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Neutrino oscillation

• neutrino flavor mixing

・Reduction of να 

・Distortion of Eνα spectrum
・Appearance of νβ

|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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measured

(Simplified two-flavor case)

P (να → νβ) = sin2(2θ) sin2

[
1.27∆m2L

Eν

]

neutrino’s energy in GeV

!m2 = m1
2 - m2

2 in eV2 traveling distance

in km

Fixed distance (disappearance)

CHAPTER 1. INTRODUCTION

mL and mR are the Majorana masses associated with the left and right handed
neutrinos, respectively, and h.c. means the Hermite conjugate of the first term.
Diagonalizing M to diag(m1,m2) yields:

m1,2 =
1
2

{
(mR +mL) ±

√
(mR −mL)2 +m2

D

}
, (1.8)

(
χ
ω

)
=

(
cosθ sinθ
− sinθ cosθ

) (
η1

η2

)
, (1.9)

where η1,2 is the mass eigenstate and the mixing angle θ is given by tan 2θ = mD
mR−mL

.

Seesaw mechanism

Considering the case where mL = 0 and mR " mD, we obtain mass eigenstates as

m1 ∼
m2

D

mR
, m2 ∼ mR. (1.10)

This indicates that a Dirac mass due to νL and a heavier mass due to νR can cause
a very light mass state m1 and a very heavy m2. This special case is known as
the seesaw mechanism [5,6], and it provides an explanation to the small neutrino
masses.

1.1.2 Neutrino oscillations in a vacuum

Introducing massive neutrinos to the Standard Model, we can consider the mixing
of flavors between them. Assuming that neutrinos have the Dirac mass with three
mass eigenstates νi, i = 1, 2, 3, each with a mass mi, the neutrino flavor eigenstates
can be written as linear combinations of them:

να =
∑

i=1,2,3

Uαiνi, (1.11)

where α and i are the indexes of the flavor eigenstates (νe, νµ, ντ) and the mass
eigenstates (ν1, ν2, ν3), respectively. Uαi is an unitary matrix known as the Maki-
Nakagawa-Sakata (MNS) matrix, which can be parametrized in the same way as

3

Uαi = 

Observed by several experiments

Neutrino has mass and 
   its flavor is mixing
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Three flavor mixing

• present knowledge
Δm2solar = 8 x 10-5 eV2

sin2(2θ12) = 0.86

Δm2atm = (2.2~3.0) x 10-3 eV2

sin2(2θ23) > 0.92

sin2(2θ13) < 0.15 
     @Δm2=2.5x10-3eV2

δ : unknown

sign(Δm2atm) : unknown

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∆m2
12 + ∆m2

23 + ∆m2
31 = 0

CHAPTER 9. CONSTRAINT ON NEUTRINO OSCILLATION
PARAMETERS

CHOOZ 90%C.L. (νe→νx)     
– –

Palo Verde 90%C.L. (νe→νx)     

K2K 90%C.L. (νµ→νe)     

Kamiokande 90%C.L. (νµ→νe)     

SK 3-flavor 90%C.L. (3-flavor, NH)
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Figure 9.8: Constraints on ∆m2-sin2 2θ13 space by various experiments.
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1 Introduction

The absolute mass scale and the Majorana nature of neutrinos are among the central
topics of the future research program in neutrino physics [1, 2]. In addition, the value of the
currently unknown mixing matrix element |Ue3| = sin θ13 is of central importance, since it is
a strong discriminator for neutrino mass models. The magnitude of |Ue3| is also important
for future efforts to probe leptonic CP violation and/or the mass ordering in oscillation
experiments (see e.g. [3]). Neutrino-less double beta decay (0νββ) is the best known
method to address both the Majorana nature of neutrinos, as well as the absolute mass
scale. Several ongoing and planned experiments, such as NEMO3 [4], CUORICINO [5],
CUORE [6], MAJORANA [7], GERDA [8], EXO [9], MOON [10], COBRA [11], XMASS,
DCBA [12], CANDLES [13], CAMEO [14] aim at observing the process

(A, Z) → (A, Z + 2) + 2 e− .

If mediated by light Majorana neutrinos, the square root of the decay width of 0νββ is
proportional to a so-called effective mass which is given by the following coherent sum:

|mee| ≡

∣

∣

∣

∣

∣

∑

i

mi U
2
ei

∣

∣

∣

∣

∣

, (1)

where mi is the mass of the ith neutrino mass state and where the sum is over all light
neutrino mass states. Uei are the elements of the leptonic mixing matrix [15] which we
parameterize here as

U =







c12c13 s12c13 s13 e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13






diag(1, eiα, eiβ) , (2)

where we have used the usual notations cij = cos θij , sij = sin θij . δ is the Dirac CP -
violation phase, α and β are the two Majorana CP -violation phases [16]. The best current
limit on the effective mass is given by the Heidelberg-Moscow collaboration [17]

|mee| ≤ 0.35 ζ eV , (3)

where ζ = O(1) indicates an uncertainty due to uncertainties in the calculation of the
nuclear matrix elements of 0νββ. Similar results were obtained by the IGEX collaboration
[18]. The above mentioned experiments will improve the current bound by one order of
magnitude1. In terms of the neutrino mass matrix,

mαβ = Uαi mi δij UT
jβ , (4)

1Those experiments will of course also test the claimed evidence [19] by part of the Heidelberg-Moscow
collaboration.
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What does T2K aim for ?

1. discovery of a finite θ13

• open the possibility to measure CPV phase δ

• important interplay with mass ordering and 0νββ

2. precise measurement of 

• Is θ23 maximal mixing ? 

3. CPV in lepton sector

hint on Baryon# 
asymmetry of Universe 

effective mass

1 Introduction

The absolute mass scale and the Majorana nature of neutrinos are among the central
topics of the future research program in neutrino physics [1, 2]. In addition, the value of the
currently unknown mixing matrix element |Ue3| = sin θ13 is of central importance, since it is
a strong discriminator for neutrino mass models. The magnitude of |Ue3| is also important
for future efforts to probe leptonic CP violation and/or the mass ordering in oscillation
experiments (see e.g. [3]). Neutrino-less double beta decay (0νββ) is the best known
method to address both the Majorana nature of neutrinos, as well as the absolute mass
scale. Several ongoing and planned experiments, such as NEMO3 [4], CUORICINO [5],
CUORE [6], MAJORANA [7], GERDA [8], EXO [9], MOON [10], COBRA [11], XMASS,
DCBA [12], CANDLES [13], CAMEO [14] aim at observing the process

(A, Z) → (A, Z + 2) + 2 e− .

If mediated by light Majorana neutrinos, the square root of the decay width of 0νββ is
proportional to a so-called effective mass which is given by the following coherent sum:

|mee| ≡

∣
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ei
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∣

∣
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, (1)

where mi is the mass of the ith neutrino mass state and where the sum is over all light
neutrino mass states. Uei are the elements of the leptonic mixing matrix [15] which we
parameterize here as

U =







c12c13 s12c13 s13 e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13






diag(1, eiα, eiβ) , (2)

where we have used the usual notations cij = cos θij , sij = sin θij . δ is the Dirac CP -
violation phase, α and β are the two Majorana CP -violation phases [16]. The best current
limit on the effective mass is given by the Heidelberg-Moscow collaboration [17]

|mee| ≤ 0.35 ζ eV , (3)

where ζ = O(1) indicates an uncertainty due to uncertainties in the calculation of the
nuclear matrix elements of 0νββ. Similar results were obtained by the IGEX collaboration
[18]. The above mentioned experiments will improve the current bound by one order of
magnitude1. In terms of the neutrino mass matrix,

mαβ = Uαi mi δij UT
jβ , (4)

1Those experiments will of course also test the claimed evidence [19] by part of the Heidelberg-Moscow
collaboration.
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André de Gouvêa Northwestern

What We Know We Don’t Know

(!m
2
)
sol

(!m
2
)
sol

(!m
2
)
atm

(!m
2
)
atm

"
e

"
µ

"
#

(m
1
)
2

(m
2
)
2

(m
3
)
2

(m
1
)
2

(m
2
)
2

(m
3
)
2

normal hierarchy inverted hierarchy

• What is the νe component of ν3?
(θ13 != 0?)

• Is CP-invariance violated in neutrino
oscillations? (δ != 0, π?)

• Is ν3 mostly νµ or ντ? (θ23 > π/4,
θ23 < π/4, or θ23 = π/4?)

• What is the neutrino mass hierarchy?

(∆m2
13 > 0?)

March 30, 2006 ν Mass Hierarchy
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André de Gouvêa Northwestern

What We Know We Don’t Know

(!m
2
)
sol

(!m
2
)
sol

(!m
2
)
atm

(!m
2
)
atm

"
e

"
µ

"
#

(m
1
)
2

(m
2
)
2

(m
3
)
2

(m
1
)
2

(m
2
)
2

(m
3
)
2

normal hierarchy inverted hierarchy

• What is the νe component of ν3?
(θ13 != 0?)

• Is CP-invariance violated in neutrino
oscillations? (δ != 0, π?)

• Is ν3 mostly νµ or ντ? (θ23 > π/4,
θ23 < π/4, or θ23 = π/4?)

• What is the neutrino mass hierarchy?

(∆m2
13 > 0?)

March 30, 2006 ν Mass Hierarchy
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295km
(Tokai)

JAERISuper Kamiokande

KEK
Tokyo

図 2.1: J-PARCニュートリノ振動実験 (T2K実験)の概観。T2K実験は、茨城県東海村の
大強度陽子加速器施設 J-PARCでニュートリノビームを生成し、295 km離れたスーパー
カミオカンデで検出する次期長基線ニュートリノ振動実験である。

2.1.1 Off-axisビーム
T2K実験の一つの特徴は off-axisビームを用いることである。Off-axisビーム法は、ビー

ム軸を検出器の方向からずらすことによりエネルギースペクトル幅の狭いニュートリノ
ビームを得る方法 [20]で、実用化されるのは T2K実験が世界初である。
実験室系において、π中間子の 2体崩壊 π → µνµによりビーム軸から角度 θOAの方向
に飛び出すニュートリノのエネルギーは、以下のように表される。

Eν =
m2

π −m2
µ

2(Eπ − Pπ cos θOA)
(2.1)

ここで、mπ, Pπ, Eπはニュートリノの親粒子である π中間子の質量、運動量、エネルギー
で、mµはニュートリノとともに生成するミューオンの質量である。

図 2.2: Off-axisビーム法の概念図。
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T2K experiment (J-PARC E11)

J-PARC 750kW
(under construction)

SK 
(ready for T2K)

Tokai
KAMIOKA

~T2K: Tokai to Kamioka LBL Neutrino Oscillation Experiment~

• T2K 1st-phase

✓ discovery of a finite θ13 by observing νe appearance

• measure νe app. in T2K-I → δ (CPV) in T2K 2nd-phase

✓ precise measurement of θ23, Δm223 by νμ disappearance

Construction of new ν beam-line / detectors : 2004~2008 
Experiment : 2009 ~

5



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

• observable = Φ(Eν) x σ(Eν)        CC interaction

• To extrapolate ΦSK is a key issue

• ΦSK(Eν) ≠ ΦND(Eν) even w/o oscillation due to 
effect of non-point like source

ΦSKobs.ΦSKexp.

NSKexp.
NSKobs.

extrapolate →
ΦND(Eν)

L = 295 km
J-PARC MR

Beam Timing
w/ GPS

w/o ν oscillation

comparison
→ ν oscillation 

graphite(C) 
target

Far-to-Near ratio : !
µ
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ΦSKexp.(Eν) = RF/N(Eν) x ΦND(Eν)
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Hadron production measurement

Overview of T2K experiment

FNAL SciBoone exp.

MC
(GFLUKA)
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Narrow-band intense neutrino beam
• Off-axis beam method

θTargetHorns Decay Pipe

Super-K.

π decay Kinematics

(ref. BNL-E889 proposal)
0°

2°
2.5°

3°

Eν
 (G

eV
)

1

00 2 85

振動確率＠
Δm2= 3x10-3eV2

OA2°

OA3°

OA2.5°

!
µ
 f

lu
x

OA0° ! set E" peak @osc. max. (OA 2.5°)

• x 2~3 intense than OA 0°

• ~2200 "# int. in total (~1600 "# CC int.) for 

1yr * 22.5kt(SK)

! small high energy " tail $ reduce bkg. to CCQE

! "e ~0.4% at "# peak

L = 295 km

!m2
23 = (2.2~3.0) x 10-3 eV2

Oscillation max.

E" = 0.5~0.7 GeV

: off-axis angle
              (OA)

Pπ (GeV/c)

Eν (GeV)
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ν Energy Reconstruction
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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。

26

1R!

#
 o

f
 e

ve
n
ts

CCQE

events
non-QE

events

13

!µ + n ! µ + p

!

µ
-

p

(Eµ, pµ)"

µ

µµµ

µµ
!

"+#

#
=

cospEm

2mEm
E

N

2
Nrec

Quasi-Elastic process

µ
-

!µ + n ! µ + p + #

!
p

(Eµ, pµ)"µ

#’s

!µ + n ! ! + p + #’s

!

!

p#’s

CC 1#

NC 1#

QE

inelastic

E! (reconstructed) – E! (true)

E! reconstruction at low energy

$E  % 60 MeV  $E/E  ~ 10%

13

!µ + n ! µ + p

!

µ
-

p

(Eµ, pµ)"

µ

µµµ

µµ
!

"+#

#
=

cospEm

2mEm
E

N

2
Nrec

Quasi-Elastic process

µ
-

!µ + n ! µ + p + #

!
p

(Eµ, pµ)"µ

#’s

!µ + n ! ! + p + #’s

!

!

p#’s

CC 1#

NC 1#

QE

inelastic

E! (reconstructed) – E! (true)

E! reconstruction at low energy

$E  % 60 MeV  $E/E  ~ 10%
CCQE: νμ(e) + n → μ(e) + p

T2K’s beam energy
8



Super Kamiokande (far detector) 
• 50 kton water Cherenkov detector (fiducial 

volume: 22.5 kton)

• ~10000 x 20 inch PMTs (inner detector)

• good hit-ID: e-like(shower ring) / μ-like

• δEscale ~ 2%

!-like event

e-like event

Far Detector: Far Detector: SKSK--IIIIII
• 50kt Water Cherenkov detector (Fiducial : 22.5kt)

• SK reconstruction is done in Apr. 2006.
! Back to 40% Photo coverage in July, 2006

Ready for T2K !!!Ready for T2K !!!

!"ICRR, Univ. of Tokyo

SK has been fully reconstructed
Data taking of SK-III since July/2006
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Physics prospects

1. θ13 measurement by νe appearance
2. precise measurement of (θ23,Δm223)
3. Hadron-production measurement

10



• simplified probability of νμ → νe

• However, more exact P(νμ→νe) composes not only θ13 but 
also other unknown parameters

θ13 measurement by νe appearance
Δm231 = Δm232 >> Δm212
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+ ...
θ13 term CPV term

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

31L/E
]

T2K observable: P(νμ→νe) sin2(2θ13)
some ambiguities due to unknown parameters, 
but more sensitive than the current limit 

and, it is possible to measure CPV by                               in T2K-II ACP ≡
P (νµ → νe)− P (νµ → νe)
P (νµ → νe) + P (νµ → νe)

common as νμ disappearance
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• νe appearance

• signal : e- from νe CCQE

• background 

• beam intrinsic νe

• νμ NC1π0, in which π0 is mis-ID as e-

0 1 2 3 4 5
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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

π0 event (SK)

# of events in  0.35<E!(GeV)<0.65
   - signal                      103
   - Beam !e bkg.           13
   - !" bkg (CC+NC1!0) 10

5years (5 x 1021 pot)  

understanding bkg. is a key issue

!-like event

e-like event

!0

!

!
small opening 

angle

"
#
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Expected sensitivity of θ13

• > x10 improvement from CHOOZ results for almost any δ
sin2(2θ13) = 0.008 (90% C.L.) for δ=0, Δm213=2.5x10-3 eV2, sin22θ23=1

90%C.L. sensitivity @5years (5 x 1021 pot) w/ stat. + 10% bkg. systematic error  
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07.03.26 F.Suekane JPS 33

Complementarity to T2K

L=300km

±0.01(DB)

±0.004

!23<"/4

#!"
Y~2013

±0.025(DC) !23<"/4

#sin22!13=0.01!"

#

#sin22!13=0.025!"

• Reactor Experiment (DoubleChooz, DayaBay, RENO ...)

• νe disappearance → pure sin22θ13 measurement

• not sensitive to CPV phase δ

Complementary measurement of θ13

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

δ,  sign(Δm231), sinθ23

from F. Suekane-san’s slide 
(JPS2007,Mar)

T2K measurement

Reactor measurement

comparison both results
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Stat. only

--68%CL

--90%CL

--99%CL

(OA2.5(OA2.5°°))

precise measurement of (θ23,Δm223)
5years (5 x 1021 pot)  

Requirements on systematic error
   - Non-QE/QE ratio : <5%
   - Energy scale : <2%
   - flux normalization : <10%

   - Spectrum shape : <20%
   - Spectrum width : <10% 
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図 3.6: (sin2 2θ, ∆m2) = (1.0, 2.7×10−3 eV2)の場合に期待されるシグナルとベストフィッ
ト。左図は 1Rµ事象の再構成されたエネルギー分布で、エラーバーつきの点が擬似シグナ
ルサンプル、実線 (青色)はベストフィット。網掛け部分は non-QE反応からの寄与を示し
ている。右図は、擬似シグナルサンプルのスペクトルとニュートリノ振動がない場合に期
待されるエネルギー分布との比をとったもの。0.65 GeV付近にディップが見られる。

エネルギー分布とベストフィットを示している。同右図は擬似シグナルサンプルのエネル
ギー分布とニュートリノ振動がない場合に期待されるエネルギー分布との比をとったもの
で、0.65 GeV付近に明瞭なディップが見られる。定性的には、ディップの深さが sin2 2θ

に、ディップの位置が∆m2にそれぞれ対応すると考えられる。
図 3.7は、ベストフィットからの likelihoodの差∆ lnLから求めた振動パラメータの許

容領域で、真の∆m2の値ががそれぞれ、∆m2 =2.0, 2.3, 2.7, 3.0×10−3 eV2の場合につ
いて示した。ただし、sin2 2θ = 1.0を仮定している。また、信頼度 (C.L.)と∆ lnLの対
応は表 3.5のとおりである。

C.L. significance ∆ lnL

68% 1σ 0.50
90% 1.64σ 1.36
99% 2.58σ 3.32

表 3.5: 信頼度 (C.L.)と ∆ lnLの対応
[31]。

振動パラメータの許容領域のコンターは、真の∆m2の値によってその大きさや形が変
わる。コンターが最も小さくなるのは、∆m2 ∼ 2.7× 10−3 eV2のときで、これはちょう
どニュートリノビームのピークエネルギーのところでニュートリノ振動が最大になる場合
に対応する。
ここで、定量的に議論するために、各振動パラメータに対する sensitivityを図 3.8 のよ

うにコンターを各座標軸に射影したときの最大の幅で定義する。
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non-QE bkg

• νμ disappearance

• goal

• δ(sin22θ23) ~ 0.01

• δ(Δm223) ~ < 1 x 10-4 eV2

required errors 
      on ΦSKexp.(Eν)
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Hadron-production measurement

• expect ΦSKexp(Eν) precisely in order to reduce syst. errors

• ΦSKexp.(Eν) = RF/N(Eν) x ΦND(Eν)

• RF/N(Eν) is sensitive to hadron-production distribution

• Requirements on the accuracy of RF/N(Eν)

• νe app.:  δ(Nbkg) < 10%

• νμ disapp.: required errors on ΦSKexp

• There are no measurements of 30GeV ~ 50GeV p+C

Experimental measurement of the hadron-production is necessary !!

E!: 0-1GeV and 1-10GeV

"RF/N(E!) < 2~3%

!RF/N(E") < 2~3%
E": 0-1.5GeV,100MeV/bin
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• Requirements on hadron-production measurements 

• Measure (Pπ,θπ) distribution with <10%                                      
stat. error for each 150MeV/c x 20mrad                                        
bin in the region: 0.3 < Pπ(GeV/c) < 10                                           
and  0< θπ(mrad) < 400

• Measure K/π ratio with <10% accuracy

• high energy νμ (→NC1π0 bkg.) from K decay
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CERN NA61 Experiment

• Detector w/ Large acceptance 

• TPC w/ magnetic field + TOF

• PID(p,K,π ..) w/ dE/dx and TOF

• p+C for T2K in 2007 (,2008)

• thin(1cm), thick(10cm,90cm) targets 

• beam time in 2007 fall (29days) ← devoted for T2K purpose

• Impact of NA61
T2K goal Error from RF/N  w/ NA61

δNbkg for νe app. 10%  < 4%

δ(sin22θ23) 1%  0.5%

δ(Δm223) [x10-4 eV2] < 1  0.15

→ get ready for T2K which starts in 2009
18



Construction status
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J-PARC

2007/3/17 !"#$%&'()(*+,-./01234007 2

J-PARCJ-PARC

56789:;(<

*=>?@AB9:CD

3 GeV E8F7G78
(HI 350m)

50 GeV E8F7G78
(HI 1600m)

JK(GLM9:;(<

Linac

(Japan Proton Accelerator Research Complex)

to SK

Joint Project between KEK and JAEA

Material/Life Science Facility

Hadron Experimental
Facility

3GeV Synchrotron
(25Hz, 1MW)

50GeV Synchrotron
(0.75 MW)

Neutrino Facility

500 m

Construction: 2001 ~ 2008

Linac
(350m)
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25

3 GeV Tunnel

26

3 GeV RF Acceleration

3GeV RF Acceleration

27

50 GeV Tunnel

50 GeV tunnel 
24

Linac Tunnel

3 GeV tunnel Linac

• Construction & Commissioning are in progress

• Linac successfully accelerated up to the design 
energy of 181MeV 

• MR commissioning will start in 2008

21



Neutrino Facility at J-PARC
Beam-line construction
2004.Apr ~ 2009.Mar

Target Station

NU1 (Main Ctrl-Room)

NU2 (Ctrl-Room)

NU3 / mu-hat

Neutrino detector280 m

Primary Proton

Target Station

 

 

280 m

Primary Proton

  

 Target/Horn
(Target Station)

Near Neutrino
Detector

to Super-Kamiokande

Beam Dump

30T.Kobayashi (KEK)

Neutrino facility at J-PARCNeutrino facility at J-PARC

• Construction: Apr.2004~Mar2008(5yrs)

Near detector@280m Beam dump Decay volume

Superconducting

Combined function

Magnet

Arc prt

Target station

Target/Horn system

To Super Kamiokande

110m

280m

Fast ext part

Final
focusing
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110m (π→μν)

First Beam in 2009.Apr
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MuonMuon

Monitoring PitMonitoring Pit

Near Neutrino DetectorNear Neutrino Detector

To To 

Super-Super-KamiokandeKamiokande

Neutrino Experimental Facility

~100m
Primary Beamline

22



Beam direction

• Requirement on the beam direction

• reduce syst. error of Δm223 caused by δEν

• δ(p beam pos. on target) < 1mm

• beam-line alignment using GPS

• monitor direction of the μ and νμ

Target Station

NU1 (Main Ctrl-Room)

NU2 (Ctrl-Room)

NU3 / mu-hat

Neutrino detector280 m

Primary Proton

Target Station

 

 

280 m

Primary Proton

  

 

to SK

!+

!"

"

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
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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

1 month data w/ 1% beam

-450 cm 450 cm

νμ beam monitor @ 280m
- on-axis of νμ beam
- 10m x 10m
- Fe/Scintillator 
  sandwich  x 16

muon monitor @ ~110m
- IC & semi-conductor
  array
- 150 cm x 150cm
- spill by spill monitor

< 1 mrad

1 month data w/ 1% beam
(red: p beam hits the center of tgt,

blue:  off-center of tgt by 3mm)

10m

Figure 2.2: The INGRID detector configuration in the ND280 hall. The neutrino beam enters the
detector from the bottom right of this drawing.
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Figure 2.3: The variation of the neutrino beam flux (left) and peak energy (right) seen at Super-
Kamiokande as a function of the off-axis angle. A change of the beam direction results in the different
off-axis angle. The goal of INGRID is to monitor the angle to a precision of 1 mrad (0.06◦) each day
at design intensity.
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10m

proton beam
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A New Neutrino Beam line with 
MW fast ext. beam

• Technical challenges

• Thermal shock → use graphite for target and beam dump

• Heat load → water cooling everywhere

• Radiation → shield & remote maintenance

• Construction & final R&D of each component are in progress

24T.Kobayashi (KEK)

Electromagnetic hornElectromagnetic horn

1.4m

• 1st horn prototype long-term tested. 

• 3rd horn prototype completed, soon tested w/ 1st horn

• 2rd horn being prepared in US

@ test facility

1st horn3rd horn Beam Dump
BD 1unit
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Near Detectors @ 280m

• Off-axis detector

• measure ν beam energy, flux and 
flavor contents

• study ν cross section (water/carbon) 

• Tracker(FGD,TPC), Pi0 detector and 
EM calorimeter in the UA1 magnet
(0.2T) 

• On-axis detector

• ν beam direction monitor

• Beam/detector commissioning will start 
with on-axis detector in Apr/2009

• commissioning of off-axis detector in 
the fall of 2009

September 22nd, 2006 NNN2006, University of Washington 28

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

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

7.6m

6.1m

5.6m
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Summary

• T2K

• off-axis beam → Eν ~ sub-GeV & SK as far detector

• discover a finite θ13   >x10 improvement

• if we measure νe app. in T2K-I → CPV in T2K-II

• complementary with Reactor experiment

• interplay with mass ordering and 0νββ

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

• new hadron-production measurement: CERN NA61

• Construction of Accelerators and Neutrino Facility at J-PARC 
are in progress

Start from Apr/2009
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