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(T2K: Tokai to Kamioka LBL Neutrino Oscillation Experiment)
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Introduction
• “neutrino oscillation”

• neutrino flavor mixing     ← 

・あるフレーバーのνの数の減少
・Eνα分布のdistortion
・違うフレーバーのνの出現

|να〉 =
∑

i

U∗
αi|νi〉

flavor eigenstates mass eigenstates偏光板とニュートリノ
• シートの厚さ　：　!源と測定器の距離
• 屈折率の差　　：　質量差
• 光の色　　　　：　!のエネルギー
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(2世代の場合の振動確率)

P (να → νβ) = sin2(2θ) sin2

[
1.27∆m2L

Eν

]

ニュートリノの
エネルギー in GeV

混合角

質量二乗差 in eV2

(Δm2 = m21 - m22) 飛行距離 in km

measured

• ! ! 0 and "m2 ! 0ならP!0

• いくつかの実験で# oscillation 

が測定されている
non-zero # mass
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• 独立なパラメータ：
• ２つの質量二乗差、３つの混合角と１つの位相(δ)

• CP violationにはθ13 ≠ 0が必要

• θ13とδの値はまだ有限な値として測られていない

U =




1 0 0
0 c23 s23

0 −s23 c23








c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13








c12 s12 0
−s12 c12 0

0 0 1





=




c12c13 s12c13 s13e−iδ

−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23

s12s23 − c12s13c23eiδ −c12s23 − s12s13c23eiδ c13c23



 (1.16)

と表される。ここで、sij , cijはそれぞれ sin θij , cos θijを表す。∆m2
12 +∆m2

23 +∆m2
31 = 0

であるから、3世代のニュートリノ振動は 2つの独立な質量二乗差と、3つの混合角およ
び 1つの複素位相で記述される。
これまでの実験結果より、∆m2

23 " ∆m2
31 # ∆m2

12であることが分かっている。このと
き長基線ニュートリノ振動実験において注目されているEν ∼ ∆m2

23 · Lとなるエネルギー
領域では、∆m2

12による寄与は小さく、振動確率は近似的に以下のように表される。

P (νµ → νe) " sin2 2θ13 · sin2 θ23 · sin2 ∆23

≡ sin2 2θµe · sin2 ∆23 (1.17)

P (νµ → νµ) " 1− sin2 2θ23 · cos4 θ13 · sin2 ∆23

≡ 1− sin2 2θµτ · sin2 ∆23 (1.18)

P (νe → νe) " 1− sin2 2θ13 · sin2 ∆23 (1.19)

ここで、∆23 ≡ ∆m2
23L/4Eとおいた。実効的な混合角 sin2 2θµe ≡ sin2 2θ13 · sin2 θ23 およ

び、sin2 2θµτ ≡ sin2 2θ23 · cos4 θ13を用いると、2世代混合の場合の表式に帰着できる。

これらの振動パラメータのうち、θ23 および ∆m2
23 は大気ニュートリノ観測において、

θ12および∆m2
12は太陽ニュートリノ観測において測定されている。特に大気ニュートリ

ノ観測の結果からは、2-3世代間がほぼ最大に混合している (θ23 " π/4) ことが示唆されて
いて、θ23が厳密に π/4であるかどうかは今後のニュートリノ物理学の主題の 1つである。
一方、混合角 θ13 および複素位相 δ は未知の量である。θ13 については、これまでに

CHOOZ実験 [16]やK2K実験 [17]において探索されているが、今のところ有限の値は観
測されていない。複素位相 δは θ13 '= 0の場合に意味のある量で、式 1.4の第 3項を有限の
値にするためニュートリノ振動にCP非対称性が現れる。したがって、残された振動パラ
メータである混合角 θ13および複素位相 δの探索を行うことは、レプトンセクターの CP
非対称性の探索という意味で非常に重要になってくる。
また、相互作用をしないニュートリノ (νs: sterile)への振動の探索も今後の主題の 1つ
である。このモードについては SKにおける大気ニュートリノ観測において探索が行われ
てきたが [18]、積極的な結果は得られていない。しかしまだ存在する可能性は残されてお
り、探索する価値は十分にある。

9

sij = sin θij , cij = cos θij

Three flavor mixing

∆m2
12 + ∆m2

23 + ∆m2
31 = 0
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• これまでの実験結果

4

• Small !e component in !3  Ue3 =0 ?

" #23$45o #13$34o,

• Is #13 much smaller or a little

smaller? (test to 3o)

" !3 consists of !µ, !% = 50:50 ?

• Another symmetry?

• Are neutrino mass and charged lepton

mass ordering same or inverted

• Is the largest component in !e :

     !1 the lightest ? 8 x 10-5 eV2       

Bread & butter physics in next generation 

accelerator experiments

UUe3e3

•   Possible differentiation between

    particle and anti-particle
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Δm212 ~ 8 x 10-5 , sin2(2θ12) =  0.86
(KamLAND + solar ν)

Δm223 ~ (2.2~3.0) x 10-3 , sin2(2θ23) > 0.92
(SK atm.-ν,K2K,MINOS)

+0.03
-0.04

normal inverted

at !sin2!; m=c"" # !1:0; 0:011 MeV=km" for decay and
!sin22!;#0" # !1:0; 0:030 MeV=km" for decoherence, us-
ing the notation of the references. Applying the goodness-
of-fit procedure described above, we find that decay has a
goodness of fit of only 0.7% ($2

p=d:o:f: # 35:8=17), while
decoherence has a goodness of fit of 1.8% ($2

p=d:o:f: #
32:2=17). We note that, while the present best-fit neutrino
decay point has already been ruled out by solar-neutrino
data [10] and observation of SN1987A [11], the decay
model is used here as an example of a scenario resulting
in a %e deficit. If we do not assume CPT invariance and
allow the range 0:5< sin2!< 0:75, then the decay sce-
nario considered here can avoid conflict with solar-
neutrino and SN1987A data.

The allowed region contours in !m2-tan2! parameter
space derived from the !$2 values (e.g., !$2 < 5:99 for
95% C.L.) are shown in Fig. 4(a). The best-fit point is in the
region commonly characterized as LMA I. Maximal mix-
ing for values of !m2 consistent with LMA I is allowed at
the 62.1% C.L. Because of distortions in the spectrum, the
LMA II region (at !m2 $ 2% 10&4 eV2) is disfavored at
the 98.0% C.L., as are larger values of !m2 previously
allowed by KamLAND. The allowed region at lower !m2

is disfavored at the 97.5% C.L., but this region is not
consistent with the LMA region determined from solar-
neutrino experiments assuming CPT invariance.

A two-flavor analysis of the KamLAND data and the
observed solar-neutrino fluxes [12], with the assumption of
CPT invariance, restricts the allowed !m2-tan2! parame-
ters as shown in Fig. 4(b). The sensitivity in !m2 is
dominated by the observed distortion in the KamLAND
spectrum, while solar-neutrino data provide the best con-
straint on !. The combined analysis gives !m2 #
7:9'0:6

&0:5 % 10&5 eV2 and tan2! # 0:40'0:10
&0:07.

The conclusion that the LMA II region is excluded is
strengthened by the present result. The observed distortion
of the spectral shape supports the conclusion that the
observation of reactor %e disappearance is due to neutrino

oscillation. Statistical uncertainties in the KamLAND data
are now on the same level as systematic uncertainties.
Current efforts to perform full-volume source calibrations
and a reevaluation of reactor power uncertainties should
reduce the systematic uncertainties.

The KamLAND experiment is supported by the COE
program under grant no. 09CE2003 of the Japanese
Ministry of Education, Culture, Sports, Science, and
Technology, and under the United States Department of
Energy grant no. DEFG03-00ER41138. The reactor data
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Chubu, Kansai, Chugoku, Shikoku, and Kyushu Electric
Power Companies, Japan Atomic Power Co., and Japan
Nuclear Cycle Development Institute. The Kamioka
Mining and Smelting Company has provided service for
activities in the mine.
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FIG. 4 (color). (a) Neutrino oscillation parameter allowed re-
gion from KamLAND antineutrino data (shaded regions) and
solar-neutrino experiments (lines) [13]. (b) Result of a combined
two-neutrino oscillation analysis of KamLAND and observed
solar-neutrino fluxes under the assumption of CPT invariance.
The fit gives !m2 # 7:9'0:6

&0:5 % 10&5 eV2 and tan2! # 0:40'0:10
&0:07

including the allowed 1-sigma parameter range.

PRL 94, 081801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
4 MARCH 2005

081801-5

Δm223 >0 or <0 はまだ分からない
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CHOOZCHOOZ
19961996--19981998

!" !! " #$%&'

()*#+,-+. /0+1)+223)45
6*5+07835399+1

:.*243.". ;# <=">?

@A(*:B)7

!"#$$$%&'()$

*%+$
$&,$)(-.&/0

$

Upper limit on $13 

with !/ 1"!233/242#5/6/73/4"+/#8sin2(2θ13) < 0.2
at Δm223 = 2.0 x 10-3 eV2

• θ13 limit

• CHOOZ experiment

• Reactor / νe disappearance 
experiment

signal: 
  νe p → e+ n 
  n Gd → Gd’ + γ’s              

Eν ~ MeV
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T2K実験 (J-PARC E11)

J-PARC 750kW
(under construction)

SK 
(ready for T2K)

Tokai

KAMIOKA

• Motivation

• 残されたパラメータ: !13と"の測定
• これまでに測定されたパラメータの精密測定
• !23はmaximal mixingか否か

• 主な目的 (T2K 1st-phase)

# discover a finite !13 by observing "e appearance
• T2K-Iで!13を有限な値として測定 $ "の測定(CPV) in T2K 2nd-phase

# precisely measure !23, #m2
23

• Motivation

• 残されたパラメータ: !13と"の測定
• パラメータの精密測定
• !23はmaximal mixingか否か

• 主な目的 (T2K 1st-phase)

# discover a finite !13 by observing "e appearance
• T2K-Iで!13を有限な値として測定 $ "の測定(CPV) in T2K 2nd-phase

# precisely measure !23, #m2
23

neutrino flavor 
mixingの解明

T2K(1st-phase)の主な目的
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GPSで
timing

p π
not approved yet

0 m 110 m 280 m 295 km

ターゲット/
電磁ホーン decay pipe

off-axis

on-axis

ν
NearDetector

FarDetector
(SK)FarDetector (SK)

2 km

2km detector
(not approved yet)

ν

• 実験概要と特徴

Eν

# 
of
 e
ve
nt
s

Eν

# 
of
 e
ve
nt
s

ΦSKobs.

ΦSKexp.

NSKexp.

NSKobs.

Eν
# 
of
 e
ve
nt
s

x RF/N    →
Far-to-Near ratio

ΦNDobs.

(2) ニュートリノの検出
     - 準弾性散乱相互作用(CCQE)

     - Eνの再構築
     - 測定量 = Φ x σ(cross section)

(4) 数(NSKexp., NSKobs.)とEν分布
     (ΦSKexp.,ΦSKobs.)を比較して
     パラメータ(sin2(2θ), Δm2)を求める

L = 295 km

(1) narrow-band intense
     ν beamの生成

30GeV
大強度陽子加速器

(3) νの親粒子(π,K)の分布から求めた
     NDとSKのΦ(Eν)の比と、実際に
     測定したNDのΦ(Eν)から
     SKの分布Φ(Eν)を見積もる

7



Narrow-band intense neutrino beam
• Off-axis beam method 振動確率＠

Δm2= 3x10-3eV2

OA2°

OA3°

OA2.5°

!
µ
 f

lu
x

OA0°

θTargetHorns Decay Pipe

Super-K.

π decay Kinematics

(ref. BNL-E889 proposal)

0°
2°

2.5°
3°

Eν
 (G

eV
)

1

00 2 85

! ピークを振動確率最大の所に
• x 2~3 intense than OA 0°

! 少ないhigh energy "

• backgroundを減らす
! "e ~0.4% at "# peak

L = 295 km
Δm223 = (2.2~3.0) x 10-3 eV2

Oscillation max.
Eν = 0.5~0.7 GeV
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ニュートリノエネルギーの再構成
• Eν ~ sub-GeV   → 準弾性散乱反応(CCQE)が主な相互作用

• ν + n → μ + p
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図 3.4: 1Rµ事象の再構成されたエネルギー分布 (左図)とエネルギー分解能 (右図)。とも
にニュートリノ振動がない場合の分布で、図中の網掛け部分は non-QE反応からの寄与を
示している。

3.2.2 ニュートリノエネルギーの再構成
”single ring muon-like” (1Rµ)事象のニュートリノエネルギーは、ニュートリノ反応で
生成したミューオンの運動量からCC-QE反応を仮定して式 (2.5)により再構成される。す
なわち、

Erec
ν =

mnEµ −m2
µ/2− (m2

n −m2
p)/2

mn − Eµ + pµ cos θµ
(3.1)

ここで、Eµ, pµ, mµはニュートリノ反応によって生成されたミューオンのエネルギー、運
動量、質量、θµはニュートリノとミューオンの運動方向のなす角、mn, mpはそれぞれ中
性子、陽子の質量である。ただし、始状態の中性子は静止していると仮定している。
図 3.4にニュートリノ振動がない場合の 1Rµ事象の再構成されたエネルギー分布とエネ
ルギー分解能を示した。

3.2.3 ニュートリノ振動確率
以下では、2世代間のの νµ → ντ 振動を仮定する。中性カレント反応は、フレーバーを

区別しないのでニュートリノ振動の効果は現れない。したがって、ニュートリノ振動の確
率 Posc(E; sin2 2θ, ∆m2)は

Posc(E; sin2 2θ, ∆m2) =





1− sin2 2θ sin2

(
1.27∆m2L

E

)
(for CC)

1 (for NC)
(3.2)

のように表される。ここで、L = 295 kmは基線長。なお、3世代間の混合を考慮した振
動解析については付録Aで述べる。
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Target Station

NU1 (Main Ctrl-Room)

NU2 (Ctrl-Room)

NU3 / mu-hat

Neutrino detector280 m

Primary Proton

Target Station

Beam dump/

Muon Monitor

280 m

Primary Proton

Near neutrino

detector

Target Station

(Target/Horn)

Decay Volume

(110m)

- 0.75 MW (3x1014 pot/spill)

- 超伝導電磁石を用いてSKの方向へ
- グラファイトターゲット
- 電磁ホーン(320kA) x 3台

Neutrino beam line

to Super-Kamiokande

• Requirement on the direction : < 1 mrad

• !m2
23の系統誤差を統計誤差   　     

よりも小さく

• target上のproton beamの位置精度      

< 1mmに対応 " targetの保護

• GPSを用いた機器アライメント +     

secondary #と$自身の方向のモニター
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Near detector @ 280m
p π ν

not approved yet

0 m 110 m 280 m 2 km 295 km

ターゲット/
電磁ホーン decay pipe

off-axis

on-axis

On-axis detector　
 - νビームの方向を測定
    (δ~1mrad)　
 - 鉄/シンチレータ
    block x 14台

Off-axis detectors 　
 - flux, Eνを測定 (νμ, νμ, νe)

 - ν cross section(non-QE/QE)の測定
   - background見積もり
 - UA1 magnet(0.2T), Tracker(FGD,TPC),　
   Pi0 detector, EM calorimeter

Chapter 1

Physics Overview with the ND280 detector

1.1 Introduction

1.1.1 ND280 overview

The near detector complex (ND280) consists of a finely segmented detectors acting as neutrino targets
and tracking detectors surrounded by a magnet to measure the neutrino beam’s energy spectrum, flux,
flavor contents, and interaction cross-sections before the neutrino oscillation. The ND280 detector is
located 280m from the target in the off-axis direction of the neutrino beam between the average pion
decay point in the decay volume and the Super-Kamiokande detector.

..

Pi-zero
Detector

Tracker

TPCs
FGDs

ECAL

! beam

Magnet
yoke

Magnet
coils

Figure 1.1: The ND280 detector.

The ND280 detector consists of the following elements, illustrated in Figure 1.1:

8
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Near Neutrino Detector

Two independent detectors

On-axis

Off-axis

On-axis detector

Measure !-beam profile

! !-beam direction at 1mrad precision

Iron-scintillator stacks x 14 units

Off-axis detector

Measure !-flux in SK direction

Measure !", !"-bar, !e+!e-bar fluxes 

separately.

Neutrino Energy !CC-QE kinematics

Cross sections of ! interactions

CC-1# / CC-QE: BG for E! reconstruction

NC-#0 production: BG for !e detection

OffOff--axisaxis

OnOn--axisaxis

17.5m

14m

ν beam

7.6m

6.1m

one month running time corresponding to 2.4 × 1018 POT. After INGRID event selection, we would
measure the beam profiles as shown in Figure 2.12 Before systematic uncertainties, the beam profile

horizontal vertex (cm)
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 / ndf 2!   1.85 / 4

Constant  76.57± 1.112e+04 

Mean      2.388± -1.622 

Sigma     3.135± 355.1 

 / ndf 2!   1.85 / 4

Constant  76.57± 1.112e+04 

Mean      2.388± -1.622 

Sigma     3.135± 355.1 

 / ndf 2!  12.76 / 4

Constant  76.32± 1.112e+04 

Mean      2.396± -14.19 

Sigma      3.11±   355 

 / ndf 2!  12.76 / 4

Constant  76.32± 1.112e+04 

Mean      2.396± -14.19 

Sigma      3.11±   355 

Figure 2.12: The reconstructed neutrino beam profile by the INGRID detector with one month of data
at 1% of design intensity (the commissioning period). The measured error in the beam profile center
at INGRID is 3.2 cm. A 3 mm beam shift would shift the beam center by ≈ 10 cm. The red dots and
line show the profile if the proton beam hits the center of the target, and the blue ones show the effect
when the beam hits the off-center of the target by 3 mm.

center at INGRID is measured to a precision of 2.3 cm. This corresponds to an error in the neutrino
beam angle of∼ 0.1mrad, which is significantly better than the requirement of∼ 1mrad precision. In
terms of a shift of the proton beam center, Figure 2.12 illustrates that a 3mm beam shift results in a≈
10 cm beam shift, again much larger than the statistical uncertainty of the beam position determination
during commissioning. The effect of the systematic errors on this conclusion is discussed below.

2.3.4 Systematic Uncertainty

In order to detect a change of the beam condition, such as the proton beam hitting position changes
as mentioned above, the center of the neutrino beam profile must be measured with a precision of
∼ 5 cm. To achieve the goal, we find that the systematic error of the number of events in INGRID
detectors must be controlled with an accuracy of 2 %. This in turn requires that the hit efficiency of
scintillator should be understood with 0.5 % level.
In K2K SciBar detector, we achieve the 99.5 % hit efficiency of the scintillator plane. For the

INGRID scintillator, we must have the same level of light yield of scintillator as that of K2K SciBar.
Althoughwe believe that we will have the similar quality of scintillators for INGRID, we are currently
testing two types of scintillators. The goal of hit efficiency of scintillator plane for INGRID is 99.5 %,
so that the systematic uncertainty from the scintillator efficiency will be small.

38

5.6m

1 month data w/ 1% beam

-450 cm 450 cm
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Super Kamiokande 

• 神岡鉱山内の地下1kmに設置

• 50kトン水チェレンコフ検出器

• 有効体積 22.5 kトン

• 約10000本の20inch PMTs (内側) 

• 約2000本のanti-counter PMTs (外側)

• e-like(shower ring) / μ-likeの識別

GPSで
timing

p π
not approved yet

0 m 110 m 280 m 295 km

ターゲット/
電磁ホーン decay pipe

off-axis

on-axis

ν
NearDetector

FarDetector
(SK)FarDetector (SK)

2 km

2km detector
(not approved yet)

ν
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OA2.5deg

Systematic shift

!(sin2 2") !(#m2)

10

norm

shape
esk

nqe

stat.

width

shape

nqe

width

normesk stat.

Various systematic shifts are shown as a function of true #m2.

Dashed lines indicate the size of statistical error.

Stat. only

--68%CL

--90%CL

--99%CL

(OA2.5(OA2.5°°))

物理感度(T2K-I) : (θ23,Δm223)
5years (5 x 1021 pot)  • νμ disappearance

• goal

• δ(sin22θ23) ~ 0.01

• δ(Δm223) ~ <1 x 10-4

requirements on systematic error
 - flux normalization : <10%
 - Non-QE/QE ratio : <5%

 - Energy scale : <2%
 - Spectrum shape 
         (FLUKA/MARS) : <20%

 - Spectrum width : <10%

δ(sin22θ23)

OA2.5deg

Systematic shift

!(sin2 2") !(#m2)

10

norm

shape
esk

nqe

stat.

width

shape

nqe

width

normesk stat.

Various systematic shifts are shown as a function of true #m2.

Dashed lines indicate the size of statistical error.

δ(Δm223)

hadron-productionを測り
Far-to-Near ratioを
算出して、このエラーを減らす
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θ13 in T2K-I
• νe appearance

• signal : νe + n → e- + p 

• single ring electron

• background 

• νμ NC1π0 events, in which  
π0 is misidentified as e-

• apply e/π separation cuts

• beam intrinsic νe

0 1 2 3 4 5

10

20

30

40

50

Rec. Eν (GeV)

# 
of
 e
ve
nt
s/
0.
1G
eV

Expected signal + bkg
sin2(2θ13) = 0.1
Δm2 = 2.5 x 10-3

Total bkg.

 beam νe bkg

understanding background is key issue

# of events in 
            0.35<Eν(GeV)<0.65
   - signal                      103
   - Beam νe bkg.           13
   - νμ bkg (CC+NC1π0) 10

P (νµ → νµ) ≈ 1− sin2(2θ23) cos4 θ13 sin
[
1.27∆m2

32[eV2]L[km]
E[GeV]

]
− P (νµ → νe)

P (νµ → νe) ≈ sin2(2θ13) sin2 θ23 sin
[
1.27∆m2

31[eV2]L[km]
E[GeV]

]

!0

!

!
small opening 

angle

overlapped

!0

!

!
small energy

miss

"
#

"
#

NC1!0 background

(1) overlapped (2) miss one !

(Simplified Oscillation Prob.)
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Expected sensitivity of θ13

• > x10 improvement from CHOOZ results
         sin2(2θ13) = 0.008 (90% C.L.) for δ=0, Δm213=2.5x10-3 eV2

September 9-16, 2006 Neutrino Oscillation Workshop 2006 / Conca Specchiulla, Italy 15

T2K prospectsT2K prospects
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0.2 0.4 0.6 1

sin2(2θ)
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]
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5

6

0.8

SK L/E 90%

K2K 68%

K2K 90%

K2K 99%

Precision of !" disappearance measurement
T2K 5 years (5x1021 pot), Stat. only

Sensitivity to !e appearance
T2K 5 years (5x1021 pot)

Stat.+10% B.G. syst.

Goal : #(sin22$23) ~ 0.01, #(%m2
23) < 1x10-4 eV2

--68%CL

--90%CL

--99%CL

Sensitivity down to sin22$13~0.005

Δm213~Δm232 

90%C.L. sensitivity @5years (5 x 1021 pot) 
w/ stat. + 10% bkg. systematic error  

10% background measurement
is necessary 

10-3

10-4

10-2

10-1

νµCC BG νµNC BG beam νe BG νeCC signal
Fully-contained, Evis ≥100MeV 2215 847 184 243
1 ring e-like, no decay-e 12 156 71 187
0.35≤ Erec.

ν ≤0.85GeV 1.8 47 21 146
e/π0 separations 0.7 9 13 103

Table 1.3: The number of events selected by the νe appearance analysis, as predicted by NEUTMonte
Carlo for 5 × 1021 POT exposure. For the calculation of oscillated νe, ∆m2 = 2.5 × 10−3eV2 and
sin2 2θ13 = 0.1 are assumed.
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Figure 1.8: (Left) The 90% C.L. sensitivity to sin2 2θ13 for an exposure of 5 × 1021 POT with the
assumption of maximum mixing, sin2 2θ23 = 1.0, and the CP violation phase δ = 0, π/2,−π/2, π.
The 90% excluded region of CHOOZ is overlaid for comparison with sin2 2θ23 = 1.0. (Right) The
expected 90% C.L. and 3σ sensitivities of sin2 2θ13 as a function of exposure time (5 years ≡ 5 ×
1021 POT) for three different uncertainties in background subtraction. We assume ∆m2 = 2.5 ×
10−3eV2 and δ = 0.

Table 1.3 summarizes the number of events after the event selections for 5 × 1021 POT exposure
at∆m2 = 2.5 × 10−3eV2 and sin2 2θ13 = 0.1.
As a sensitivity, we calculate the 90% upper limit for an experiment that observes the expected

background rate. Figure 1.8 shows the 90% C.L. νe sensitivity for 5 × 1021 POT exposure and for
sin2 2θ23 = 1 and δ = 0, π/2,−π/2, π, assuming a 10% systematic uncertainty in the background
subtraction. The sensitivity is sin2 2θ13 = 0.008 at 90% C.L. for ∆m2 ∼ 2.5 × 10−3eV2. This
represents an order of magnitude improvement over the CHOOZ limit.
Figure 1.8 shows the 90% C.L. and 3σ νe sensitivities as a function of the exposure time for

∆m2 = 2.5 × 10−3eV2 for systematic uncertainties in the background subtraction of 5%, 10%, and
20%. This graph suggests the target for the near detectors of a 10% uncertainty in the background in
the first phase (5 × 1021 POT = SK×5years ).

1.4.3 ντ versus νsterile analysis

The analysis of ντ appearance has been performed by the Super-Kamiokande collaboration [22]. This
measurement disfavors a pure νµ → νsterile solution to the atmospheric neutrino anomaly. The search

11
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To achieve T2K-I physics goals
• RF/Nを精度よく求める必要がある

• ΦSKexp. = RF/N x ΦNDobs.

• νμ disappearance 

✓ keep syst. error less than                
stat. error

• νe appearance

✓ δ(Nbkg.) to be less than 10%

Far-to-Near ratio : !
µ

F/N ratio

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

Fl
ux

 (a
.u

.)
R F

/N

Eν(GeV)

SK flux

ND280 flux
 (normalized by area)

p π ν
not approved yet

0 m 110 m 280 m 2 km 295 km

ターゲット/
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RF/N is sensitive to kinematics of parent particle (π,K)
    - but there is no data for  30GeV proton + C

δ(RF/N) to be less than 2~3%
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w/ GFLUKA
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Systematic uncertainties due to  the hadron production

model

F/N ratio difference

among hadron

production models:
  ~ 20% @E!"1GeV

Syst. error due to F/N

bg( ) 10%N! "

Goal of T2K

>>

Impossible to achieve T2K GOAL!

It is difficult to evaluate the validity of the hadron production model !!

! The uncertainty is probably not less than the difference among several models

inspired by similar data sets

#+ momentum $!µ flux

G-FLUKA vs. MARS vs. FLUKA up to ~20% difference!

bg( ) ~ 15%N!

!
e
 appearance

!µ disappearance

!
e
 appearance

!µ disappearance

Ratios of F/N ratios

%(sin22&23)~ ±0.01, 
%('m23

2)<~ ± 3 10(5eV2
 

%(sin22&23)~ ±0.015 -0.03, 
%('m23

2)<~ ± 5-10 10(5eV2
 

MARS/G-FLUKA FLUKA/G-FLUKA 
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Fig.3 Ratio of F/N ratio for different hadron production model. (Left) F/N (MARS) / F/N (G-FLUKA). 

(Right) F/N (FLUKA)/ F/N (G-FLUKA). 

 

As can be seen in the figures, the differences are as large as ± 20% around the peak of the energy 

spectrum (0.2~1GeV). If we take this difference as the error of F/N ratio, i.e., %20~µ!R  we can 

estimate the error in oscillation parameters from F/N ratio by scaling the errors related to F/N ratio in Fig. 
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These errors would be i) much larger than the statistical errors, ii) poorly known, and thus can already 
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Therefore the error contribution coming ONLY from the F/N ratio error give a larger error on NBG than 

the required error of <10%, thus this situation is totally unacceptable.  

 

IV. Requirements on the NA49 measurements from F/N requirements 

Here, we study the requirements on the hadron production in order to achieve the F/N ratio precision of 

2~3%. 

First, we study which parts of the momentum/production-angle phase-space of produced secondary 

particle influence the F/N ratio. We varied the number of events in a certain momentum (angle) bin by 

+30% and then evaluated the resulting change in the F/N ratio. Figure 4 shows the results of !(F/N ratio) 

as a function of the varied bin of momentum and angle. From these results, we can say that we need to 

measure the hadron-production particularly in the region, 0.3 < p (GeV) < 5 and 0 < "(mrad) < 400. 
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comparison of RF/N

FLUKA/G-FULUKA MARS/G-FULUKA

~20% difference @ Eν < 1GeV

systematic error from δ(RF/N)

νe appearance

   δ(Nbkg) ~15%

νμ disappearance

   δ(sin22θ23) ~ ±(1.5~3)%

   δ(Δm223) ~ ±(5~10) x 10-5 eV2

νe appearance

   δ(Nbkg) < 10%

νμ disappearance

   δ(sin22θ23) ~ 1%

   δ(Δm223) < 1 x 10-4 eV2

T2K-I goal

measurement of the hadron production is necessary !!

• 仮にRF/NをMCを用いて見積もる
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Hadron production measurement
• use 30GeV proton and the same target material (C)

δ (RF/N) < 1%

δ (RF/N) ~2%

Need to measure the 
number of K+ in the region
1 < P(GeV/c) <20 and 
0 < θ(mrad) <300

• Measure (P!,!!) distribution

• less than 10% statistical error of                  

each P! bin and !! bin

• Measure !/K ratio w/ less than 　
10% accuracy 

• high energy "# from Kaon decays

(Pπ 200MeV/bin x 50 bins, θπ 20mrad/bin x 20 bins )
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CERN NA49 experiment

• 2007 run (30days) is nearly approved

• measure w/ 3 kinds of target

• thin (~1cm, 2%) , middle(10cm, 20%) and replica (90cm)

• take data to achieve the requirements for all the target
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CP violation (δ) の測定
• T2K-Iでθ13 ≠ 0と測定された場合、T2K-IIでCPV phase(δ)の測定に 

✓ 厳密なP(νμ→νe)はδや物質効果を含むが、T2KのL=295km、小さ
いEνでは物質効果は小さい

✓ νμ→νeの数とνμ→νeの数を比較してδを測定

ACP ≡
P (νµ → νe)− P (νµ → νe)
P (νµ → νe) + P (νµ → νe)

≈ ∆m2
12L

E
· sin(2θ12)

sin(θ13)
· sin δ

ACP ≡
P (νµ → νe)− P (νµ → νe)
P (νµ → νe) + P (νµ → νe)

≈ ∆m2
12L

E
· sin(2θ12)

sin(θ13)
· sin δ
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33!! Sensitivity for CPV in T2K-II Sensitivity for CPV in T2K-II

no BG

signal stat only

(signal+BG) stat only

stat+2%syst.
stat+5%syst.

stat+10%syst.

CHOOZ excluded
sin22"13<0.12@#m31

2~3x10-3eV2

T2K 3! discovery

3! CP sensitivity : |$|>20o for sin22"13>0.01 with 2% syst.

4MW, 540kt

2yr for %µ
6~7yr for %µ

!
"

"

#

sin
sin

2sin

4
13

12
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12 $$
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E

m
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CP

#m
21
2=6.9x10-5eV2

#m
32
2=2.8x10-3eV2

"
12
=0.594

"
23
=&/4

T2K-I 90%

3σ sensitivity for sinδ

CHOOZ excluded sin22θ13 < 0.12 
@Δm231 = 3x10-3 eV2

no bkg.

signal stat only

stat + 2%syst.

stat + 5%syst.

stat + 10%syst.

(signal+bkg.) stat only

T2K-I
3σ discovery

例えば、 4MW+540kトン-HKで
２年ν run, 6年ν run

3σ sensitivityで |δ|>20° 
@ sin22θ13 = 0.01 and 2% syst. error
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Summary
• T2K実験 

• L=295km & Δm223 → Eν sub-GeV 

• narrow-band intense beam w/ OAB method

• CCQE ν-interaction → possible to reconstruct Eν 

• 物理感度のprospects

• νμ disappearance : δ(sin2θ23) ~ 1%, Δm223 < 1 x 10-4 eV2

• νe appearance : sin2θ13 = 0.008 @ 90% C.L.

• θ13 ≠ 0 → CPV phase δの測定 in T2K-II

• RF/Nを精度良く求めるためにhadron-production experiment

が進行中

2009年4月
実験開始
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backup slides
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• Reactor experiments [Double CHOOZ(フランス), RENO(韓国) ...]

• νe disappearance → almost pure θ13 measurement

• small deficit → systematic dominated

他のθ13測定実験

7T.Kobayashi (KEK)

Searches for non-zero Searches for non-zero !!1313

!13  with reactor experiments

• <E"> ~ a few MeV ! Disappearance

• P("e""e) = 1- sin22!13!sin2(1.27#m2
31L/E) + O(#m2

21/#m2
31)

! Almost purepure measurement of !!1313.

Small deficit signal ! systematics dominated

!13  with acclerator experiments

• <E"> ~ O(GeV) ! appearance experiments 

• P("µ""e) = 1- sin2!23!sin22!13!sin2(1.27#m2
31L/E) + many terms

! Appearance measurement of !13.

             ! P("µ""e) also depends on $ and mass hierarchy.

! Statistics limited

IPRD06, Siena 02/10/06 A.Tonazzo - Double Chooz 6

!13 at reactors:

a new experimental concept

" !13

2

P(#e$#e) ~ 

1 - sin2!13 sin2(%m2
13L/4E)+…

Reactor
Near Detector

#e
#e?

Far Detector

eliminate flux uncertainty

9

Solar

Atm

ND FD

Double Chooz

P(!e"!e) ~

~ 1 - sin2#13 sin2($m2
13 L/4E) + …

Bugey (3 & 4)
vs

Schreckenbach et al 
(1985) 

flux known to ~2%
Apollonio et al (CHOOZ): hep-ex/0301017

(s)
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!!1313 search competition search competition

S
e
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s
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in
2
2
!

1
3
 (

9
0

%
C

L
)

Double-Double-ChoozChooz  @"m2=2.5x10-3eV2

T2K-IT2K-I
((##=0)=0)

RENO RENO (95%)(95%)
KASKAKASKA

RENO 90%CL

year

~sin2(2θ13)

Proposal: hep-ex/0606025
LoI: hep-ex/0405032

• Proposal just published!

• Largest fraction of funded is secured, i.e.

the experiment is happening...

• France: approved CNRS & CEA

• Germany: approved MPI, pending BMBF

• Spain: approved CIEMAT

• US: pending NSF+DoE

• England: PPARC R&D, more to come.

• 120 physics (30 labs): England (Oxford, 

Sussex), France, Germany, Russia, Spain 
(CIEMAT), US
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• NOvA (accelerator LBL exp.)

• νe appearance 

• NuMI off-axis beam       
(L=810km) & 30kton liquid 
scintillator detector

• similar sensitivity to T2K

Karol Lang, University of Texas,NOvA, XII International Workshop on “Neutrino Telescopes”, Venice, March 6-9, 2007 9

The strategy: off-axis NuMI beam

! Fermilab – Ash River

! 14 mrad off-axis

! 810 km baseline

    

E! !
0.43" m#

1" " 2$ 2

16T.Kobayashi (KEK)

NONO!!AA  sensitivitessensitivites

!e appearance; sin22"13~0.01

3 ! Sensitivity to sin 2(2"13
)
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#m32
2
 = +0.0025 eV2

sin 2(2" 23) = 1.0

typical $

NO%A

Start of Far

Detector

Assembly

If funded as proposed, severe competition with T2K

!

"#$%&'()%*$+,%+-%.$/,01+*%

2$3045%6+/+,$-$/3

7 89:%;$<%6/=-=53%>/=,%-#$%

(+05%)5?$@-=/

7 (+05%)5?$@-=/%@+5%+@@$6-%'6%-=%

A%*==3-$/%*+-@#$3%6$/%@B@1$

7 8CD!3%,050,',%@B@1$%-0,$

7 E!8:8F 6/=-=53G6'13$

7 :CE%(H

7 8:I3%$J-/+@-0=5

KL$/+4$3%>/=,%8:G:M%-=%8G:A%

7 8!:%NH

7 9CFO8:8F 6/=-=53G6'13$

7 9C9%3%@B@1$

NOvA sensitive to 
matter effect
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