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T2K実験
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ミューニュートリノ消失モードの精密測定
電⼦子ニュートリノ出現(νµ→νe)モードの探索索(5σ)

ゴール

2011年年に最初の結果を出版
→  2012年年の物理理データを⽤用いての結果のアップデート

T2K(Tokai-to-Kamioka) Experiment 

4 

• Precise  measurement  of  θ23 &  Δm2
32 via the νμ→νx oscillation 

(disappearance) 

• Search  for  θ13 via the νμ→νe oscillation (appearance) 

295km 
νμ 

νμ? 
νe? Tokyo 

Kyoto 

Fukushima 

ND SK

有限の質量量を持つニュートリノが⾶飛⾏行行中に別の世代に変化する現象
(ニュートリノ振動)を解明

J-‐‑‒PARCとスーパカミオカンデ間の⻑⾧長基線ニュートリノ振動実験
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ニュートリノ振動解析  2010

➡NDでのニュートリノのエネル
ギースペクトル情報をSKの観測
数を外挿  =  Sensitivityの向上

NDの情報  :  ニュートリノ観
測の数しか使っていない  

NDの観測結果(例例:ニュートリノの数N)をSKまで外挿,  
SKの観測数と⽐比較

�
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FIG. 3. Measured muon momentum of �µ CC candidates reconstructed in the FGD target. The

data are shown using points with error bars (statistical only) and the MC predictions are in

histograms shaded according to their type.

quasi-elastic kinematics and neglecting Fermi motion. No events are rejected by requiring

Erec
� < 1250 MeV, aimed at suppressing events from the intrinsic �e component arising

primarily from kaon decays (Fig. 5). The data and MC reductions after each selection

criterion are shown in Table II. The �e appearance signal e�ciency is estimated from MC

to be 66% while rejection for �µ + �̄µ CC, intrinsic �e CC, and NC are > 99%, 77%, and

99%, respectively. Of the surviving background NC interactions constitute 46%, of which

74% are due to ⇥0 mesons.

Examination of the six data events shows properties consistent with �e CC interactions.

The distribution of the cosine of the opening angle between the ring and the incoming beam

direction is consistent with CCQE events. The event vertices in cylindrical coordinates

(R,⇤,z) show that these events are clustered at large R, near the edge of the FV in the

upstream beam direction. A KS test on the R2 distribution of our final events yields a

p-value of 0.03. If this was related to contamination from penetrating particles produced

in upstream neutrino interactions, then the ID region outside the FV should show evidence

for such events, however this is not observed. In addition, an analysis of the neutrino

interactions occurring in the OD volume is consistent with expectations.
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ミューオン運動量量

412年3月27日火曜日



外挿法  :  Far/Near  (F/N)
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• ND,SKで共通の系統誤差(ハドロン⽣生成等)がキャンセル
• シンプル.   �exp

SK(Ei) = F/N(Ei)� �Data
ND (Ei)

K2Kでの振動解析

(θ,  Δm2):振動パラメータ,    f  (vector):系統パラメータ

T2Kのフラックスは良良い精度度(10~∼20%)なので制限をかけたい.

L(�, �m2,f) = Lnorm(�, �m2,f)� Lshape(�, �m2,f)� Lsyst(f)
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Far:SK(νµ) Near:ND(νµ)

=

例例)  Φʼ’(Ei)  =  fi  ×  Φ(Ei)
Lsyst  :  ∏exp(-‐‑‒1/2  fTMf)  (M:error  matrix)
→  NDフラックスの系統パラメータに対する制限は⼊入っていない(誤差⼤大）
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NDフラックスとF/Nの相関

NDフラックスとF/Nの相関の大きさ(Error matrix)

Energy bin#ND(νµ) F/N(νµ/νµ)

N
D

(ν
µ)

F/
N

(ν
µ/
νµ

) Error matrix:

09/26/11 Flux Covariance 12

Kaon Multiplicity ErrorKaon Multiplicity Error

Flavor bins are 0 = ND5 nu_mu
                         1 = SK nu_mu
                         2 = SK nu_e

Ei , j=sign V i , j∣V i , j∣Error matrix:

Using error matrix 
shown by Slavic today

Older versions flux 
covariance used 
preliminary versions 
from Slavic's work

・NDフラックス内:~∼10%
・NDフラックス-‐‑‒F/N:2~∼6%
=  無視できない⼤大きさ

“NDのフラックスとF/Nは独⽴立立か？”を確認する必要あり

→  別の外挿法を考える  :  Covariance  matrix

フィットで変化したNDのフラックスに応じて、F/Nの値も変える
必要がある  →  F/Nの利利点(シンプルさ)が薄くなる.

Vi,j:covariance
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外挿法:  Covariance  matrix
•ND-‐‑‒SK間のcorrelationを計算
• エラーソースのパラメータを変化させ
た際のND,SKの変位を使⽤用.

• フラックスの場合correlation(ΦND(Ei),  
ΦSK(Ej))  (i,j=all  bin#)

Covariance matrix (フラックス)

NDνµ SKνµ SKνµ-bar SKνe
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Graphite

SKND

フラックス⽣生成概要とエラーソース

陽⼦子ビームモニ
ターの測定誤差

ハドロン⽣生成実験
(NA61,  etc)の測定誤差

ニュートリノビー
ムモニターINGRID

の測定誤差

ホーン電流流・
磁場測定誤差

Magnet field
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L1 = Poisson(Ndata;Nexp(f))� exp(�1
2
fT V �1f)

外挿法:  Covariance  matrix

09/30/11 Fitting Studies for Tracker ν
μ

4

ND280 MC Samples and BinningND280 MC Samples and Binning

● Skimmed MC samples (magnet flux files) with outdated CCQE enhanced 
and CC-nonQE enhanced selections for studies

●  Following binning chosen based on studies by K. Mahn:

p
μ
: 0-400, 400-500, 500-600, 600-700, 700-900, 900-5000 MeV/c

cosθ
μ
: 0-0.84, 0.84-0.90, 0.90-0.94, 0.94-1.0

Data

09/30/11 Fitting Studies for Tracker ν
μ
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Flux BinningFlux Binning
ND280 ν

μ
 binning in E

ν

● Chosen based on expected statistics, finer binning around the 
oscillation maximum

● Bins:  0.0-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.8, 0.8-1.2, 1.2-2.0, 2.0-3.0, 3.0-5.0, >5.0 GeV

● p,cosθ templates are produced for each E
ν
 bin:

p,cosθ 
templates for 
the CCQE 
enhanced 
selection
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Flux BinningFlux Binning
ND280 ν

μ
 binning in E

ν

● Chosen based on expected statistics, finer binning around the 
oscillation maximum

● Bins:  0.0-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.8, 0.8-1.2, 1.2-2.0, 2.0-3.0, 3.0-5.0, >5.0 GeV

● p,cosθ templates are produced for each E
ν
 bin:

p,cosθ 
templates for 
the CCQE 
enhanced 
selection
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Flux BinningFlux Binning
ND280 ν

μ
 binning in E

ν

● Chosen based on expected statistics, finer binning around the 
oscillation maximum

● Bins:  0.0-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.8, 0.8-1.2, 1.2-2.0, 2.0-3.0, 3.0-5.0, >5.0 GeV

● p,cosθ templates are produced for each E
ν
 bin:

p,cosθ 
templates for 
the CCQE 
enhanced 
selection

ミューオンの運動量量-‐‑‒⾓角
度度(P-‐‑‒θ)分布の観測数を

フィットする

NDで再構成したミューオンのp-‐‑‒θ分布

P [MeV/c]
co

sθ

MC 
template

μ
νμ

荷電カレント反応

統計誤差:~∼3% 系統誤差:10~∼20%

1.  NDだけでフィット(例例:フラックスエラーのみ)

•統計誤差  →  (fNDのフィットエラー)  <  (元の系統誤差)
• Covariance  Matrix→  (fSKのフィットエラー)  <  (元の系統誤差)

fT = (fT
ND,fT

SK)
V: covariance matrix

2.フィット結果と再計算したcovariance  matrixをSKの解析で使⽤用
812年3月27日火曜日



フラックスエラー
• ハドロン⽣生成

• パイオン・ケイオンの(運動量量,⾓角度度)
分布

• 核⼦子の反応断⾯面積

• 陽⼦子ビームの位置・⾓角度度

• ビーム⽅方向(オフアクシス⾓角度度)

• 電磁ホーンの電流流・磁場
Figure 66: Flux uncertainty in ND5 energy bins for ⌫µ (upper left), ⌫̄µ (upper right), ⌫e (lower left), ⌫̄e
(lower right) fluxes.

Figure 67: Flux uncertainty in SK energy bins for ⌫µ (upper left), ⌫̄µ (upper right), ⌫e (lower left), ⌫̄e
(lower right) fluxes.
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Figure 66: Flux uncertainty in ND5 energy bins for ⌫µ (upper left), ⌫̄µ (upper right), ⌫e (lower left), ⌫̄e
(lower right) fluxes.

Figure 67: Flux uncertainty in SK energy bins for ⌫µ (upper left), ⌫̄µ (upper right), ⌫e (lower left), ⌫̄e
(lower right) fluxes.
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Figure 29. Error envelopes for the νµ (upper left), ν̄µ (upper right), νe (lower left)
and ν̄e (lower right) fluxes seen at SK. Fractional errors as a function of neutrino
energy are shown. Bin-to-bin correlations are ignored. xF scaling uncertainties for the
tertiary pions are included in the pion multiplicity error envelope.
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フィットデモンストレーション

09/30/11 Fitting Studies for Tracker ν
μ

12

Performance of Fit to Constrain ParametersPerformance of Fit to Constrain Parameters

Prior Error
Fitted Error

We compare the fitted fractional errors for 
the flux or x-sec parameters to the prior 
errors:

ND280 
Flux bins

SK Flux bins xccqe , xccres , xncres

Study the postfit flux and x-sec 
parameter correlations

09/30/11 Fitting Studies for Tracker ν
μ

13

Error Reduction: Inclusion of CCnQEError Reduction: Inclusion of CCnQE

M A

CCQE
:16.5%10.8%9.1%

M A

CCRES
:16.5%14.8%10.4%

CCQE enhanced 
only

Reduction of errors, especially at high energy

CCQE + CCnQE

Input
CCQE 
only

CCQE  + 
CCnQE

Prior Error
Fitted Error

Prior Error
Fitted Error

x-sec Error 
Reduction

• NDでのミューオンの(運動量量,⾓角度度)分布
のToy  MC(200samples)をフィット.
• Likelihoodの中で,  フラックス部分のみ
を考慮.  

→  SKのフラックスエラーも減少している.

SK νµND νµ
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まとめ
• T2Kでのニュートリノ振動のSensitivityを向上させるため,  デー
タ測定を進める共に解析⼿手法を改良良している.

• 次の解析ではニュートリノエネルギーに依存した形で,  NDの
観測結果をSKに外挿する.

• K2Kで⽤用いられていたF/Nでは問題があったため,  新しい外挿法
を考案した.

• エネルギー毎のフラックスの誤差を考慮した場合では,上⼿手く外
挿できている.

• 前置検出器の測定,  ニュートリノ反応を考慮した場合でも外
挿は上⼿手くいっている.

• データを⽤用いたNDのフィットの検証中

1112年3月27日火曜日



バックアップ

1212年3月27日火曜日



᭱㏆䛾ᡂᯝ

• Qe appearance�result������ref:��Phys.�Rev.�Lett 107,�041801,�2011�
– 6�ʆe candidate�found�!!

• Background(BG):��1.5㼼0.3events
Talks�by
୰ᒣ (24aGF1)
すᮧ (24aGF2)g ( )

• 6஦㇟䛜䛩䜉䛶BG䛷䛒䜛☜⋡䠖0.7%䠄2.5ʍ䠅
– T13 ᐃ(90%CL)

• 0.03<sin22T13<0.28��(cent.�val.=0.11)�@'m2
23>0

すᮧ ( )

13 ( ) @ 23

• 0.04<sin22T13<0.34��(cent.�val.=0.14)�@'m2
23<0

– ɽ13т0@>3ʍ䜢☜ㄆ䛩䜛䛯䜑䚸䜘䜚ከ䛟䛾䝕䞊䝍䛜ᚲせ䚹

– Daya Bay (Q disappearance) ref: arXiv:1203 1669v1Daya Bay�(Qe disappearance)���� ref:��arXiv:1203.1669v1
• sin22T13 =�0.092�㼼 0.016(stat.)�㼼 0.005(sys.)
• T13т0䜢5ʍ䝺䝧䝹䛷confirm

• Q disappearance result ref: Phys Rev D85 031103(R) 2012• QP disappearance�result���� ref:��Phys.�Rev.�D85,�031103(R),�2012
– sin22T23 =�0.99,�'m2

23 =�2.63x10Ͳ3 ev2 (best�fit�values)
– 90%�CL�region

᭦䛺䜛⢭ᗘྥୖ䛜ᚲせ– ᭦䛺䜛⢭ᗘྥୖ䛜ᚲせ䚹

Talk�by
ட⏣ (24aGF3)

ᰕᵜ⢙⨶ᆖՊ ㅜ67എᒤ⅑བྷՊ 䯒㾯ᆖ䲒བྷᆖ2012ᖺ3᭶27᪥ 5

Best�fit

KEK 関口(27aBA4)
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Physics Run⌧≧ 

• 䠏䠋䠔䛛䜙≀⌮䝕䞊䝍 ᐃ㛤ጞ 
– 2.92⛊䝃䜲䜽䝹䠄㟈⅏๓䛿3.02⛊䠅 
– 䝡䞊䝮䝟䝽䞊150kW䛷㐃⥆㐠㌿䠄㟈⅏๓䛿᭱㧗145kW䠅 
– 䝩䞊䞁䛿200kA䛷㐠㌿ 
– 2.15×1019 POT ศ䛾䝕䞊䝍䜢཰㞟䠄㟈⅏๓䛾䝕䞊䝍1.43x1020POT䛾15%䠅 

• 䠏䠋䠎䠎䛻Linac㟁※㔜ᨾ㞀ї᭱▷䛷3/30෌㛤ணᐃ 

2012ᖺ3᭶27᪥ ᰕᵜ⢙⨶ᆖՊ ㅜ67എᒤ⅑བྷՊ 䯒㾯ᆖ䲒བྷᆖ 17 

Mar/9 Mar/21 

KEK 関口(27aBA4)
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௒ᚋ䛾䝕䞊䝍཰㞟䛸┠ᣦ䛩≀⌮

We�are�here

• 2012ᖺኟ䜎䛷䛻

– ⤫ィ䜢2ಸ௨ୖ =>�Significance�>�3ʍ䜢┠ᣦ䛩䚹

APPEARANCE䛻䜘䜛T 0䛾☜❧– Qe APPEARANCE䛻䜘䜛T13т0䛾☜❧

• 2013ᖺኟ䜎䛷䛻

– 1x1021POT௨ୖ䜢㐩ᡂ䛧䚸~5ʍ level䜢┠ᣦ䛩䚹
by 2012 summer• T2K䛜┠ᣦ䛩≀⌮

– Qe APPEARANCE䛾⢭ᐦ ᐃÙReactor�measurements
• T���G䛾㛵ಀ䛻䚸䜘䜚tight䛺constraint

by�2012�summer

• CP�violation�&�mass�hierarchy䜈䛾hint
– QP disappearance

• T23,�'m23䛾⢭ᐦ ᐃ23 23

• Maximal�mixing�or�not?
– AntiͲneutrino�measurement

• CP�violation search

=~8x1021 POT

2012ᖺ3᭶27᪥ ᰕᵜ⢙⨶ᆖՊ ㅜ67എᒤ⅑བྷՊ 䯒㾯ᆖ䲒བྷᆖ 23CPV�phase�G (rad)

=~8x1021 POT

KEK 関口(27aBA4)
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Covarianceの計算(フラックス)
•フラックスが1変数に依存(例例:Off-‐‑‒axis⾓角
度度)

•ソースを1σ変化させた際のフラックス
の変化(ΔΦ)からcovarianceを計算

09/26/11 Flux Covariance 4

Calculating the Flux CovarianceCalculating the Flux Covariance

● For independent errors sources, a total covariance can be derived by 
adding the covariance from each error source:

V T=V pionV kaonV pbeam...

● Two methods for calculating the covariance for a give error source

One sigma method:

● Fractional changes in the flux are calculated for +/- 1 sigma 
deviations of a single underlying parameter, e.g. off-axis angle

● Covariance is calculated from the fractional changes to the flux

V i , j=
i

1
 j

1
i

−1
 j

−1

2

Fractional 
change in flux

•フラックスが複数の変数に依存(例例:パイオンのp-‐‑‒θ)
•変数間の相関関係に従って複数の変数を変化させたフラックスサ
ンプルを⼤大量量に作成.  それらを⽤用いてcovarianceを計算
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09/26/11 Flux Covariance 5

Flux Throwing MethodFlux Throwing Method

● Many underlying parameters with their own covariance are varied at one 
time, e.g. NA61 pion multiplcity bins

● Underlying parameters are thrown many times according to their own 
covariance

● For each throw the flux is reweighted with the thrown parameter set

● The covariance is calculated from the reweighted flux in N throws

V i , j=
1

N−1

∑
k=1

N

i

nom
−i

k
 j

nom
− j

k


i

nom j

nom
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Covariance  matrix(フラックス)

ND νµ SK νµ SK νµbar SK νe

ND(νµ)とSK(νe)の間に相関関係
→  ND部分でのフィットにより
SKでのνeの誤差が減少する.

�SK
�e

(E�)
Predicted neutrino flux (center value)

�SK
�µ

(E�)

�ND
�µ

(E�)

106 104

µ+ � e+�̄µ�e

⇥+ � µ+�µ

NA61 pion measurement  
predicts the beam νe from 
pion origin

μ decay is dominated at 
low energy
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