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l T2K実験による νμ	
  →	
  νe	
  発見まで	
  
¡ νμビームから長基線飛来中に出現するνeを見つける	
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  Kamioka	
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T2Kの主目的	


1.	
  νe出現の発見	


2.	
  νμ消失精密測定	
 EPS	
  Jul.	
  2013	




T2Kではθ13の測定に	
  
これら全て(θ23、δCP、
Δm2

32)が関わる	
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θ13	
  =	
  9.1o	
  ±	
  0.6o	
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Indica[on	
  of	
  θ13≠0	
  by	
  T2K	
  
	
  	
  	
  	
  	
  PRL107,	
  041801	
  (2011)	
  
	
  

Later	
  precise	
  measurements	
  
by	
  reactor	
  ν	
  experiments	
  	


θ13	
  <11○,	
  >	
  0	
  ?	
  

フレーバー	
  
固有状態	


質量	
  
固有状態	


θ12	
  =	
  33.6o	
  ±	
  1.0o	
  θ23	
  =	
  45o	
  ±	
  6o	


2011年から、T2Kをはじめ	
  
θ13測定値が報告された	
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今回使用するデフォルト値	


where o is fixed, and the f

i

corresponds to throws of the nuisance parameters f following a multivari-172

ate normal probability distribution with their prior values and covariance matrix. We are therefore173

averaging the value of the likelihood over M randomly generated values of the nuisance parameters to174

obtain the value of L�(N
obs.

,x; o). We then extract the oscillation parameters by looking at the value175

which minimizes the negative log likelihood of the marginal likelihood.176

In the case of sin22θ13, we compute the marginal likelihood for 200 values of this parameter between177

0 and 0.4, using for each value M=104 throws of the nuisance parameters.178

2.3 SK MC simulation and flux prediction used in the analysis179

In this analysis, we use SK MC version 13a with fiTQun (v3r1) cut for rejection of NC π

0 events,180

and beam flux 11b ver 3.2 Run1-4, which predicts beam flux averaged over the number of POT of181

the different T2K runs. For validation and sensitivity studies, we consider the total number of POT182

accumulated until April 12th 2013, which gives an exposure of 6.393×1020 POT. Default values of183

the oscillation parameters used to make the predictions are listed in table 1. Those values, which are184

similar to the 2012 analysis except for sin2 2θ12 which was updated to the new PDG value, will be used185

to compute oscillation probabilities unless stated otherwise.186

Table 1: Default values of the neutrino oscillation parameters and earth matter density used for
predictions through calculation of oscillation probabilities.

Parameter Value
∆m

2
12 7.6× 10−5 eV2

∆m

2
32 2.4× 10−3 eV2

sin2 2θ23 1.0
sin2 2θ12 0.8495
sin2 2θ13 0.1
δ

CP

0 degree
Earth matter density 2.6 g/cm3

Mass hierarchy normal
Base-line length 295 km

The predicted numbers of events based on those versions of SK MC and beam flux are showed in187

table 2 for the five event categories considered in this analysis and two reference values of sin22θ13,188

0.0 and 0.1. The corresponding predicted distributions of electron angle and momentum are shown on189

figure 2. Those predicted numbers of events and distributions do not take into account the effects of190

the nuisance parameters. Some of those nuisance parameters have center values which differ from one,191

and so the predictions when taking into account systematic uncertainties will be different from what192

is showed in this part, even with the nuisance parameters at their central values.193
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Δm2
32	
  =	
  2.4x10-­‐3eV2	
  	


(or 0)	
 	
  [eV2]	


Daya	
  Bay	
  sin	
  22θ13	
  =	
  0.090	

+	
  0.008	
  
	
  -­‐	
  0.009	




l 原子炉からの反νe消失	
  

l 加速器νμからのνe出現	
  

¡ 原子炉ν実験のθ13精密測定 と 加速器ν実験 は補完的	
  
▶ T2Kではθ13測定だけでなく、δCPや他パラメータも制限	


2013/8/30� ミューオンニュートリノから電子ニュートリノへの振動発見  (西村康宏)� 4	


P(νµ →νe ) = sin
2 2θ13 sin

2θ23 sin
2 1.27Δm2

31L[km]
Eν [GeV ]

#

$
%

&

'
(

P(ν e →ν e ) ≈1− sin2 2θ13 sin
2 1.27Δm2

31L[m]
Eν [MeV ]

%

&
'

(

)
* θ13	
  を精度良く測定可能	


Sub-­‐	
  
leading	
  
terms	


δ	
  à	
  -­‐δ	
  
a	
  à	
  -­‐a	
  

	
  

for	
  P(νµàνe)	


Sensi)ve	
  to	
  
CPV	
  phase	
  δ	


and	
  ν	
  mass	
  
hierarchy	


(νμ消失はνμ→ντ	
  )	


Double	
  CHOOZ,	
  Daya	
  Bay,	
  RENO	
  実験	


CP	
  viola)ng	
  term	
  

Solar	
  term	
  

Ma2er	
  effect	
  (a)	
  term	
  
An[-­‐νμ	
  beam	
  flips	
  the	
  sign.	


T2K	
  実験	
 	
  MINOS(終),	
  NOνA(予定)	


E Detector calibration 35

III. PHYSICS POTENTIAL

A. Accelerator based neutrinos

1. CP asymmetry measurement in a long baseline experiment

If a finite value of ⇥13 is discovered by the ongoing and near-future accelerator and/or reactor

neutrino experiments [46–50], the next crucial step in neutrino physics will be the search for CP

asymmetry in the lepton sector. A comparison of muon-type to electron-type transition probabil-

ities between neutrinos and anti-neutrinos is one of the most promising methods to observe the

lepton CP asymmetry. Recent indication of a nonzero, rather large value of ⇥13 [1] makes this

exciting possibility more realistic with near-future experiments such as Hyper-Kamiokande.

In the framework of the standard three flavor mixing, the oscillation probability is written using

the parameters of the MNS matrix (see Sec. IA 1), to the first order of the matter e⇥ect, as [51]:

P (⇤µ ⌅ ⇤e) = 4C2
13S

2
13S

2
23 · sin2�31

+8C2
13S12S13S23(C12C23 cos � � S12S13S23) · cos�32 · sin�31 · sin�21

�8C2
13C12C23S12S13S23 sin � · sin�32 · sin�31 · sin�21

+4S2
12C

2
13(C

2
12C

2
23 + S2

12S
2
23S

2
13 � 2C12C23S12S23S13 cos �) · sin2�21

�8C2
13S

2
13S

2
23 ·

aL

4E⇥
(1� 2S2

13) · cos�32 · sin�31

+8C2
13S

2
13S

2
23

a

�m2
31
(1� 2S2

13) · sin2�31, (3)

where Cij , Sij , �ij are cos ⇥ij , sin ⇥ij , �m2
ij L/4E⇥ , respectively, and a[eV2] = 7.56 ⇤ 10�5 ⇤

⌅[g/cm3] ⇤ E⇥ [GeV]. The parameter � is the complex phase that violates CP symmetry. The

corresponding probability for ⇤µ ⌅ ⇤e transition is obtained by replacing � ⌅ �� and a ⌅ �a.

The third term, containing sin �, is the CP violating term which flips the sign between ⇤ and ⇤̄

and thus introduces CP asymmetry if sin � is non-zero. The last two terms are due to the matter

e�ect ; caused by coherent forward scattering in matter, they produce a fake (i.e., not CP -related)

asymmetry between neutrinos and anti-neutrinos. As seen from the definition of a, the amount

of asymmetry due to the matter e⇥ect is proportional to the neutrino energy at a fixed value of

L/E⇥ .

Figure 16 shows the ⇤µ ⌅ ⇤e and ⇤µ ⌅ ⇤e oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than ⇥13 and � assumed in

this section are summarized in Table VII. The value of sin2 ⇥23 is set to the maximal mixing, as
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l  30GeV陽子からνμビーム生成	
  
¡  Off-­‐axis法で2.5oずらし、振動が最大となる

600MeVに鋭いピークを持つ	
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2.5oで振動最大 

p	
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µ+	
  

前置検出器群	


Target	
  
&	
  Horns	


Decay	
  
volume	


μ	
  monitor	


off-­‐axis	
 νµ	


Super-­‐K	


30GeV	
  
protons	
  
from	
  

J-­‐PARC	
  MR	


0	
 120m	
 280m	
 295km	


2.5o	


on-­‐axis	
 beam	
  center	


νe	


後置検出器	

Tokai	


Kamioka	


PØD	

Tracker	


SMRD	
  (magnet	
  york)	


ECAL	


ν	


0.2T	


Off-­‐axis検出器(ND280)	
On-­‐axis検出器	
  (INGRID)	


On axis Detector 
INGRID 

Off-axis Detector 
ND280 

1mrad以下のν方向モニタ	


鉄+プラスチック	
  
シンチレータアレイ	
  
(MPPC読み出し)	




l  Run	
  1-­‐3	
  :	
  3.01×1020pot	
  前回(2012)、3.1σでθ13=0を排除	
  	
  
l RRuunn11--44	
  (2013/4/12まで)	
  :	
  6.39×1020pot	
  	
  

¡ 6.63×1020pot	
  (2013/5/8)	
  へ結果をアップデート予定	
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1.43x1020pot 

- Mar.11 2011 

3.01x1020pot  
- Jun.9 2012 

50kW 145kW 190kW 
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l  Stable	
  opera[on	
  at	
  ~220kW	
  achieved.	
  
¡  >1.2x1014ppp	
  (1.5x1013x8b)	
  is	
  the	
  world	
  record	
  of	
  extracted	
  protons	
  per	
  pulse	
  for	
  synchrotrons.	
  

l  Data	
  for	
  today’s	
  talk:	
  6.39x1020pot	
  (by	
  Apr.12).	
  6.63x1020	
  by	
  May.8.	
  	
  
¡  Sta[s[cs	
  has	
  been	
  doubled	
  successfully	
  compared	
  to	
  the	
  previous	
  analysis	
  (3.01x1020pot)	
  	
  

	
  
	
  

(震災で中断)	


今回のデータセット	


6νe	

11νe	


2.5σ	
  θ13≠0	
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ビーム方向 << 1mrad 

ν interaction rate /1019pot < 0.7%#

RRuunn11  RRuunn22  RRuunn33  RRuunn44  

ビーム方向 <<	
  	
  1	
  mrad	
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 205kA 
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  Interac)ve	
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1.	
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  Monitor	
  (MUMON)	
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νe出現事象候補を選出し、νμ→νe振動解析	
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ν flux
 ν 断面積


SK 
prediction


前置検出器 
測定による制限

（規格化・誤差）


FLUKAシミュレーション +  
π, K 生成測定実験(CERN NA61)等


NEUT(ν相互作用計算) + 

外部実験からの誤差


ν振動パラメータ	


νe	
  CC	
 νµ	
  CC	


→νe出現解析	
 →νμ消失解析	
水チェレンコフ検出器	


22.5kトン	
  
有効体積	


Super-­‐Kでの期待値	


リング形状で	
  
粒子識別	




2013/8/30� ミューオンニュートリノから電子ニュートリノへの振動発見  (西村康宏)� 9	


 νe! νe!

92.6%	

	
  	
  6.2%	

	
  	
  1.1%	

	
  	
  0.1%	


K	

π	


µ	


フラックスの誤差	


Total	
  error	
  10〜15%	


 νμ!
νフラックス	
  (SK・ν振動無)	


親粒子内訳	




l  相互作用ごとの高純度サンプルから規格化・誤差導出	
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DIS	
 67.8	
  %	


Coherent	
 1.4	
  %	


Other	
 12.6	
  %	


内
訳

	


CC0π	
 CC1π+	
 CCother	
  νµ	

µ- 

n	


P+	


νµ	

µ- 

深非弾性 
散乱(DIS) Δ共鳴 

荷電準弾性散乱 
(CCQE) 

 
 

 CC0π 
 purities 

 CC1π 
 purities 

 CCother 
 purities 

CC0π 72.6% 6.4% 5.8% 
CC1π 8.6% 49.4% 7.8% 
CCother 11.4% 31% 73.8% 
Bkg(NC+anti-nu) 2.3% 6.8% 8.7% 
Out FGD1 FV 5.1% 6.5% 3.9% 

FGD	
TPC	


νµ	
 µ- 

Δ	

π+ 

TPC	
TPC	
 FGD	


FGD(Fine	
  Grained	
  Detector)x2：     トラッカー＆ターゲット	
  
TPC(Time	
  Projec[on	
  Chamber)x3	
  ：運動量測定、粒子識別	


CCnonQE	
  (2012)	
  
前回より細分化	


μ-­‐・π+	


μ-­‐	




l νe振動解析ビンパラメータによる分布をフィット	
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CC0π	
 CC1π+	
 CCother	


(#	
  of	
  events)	
 CC0π	
 CC1π+	
 CCother	


Data	
 16912	
 3936	
 4062	


Unconstrained	
  MC	
 20016	
 5059	
 4602	


Constrained	
  MC	
 16803	
 3970	
 4006	


16,912events	
 3,936events	
 4,062events	


運
動

量
	


放
出

角
	


●	
  	
  	
  データ	
  
ー フィット後	


前回結果より細かいビン	




l  νフラックスとその誤差を、前置検出器データのフィットで制限	
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Parameter	
   制限前	
   制限後	
  

MA
QE	
  (GeV)	
   1.21	
  ±	
  0.45	
   1.22	
  ±	
  0.07	
  

MA
RES	
  (GeV)	
   1.41	
  ±	
  0.22	
   0.96	
  ±	
  0.06	
  

CCQE	
  norm.	
   1.00	
  ±	
  0.11	
   0.96	
  ±	
  0.08	
  

CC1π	
  norm.	
   1.15	
  ±	
  0.32	
   1.22	
  ±	
  0.16	
  

Super-­‐Kでのνμフラックス規格化	
 Super-­‐Kでのνeフラックス規格化	


誤差相関行列	
  (フィット後)	


νμ	
  
flux	


νe	
  
flux	


→振動解析で使用	


元々の相関	


+フィットによる相関	
誤差を制限	


断面積パラメータ	


Parameter Prior to ND280 
Constraint 

After ND280 
Constraint 
(Runs 1-4) 

After ND280 Constraint 
(2012 analysis, Runs 

1-3) 

MA
QE (GeV) 1.21 ± 0.45 1.223 ± 0.072 1.269 ± 0.194 

MA
RES (GeV) 1.41 ± 0.22 0.963 ± 0.063 1.223 ± 0.127 

CCQE Norm.* 1.00 ± 0.11 0.961 ± 0.076 0.951 ± 0.086 

CC1π Norm.** 1.15 ± 0.32 1.22 ± 0.16 1.37 ± 0.20 

NC1π0 Norm. 0.96 ± 0.33 1.10 ± 0.25 1.15 ± 0.27 

νμ	
 νe	


フィット前	
  
フィット後	






l  J-­‐PARC側とSuper-­‐K側でGPSによる時間同期で選別	
  
¡ ΔT0= TSK - TJ-PARC - TOF	
  

(1)	
  Super-­‐Kで532事象観測、有効体積(FV)カットで363事象	
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±0.5ms	


Off-Timing FC 
Observed      : 11 
Expected BG:  5.8 
p-value (>11) : 3.5% 

OD	


FC 

Super-­‐Kで見た	
  
ビームの8バンチ構造	


(Fully	
  Contained,	
  FC)	
 (FCFV)	




l  νe観測事象でνμ→νe振動を解析	
  
¡  Super-­‐Kでνe信号を高純度・高効率で選出する	
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νe	

p

e	


νe信号	

νe	
  CC	


νμ	
 νe	

p

e	

beam	
  
	
  νe	


νe	
  CC	

バックグラウンド	


電子型1リング	


p

μ	
νμ	
 νμ	


νμ	
  CC	


ν	
 π0	


p
ν	


2γ	
NC	
e?	


ビーム中νe	
 μ誤同定	
  /	
  ミシェル崩壊	
 π0	
  (同方向	
  or	
  運動量非対称)	


PID parameter
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N
um
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r o
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s
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RUN1-4 data
)POT2010×(6.393 

 CCeiOsc. 
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 CCei+ei

NC
=0.1)13e22(MC w/ sin

e-­‐like	
 μ-­‐like	


Number of rings
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N
um
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f e
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nt
s

0
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200
RUN1-4 data

)POT2010×(6.393 
 CCeiOsc. 

 CCµi+µi
 CCei+ei

NC
=0.1)13e22(MC w/ sin

1リングを選出	


リング数	
 粒子識別尤度	


(2)	
 +(3)	


(期待値はsin22θ13=0.1を仮定)	


186	

58	
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55	


43	


38	


+(4)	
  Evis>100MeV	
 +(5)	
  μの崩壊電子無し	
 +(6)	
  Erec>1250MeV	

(Erec	
  :	
  ビーム方向・CCQEを	
  
仮定し再構築したエネルギー)	


　Visible	
  Energy（電子換算	
  
　　　　運動量)によるカット	


　νμのミシェル崩壊(e放出)をカット	
  

ビーム起源νeの除去	
  
(K±、πからのμ崩壊)	


NC,	
  μ	
  排除	


p

e	
νμ	

µ	


π,	
  μ崩壊 排除	


νe	

p	


e
beam	
  
	
  νe	
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π0	
  mass	
  (MeV/c2)	


νe候補	


T2K	
  Run1-­‐4	


 Mass (MeV/c)0/
0 20 40 60 80 100 120 140 160 180 2000

50

100

150

200

250

300

350

fiTQun

POLFit

π0	
  mass	
  (MeV/c2)	


POLfit	
  (-­‐2012)	
  
fiTQun	
  (New)	
  

l  (π0→)2γを仮定、見逃した他方の	
  
リングを探してπ0不変質量を構築	
  

l  新しいSK事象再構築アルゴリズムを開発	
  
¡  POLfit	
  :	
  リングの発光パターンでフィット	
  
¡  fiTQun	
  :	
  様々な粒子を想定し、PMTの時間・電荷を予

想して複数トラックまでフィット。Vertex・運動量などを
求める汎用のフィッターで、π0に関わる部分を用いる。	
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低エネルギー側の	
  
π0除去率が向上	
Old	


New	


νe信号	
 π0(バックグラウンド)	


νe候補	
 νe候補	


カット	


カット	


π0	
  MC	


以前の4割量までBG削減　（信号の選出効率はほぼ同じ）	


ln
(L

π0
/L

e)
	


π0	
  mass	
  (MeV/c2)	
π0	
  mass	
  (MeV/c2)	


(以前は質量のみ)	

+(7)	
  π0質量と尤度比(Lπ0/Le)を使った2次元カット	


×	


e-­‐like	


νe出現候補	
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νビーム	


νビーム	


Run1+2+3,	
  	
  
Run4	


T2
K	
  
ν事

象
	


ν e
出

現
事

象
候

補
	


有効体積	
  
(FV)	


FV	


ν e
	
  c
ut

	


SK内水槽壁	


28	


28	


観測数	
  
	
  	
  	
  	
  	
  	
  	
  	
  28	
  
期待値	
  
(sin22θ13=0)	
  
	
  	
  	
  	
  	
  	
  	
  	
  4.64	
  ±	
  0.52	
  
(sin22θ13=0.1)	

	
  	
  	
  	
  	
  	
  20.44	
  ±	
  1.80	


観測数	
  
	
  	
  	
  	
  	
  532	
  
	
  	
  	
  	
  	
  	
  (363)	




l 安定したデータ取得を達成	
  
l 28	
  νe事象	
  /	
  6.4x1020pot	
  (2010/1/23	
  -­‐	
  2013/4/12)	
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Run1+2+3	
 Run4	
 Run4	




2013/8/30� ミューオンニュートリノから電子ニュートリノへの振動発見  (西村康宏)� 20	


sin22θ13=0.1	
 BG	
  all	
 Sig.	
  νe	
 Data	
νµCC	
 νeCC	
 NC	


True	
  FV	
 308	
 15.0	
 272	
 594	
 25.6	
 ー	


(1)	
 FCFV	
 234	
 14.4	
 76.5	
 325	
 24.8	
 363	


(2)	
 1	
  ring	
 135	
 9.2	
 21.6	
 166	
 21.5	
 186	


(3)	
 e-­‐like	
 5.3	
 9.1	
 14.9	
 29.3	
 21.2	
 58	


(4)	
 Evis	
  >100MeV	
 3.5	
 9.1	
 12.7	
 25.2	
 20.9	
 55	


(5)	
 No	
  decay-­‐e	
 0.7	
 7.4	
 10.6	
 18.7	
 18.6	
 43	


(6)	
 Eνrec	
  <1.25GeV	
 0.2	
 3.5	
 8.0	
 11.8	
 17.9	
 38	


(7)	
 fiTQun	
  π0	
  cut	
 0.06	
 3.1	
 0.9	
 4.0	
 16.4	
 28	

Efficiency	
 <	
  0.1%	
 20%	
 0.3%	
 0.7%	
 64%	
 ー	


(7)	
 POLfit	
  π0	
  cut	
 0.12	
 3.2	
 2.3	
 5.6	
 16.8	
 31	

Efficiency	
 <	
  0.1%	
 21%	
 0.8%	
 0.9%	
 66%	
 ー	


2012年までの	
  
選出法	


New	


NC(π0)除去率が向上	
 選出効率はほぼ同じ	




　　　　　	
  
	


l  「1-­‐Ring	
  +	
  e-­‐like	
  +	
  π0除去」 の系統誤差見積もりには、	
  
SKで常に取得されている「大気ニュートリノデータ」を用いる	
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hybrid	
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  data	
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  π0	
  MC	


SK	
  systema[c	
  error	
  on	
  predicted	
  #	
  of	
  ne	
  candidates	
  
is	
  reduced	
  (thanks	
  to	
  the	
  new	
  π0	
  rejec[on)	
  
	
  

	
  3.0%	
  (2012)	
  à	
  2.4%	
  	
  @sin22θ13=0.1	


Data	
  or	
  MC	

	
  	
  e	
  	
  
(大気ν)	


　	

	
  	
  	
  γ	
  
(MC)	


π0質量カットパラメータ	


π0→2γを	
  
仮定して	
  
生成	


Hybrid	
  sample	

大気νから、	
  
「νe選出サンプル」、	
  
「3つのカット各々で	
  
　排除されたサンプル」	
  
を定義し、Data・MC数を	
  
Likelihoodフィットして、	
  
カットによるズレを見る	


運動量・放射角ビン	


ν e
事

象
数

 誤
差

	

相関有・無(Sys・Stat)	
  

の2種類の誤差	


Toy	
  MCで	
  
まとめて	
  
T2K誤差へ	
  

エネルギースペクトルと各ビンの誤差	


sin2	
  2θ13	
  =	
  0.1	
   (2012)	
   New	
  
νe	
  信号	
 2.6	
  %	
 1.6	
  %	

バックグラウンド	
 9.4	
  %	
 7.3	
  %	


Total	
 3.3	
  %	
 2.1	
  %	
  
SK	
  MCの改良、大気ν倍量が寄与	


Super-­‐Kカット系統誤差	
　・・・	
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  (ND	
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 4.9	
  %	
 3.0	
  %	


ν	
  int.	
  (外部実験から)	
 6.7	
  %	
 7.5	
  %	


Super-­‐K	
  	
  
(+SKでの相互作用)	


7.3	
  %	
 3.5	
  %	


Total	
 11.1	
  %	
 8.8	
  %	
  
Total	
  (2012)	
 13.0	
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 9.9	
  %	
  

νe出現事象 誤差の広がり	
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前置検出器	
  
フィット前	
  
フィット後	
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Reconstructed neutrino energy (MeV)
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• SK detector efficiency is evaluated by SK MC simulation. We estimate the effi-148

ciency for each event category in SK such as single ring e-like event, NC1π0 events149

and so on, as described in T2K-TN-107[7]. Uncertainties of the efficiency are eval-150

uated as a function of pe and θe with control samples and SK Toy MC studies.151

In practice, the predicted number of events also depends on the oscillation param-152

eters and parameters which represent systematic uncertainties. Equation (1) therefore153

becomes Npred.(pe,∆pe, θe,∆θe,o, f) where o is oscillation parameters and f is system-154

atic parameters. Based on the Npred.(pe,∆pe, θe,∆θe,o, f), we predict both the number155

of events and the pe-θe shape distribution so that the systematic parameters are simul-156

taneously varied in these predictions. The predicted number of events and the predicted157

pe-θe distribution are used in the likelihood function of the oscillation analysis.158

In the following subsections, we first define the likelihood function and then dis-159

cuss the details of the predictions of the pe-θe distribution. The inputs of systematic160

uncertainties on these predictions are discussed in the next section.161

2.2 Definition of the likelihood162

The likelihood is defined as

L(Nobs., x; o,f) = Lnorm(Nobs.; o,f) × Lshape(x; o, f) × Lsyst.(f) (3)

where o is oscillation parameters which we want to extract, x is a set of measurements163

variables and f represents the parameters for systematic uncertainties.164

The normalization term, Lnorm, is defined by the Poisson probability to observe the
number of νe candidate events, Nobs.:

Lnorm(Nobs.; o, f) =
e−Npred.(o,f)[Npred.(o,f)]Nobs

Nobs!
(4)

where Npred. is the predicted number of events which depends on the oscillation param-
eters and systematic parameters. Npred.(o, f) is calculated by integrating the predicted
pe-θe distribution, Npred.(pe,∆pe, θe,∆θe,o, f).

Npred.(o,f) =
∑

pe

∑

θe

Npred.(pe,∆pe, θe,∆θe,o,f) (5)

The pe-θe distribution is constructed including the oscillation parameters and systematic165

parameters. The detailed definition of Npred.(pe,∆pe, θe,∆θe,o, f) is discussed in the166

next subsection.167

The shape term, Lshape is defined by the product of the probabilities that each event
has the momentum (pe) and angle (θe).

Lshape(x; o,f) =
Nobs∏

i=1

φ(pei, θei,o,f) (6)
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oscilla[on	
  parameters	

f	
  :	
  systema[c	
  uncertain[es	


Nobs	
  :	
  νe	
  candidate	
  events	

x	
  :	
  bins	
  of	
  shape	
  

	
  parameters	

Systema[c	
Poisson	
 PDF	
(測定値;自由度)	


異なるbinningで、独立な2種類の解析を行い、整合性を確認	


 νµ	
  BKG	


2 Analysis method82

This analysis uses both the number and spectrum shape of candidate events selected83

by the predetermined criteria. The same selection criteria as those in the 2010a84

analysis are used in this analysis[3, 4]. Since statistics for the 2012a ⇥e analyses is85

still low, the 2010a criteria are still optimal. It can be natural to think of removing86

the Erec < 1.25 GeV criterion because the Erec shape is used. To use such higher87

energy events, however, additional studies are required on the beam flux prediction88

and its constraint by the ND280 data, the neutrino interaction modeling, and the89

event selection uncertainty at SK. Therefore this analysis keeps the 2010a selection90

criteria. For the selected ⇥e candidate events, assuming quasielastic kinematics and91

neglecting Fermi motion, the neutrino energy is reconstructed as92

Erec =
m2

p � (mn � Eb)2 �m2
e + 2(mn � Eb)Ee

2(mn � Eb � Ee + pe cos �e)
, (1)

where mp is the proton mass, mn the neutron mass, and Eb = 27 MeV is the93

binding energy of a nucleon inside a 16O nucleus 1. Ee, pe, and �e are the recon-94

structed electron energy, momentum, and angle with respect to the beam direction,95

respectively.96

An extended maximum likelihood fit is performed in this analysis. Likelihood of97

the observed data is evaluated compared with predictions on the number of events98

and their energy spectrum shape including neutrino oscillations and systematic99

uncertainties. Given the observed number of ⇥e candidate events and their recon-100

structed neutrino energies, an analysis program searches for the best-fit oscillation101

parameters which maximize the likelihood. Details of the likelihood calculation are102

described in this section.103

2.1 SK MC samples and beam flux prediction104

The MC expectation in this analysis is calculated using the 11c SK MC set. This105

MC set is composed of the ⇥µ, ⇥µ, ⇥e, ⇥e background MC, and ⇥µ ⇤ ⇥e signal MC106

which was produced by using the ⇥µ flux and ⇥e interaction cross section. The MC107

samples were generated with the 11a beam flux prediction at SK. In the analysis,108

the neutrino flux is reweighted to the 11b tuned version 3.1 flux using the ratio109

histograms provided by the beam group. The di�erences between the 11b-v3.1 flux110

and 10d-v3.1 flux used in the 2010a analysis are described in [5].111

There are some di�erences in the SK flux prediction for Run1, Run2, Run3b and112

Run3c due to di�erences not only in the horn current setting (205 kA in Run3b,113

250 kA in the others) but also in the proton beam conditions. The oscillation114

analysis uses a combined flux which is a weighted average based on the POT for115

each run period. In practice, there are two 11b-v3.1 combined flux files for the116

Run1+2+3b+3c data provided by the beam group. One is produced with the con-117

firmed POT (sk_tuned11bv3.1_11anom_run1-run3c_neu2012.root). This flux is118

called “confirmed POT flux” in this note. The file was released on May 16 for the119

2.556⇥1020 POT data until May 15. The other is produced with the POT expected120

to be accumulated until May 15 (sk_tuned11bv3.1_11anom_run1-run3c_exp.root).121

1The uncertainty on binding energy is not considered in the Erec calculation. This should not a�ect
the analysis results significantly, since the same equation is used for observed events and MC events.
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l  θ13≠0の有意性を　　　　　　　　で計算	
  

l  5σ以上を予想、Run1-­‐4のデータ解析へ	
  
▶  上記の他に、SK	
  MC改良・SK誤差見積もり改善・ν反応モデル改善、等多々の寄与	
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(sin22θ13=0.1,	
  δCP=0,	
  sin2θ23=0.5,	
  	
  
normal	
  hierarchyを仮定)	




l  両解析で整合良い結果	
  
l  前回から大幅な精度向上	
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!!2 ¼ "2 log
Lnormð ~o; ~fÞ
Lbest

normð ~o; ~fÞ
; (24)

where Lnorm is defined in Eq. (20). The value of !!2 is
calculated for the 11 observed "e candidates, in a one
dimensional scan of sin 22#13 for each point of $CP with
all other oscillation parameters fixed. The confidence in-
tervals are determined using the Feldman-Cousins method.

The best-fit values of sin 22#13, assuming $CP ¼ 0, are

sin 22#13 ¼ 0:097þ0:053
"0:041 ðnormal hierarchyÞ;

sin 22#13 ¼ 0:123þ0:065
"0:051 ðinverted hierarchyÞ:

The 90% confidence intervals are

0:034< sin 22#13 < 0:190 ðnormal hierarchyÞ;
0:044< sin 22#13 < 0:236 ðinverted hierarchyÞ:

Figure 38 shows the three analyses are consistent with
each other. The rate-only analysis has a higher best-fit
value of sin 22#13 than the Erec

" , ðpe; #eÞ analyses. This
results from the additional discriminatory power of the
kinematic information to identify events as slightly more
similar to the background distribution than the predicted
oscillation signal. In addition, the difference between the
best-fit and the 90% upper confidence interval for the
rate-only analysis is larger than the other two analyses.
This is due to a slight (2%) overcoverage of the rate-only
analysis.

X. CONCLUSION

In summary, we have reported the first evidence of
electron neutrino appearance in a muon neutrino beam
with a baseline and neutrino spectrum optimized for the
atmospheric mass splitting. We observed 11 candidate "e

events at the SK detector when 3:3& 0:4ðsystÞ background
events are expected, and rejected the background-only
hypothesis with a p value of 0.0009, equivalent to a 3:1%
significance. We have employed a fit to the ND280 near
detector data that constrains the parametrized neutrino flux
and interaction models used to predict the event rates at
SK. The ND280 constraint on the "e candidates reduced
the overall systematic uncertainty to 10%–13% depending
on the value of sin 22#13, an important step towards
precision measurements of "e appearance. The excess
of events at SK corresponds to a best-fit value of
sin 22#13 ¼ 0:088þ0:049

"0:039 at 68% C.L., assuming $CP ¼ 0,
sin 22#23 ¼ 1:0 and normal hierarchy.
This result represents an important step towards con-

straining the unknown parameters in the three-neutrino
oscillation model. The evidence of electron neutrino ap-
pearance opens the door for a rich program of experimental
physics in this oscillation channel. T2K measurements of
this channel will be an important input to global fits which
also combine muon neutrino disappearance measurements
and reactor-based measurements of #13 via ""e disappear-
ance to begin to constrain $CP and the octant of #23. Future
measurements of the appearance probability for antineu-
trinos will provide a further constraint on $CP and the mass
hierarchy.
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l  θ13≠0は7.5σ、νμ→νe振動を発見	
  
¡  正・逆階層、θ23、δCPによらず	
  7σ	
  以上	
  
¡  ビン分けしない場合(νe数のみ)で	
  6.8σ	
  

▶  PDFによる信号分別の効果 	
  	
  

¡  Daya	
  Bay	
  (2013)で	
  θ13≠0	
  は	
  7.7σ	
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前回(2012)	
  p-­‐value	
  =	
  0.0009	
  (3.1σ)	
  
	
  	
  	
  	
  	
  →	
  New　p-­‐value	
  =	
  3.2x10-­‐14(7.5σ)	
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l  δCP、sin2θ23は固定→θ13測定精度向上δCP、θ23の影響が無視できない	
  
l  δCP、θ23の影響・原子炉実験によるθ13制限を考慮した結果も検討中	
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l  各δCP、sin2θ23の値で、θ13の信頼領域を見積もり	




νe出現+νμ消失を合わせた3世代間解析、Erecビン	




l POTによる	
  sin22θ13の測定精度	
  
¡ 	
  0.64×1021	
  から	
  7.8×1021	
  POT	
  へ	
  

¡ νμ→νe発見から、θ13精密測定へ	
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Figure 24: The uncertainty of sin2 2θµe ((a),(b)) and sin2 2θ13 ((c),(d)) plotted as a function of T2K
POT. The ∆χ2 for sin2 2θµe is calculated by fixing all oscillation parameters other than sin2 2θ13
in the fit. Plots assume true sin2 2θ13 = 0.1, δCP = 0◦, sin2 θ23 = 0.5, ∆m2

32 = 2.4 × 10−3 eV2,
and normal MH. The solid curves include statistical errors only, while the dashed curves assume
the 2012 systematic errors (black) or the projected systematic errors (red). No reactor constraint
is included; these plots show the sensitivity of T2K alone.
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Figure 24: The uncertainty of sin2 2θµe ((a),(b)) and sin2 2θ13 ((c),(d)) plotted as a function of T2K
POT. The ∆χ2 for sin2 2θµe is calculated by fixing all oscillation parameters other than sin2 2θ13
in the fit. Plots assume true sin2 2θ13 = 0.1, δCP = 0◦, sin2 θ23 = 0.5, ∆m2

32 = 2.4 × 10−3 eV2,
and normal MH. The solid curves include statistical errors only, while the dashed curves assume
the 2012 systematic errors (black) or the projected systematic errors (red). No reactor constraint
is included; these plots show the sensitivity of T2K alone.

32

True	
  :	
  δCP=	
  0o	
  
	
  	
  	
  	
  	
  	
  sin22θ13=0.1	
  
	
  	
  	
  	
  	
  	
  sin2θ23=0.5	
  
	
  	
  	
  	
  	
  	
  Normal	
  Hierarchy	


統計誤差のみ	


+系統統計(2012)	


統計誤差のみ	


+系統統計(改善見込み)	


+系統統計(改善見込み)	




l  NOvAを合わせ、δCP、θ23、質量階層性を制限できる可能性もある	
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(c) 100% ν-running, with ultimate reactor con-
straint.
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Figure 16: δCP vs. sin2 2θ13 90% C.L. intervals for 7.8 × 1021 POT. Contours are plotted for the
case true δCP = −90◦ and NH. The blue curves are fit assuming the correct MH, while the red are
fit assuming the incorrect MH. The solid contours are with statistical error only, while the dashed
contours include the 2012 systematic errors fully correlated between ν and ν̄.
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Figure 16: δCP vs. sin2 2θ13 90% C.L. intervals for 7.8 × 1021 POT. Contours are plotted for the
case true δCP = −90◦ and NH. The blue curves are fit assuming the correct MH, while the red are
fit assuming the incorrect MH. The solid contours are with statistical error only, while the dashed
contours include the 2012 systematic errors fully correlated between ν and ν̄.
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Figure 16: δCP vs. sin2 2θ13 90% C.L. intervals for 7.8 × 1021 POT. Contours are plotted for the
case true δCP = −90◦ and NH. The blue curves are fit assuming the correct MH, while the red are
fit assuming the incorrect MH. The solid contours are with statistical error only, while the dashed
contours include the 2012 systematic errors fully correlated between ν and ν̄.
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l  2013年4月12日までの6.4×1020potでνe出現を解析	
  
¡ T2K最終目標の8%量	
  
¡ 前結果より系統誤差改善・高純度のνe信号選出	
  

▶ 前置検出器ND280の見積もり改善・高統計で誤差低減	
  
▶ 後置検出器SKで、π0の除去率改善、誤差低減	
  

l  sin22θ13	
  =	
  0.15,	
  0.116	
  –	
  0.189	
  (68%CL),	
  0.097	
  –	
  0.218	
  (90%CL)(NH)	
  
¡ θ13=0	
  は	
  7.5σ	
  で排除	
  

l  νμ→νeが発見され、θ13が精度良く測られる時代	
  
今後は・・・	
  
¡ νμ→νeとνμ→ντの3世代間振動を同時解析	
  
¡ 反νμビームと合わせたδCP探索	
  
¡ 原子炉実験・将来のNOvAとのグローバル解析	
  

2013/8/30� ミューオンニュートリノから電子ニュートリノへの振動発見  (西村康宏)� 32	






2013/8/30� ミューオンニュートリノから電子ニュートリノへの振動発見  (西村康宏)� 34	


CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(a) 100% ν-running,
statistical error only.

CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(b) 100% ν-running,
with the 2012 systematic errors.

CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(c) 50% ν, 50% ν̄-running,
statistical error only.

CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(d) 50% ν-, 50% ν̄-running,
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Figure 19: The expected ∆χ2 for sin δCP = 0 as a function of δCP for various values of sin2 θ23
(given in the legend) in case of the normal mass hierarchy. The MH and sin2 θ23 octant are
considered unknown (unless it can be constrained by the T2K data) and a constraint based on the
ultimate reactor error is used.
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