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Silicon Vertex Detector
Three layers of Double-sided Silicon Strip Detector.

r-f z

Impact parameter resolution:
~55µm@p=1GeV/c

前回はD3のとき

Belleでシリコンバーテックス検出器を５回作ったり，
CP非対称性を測ったりした



3横山
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ニュートリノ振動の状況(2002年)
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スーパーカミオカンデ（石塚） K2K（山本，長谷川）

「振動」であることの確認 大気ニュートリノの追試
長基線実験の有効性を確立

SKは，事故の直後。2002年末にPMT半分で再開
太陽ニュートリノ：SNO+SKの最初の結果が2001年
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1998 2001 2002 2004

大気ニュートリノ 太陽ニュートリノ 原子炉反ニュートリノ 大気ニュートリノ

その前後，数年

on several other L=E bin sizes gave essentially the same
results. In addition, the sign of the direction vector for
each event was changed artificially. In this artificial data
sample, the upward-going events should have little dis-
appearance effect and therefore the L=E distribution
should not show any dip structure around L=E !
500 km=GeV. The L=E distribution for this artificial
data sample did not show any significant dip structure
around 500 km=GeV. Finally, the L=E plot was made
using FC single-ring e-like events. The e-like distribution
was consistent with flat over the whole L=E range. Thus
we are confident that the observed dip is not due to
systematic effects in the event selection.

The data/prediction at large L=E in Fig. 4 shows a
slight rise from the expected flat distribution. We have
studied possible causes of this deviation, and concluded
that an energy-dependent systematic effects, such as the
predicted neutrino interaction cross section, are the main
sources of the nonflatness. The best-fit L=E distribution
for oscillations, allowing systematic terms to vary within
the estimated uncertainty (as described below), also
shows this rise with respect to no-oscillation prediction,
as seen in the curves overlaid in Fig. 4. The rise at large
L=E is consistent with the data.

The observed L=E distribution was fit assuming !" $
!# oscillations. The L=E distribution was divided into 43
bins from log"L=E# ! 0:0 to 4.3 . The likelihood of the fit
and the $2 were defined as
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where Nobs
i is the number of the observed events in the ith

bin and Nprd
i is the number of predicted events, in which

neutrino oscillation and systematic uncertainties are con-
sidered. N0

i is the MC predicted number of events without
oscillation for the ith bin. Various systematic uncertain-
ties are represented by 25 parameters %j, which include
seven uncertainty parameters from the flux calculation,
three from the detector calibration and background, two
from the data reduction, five from the event reconstruc-
tion, and eight from the neutrino interaction simulation.
Among these, only 24 constrain the likelihood as the
absolute normalization is allowed to be free. A more
detailed description of the systematic error terms can be
found in Ref. [16]. The second term in the likelihood
definition represents the contributions from the system-
atic errors, where &j is the estimated uncertainty in the
parameter %j. The fractional effect of systematic error
term %j on the ith bin is given by fij.

A scan was carried out on a "sin22'; log!m2# grid,
minimizing $2 by optimizing the systematic error pa-
rameters at each point. The minimum $2 was 37 :9 =40
DOF at "sin22';!m2# ! "1:00; 2:4% 10$3 eV2#. Includ-
ing the unphysical region (sin22'> 1), the best fit was
obtained at "sin22';!m2# ! "1:02; 2:4% 10$3 eV2#, in
which the minimum $2 was 0.12 lower than that in the
physical region. Figure 5 shows the contour plot of the

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

1 10 10
2

10
3

10
4

L/E (km/GeV)

D
at

a/
P

re
di

ct
io

n 
(n

ul
l o

sc
.)

FIG. 4 (color online). Ratio of the data to the MC events
without neutrino oscillation (points) as a function of the
reconstructed L=E together with the best-fit expectation for
2-flavor !" $ !# oscillations (solid line). The error bars are
statistical only. Also shown are the best-fit expectation for
neutrino decay (dashed line) and neutrino decoherence (dotted
line).
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FIG. 3. Number of events as a function of L=E for the data
(points) and the atmospheric neutrino MC events without
oscillations (histogram). The MC is normalized by the detector
live time.
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•マヨラナ質量？
•マヨラナ粒子の存在

•純粋にディラック質量？
•マヨラナ項を禁じる対称性
•極端に小さい湯川結合

•右巻きニュートリノの存在

唯一確立した New Physics
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ニュートリノ質量の起源は？

クォークと大きく違う混合行列！
•そもそも，世代って？ (who ordered that?)

CKM MNS



ニュートリノ混合研究の現状
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三世代混合
sij=sinθij, cij=cosθij

大気ν・加速器ν

太陽ν・長基線原子炉ν
θ23≒45°, |Δm232|~2.5×10-3eV2

θ12≒34°,   Δm221~7.6×10-5eV2

加速器ν・短基線原子炉ν
θ13≒9° •CPどうなってるか

• 質量階層パターン(Δm232の符号)

• (θ23-π/4) = 0? +? -? (octant)
• ３世代混合で閉じているか？

残る謎

過去10数年の進展



長基線ニュートリノ振動実験

•人工ビームで，距離，方向，エネルギーを制御可能
•大強度ビームと，巨大な検出器が必要
•系統誤差を抑える数々の工夫
•大強度陽子ビームの制御
• π生成測定実験 (ex. NA61@CERN)

•前置検出器によるin situ測定
8

Accelerator

Target

Hornsp π+

π- νμ

Near Detectors Far detector

νμ?ντ?νe?
O(100)km



長基線ニュートリノ振動実験
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K2K(1999-2004) 
世界初の長基線振動実験 
大気ニュートリノ振動の確認

T2K(2009-) 
電子ニュートリノ出現の発見 
CP非対称性のヒント

OPERA(2006-2012) 
タウニュートリノ出現の確認

ICARUS(2010-2012)

日本

ヨーロッパ アメリカ

MINOS(2005-2012) 
K2Kの追試

NOvA(2014-) 
T2Kの追試 
質量階層

MINOS+(2013-)

Δm2atm=2.5×10-3eV2

L ~ 500km for E=1GeV



T2K実験

• νμ→νeの探索(θ13) → CPの測定へ
• νμ→νμの精密測定(θ23)
• その他サプライズ？ 10

Tokai-to-Kamioka

295 km

海抜 0 m 1700 m
池の山
1360 m

野口五郎岳
2924 m

スーパーカミオカンデ 前置検出器 J-PARC

ニュートリノビーム

大型・高性能
検出器

高強度νμビーム
Eν~0.6GeV

https://youtu.be/kQkS5jnr63g
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ν mode

ν ̅mode

νe事象数
νe̅事象数

new reconstructionに切り替え

CC1π sample追加（岩本D論）

475kW地震

ハドロン事故

4 7
1

νe出現2.5σ

νe出現3.1σ
νe出現7.3σ

原子炉と合わせて
初のCP制限 CPV 90%CL CPV 2σ

倍増!



系統誤差の削減
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2012 2013 2014 2016
前置検出器での 
フラックス×断面積 5.0 2.9 3.2 2.9

前置検出器で制限できない 
ニュートリノ反応 7.6 7.5 4.7 3.0

 SK検出器 3.0
3.5

2.7 2.4

終状態／二次ハドロン反応 2.3 2.5 2.5

合計 9.9 8.8 6.8 5.4

SKでの予想 νe 事象数に対する系統誤差(%)

cf. 実験前の設計目標：<10%

T2K-IIでの目標：~4%（→岩本講演）
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GPSで同期して
時間分布でJ-PARCからの
ニュートリノ事象を選択

Fermilabのビームは10µsの間だらだらと出るので，NOvAでは宇宙線(µ)

を落とすのに苦労。最終サンプルにも5%くらい入ってる

大気ニュートリノ
~10-3事象
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2017年夏に
再構成アルゴリズム

刷新で
事象数~30%増！



観測事象数
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MC予想
データ

δ=0 δ=π/2 δ=-π/2

e-like

ν, 0π 61.5 49.9 73.5 74

ν, 1π 6.01 4.87 6.92 15

ν̅ 9.04 10.04 7.93 7

µ-like
ν 267.4 267.7 267.8 240

ν̅ 62.9 63.1 63.1 68
(normal hierarchy, θ23=45°)

• νe事象はCPが大きく破れていることを示唆
• νμ事象はθ23最大混合とコンシステント
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2017年夏の結果
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2σ CL range 
(Feldman-Cousins)原子炉実験での θ13 との比較

Normal hierarchy [-2.91, -0.60] rad. 
Inverted hierarchy [-1.54, -1.19] rad 

CP保存するパラメータ (δ=0,π)は 2σ CL 信頼区間の外！
レプトンセクターでの本格的なCP研究の幕開け

手持ちのデータ全部解析



NOvA

18

810 km

MINOS, Sudan

Studying oscillations 
over a 810km 
baseline with two 
functionally identical 
detectors and the 
worlds most powerful 
muon neutrino beam, 
NuMI.

NuMI Off-axis νe Appearance
12 A. Radovic, JETP January 2018

The NOvA Detectors
16 A. Radovic, JETP January 2018

15
 m

4 m

60 m

16 m
ND: 330 ton, 1km from source. 
FD: 14 kton, 810km from 
source.

16 Cell  
PVC 

Extrusion

3.87cm
6.0cm

15.6m

Scintillator cell with looped  
WLS Fiber.

APD

Detector Technology
17 A. Radovic, JETP January 2018
•  PVC extrusion + Liquid Scintillator 

• mineral oil + 5% pseudocumene 
• Read out via WLS fiber to APD 

• FD has ~344,000 channels 
• muon crossing far end ~40 PE 

• Layered planes of orthogonal views

Fermilabからミネソタへ
基線長 810km

Matter effectが大きい(~30%)
Mass hierarchyに感度
（T2Kと合わせるとさらに改善）

T2K-NOvAのjoint analysisに向けた議論も進行中
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Joint Best Fits
72 A. Radovic, JETP January 2018

• Full joint fit with disappearance analysis. Feldman Cousins corrections in 2D & 1D limits. 
• All systematics, oscillation pull terms shared. 
• Constrain θ13 using world average from PDG, sin22θ13 = 0.082

CPδ

23θ2
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NOvA Preliminary
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NOvAは2018年1月に新しい結果を発表
（まだニュートリノデータのみ。反νの結果は夏だそう）

T2KやSKの結果を確認 • CP大きそう
• Normal hierarchyぽい
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νμ Result
49 A. Radovic, JETP January 2018

• Full joint fit with appearance analysis. Feldman Cousins corrections in 2D & 1D limits.  
• All systematics, oscillation pull terms shared. 
• Constrain θ13 using world 

average from PDG, sin22θ13 
= 0.082

Best fit:
Δm232 = 
2.444+0.079-0.077 x 10-3 eV2

UO preferred at 0.2σ
sin2θ23 = 
UO: 0.558+0.041-0.033
LO: 0.475+0.036-0.044
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NOvA Preliminary
NOvA Normal Hierarchy, 90% C.L.

 POT-equiv.2010×Joint Analysis, 8.85

 Analysis, PRL.118.151802µν

NOvAは2018年1月に新しい結果を発表
（まだニュートリノデータのみ。反νの結果は夏だそう）

θ23は昨年は45°でないと言っていた(2.6σ)のが，45°に…
（較正・解析の変更によるもの）

Atmospheric Mixing and World Constraints
54 A. Radovic, JETP January 2018

•Consistent with world expectation. 
•Competitive measurement             
of Δm232.
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NOvA Preliminary
Normal Hierarchy 90% C.L.

 POT-equiv.2010×NOvA 8.85
T2K 2016
MINOS 2014

Joint analysis

Best fit:
Δm232 = 
2.444+0.079-0.077 x 10-3 eV2

UO preferred at 0.2σ
sin2θ23 = 
UO: 0.558+0.041-0.033
LO: 0.475+0.036-0.044

T2Kと比較

前の結果
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大型次期計画
ハイパーカミオカンデ中期計画：T2Kアップグレード

陽子崩壊見たい！
岩本氏の講演参照

WAGASCI/Baby-MIND
NINJA (次の講演)

13

νννννννν exposure status of NINJAexposure status of NINJA
・・・・We have demonstrated the basic experimental concept at J-PARC site. 
・・・・ In 2017-2018,  Water target detector run is in progress.

Detector installation：：：：2017 Oct.

Water target ECCWater target ECC

SFTSFT

20

EmulsionEmulsion--INGRID Hybrid analysisINGRID Hybrid analysis
T60: Feasibility study: 2kg Iron target ECC

Time resolution for emulsion tracksTime resolution for emulsion tracks

Event topology is clearly matched.
Expected range for each tracks is consistent with INGRID hits.

Iron 6.5x9=58.5cm
Iron 0.7cm

P (0.27 GeV/c)

ππππ/μμμμ (0.30 GeV/c)

ππππ/μμμμ (2.21 GeV/c)

ππππ/μμμμ (1.09 GeV/c)

大・中・小の実験で継続的に人材育成と物理成果

小規模実験群@J-PARCニュートリノ実験ホール

前置検出器改良
CERNも加入

REMINDER OF E61 EXPERIMENT

2

~1 km baseline
Phase-1
1-4º off-
axis angle

➤ Proposed intermediate detector for Hyper-K and the later part T2K experiment 
➤ 1 kilo-ton scale water Cherenkov detector located ~1 km from the neutrino 

source 
➤ Position of instrumented part of the detector can be moved in ~50 shaft to 

make measurements at different off-axis angles 
➤ Measurements to address uncertainties on neutrino-nucleus scattering 

modeling 
➤ Phased approach proposed to prove performance and calibration before full 

scale experiment construction

nuPRISM

WAGASCI Construction
11

Four scintillator layers
→ One sub-module 

4 sub-modules → One target module 

Install into the water tank

Bundle fibers

Layer & module assembly work



この先の展望
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HK

5σ

3σ

δCP=-90° (CP非対称度 27%)

T2K
NOvA

DUNET2K 2017年夏の結果

MNSで許される最大の場合

大中小のニュートリノ実験をどんどんと進めつつ…

20年先のことなんてわかるわけないので，
これらに加えて，未知の展開を期待してます

δ=
-9
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の
時
に
期
待
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れ
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 = 0.5023θ 2sin
 = 0.4523θ 2sin
 = 0.5523θ 2sin

4/c2 eV-310× = 2.4632
2mΔ

4/c2 eV-310× = -2.4431
2mΔ
π = CPδ

/2π = +CPδ
 = 0CPδ

/2π = -CPδ
Data (stat. errors only)

T2K Run1-8 PreliminaryFinal systematics pending
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νμ Result- Comparison To Previous Result
50 A. Radovic, JETP January 2018

Our previous result*: 
2.6σ

New simulation & Calibration: 
~1.8σ

New selection and analysis: 
~0.5σ

Full dataset: 
~0.4σ

Driven by updates to energy response model. Drop to 2.3σ 
expected due to new energy resolution. Additionally we have a 
<70 MeV> shift in our hadronic energy response. This energy 
shift would be expected to move 0.5 events out of the “dip” 
region. However it instead pushes 3 "dip" events past a bin 

boundary.

For combined analysis changes 5% of pseudo-experiments in a 
MC study had this size shift or larger. This probability is driven by 

a low expected overlap in background events, and to second 
order the addition of resolution bins.

Full dataset*: 
0.8σ *Feldman-cousins corrected significance.

Our rejection of maximal mixing has moved from 2.6σ to 0.8σ. This 
change in the character of our result comes from a few key changes 

which I’ll break down below.

New, 2.8x1020 POT, data prefers maximal mixing.


