/2015

` Classic Scenario
◦ Generation via heavy neutrino decays
◦ Competition with LNV washout processes
◦ Conversion to baryon asymmetry

x EW sphaleron processes at 𝑇 ≈ 100 GeV
x Observed asymmetry

` What if we observe lepton number
violating processes at the LHC or
in 0𝜈𝜈𝛽?

𝜂𝐵 ≡
𝑛𝐵 − 𝑛  𝐵

𝑛𝛾
= (6.20 ± 0.15) × 10−10



IntroducTon	
  (3)	

•  MaJer	
  dominant	
  universe	
  
– Lepton-­‐sector	
  CP	
  violaOon	
  
•  Leptogenesis	
  can	
  provide	
  a	
  explanaTon.	
  

–  CP	
  violaTon	
  in	
  the	
  neutrino	
  sector	
  (creaTng	
  L	
  asymmetry).	
  
–  SM	
  sphaleron	
  processes	
  at	
  T~300GeV	
  convert	
  L	
  -­‐>	
  B	
  asymmetry.	
  

•  Three	
  possible	
  scenarios	
  for	
  leptogenesis	
  
1)  Leptogenesis	
  via	
  Dirac-­‐phase	
  CP	
  violaTon	
  (δCP)	
  
2)  Leptogenesis	
  via	
  Majorana-­‐phase	
  CP	
  violaTon	
  (α1,	
  α2)	
  
3)  Leptogenesis	
  via	
  CP	
  violaTon	
  in	
  the	
  heavy	
  neutral	
  leptons	
  

(HNL)	
  (~1010	
  GeV)	
  which	
  are	
  the	
  Majorana	
  ‘see-­‐saw’	
  partners	
  
of	
  the	
  ordinary	
  neutrinos.	
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δCP	
  	
  is	
  a	
  possible	
  source	
  to	
  explain	
  the	
  maJer-­‐dominant	
  universe.	




IntroducTon	
  (4)	

•  δCP	
  measurement	
  in	
  the	
  long-­‐baseline	
  accelerator	
  exp.	
  
–  νe	
  appearance	
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CP violation (CPV) with ⌫ vs ⌫̄

0
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neutrino

0

0.02

0.04

0.06

0.08

0.1

0 1 2
Eν (GeV)

δ = 0
δ = 1/2π
δ = π
δ = -1/2π

P(
ν µ

→
ν e

)

anti-neutrino

L=295km, sin22θ13=0.1

CPV needs non-zero mixing angles.
CPV can be probed through di↵erence between neutrino and anti-neutrino appearance:

P(⌫µ ! ⌫e ) � P(⌫µ ! ⌫e ) = �16s12c12s23c23s13c
2
13 sin �CP sin

 
�m2

21L

4E⌫

!
sin

 
�m2

32L

4E⌫

!
sin

 
�m2

31L

4E⌫

!

At L = 295 km, E⌫ ⇡0.6 GeV: e↵ect of CP violation up to 28% while matter e↵ect only
7%.

T. Feusels (UBC) HyperK Sensitivity 10/08/2015 7 / 28

δCP	
  can	
  be	
  determined	
  from	
  ν-­‐run	
  only	
  if	
  θ13	
  is	
  known	
  	
  
from	
  the	
  reactor	
  experiments.	


±25%	


Comparison	
  of	
  ν/anT-­‐ν	
  run	
  enhances	
  sensiTvity	
  to	
  δCP.	




T2K実験概要	


•  J-­‐PARC加速器の大強度陽子ビームによりνμ(νμ)ビームを生成	
  
•  前置検出器と後置検出器(Super-­‐K)でこのビームを観測し、	
  
　  以下の種類のニュートリノ振動を測定する	
  
	
  	
  	
  -­‐	
  	
  	
  	
  νe出現モード(νμ→νe)、	
  νμ消失モード(νμ→νμ)	
  
•  off-­‐axis法(ビーム中心方向を後置検出器の方向からずらす)を	
  
	
  	
  	
  採用	
  
	
  	
  	
  -­‐	
  	
  	
  ミューオンとニュートリノのビーム方向をモニター	
  
	
  
•  2015年度最初の反ニュートリノの振動解析結果を発表	
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-­‐	


茨城県東海村	


岐阜県飛騨市神岡町	




T2K実験 最新の成果
2013年5月まで取得したデータの解析結果
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FIG. 34: 68% (dashed) and 90% (solid) CL regions from the analysis that includes results

from reactor experiments with di↵erent mass hierarchy assumptions using ��

2 with

respect to the best-fit point, the one from the fit with normal hierarchy. The parameter

|�m

2| represents �m

2
32 or �m

2
13 for normal and inverted mass hierarchy assumptions

respectively.

C. Alternate frequentist analysis

In order to thoroughly cross-check the analysis described above, an alternate frequentist

joint fit analysis was performed which di↵ers in the treatment of the systematic errors. This

90

νe出現事象とνμ消失事象の同時解析
arXiv:1502.01550

Most precise measurement of θ23 !!

まだまだ統計誤差が支配的。更なるデータの蓄積が必要。

Excluded region (90% C.L. )
NH [0.15 - 0.83] π
IH [-0.08 - 1.09] π
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これまでの成果	

•  νe出現事象の世界初観測 (2011)	
  

•  CP位相δに先陣を
切って制限！	
  

•  世界一の精度での
混合角θ23の測定！	


この一年のニュース
• 2014.11.11
• 中家教授 仁科賞受賞
• KEK小林氏、物一の松田教授と共
に

• 2015.2.17
• 中家教授 戸塚賞受賞
• KEK小林氏、東大塩澤教授と共に

• 番外編
• 京都大学総長杯ボーリング大会
• 市川准教授 女子の部優勝（2大会
連続）

• 温子の部屋SP 団体戦優勝

KEK小林氏

5

•  νμ消失事象の世界最精密測定	
  

•  最新の結果	
  (2014)	
  

(2013)	


中家さん	
2013には7.3σで存在を確立！	


ニュートリノエネルギー(GeV)	


(2013)	
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νμ消失モード	
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消失確率	
  
最大	


•  クリアな振動パターンが見えている	
  
•  νとνの振動パラメータに違いは見られない	
  
•  最初の結果（4×1020	
  POT）で世界最高レベルの測定精度	
  

３４ 事象観測	
  
-­‐  全く振動がない場合	
  
　　期待値　103.6	
  事象	
  

νとνで異なる振動パラメータを用いる	
  
-­‐ 	
  	
  新物理の効果により、	
  
	
  	
  θ23、Δm2

32が等しくなくなる可能性が存在	
  
	
  
	


平木	
  



νe	
  出現モード	


•  信号ありの場合と	
  
　信号なしの場合の	
  
　両方と矛盾しない	
  

•  現状統計が少なく、これから	
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4.01×1020	
  POT	
 δCP=-­‐90°	
 δCP=0°	
 δCP=90°	

順階層	
 3.73	
 4.32	
 4.85	

逆階層	
 4.18	
 4.85	
 5.45	


1.96	
  νμ→νe	
  信号事象	
  +	
  1.77	
  背景事象	
  
	
  	
 ⇔　┬  観測された事象数	
  :	
  3	


•  期待される事象数:	
  CP位相と質量階層に依存	
  

signal	
  
background	
  

再構成νエネルギー分布	




T2K実験の今後	


•  2016年に、最初のν+ν同時振動解析の結果を発表予定	
  

•  今後ビーム強度を上げつつ	
  
　　統計量を増やしていく	
  
　-­‐	
  	
  750kW(現在390kW)	
  
	
  
•  元々の目標（7.8×1020POT）	
  
	
  	
  	
  	
  	
  を超えて更に統計を増やす	
  
　　計画（T2K-­‐II)	
  を議論中	
  
	
  	
  	
  	
  	
  （20x1020	
  POT	
  +	
  統計改善）	
  
-­‐  その場合、３σ以上の感度で	
  
　　δ≠0	
  を決定できる可能性	
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現在	

T2K-­‐I	
  
ゴール	


T2K-­‐II	
  

δ=-­‐90°,NHを仮定	


50%ν、50%ν	


T2K-­‐II	
  
w/	
  統計改善	




T2K-­‐IIのチャレンジ	

•  実験の原理	
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前置検出器	
  
での𝜈測定	


SKで実測	


SKの測定予測	

系統誤差	


統計誤差	


外挿	

比較	


事象数  ∝　陽子ビーム強度　ｘ　　生成効率　　　ｘ　　    検出効率	
  
à750kWà1.3MW	
  
(1.28	
  sec	
  cycle運転)	
  

ホーン320kW運転	
  	
  
+10%	
  

SKにnew	
  sample導入	
  
+40%	


•  実験の感度：　統計誤差　＋　系統誤差	
  
–  統計誤差　∝　	
  

–  系統誤差　前置検出器の測定精度	
  

•  チャレンジ	
  
–  統計誤差：　ビーム強度増強、ホーン320kW運転(+10%)、SKにnew	
  sample(+40%)	
  

–  系統誤差：　目標は4%	
  
•  ニュートリノフラックス:	
  ハドロン相互作用のmodeling、INGRIDビーム方向測定の精度向上	
  

•  前置検出器測定:	
  πの反応誤差低減（外部/前置データ）	
  

•  ニュートリノ反応:	
  νe/anT-­‐νeの反応測定、前置検出器のアップグレード	
  

•  SK測定:	
  コントロールサンプル(大気ν)のν反応アップデート、πの反応誤差低減（外部/前置データ）	
  

1	
  /	
  √事象数	




スーパーカミオカンデのnew	
  sample導入に
よる事象数向上	


•  スーパーカミオカンデで再構成やニュートリノエネルギー計算、系
統誤差が難しいため使ってなかった事象カテゴリーと検出器の端
の領域を生かす	
  

•  全体で４０％前後の事象数向上を目指す。	
  
•  研究課題	
  

–  解析アルゴリズムの開発	
  
–  新たなサンプルの系統誤差の評価	
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これまでの	
  
信号事象	


電子	


陽子	
  
(見えない)	


不可視π中間子	
  
(崩壊電子付き)	
  

電子	


陽子	
  
(見えない)	


パイ中間子	
  
(見えない)	


二つの	
  
荷電粒子	


電子	


陽子	
  
(見えない)	


パイ中間子	
  

より広い領域	
  
を用いる	


解析に用いて	
  
きた領域	


2m	


2m
	


2m
	


縮小	


+~10%	
 +~20%	
 +10~15%	




T2KⅡ計画将来感度	
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質量階層が分かっていると仮定	


50%ν、50%ν	


３σ以上の感度でδ≠0	
  を決定できる可能性	
  

原子炉ν実験の結果を使用	


Son	
  

+50%	
  統計改善	
  
4%系統誤差	
  
	




他のスタディ	


ü ニュートリノ振動解析以外にも様々な開発,	
  測定,	
  解析が進行中	
  
•  加速器のアップグレード（仲村、中西）	
  
•  新しいミューオンビームプロファイル検出器の性能評価	
  
	
  （仲村,	
  Nik,中西、久保）	
  
•  on-­‐axis	
  前置検出器を用いたニュートリノビーム方向・	
  
　反応断面積の測定（林野,	
  Son,	
  Benjamin）	
  
•  水(O)とシンチレータ(C)	
  間のニュートリノ反応断面積の比の	
  
　精密測定のための新規検出器建設（林野,	
  Son,	
  Benjamin）	
  
•  高分解能飛跡検出器の開発（山本,	
  平本）	
  
•  NCQE反応測定（黄）とその不定性となる二次γ線生成の測定（芦

田）	
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加速器のアップグレード	
 仲村、中西	




ニュートリノビームモニター	
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Scintillator planes VETO planes

Figure 3.12: INGRID detector. Left: Front view. INGRID consists of seven horizontal and seven
vertical modules. There are extra two modules on the diagonal, which were installed during the
summer shutdown in 2010. Right: Exploded view of an INGRID module.

Downstream of the P0D, three Time Projection Chambers [173] (TPCs), together with two
Fine Grained Detectors [174] (FGDs) are placed to measure charged current interactions. The
TPCs use a gas mixture Ar:CF4:iC4H10 (95:3:2) and MicroMegas detectors [175]. They measure
the three-momenta of charged particles produced in neutrino interactions to reconstruct the
neutrino energy spectrum, and measure the ionization rate to determine the particle type. The
FGDs consist of layers of finely segmented scintillating bars. They provide target mass for
neutrino interactions as well as tracking of charged particles coming from the interaction vertex.
The downstream FGD also provides water target.

The P0D, TPCs, and FGDs are all surrounded by an sampling electromagnetic calorimeter
(ECAL). Each ECAL module consists of layers of plastic scintillator bars and Pb absorber sheets
between the layers. The role of the ECAL is to detect γ-rays which do not convert in the inner
detectors and to detect charged particles for their identification (electron-muon-pion separation).

All sides of the magnet are instrumented with the Side Muon Range Detector [176] (SMRD).
Scintillator plates are inserted between gaps of the magnet yokes to measure the ranges of muons
which exit any side of the inner detectors.

3.3.2 INGRID

INGRID consists of seven horizontal and seven vertical modules (and two extra modules on the
diagonal, which are not used in this thesis). Each module is made of alternate layers of an iron
plate and scintillator bars as shown in Fig. 3.12. INGRID counts the number of neutrino events
in each module and reconstructs the neutrino profile. To measure the neutrino beam direction
with a precision much better than 1 mard, neutrino events are accumulated for approximately
one day in the 750 kW operation. INGRID complements the measurement of the neutrino beam
direction with the muon monitor, since it monitors the neutrino beam itself while the muon
monitor monitors the neutrino beam by measuring the muon beam spill-by-spill.
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Figure 3.1.: Left: Schematic view of the muon monitor. The monitor consists of arrays
of ionization chambers and silicon PIN photodiodes. The muon beam passes
through the array of the silicon PIN photodiodes first and then the ionization
chambers [49]. Right: Moving stage for the calibration silicon PIN photodiode,
as viewed from downstream.

to the beam-axis. There is also an additional silicon PIN photodiode mounted on a small
moving stage behind the silicon array (see Fig. 3.1 right).

Our strategy is to monitor the muon beam direction with a precision of 0.3 mrad for
every beam spill, in order to better control the neutrino beam for the neutrino oscillation
measurement.

3.1.1. Silicon PIN photodiode

In a semi-conductor device, an ionization process of charged particle leads to a generation
of electron-hole (e-h) pairs. These carriers drift toward the electrodes under the electric
field. The signal is then induced by the drift of these carriers and the charged particle
can be detected. In the T2K experiment, silicon PIN photodiodes, HAMAMATSU R�
S3590-08, are used as the semi-conductor devise for the detection of the muon flux.

Table 3.1 shows the specification of the silicon PIN photodiode. The sensor has an
active area of 10 ⇥ 10 mm2 and a depletion layer thickness of 300 µm. The silicon layer
is mounted on a ceramic base. In order to fully deplete the layer, a bias voltage of 80 V
is applied. The photodiode is put on a PEEKTM base fixed to the support enclosure and
is covered by an aluminum base.
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Figure 3.12: INGRID detector. Left: Front view. INGRID consists of seven horizontal and seven
vertical modules. There are extra two modules on the diagonal, which were installed during the
summer shutdown in 2010. Right: Exploded view of an INGRID module.

Downstream of the P0D, three Time Projection Chambers [173] (TPCs), together with two
Fine Grained Detectors [174] (FGDs) are placed to measure charged current interactions. The
TPCs use a gas mixture Ar:CF4:iC4H10 (95:3:2) and MicroMegas detectors [175]. They measure
the three-momenta of charged particles produced in neutrino interactions to reconstruct the
neutrino energy spectrum, and measure the ionization rate to determine the particle type. The
FGDs consist of layers of finely segmented scintillating bars. They provide target mass for
neutrino interactions as well as tracking of charged particles coming from the interaction vertex.
The downstream FGD also provides water target.

The P0D, TPCs, and FGDs are all surrounded by an sampling electromagnetic calorimeter
(ECAL). Each ECAL module consists of layers of plastic scintillator bars and Pb absorber sheets
between the layers. The role of the ECAL is to detect γ-rays which do not convert in the inner
detectors and to detect charged particles for their identification (electron-muon-pion separation).

All sides of the magnet are instrumented with the Side Muon Range Detector [176] (SMRD).
Scintillator plates are inserted between gaps of the magnet yokes to measure the ranges of muons
which exit any side of the inner detectors.

3.3.2 INGRID

INGRID consists of seven horizontal and seven vertical modules (and two extra modules on the
diagonal, which are not used in this thesis). Each module is made of alternate layers of an iron
plate and scintillator bars as shown in Fig. 3.12. INGRID counts the number of neutrino events
in each module and reconstructs the neutrino profile. To measure the neutrino beam direction
with a precision much better than 1 mard, neutrino events are accumulated for approximately
one day in the 750 kW operation. INGRID complements the measurement of the neutrino beam
direction with the muon monitor, since it monitors the neutrino beam itself while the muon
monitor monitors the neutrino beam by measuring the muon beam spill-by-spill.
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Figure 3.1.: Left: Schematic view of the muon monitor. The monitor consists of arrays
of ionization chambers and silicon PIN photodiodes. The muon beam passes
through the array of the silicon PIN photodiodes first and then the ionization
chambers [49]. Right: Moving stage for the calibration silicon PIN photodiode,
as viewed from downstream.

to the beam-axis. There is also an additional silicon PIN photodiode mounted on a small
moving stage behind the silicon array (see Fig. 3.1 right).

Our strategy is to monitor the muon beam direction with a precision of 0.3 mrad for
every beam spill, in order to better control the neutrino beam for the neutrino oscillation
measurement.

3.1.1. Silicon PIN photodiode

In a semi-conductor device, an ionization process of charged particle leads to a generation
of electron-hole (e-h) pairs. These carriers drift toward the electrodes under the electric
field. The signal is then induced by the drift of these carriers and the charged particle
can be detected. In the T2K experiment, silicon PIN photodiodes, HAMAMATSU R�
S3590-08, are used as the semi-conductor devise for the detection of the muon flux.

Table 3.1 shows the specification of the silicon PIN photodiode. The sensor has an
active area of 10 ⇥ 10 mm2 and a depletion layer thickness of 300 µm. The silicon layer
is mounted on a ceramic base. In order to fully deplete the layer, a bias voltage of 80 V
is applied. The photodiode is put on a PEEKTM base fixed to the support enclosure and
is covered by an aluminum base.
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Figure 3.12: INGRID detector. Left: Front view. INGRID consists of seven horizontal and seven
vertical modules. There are extra two modules on the diagonal, which were installed during the
summer shutdown in 2010. Right: Exploded view of an INGRID module.

Downstream of the P0D, three Time Projection Chambers [173] (TPCs), together with two
Fine Grained Detectors [174] (FGDs) are placed to measure charged current interactions. The
TPCs use a gas mixture Ar:CF4:iC4H10 (95:3:2) and MicroMegas detectors [175]. They measure
the three-momenta of charged particles produced in neutrino interactions to reconstruct the
neutrino energy spectrum, and measure the ionization rate to determine the particle type. The
FGDs consist of layers of finely segmented scintillating bars. They provide target mass for
neutrino interactions as well as tracking of charged particles coming from the interaction vertex.
The downstream FGD also provides water target.

The P0D, TPCs, and FGDs are all surrounded by an sampling electromagnetic calorimeter
(ECAL). Each ECAL module consists of layers of plastic scintillator bars and Pb absorber sheets
between the layers. The role of the ECAL is to detect γ-rays which do not convert in the inner
detectors and to detect charged particles for their identification (electron-muon-pion separation).

All sides of the magnet are instrumented with the Side Muon Range Detector [176] (SMRD).
Scintillator plates are inserted between gaps of the magnet yokes to measure the ranges of muons
which exit any side of the inner detectors.

3.3.2 INGRID

INGRID consists of seven horizontal and seven vertical modules (and two extra modules on the
diagonal, which are not used in this thesis). Each module is made of alternate layers of an iron
plate and scintillator bars as shown in Fig. 3.12. INGRID counts the number of neutrino events
in each module and reconstructs the neutrino profile. To measure the neutrino beam direction
with a precision much better than 1 mard, neutrino events are accumulated for approximately
one day in the 750 kW operation. INGRID complements the measurement of the neutrino beam
direction with the muon monitor, since it monitors the neutrino beam itself while the muon
monitor monitors the neutrino beam by measuring the muon beam spill-by-spill.
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Figure 3.1.: Left: Schematic view of the muon monitor. The monitor consists of arrays
of ionization chambers and silicon PIN photodiodes. The muon beam passes
through the array of the silicon PIN photodiodes first and then the ionization
chambers [49]. Right: Moving stage for the calibration silicon PIN photodiode,
as viewed from downstream.

to the beam-axis. There is also an additional silicon PIN photodiode mounted on a small
moving stage behind the silicon array (see Fig. 3.1 right).

Our strategy is to monitor the muon beam direction with a precision of 0.3 mrad for
every beam spill, in order to better control the neutrino beam for the neutrino oscillation
measurement.

3.1.1. Silicon PIN photodiode

In a semi-conductor device, an ionization process of charged particle leads to a generation
of electron-hole (e-h) pairs. These carriers drift toward the electrodes under the electric
field. The signal is then induced by the drift of these carriers and the charged particle
can be detected. In the T2K experiment, silicon PIN photodiodes, HAMAMATSU R�
S3590-08, are used as the semi-conductor devise for the detection of the muon flux.

Table 3.1 shows the specification of the silicon PIN photodiode. The sensor has an
active area of 10 ⇥ 10 mm2 and a depletion layer thickness of 300 µm. The silicon layer
is mounted on a ceramic base. In order to fully deplete the layer, a bias voltage of 80 V
is applied. The photodiode is put on a PEEKTM base fixed to the support enclosure and
is covered by an aluminum base.
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•  ビームの方向と強度をモニター	


MUMON:	
  μを測定	
 INGRID： νを測定	
 Son、林野、	
  
平本	


Si	
  PIN	
  
Photo	
  
diode	
  	
  
(7×7ch)	


イオン	
  
チェンバー	
  
(7×7	
  ch)	


鉄とシンチの	
  
サンドイッチ構造	
  
(14	
  module)	


Nik、仲村、	
  
中西、久保	


•  On-­‐axis検出器	
  
•  京大グループで開発、

建設、維持	
  
•  安定したビームは実験

に必須！	
  
	


22	




ニュートリノ反応断面積測定	


•  On-­‐axis前置検出器によるニュートリノ反応断面積測定	
  

	
  
	


Son、
Benjamin、	
  
林野	
  

前置検出器でのニュートリノ反応の研究
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INGRIDとProton Moduleによる 
ニュートリノ反応断面積測定 
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荷電カレント(CC) on Fe

鈴木、木河
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FIG. 20. The inclusive ⌫µ charged current cross section on Fe (left) and that on CH (right) with predictions by NEUT and
GENIE. The isoscalar corrections are not applied to our data or predictions. Our data point is placed at the flux mean energy.
The vertical error bar represents the total (statistical and systematic) uncertainty, and the horizontal bar represents 68% of
the flux at each side of the mean energy. The MINOS, T2K ND280, SciBooNE and NOMAD results are also plotted[12–15].
Because the isoscalar correction is applied to the MINOS data, it is expected to be shifted by about �2%.
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FIG. 21. The inclusive ⌫µ charged current cross section ra-
tio on Fe to CH with predictions by NEUT and GENIE. The
isoscalar corrections are not applied to our data or predic-
tions. Our data point is placed at the flux mean energy. The
vertical error bar represents the total (statistical and system-
atic) uncertainty, and the horizontal bar represents 68% of the
flux at each side of the mean energy. The MINER⌫A result
is also plotted[16].
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TABLE VII. The CCQE cross-sections (⇥10�39cm2) mea-
sured from each sample when the spectral function is used
in the MC simulation for the e�ciency correction. Mean neu-
trino energies of the high and low energy regions are 1.94GeV
and 0.93GeV, respectively.

(a)High energy region

Used sample cross-section result
One-track sample 12.46± 0.22(stat.)+1.98

�1.62(syst.)
Two-track sample 11.43± 0.36(stat.)+1.85

�1.60(syst.)
Combined sample 12.19± 0.19(stat.)+1.84

�1.50(syst.)

(b)Low energy region

Used sample cross-section result
One-track sample 11.04± 0.43(stat.)+2.26

�1.84(syst.)
Two-track sample 8.84± 0.70(stat.)+1.94

�1.70(syst.)
Combined sample 10.51± 0.37(stat.)+2.00

�1.67(syst.)
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FIG. 20. The CCQE cross-section results when the spectral
function is used as the nuclear model.

in order to isolate the e↵ect of the multi-nucleon inter-1

action. In this CCQE cross-section analysis, the CCQE2

signal is defined as the conventional two-body interac-3

tion with a single nucleon. Therefore, the multi-nucleon4

interaction events are defined to be background events5

and are subtracted from the selected events as with CC-6

nonQE events, NC events, etc. The CCQE cross-section7

results assuming the existence of multi-nucleon interac-8

TABLE VIII. Ratio of the CCQE cross-section result from
the one-track sample to that from the two-track in the low
energy region when the relativistic Fermi gas model and the
spectral function are used in the MC simulation.

Nuclear model in MC Ratio of cross-section results
Relativistic Fermi gas model 1.45± 0.09(stat.)+0.24

�0.29(syst.)
Spectral function 1.25± 0.08(stat.)+0.22

�0.26(syst.)

tions are summarized in Table IX and shown in Fig. 219

together with the predictions. Although the measured10

CCQE cross-sections assuming the existence of the multi-11

nucleon interaction are 6–13% smaller, they are still com-12

patible with the predictions.13

TABLE IX. The CCQE cross-sections (⇥10�39cm2) measured
from each sample when the existence of the multi-nucleon in-
teraction is assumed in the MC simulation for the background
subtraction. The relativistic Fermi gas model is used as the
nuclear model. Mean neutrino energies of the high and low
energy regions are 1.94GeV and 0.93GeV, respectively.

(a)High energy region

Used sample cross-section result
One-track sample 10.79± 0.22(stat.)+2.01

�1.63(syst.)
Two-track sample 10.28± 0.35(stat.)+1.85

�1.52(syst.)
Combined sample 10.66± 0.19(stat.)+1.88

�1.52(syst.)

(b)Low energy region

Used sample cross-section result
One-track sample 10.11± 0.45(stat.)+2.41

�2.03(syst.)
Two-track sample 7.14± 0.64(stat.)+1.96

�1.56(syst.)
Combined sample 9.30± 0.37(stat.)+2.13

�1.75(syst.)
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FIG. 21. The CCQE cross-section results on the assumption
of the existence of the multi-nucleon interaction. The rela-
tivistic Fermi gas model is used as the nuclear model.

VIII. CONCLUSIONS14

We have reported a CCQE cross-section measurement15

using the T2K on-axis neutrino detector, INGRID. We16

have selected one-track and two-track samples of ⌫

µ

17

CCQE scattering in the Proton Module. From the num-18

ber of selected events, the CCQE cross-sections on car-19

bon at mean neutrino energies of 1.94 GeV and 0.93 GeV20

have been measured. The cross-section analysis was per-21
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CC coherent pion cross section result 
• CC coherent pion cross section at mean energy of 1.5GeV is 

𝜎஼஼௖௢௛ = (1.03 ±0.25 𝑠𝑡𝑎𝑡. ି଴.଺଼ା଴.଻଴ 𝑠𝑦𝑠𝑡. ) × 10ିଷଽ cm2/nucleus 
• 90% C.L upper limit is 

𝜎஼஼௖௢௛ < 1.98 × 10ିଷଽ cm2/nucleus 
• It agrees well with the prediction by GENIE, but is significantly 

smaller than prediction by NEUT. 
• It is compatible with CC 

coherent pion results from 
K2K and SciBooNE. 

• Significance of the signal 
excess corresponds to 1.5V. 
(SciBooNE and K2K results 
are consistent with null CC 
coherent pion.) 
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プロトンモジュール	
  
•  プラスチックシンチ

レーターからなる飛
跡検出器	
  

•  ニュートリノ反応で
蹴飛ばされる陽子
の飛跡も検出	
  

•  INGRIDをミューオン
検出器として利用	
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Preliminary	
  

CCコヒーレントπ	
  on	
  C	


Preliminary	
  

CC0π double	
  diff.	
  on	
  C	




WAGASCI実験	


•  特徴:	
  3次元格子構造を持つ新型検出器	
  
–  4π方向すべてに高い検出効率	
  

•  目的:	
  ニュートリノ反応断面積測定	
  
•  目標:	
  T2K実験のν反応の誤差を低減	
  

2.5cm� 2.5cm�

5cm�

2.5cm�

5cm�

5cm�

2.5cm�

Each)cell)is)filled)with)
water)or)hydrocarbon.�

5cm�

x� grid� y� grid� x�

格子の隙間は水もしくは	
  
プラスチックで満たす	


μ	
  

p	
  

林野、Benjamin	
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プロトタイプ検出器が2016年5月に完成	
  
2016年6月からコミッショニングスタート	
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T2Kビームを用いた中性カレント準弾性反応測定 
	


黄	
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NCQE反応を使ってできる物理
	
  

•  超新星背景ニュートリノの探索	
  (	
  SK	
  )	
  →	
  超新星爆発機構の解明	
  	
  
-­‐  ダークマター	
  
-­‐  ダークエネルギー	
  
-­‐  中性子星の状態方程式	
  
-­‐  元素合成過程	
  (	
  r過程	
  )	
  の解明	
  
-­‐  星形成の歴史	
  

•  ステライルニュートリノ探索	
  (	
  T2K	
  )	
  
•  ダークマター探索	
  (	
  T2K	
  )	
   宇宙の組成	
  

Preliminary	
  

Preliminary	
  

T2KRUN1-­‐4測定結果	




M1の研究テーマ	
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Case	
  study	
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修士、博士での研究	


M1	
  
2016	


M2	
  
2017	


D1	
  
2018	


D2	
  
2019	


D3	
  
2020	


D論	
M論	


T2K/Hyper-­‐K	
  
（ハードウェア）	
  
•  新型検出器の開発	
  
•  加速器の強度向上	
  
•  読み出しエレキ開発	
  

T2K/Super-­‐K	
  
（物理解析）	
  
•  T2K	
  CP位相δなど
•  大気ν(質量階層性)	
  
•  ν反応断面積測定	
  

+	


自分のシステム	
  
を構築	


グループで	
  
研究	
  

研究を主導	
  
物理結果	
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平木氏の修士、博士での研究	


M1	
  
2010	


M2	
  
2011	


D1	
  
2012	


D2	
  
2013	


D4	
  
2015	


D論	
M論	


D2	
  
2014	


•  CdTe	
  project	
  
	
  	
  	
  	
  	
  (0νββ崩壊探索実験)	
  
	
  	
  	
  	
  	
  で実験技術を学ぶ	
  

•  MUMONの運転/保守	
  
•  MUMON/INGRIDを	
  
	
  	
  	
  	
  	
  用いて ビーム品質保証	
  
•  ニュートリノビーム	
  
　　の予想/誤差評価	
  

•  T2K	
  νµ消失事象解析	
  
	
  	
  	
  	
  	
  を行い、論文にまとめる。	
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νμ　フラックスの誤差	


PRL	
  accepted	
  



WAGASCI実験	

•  スケジュール	
  
–  2015~2016年夏:	
  プロトタイプの製作とコミッショニング	
  
–  2016年秋:	
  プロトタイプでニュートリノ測定	
  
–  2016~2017年夏:	
  WAGASCI	
  moduleとMRDを製作	
  
–  2017年秋:	
  ニュートリノ測定開始	
  

林野、Benjamin	


自分の手で検出器を	
  
製作/運転するチャンス!	
  
	
  

これまでにない構造の検出器で	
  
ν反応について新たな知見を得る。	
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WAGASCI  detector configuration   

H2O/CH Detector 
- 2 Water Modules 
- 2 Plastic Modules 
- 5120 Channels 

Side MRD Detector 
 - 4 Modules 

Downstream MRD Detector 
 - Magnetized Steel / Scintillator Detector 

WAGASCI  location  in the pit      

Detector Position in the Pit 

Detector Position on B2 Floor 

Detector	
  posiOon	
  
B2	
  of	
  ND	
  pit	
  (1.6°	
  off-­‐axis)	


Detector	
  configuraOon	




シンチレーションファイバー検出器	

•  特徴:	
  T2K前置ニュートリノ検出器の約10倍の位置分解能	
  
•  Study中	
  

–  ν反応点周りの詳細理解（陽子飛跡の検出、νeのBG低減）	
  
–  エマルジョン検出器とINGRIDのHybrid	
  analysisをするときにTme	
  stamp	
  
–  運動量測定	
  in	
  	
  前置検出器マグネット	
  

•  スケジュール	
  
–  2015~2016年度:	
  64chプロトタイプで陽電子ビームテスト	
  @	
  東北大	
  
　　　　　　　　　　　    開発の方向を決定	
  
–  2017年度~:	
  検出器の組み立て、コミッショニング、ニュートリノビーム測定	
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(山本)、平本	


64ch	
  プロトタイプ	
 64ch	
  array	
  MPPC	
イベントディスプレイ	


1cm程度の飛跡	
  
を再較正可能	


90Srからのβ
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(廣田)、江	




加速器のアップグレード（今後のテーマ）	
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仲村、中西	




muon	
  monitor	
  (MUMON)	


•  ミューオンを測ることで、ニュートリノ・ビームの方向をモニター	
  
•  京都大学が製作、運用を担当	
  
•  この検出器がないと、実験が走れない。	
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Super-­‐K	


2種類の検出器	
  
ü  Si	
  PIN	
  Photodiode	
  
ü  IonizaTon	
  Chamber(IC)	
  

ビーム強度が上がってきて、Siについては、放射線耐性
が、ICについては、イオンの空間電荷が問題になり
つつあり、新しい検出器が望まれている。	
  

候補	
  
•  diamondやSiCなどwide	
  bandな半導体	
  
•  電子増倍管 	
  
•  ICで電圧を上げれるようにする？	
  
いずれにせよR&Dと検出器の改造ないし再建設が必要。	
  

beam	


仲村、Nik、中西、久保	




Beamline	
  DAQのアップグレード	


•  1.28	
  sec周期運転への対応	
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Nik	




ニュートリノ中性反応に関する研究 

主な問題	
  =	
  「二次ガンマ線」の見積もりがきちんとできていない…	
  
→	
  二次過程の精確な見積もりが必要！

SKでは一次・二次ガンマ線を区別できない

大阪大学核物理研究センター ( RCNP ) の中性子ビームを水
ターゲットに照射し, 放出されるガンマ線 ( = 二次ガンマ線 ) 
のエネルギー・数を精確に測定する実験 ( を始めた )
= 二次過程だけの見積もりに対応

実験イメージ	
  

芦田	


K.Abe et al. (The T2K Collaboration), Physical Review D 90, 072012 (2014)

系統不定性が大きい…	
  反ニュートリノに関する測定はまだ	
  



T2K実験予想POTのケーススタディ	
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Linac	
  updade	
  400	
  MeV	


High	
  rep.	
  rate	
  
(1.28	
  sec	
  cycle)	


D3	


T2K	
  Full	
  POT	
  =	
  7.8e+21	


2016年4月現在	
  
Beam	
  power	
  >	
  380	
  kW	
  
積算POT	
  =	
  1.0e+21	




T2K(+NOνA)のsinδCP≠0の決定感度	
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Future*Sensi1vity*with*NOνA*

•  A)joint)analysis)with)NOνA:))
–  Increases)signiEicance)of)the)
“luckiest”)point)

–  Adds)sensitivity)in)δCP)regions)
where)there)would)be)none.)

•  Same)assumptions,)plus)
–  Choose)sin2(θ23))=)0.5)
–  3.6)×)1021)NOνA)POT,)even)split)
–  Shown)both)without)(solid))and)
with)(dashed))systematic)errors)
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  仮定	
  
•  点線	
  (実線):	
  系統誤差あり（なし）	
  
•  sin22θ13	
  =	
  0.1	
  w/	
  ulTmate	
  reactor	
  prec.	
  
•  sin2θ23	
  =	
  0.5	
  
•  Δm2	
  =	
  2.4	
  x	
  10-­‐3	
  eV2	
  

•  標準質量階層性	
  
•  T2K	
  

•  7.8	
  x	
  1021	
  POT	
  (50%	
  ν-50%	
  anT-­‐ν)	
  
•  NOνA	
  

•  3.6	
  x	
  1021	
  POT	
  (50%	
  ν-­‐50%	
  anT-­‐ν)	
  

PTEP	
  043C01	
  (2015),	
  arXiv:1409.7469	
  [hep-­‐ex]	


SystemaTcs:	
  5%(10%)	
  norm.	
  error	
  on	
  sig.	
  (BG)	


D論の時に大発見があるかも	




T2K+NOνAの質量階層性の決定感度	


40	


	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  仮定	
  
•  点線	
  (実線):系統誤差あり（なし）	
  
•  sin22θ13	
  =	
  0.1	
  w/	
  ulTmate	
  reactor	
  prec.	
  
•  sin2θ23	
  =	
  0.5	
  
•  Δm2	
  =	
  2.4	
  x	
  10-­‐3	
  eV2	
  

•  標準質量階層性	
  
•  T2K	
  

•  7.8	
  x	
  1021	
  POT	
  (50%	
  ν-50%	
  anT-­‐ν)	
  
•  NOνA	
  

•  3.6	
  x	
  1021	
  POT	
  (50%	
  ν-­‐50%	
  anT-­‐ν)	
  

Future*Sensi1vity*with*NOνA*

•  A)joint)analysis)with)NOνA:))
–  Increases)signiEicance)of)the)
“luckiest”)point)

–  Adds)sensitivity)in)δCP)regions)
where)there)would)be)none.)

•  Same)assumptions,)plus)
–  Choose)sin2(θ23))=)0.5)
–  3.6)×)1021)NOνA)POT,)even)split)
–  Shown)both)without)(solid))and)
with)(dashed))systematic)errors)
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(a) 100% ν-running.
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(b) 50% ν-, 50% ν̄ running.

Figure 26: The expected ∆χ2 for sin δCP = 0 hypothesis, as a function of POT. Plots assume
true sin2 2θ13 = 0.1, δCP = +90◦, inverted MH, and various true values of sin2 θ23 (as given in
the plot legends). The solid curves include statistical errors only, while the dash-dotted (dashed)
curves assume the 2012 systematic errors (the projected systematic errors). Note that the sensitivity
heavily depends on the assumed conditions, and that the conditions applied for these figures (δCP =
+90◦, inverted MH) correspond to the case where the sensitivity for sin δCP ̸= 0 is maximal.
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Figure 27: Relation between the expected number of events of T2K and that of NOνA for various
values of δCP , sin

2 θ23 and mass hierarchy. The two blue and red upper bands are for the neutrino-
mode run events and the red and blue bottom bands are for the antineutrino-mode run events.
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WAGASCI実験	


•  特徴:	
  3次元格子構造を持つ新型検出器	
  
–  4π方向すべてに高い検出効率	
  

•  目的:	
  ニュートリノ反応断面積測定	
  
•  目標:	
  T2K実験のν反応の誤差を低減	
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Figure 3: Schematic view of entire sets of detectors.

• Capability of identifying directions of motion of charged particles from the hit-time differ-
ence between the central detector and the MRDs

• Track reconstruction efficiency of 99% for an isolated track longer than 10cm

• Particle identification capability, especially for protons and pions or muons, with dE/dx
information

Once the performance is confirmed, we will measure the water to hydrocarbon charged current
cross section ratio.

3.2 Water to hydrocarbon charged current cross section ratio mea-
surement

We have studied the water to hydrocarbon charged current cross section ratio measurement by
using the MC simulation in the Geant4 framework. The simulated event display is shown in Fig.
7.

A neutrino charged current interaction in the central detector is identified by a track from
the fiducial volume of the central detector to the MRD located around the central detector,
where the MRD is used to identify a long muon track. First, hits are clustered by timing. Then,
tracks are reconstructed using hit information. Next, tracks joined between the central detector
and the MRD are searched to select long muon tracks which are stopped inside the MRD. After
that, charged particles which originate from neutrino interactions in the material surrounding
the central detector are rejected with VETO layers, and the determination of the direction of
motion of charged particles from hit-time difference between the central detector and the MRD.
Finally, the reconstructed event vertex is required to be inside the fiducial volume (FV) of the
central detector. The FV of the central detector is defined as a volume within ±45cm from the

6

WAGASCI	


T2K前置検出器棟地下2階に設置	


ミューオン検出器(MRD)	


格子の隙間は水もしくは	
  
プラスチックで満たす	
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