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ニュートリノフレーバー50周年

Discovery of ν flavor

ν mixing/oscillatio
n

PRL 9, 36 (1962)

Prog. Theor. Phys. 28, 870 (1962)
4
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

ニュートリノ振動

2フレーバーの場合

P(να→να)=1-sin22θ·sin2(1.27Δm2[eV2]·L[km]/E[GeV])

P(να→νβ)=sin22θ·sin2(1.27Δm2·L/E)

θ:mixing angle
Δm2=m12-m22

|να> = cosθ|ν1>+sinθ|ν2>
|νβ> = -sinθ|ν1>+cosθ|ν2>

フレーバー固有状態 質量固有状態
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図 3.6: (sin2 2µ, ∆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 2µ

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 2µ = 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% 1æ 0.50
90% 1.64æ 1.36
99% 2.58æ 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 ª 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。

31
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３世代あるので

6
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振動確率は，
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 7

What we have learned (and not)

“solar” region
θ12~34°

Δm221~7.8×10-5eV2

“atmospheric” region
θ23~45°

|Δm232|~2.5×10-3eV2

θ13<12° (before June 2011)
No information on δ (CP)

maximal?
sign?

(LSND anomaly)
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

CP測るには
• νと反νを比較 → 加速器νビーム
• “conventional” ν ビーム = νμ
• π+ → μ+ + νμ : 分岐比 >99% 

• DisappearanceではCP破れない→ appearance

• ντ の同定は困難 (τ lifetime < ps)

• CPV → complex phase → 干渉項
• solar (small Δm212) と θ13 (“small”)

8

Promising method : P(νμ→νe) vs P(νμ→νe)
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animation New   Candidate Event  

m 

Second ντ candidate at OPERA
(M.Nakamura, NEUTRINO2012)
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

スーパーカミオカンデでも
•大気ニュートリノの反応で
「τっぽい」特徴を持つ
事象を選択

• 3.8σの有意度で
τの信号を観測

10

など

arXiv:1206.0328
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 11

Promising method : P(νμ→νe) vs P(νμ→νe)

 P(νµ →νe )  sin
2θ23 ⋅sin

2 2θ13 ⋅sin
2(1.27Δm2

13L / E)
~0.5

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

∝ sin2θ12
sinθ13

sinδ

まず θ13 を測る！

CP測るには
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 12

熾烈な国際競争

Worldwide efforts for measuring θ13

• 加速器実験
• 日本: T2K(2009-)

• 米国: NOvA(2013-)

• E~GeVのビームで，
νμ→νeの変換を探索
「出現」実験

• 原子炉実験
• 欧(+日米): Double Chooz (2011-)

• 韓: RENO (2011-)

• 中+米: Daya Bay(2011-)

• E~MeVのνe→νx(x≠e)を探索
「消失」実験
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 14

Super-Kamiokande 
(ICRR, Univ.Tokyo)

J-PARC 30GeV PS 
(KEK-JAEA, Tokai)295km

Tokai-to(2)-Kamioka

~1015 ν produced every ~3 sec
almost pure (99%) νμ beam

~1 ν interaction / day

295km

σ(νN)~10fb @1GeV

•Search for νμ→νe (θ13)
•Precise meas. of νμ→νμ (θ23)
•Sterile ν, other surprise?
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 15

T2K collaboration

International collaboration (~500 members, 59 institutes, 12 countries）

May 2011 @KEK
(震災2ヶ月後)

Spokesperson: T.Kobayashi(KEK)

僕

日本人~80人くらい
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実験原理

16

protons
π, π, π, π, Κ ν, ν, ν, ν 

oscillation

Intense beam Gigantic far detectorNear detector

295km

統計 ↔ 大強度ビーム，大質量検出器
系統誤差 ↔ Off-axis beam，π生成測定，前置検出器
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実験原理

16

protons
π, π, π, π, Κ ν, ν, ν, ν 

oscillation

Intense beam Gigantic far detectorNear detector

295km

統計 ↔ 大強度ビーム，大質量検出器
系統誤差 ↔ Off-axis beam，π生成測定，前置検出器

NA61@CERN

31GeV/c p+C 前置検出器
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Signal & background

17

• Signal = single electron event

• oscillated νe interaction :

• Background 

• Intrinsic νe  in the beam
(from μ, K decays)

• π0 from NC interaction
(π0→γγ)

Super-Kamiokande IV
Run 999999 Sub 0 Event 458 
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Trigger: 0x03
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Trigger: 0x03
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e

νe CCsimulation

CCQE : νe + n → e + p
(dominant process at T2K beam energy)

νe
e

p
νμ

NC 1π 0simulation
π0

γ

γ
small opening 

angle

ν
μ

π0→γγ

Erec =
mnEl � m2

l /2 � (m2
n � m2

p)/2

mn � El + pl cos �l
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Super-Kamiokande IV
Run 999999 Sub 0 Event 454 
10-02-15:01:25:39
Inner: 2208 hits, 9333 pe
Outer: 10 hits, 9 pe
Trigger: 0x03
D_wall: 1479.4 cm
mu-like, p = 1154.7 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
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μe π0→2γ
理論屋にもできる(?)粒子識別
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 22

J-PARC Facility
(KEK/JAEA�

ν beam
(to Kamioka)

30 GeV Main Ring

Hadron Exp

Facility

Material & Life

Science Facility

3 GeV
RCS

LINAC
Pacific O

cean
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

加速器ν実験の予備知識 (一般常識)

• ν実験の場合，まずとにかく数をかせぐのが重要
• Instantaneous rateはどれだけ高くても大丈夫

(普通の実験ではレートが高いと検出器が死ぬ)

• 陽子を加速したらとっとと全部打って次の
加速サイクルへ（速い取り出し, FX）
⇔ 数秒にわたってビームを出す：遅い取り出し,SX

• ちなみに(今の) J-PARCではFX/SX同時に運転できない

• 二次粒子の数 ∝ 陽子ビームのエネルギー × 数 (protons 

on target, POT)

• 単位時間あたりの粒子生成数 ∝ kW
23
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

実験屋の事情(の一部)

•大強度のビームは欲しいけど……

•熱衝撃
•変なところに当てると溶ける，壊れる

•放射線
• dpaという単位ご存じですか
•放射化した空気，水，機器との戦い

•大電流
•電源，破壊……

24
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研
Delivered POT in all physics runs : 3.035 e+20

Delivered POT and PPP (So far)

Max PPP at CT5 in all physics runs : 1.059 e+14

1612年6月9日土曜日

これまでのデータ収集

25
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publication

1.43×1020POT

1.58×1020POT
by June 2012

200kW

本日は現在のフルデータ(3.01×1020POT)による結果

145kW

復旧

(NEUTRINO2012時点では2.56×1020)

(0.21×1020 POT
w/ 200kA horn current)
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 26

Google map

この下に建設担当した
ミューオンモニターが
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27

前置検出器 Super-K
CERN-NA61で測定されたπ±・K+の生成断面積を元に

• 振動が最大となる~0.6GeVにピーク
• 高エネルギーのν(BG源)は少ない
• νeのコンタミ<1%

系統誤差10-15%
Off-axis beam
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

前置検出器

28

• INGRID @ on-axis (0 degree)
• ν beam monitor [rate, direction, stability]

• ND280 @ 2.5 degree off-axis
✦ Normalization of Neutrino Flux
✦ Measurement of neutrino cross sections.

•Dipole magnet w/ 0.2T
• P0D: π0 Detector
• FGD+TPC: Target + Particle tracking
• EM calorimeter
• Side-Muon-Range Detector

Thursday, July 19, 12



横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

順調に稼働してます

29

ν events interacted in P0D with tracks 
going through FGDs, TPCs and ECAL 

TPC PID positive tracknegative track

a few electrons

muons muon+π

protons

ν event rate stability by INGRID

•INGRID [RUN 1-3 data]
• ν rate stability
• beam direction: 

• -0.01±0.33 mrad (x)
• -0.11±0.37 mrad (y)

 
•ND280 [RUN 1-2 data]

•excellent PID and 
tracking capability
•identification of the 
neutrino interactions.












































Jan 2010-May 2012
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

νμの測定@ND280

30

22

Figure 45: Data and MC P

µ

(left) and cos✓
µ

(right) distributions for the Run 1 and 2 together
for MC (solid line), reweighted MC after the BANFF fit (dashed line), and data (dots).

57

Figure 46: Data and MC P

µ

distributions for the CCQE and CCnQE samples for Run 1 and 2
for MC (solid line), reweighted MC after the BANFF fit (dashed line), and data (dots).
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# Events in Pμ vs. θμ are used in FIT to constrain the flux 
and ν cross sections (MC predictions at ND280 and SK).

CCQE sample

CCnQE sample

CCQE sample CCQE sample

CCnQE sample

● Data
— MC w/o tuning
--- MC after FIT

● Data
— MC w/o tuning
--- MC after FIT

CCQE
CC1π+
CC1π0
CCcoh
CCother
NC
bkgd outside

CCQE
CC1π+
CC1π0
CCcoh
CCother
NC
bkgd outside

(using 1.08×1020POT
till Mar.2011)

• Good negative track in FV.
• Upstream TPC veto
• muon ID by TPC
for CCQE
• 1 FGD-TPC track
• No decay-e in FGD

For CCQE selection
40% eff. w/ 72% purity

2012年のデータも
変化ないことは確認

(現在アップデート中)
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フラックス+断面積の制限

31

Correlationも全部入れてフィット
Before After

フラックスの予測
(NA61, beamline meas.)

反応断面積の不定性
(過去の実験, モデル)

前置検出器の測定
(pμ, θμ)

SKでの予想の不定性を減らす
Thursday, July 19, 12
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The predicted number of events 
and systematic uncertainties

Event category sin2 2�13 = 0.0 sin2 2�13 = 0.1
Total 3.22±0.43 10.71±1.10
⇥e signal 0.18 7.79
⇥e background 1.67 1.56
⇥µ background 1.21 1.21
⇥µ + ⇥e background 0.16 0.16

The predicted # of events w/ 3.01 x 1020 p.o.t.

(mainly NCπ0)
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Figure 9: The predicted number of events distribution for the Run1+2+3b+3c POT until
June 9 (= 3.010� 1020) with sin2 2�13 = 0.1 (left) and sin2 2�13 = 0 (right).

3.3 E�ect of systematic uncertainties441

How much the systematic uncertainty a�ect the prediction is checked by throwing442

the systematic parameters. Specifically, a total of 20000 sets of the systematic443

parameters following the multivariate normal distribution and covariance matrix444

are generated, and then the reconstructed neutrino energy distribution and total445

number of events are calculated for each set by using Equations (6) and (7). The446

central values of systematic parameters in the multivariate normal distribution are447

set at the “Post ND280 fit” values. As for the error size and correlation among448

parameters, the covariance matrices both before and after the ND280 fit are tested449

for checking the improvement by the ND280 fit.450

Figure 9 shows the predicted number of events distributions over the 20000451

throws of systematic parameters for the Run1+2+3b+3c POT until June 9 (=452

3.010� 1020). The distribution made with error values before the ND280 fit (blue453

hatched) and the distribution after the ND280 fit (red solid) are shown together454

for both sin2 2�13 = 0.1 and = 0 cases. As seen in the figure, the uncertainty on455

the predicted number of events is largely reduced after the ND280 fit. The size of456

error reduction by the ND280 data is larger in sin2 2�13 = 0.1 case than that in457

sin2 2�13 = 0 case. The main reason is that the ⇥e signal sample is mostly composed458

of CCQE events, whose uncertainty is well constrained by the ND280 data, while459

the uncertainty of NC1⇤0 events, one of the major backgrounds, can be constrained460

only slightly by the ND280 data.461

The systematic uncertainty on the predicted number of events due to each indi-462

vidual error source is also estimated by throwing only relevant systematic parame-463

ters and fixing the other parameters at their prior values. The result is summarized464

in Table 10, together with sizes of the total systematic errors. The dominant error465

sources in sin2 2�13 = 0.1 case after the ND280 data fit are the uncertainties on466

the beam flux prediction, MQE
A , CCQE normalization and Spectral function. You467

may notice that the total error size is not equal to the quadratic sum of individual468

errors. This is because some of the systematic parameters can vary in a correlated469

way.470

The systematic uncertainty on the predicted number of events due to each group471

of error sources is summarized in Table 11. The table also includes the size of to-472

tal errors in this analysis and in the 2010a analysis. In addition to constraints on473
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Uncertainties are reduced 
using ND280 measurement

Error source sin2 2�13 = 0 sin2 2�13 = 0.1
Beam flux+⇥ int. 8.7 % 5.7 %in T2K fit
⇥ int. (from other exp.) 5.9 % 7.5 %
Final state interaction 3.1 % 2.4 %
Far detector 7.1 % 3.1 %
Total 13.4 % 10.3 %
(T2K 2011 results:                               ~23%                     ~18%)

big improvement from the T2K 2011 results

Systematic uncertainties

the predicted # of event
distribution 
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Figure 121: Momentum distribution for the selected events in the negative analysis after the likelihood
fit.
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Figure 122: Momentum distribution for the selected events in the positive analysis after the likelihood
fit.

fi
P

p fi ⇥ gn,i(p)

f(⌫e) 0.845± 0.146 82.1± 14.2
f(oth) 1.00 (fixed) 37.5
f(�) 1.031± 0.059 259.8± 14.8
f(µ) 1.00 (fixed from data) 25.4

Table 25: Value of the parameters for best fit. The data/MC ratio and absolute number of events are
indicated for each component.

90

f(νe)DATA/MC=0.85±0.18
FGD+TPC+ECAL νe

(Data-MCbg)/MCsig=0.91±0.26

P0D 
high energy νe

T2K-TN-056-v5
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Figure 27: The result of the fit to the invariant mass distribution. The data is shown
by the points; the red dashed histogram is the fit of the background distribution;
and the blue histogram is the signal + background.

the calculation of the fit uncertainty.506

The fit determines the number of signal and background events between 0 and 500507

MeV/c2. The resulting ratio in the number of signal events is then calculated from508

the fitted events in the full range divided by the expectation from the simulation. As509

a cross check we calculate the number of events within an invariant mass window of510

95 and 175 MeV/c2. In order to determine the limits of the window, we fit the signal511

distribution in Figure 25 with a Gaussian function. Since the distribution is not512

Gaussian, the values of the fitted width vary between 36 and 42 MeV/c2 depending513

on the range of the fit. For this reason, 40 MeV/c2 is chosen as the width. To514

calculate the number of events in the window, we integrate the fitted signal shape515

within the limits. Multiplying this quantity by the total number of fitted signal516

events gives the number of signal events occurring in the window. The errors are517

calculated by RooFit, by linearly propagating the errors using the correlation matrix518

from the fit. Table 8 shows the correlation matrix. The correlation matrix (also519

see Figure 28) shows a strong correlation between signal and background. Figure 29520

shows the likelihood function as a function of the fitting parameter when the other521

fitting parameters are at their best fit value. Table 7 summarizes the observed and522

expected events along with the corresponding ratios for both the full invariant mass523

range and the 95 to 175 MeV/c2 window. The value of the energy scale at the best524

fit point is 0.94 ± 0.03. This indicates that the energy scale in data is larger than525

the MC by 6%.526

32

P0D NC-π0

Data/MC=0.81±0.21
(CC normalization)

• Dominant backgrounds for Electron Neutrino 
Appearance are measured in ND280.
• Measurements of both CC-νe and NC-π0 are 

consistent with the MC prediction.

• Check the background events at ND280                          
for νe appearance.

poster 91-1 poster 115-1

poster 117-3
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スーパーカミオカンデ
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XIV International Workshop on Neutrino Telescopes (2011)A. Rubbia
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SuperK (Far) Detector

17

2011/3/11KEK Physics Seminar 15

Far Detector: SK-IV
�50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
�20’ ID PMT�11,129: 40% Photo coverage

+ 8’ OD PMT�1885 :
�Dead-time less DAQ system (2008~)
�Good performance for sub-GeV � detection

�1st oscillation maximum : E� ~0.6GeV at SK position.
�Charged current quasi-elastic (CC QE) interaction is 

dominant process.
• Good e / � separation
• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo

�e
neutron proton

e
�l

��
neutron proton

�
�l

Un-oscillated ��

Signal �e

MC

MC

3

Super-Kamiokande
� 50kton water
� 32kt ID viewed by 

20-inch PMTs
� ~2m OD viewed 

by 8-inch PMTs
� 22.5kt fid. vol. 

(2m from wall)
� Etotal=~4.5MeV 

energy threshold
� SK-I: April 1996~
� SK-IV is running

Electronics hutLINAC

Control room

Water and air 
purification system

SK

2km3km

1km
(2700mwe)

39.3m

41.4m

Atotsu
entrance

AtotsuMozumi

Ikeno-yama
Kamioka-cho, Gifu
Japan

Inner Detector (ID) PMT:   ~11100 (SK-I,III,IV),  ~5200 (SK-II)
Outer Detector (OD) PMT: 1885

ID

OD

http://www-sk.icrr.u-tokyo.ac.jp/sk/

See J. Wilkesʼ talk
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有効質量 22.5kt

T2K開始前に読み出し回路更新
→ ±500μsのヒット全て記録
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J-PARCからのνを選ぶ

35

タイミング(GPS) Vertex of fully contained events

240 FC events
(174 FCFV)

色つきが2012年のイベント
十字はout of fiducial volume
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電子ニュートリノ選択

36
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νe candidate event selection

11 candidate events are observed

 energy (MeV)�Reconstructed 
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RUN1-3 data
)POT2010!(3.010 

 CCe�Osc. 
 CC"�+"�
 CCe�+e�

NC
=0.1)13�22(MC w/ sin

RUN 1+2+3 3.010×1020 POT Data
MC Expectation w/ sin22θ13=0.1MC Expectation w/ sin22θ13=0.1MC Expectation w/ sin22θ13=0.1MC Expectation w/ sin22θ13=0.1MC Expectation w/ sin22θ13=0.1

RUN 1+2+3 3.010×1020 POT Data Signal
νμ→νe

BG total CC (νμ+ν ̄μ) CC(νe+ν ̄e) NC

Fully contained FV at beam timing 174 12.35 165.47 117.33 7.67 40.48
Single ring 88 10.39 82.78 66.41 4.82 11.55

e-like 22 10.27 15.60 2.72 4.79 8.10
Evis>100MeV 21 10.04 13.53 1.76 4.75 7.01
No decay-e 16 8.63 10.09 0.33 3.76 6.00

2γ invariant mass cut 11 8.05 4.32 0.09 2.60 1.64
Eνrec < 1250 MeV

(MC sin22θ13=0 case) 11 7.81
(0.18)

2.92
(3.04)

0.06
(0.06)

1.61
(1.73)

1.25
(1.25)

Efficiency [%] 60.7 1.0 0.0 20.0 0.9

The probability (p-value) to observe 11 or 
more events with θ13=0 is 0.08% (3.2σ)

Nexp=3.22±0.43 for sin22θ13=0

Evidence of νe appearance
11

※ No Look Elsewhere Effect
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バーテックス分布 色つきが2012年のイベント
十字はout of fiducial volume

R2

ビーム方向の壁からの距離 T2Kラン中の大気ν e-like

統計って怖いですね

Thursday, July 19, 12
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角度と運動量を使って解析

※2011年はイベント数の情報だけ

• 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)

9

measurements,   oscillation parameters  systematic parameters
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Results

This result is consistent with 
rate+shape (rec. Eν) method and 
rate only method

13�22sin
0 0.1 0.2 0.3 0.4

CP�

-2

0

2

68% C.L.
90% C.L.
Best fit

(3.010e20 POT)
Run1+2+3 data

inverted hierarchy
2 eV-310!|=2.432

2m�|

13�22sin
0 0.1 0.2 0.3 0.4

CP�

-2

0

2

68% C.L.
90% C.L.
Best fit

(3.010e20 POT)
Run1+2+3 data

normal hierarchy
2 eV-310!|=2.432

2m�|

assuming sin22θ23=1

Allowed region of sin22θ13 for each 
value of δCP

best fit w/ 68% CL error @δCP=0
normal hierarchy:

inverted hierarchy:
sin2 2�13 = 0.116+0.063

�0.049

sin2 2�13 = 0.094+0.053
�0.040

c.f 2011 result for normal (inverted) hierarchy 

sin2 2�13 = 0.11+0.10
�0.06 (0.14+0.12

�0.07)

preliminary

14
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          7    

   The Daya Bay Experiment 
• 6 reactor cores, 17.4 GWth  
• Relative measurement 

– 2 near sites, 1 far site 
• Multiple detector modules 
• Good cosmic shielding 

– 250 m.w.e @ near sites 
– 860 m.w.e @ far site 

• Redundancy 

3km tunnel 

          8    

   Double Chooz 
Daya Bay 

Double Chooz 

          9    

   RENO 
6 cores 
16.5 GW 

16t, 450 MWE 

16t, 120 MWE 

Daya Bay 
RENO 

Double Chooz 

          10    

   Three on-going experiments 

Experiment 
Power 
(GW) 

Detector(t) 
Near/Far 

Overburden 
(m.w.e.) Near/Far 

Sensitivity 
(3y,90%CL) 

Daya Bay 17.4 40  /  80 250  /  860 ~ 0.008 
Double Chooz   8.5   8  /   8 120  /  300 ~ 0.03 
RENO 16.5 16  /  16 120  /  450 ~ 0.02 

Huber et al. JHEP 0911:044, 2009 

時間がないのでざっくりカット

http://www.jahep.org/hepnews/
DayaBay, Double Choozについては

高エネルギーニュースに記事あります

Thursday, July 19, 12
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原子炉実験の最新結果

42
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)

 
� A clear deficit in rate 
(8.0% reduction) 

� Consistent with neutrino 
oscillation in the spectral 
distortion 

� From ~5MeV up to 12MeV, the 
reduction seems slightly (within 
errors) different from the expected 
spectral distortion .  

� Our rate-only analysis includes 
the dependence on upper energy 
threshold in the large background 
subtraction uncertainties.   
(dominated by Li/He background)              

RENO!"#$%&'()""*'4&5'3&,#%-,�

`$#'/1365a / /973JJb=c/d/KU=VK/eKUKc><9#$#A/eKUKNK<959#A/
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Summary 

�  RENO was the first experiment to take data with both near and 
far detectors, from August 1, 2011. 

� RENO observed a clear disappearance of reactor antineutrinos. 
 
      

)(014.0)(009.0920.0 syststatR rr 

� RENO measured the last, smallest mixing angle�T13 
unambiguously that was the most elusive puzzle of neutrino 
oscillations 

 
      

)(019.0)(013.0113.02sin 13
2 syststat rr T

�  A surprisingly large value of T13 will strongly promote the next 
round of neutrino experiments to find the CP phase, and could 
reduce the costs by reconsideration of their designs. 

Improved results 

17 

R = 0.944 ± 0.007 (stat) ± 0.003 (syst) sin2Ϯɽ13=0.089±0.010(stat)±0.005(syst) 

With 2.5x more statistics, an improved measurement to T13 

(NU2012) (NU2012)(No update @NU2012)

Thursday, July 19, 12



横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

θ13の現状

43

0 0.1 0.2

Daya Bay

RENO
Double Chooz

T2K
MINOS

1σ(68%)のつもり

Δm2>0, δ=0

Δm2<0, δ=0

Δm2>0, δ=0

Δm2<0, δ=0

まあ，この１年で
(DayaBay 2ヶ月のデータで)

決着したと言ってよい

sin22θ13
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Near�term�expected� sensitivity

Now
6.8e20 8.8e20

It�is�not�sufficient�w/�
103days�(2/3�of�y (
scheduled�user�beam�
time)

G=0
)

7

(Approved: 8x1021POT)
2013: LINAC upgrade

νe appearance T2K今後

44

Oscillation Effects 

45 

#Events Reconstructed EQ�

T2K 

Results 

46 

sin22T 
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V2 ) 

Best-fit   ('m2, sin22T)  
    Fit A     (2.6x10-3eV2 , 0.99) 
    Fit B     (2.6x10-3eV2 , 0.98)  

(Fit A) 
(Fit B) 

Fit A 

Fit B 

Consistent with MINOS/SK results 

Clear oscillation pattern observed 

'm2 (eV2) sin2(2T) 

Fit  A 2.1 ~  3.1 x 10-3 > 0.85 

Fit  B 2.1  ~ 3.2 x 10-3 > 0.84 

90% C.L. allowed region  

T2K 

νμ disappearance (will be updated with full data soon) anti-ν mode running?

combination with reactor

T2K νμ MC 300kW*107s
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DO NOT COPY

T2K 5x1021 pot neutrino mode + Reactors 3 years

input

input

The color scheme used in the same as in the other figures

The first year of θ13

Until very recently, θ13 was the only unknown mixing angle 
in the lepton sector. However, a year ago, the T2K group 
observed the first evidence of νe appearance driven by a 
nonzero θ13 of a size comparable to the Chooz limit. Another 
accelerator experiment, MINOS at Fermilab, also reported 
an indication of a nonzero θ13. At the end of 2011, the first 
results of the reactor θ13 experiments were revealed. First, 
the Double Chooz (DC) collaboration reported sin22θ13 = 
0.086 ± 0.051. This was followed by Daya Bay (DB) 
measurement of sin22θ13 = 0.092 ± 0.017 and RENO which 
reported sin22θ13 = 0.113 ± 0.023. Combined, these results 
of accelerator and reactor experiments imply 

sin22θ13 = 0.096 ± 0.013

and a nonzero θ13 at the 7.7σ level

Future expectations for δCP

***For more information see PANM, HN, HM, RZF arXiv:1111.3330, and references therein***

This work was supported by Brazilian funding agencies FAPESP, FAPERJ, 
CNPq, by the European ITN network, and by the Japanese Society for the 
Promotion of Science

Predicting θ13 in June 2012 - a finale?
P. A. N. Machado1,2, H. Nunokawa3, H. Minakata4, R. Zukanovich Funchal1

3 Dep. de Fís., PUC-Rio de Janeiro, Rio de Janeiro, Brasil

1 Inst. de Fís., Universidade de São Paulo, São Paulo, Brasil
2 Inst. de Phys. Th., CEA-Saclay, Gif-sur-Yvette, France

4 Dep. of Phys., Tokyo Metropolitan University, Tokyo, Japan

At 95% CL, the allowed range of θ13 is given as
0.070 < sin22θ13 < 0.122

irrespectively of the mass hierarchy. The best fit point for 
normal hierarchy is

sin22θ13 = 0.096               δCP = 0.97π,
while for inverted hierarchy it is

sin22θ13 = 0.096               δCP = -0.14π.
Although the sign(sin δCP) > 0 (sign(sin δCP) < 0) is slightly 
preferred in the normal (inverted) hierarchy, at this point this 
is not significant.

Based on these results we have predicted that by June 
2012, assuming the normal hierarchy best fit point as input, 
the situation of sin22θ13 and δCP will be as shown below.

We expect that the 3σ uncertainty on the determination of 
sin22θ13 can shrink as follows

               May                         June                        December

3σ:         0.040                        0.025                          0.020
 

and the sin22θ13 = 0 hypothesis can be rejected with a 
significance larger than 11σ and 14σ by June and 
December of this year, respectively.

While the reactor experiments provide a very clean 
measurement of θ13, free from degeneracies, the 
accelerator neutrinos can enjoy the interplay between θ13 
and δCP. Since the reactor measurement of θ13 is already 
reaching the percent level, we can start to envisage the 
future outcome of such a symbiosis. Below we show our 
predictions for the combination of T2K and the current 
reactor experiments. For T2K, we assume an integrated 
luminosity of 5x1021 pot in the neutrino mode, and for the 
reactor experiments a total of 3 years of data taking in the 
current configuration.

If nature has chosen
δCP = -π/2 and normal hierarchy

(δCP = +π/2 and inverted hierarchy),
we expect that most of the 

sign(sin δCP) > 0 
(sign(sin δCP) < 0) 

region will be ruled out at 3σ level independent of the mass 
hierarchy, and the wrong hierarchy disfavored at roughly 1σ. 
However, if nature’s choice is

δCP = +π/2 and normal hierarchy
(δCP = -π/2 and inverted hierarchy),

we expect a much weaker discrimination of δCP values, 
which will depend on the mass hierarchy.

P.Machado et al., NU2012

現在，θ23の誤差~θ13の誤差

2011データ
31イベント
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競争相手: NOνA

45

Ryan Patterson, Caltech 

NO𝜈A 

Fermilab 

NO𝜈A Far Detector (Ash River, MN) 
MINOS Far Detector (Soudan, MN) 

A long-baseline neutrino 
oscillation experiment, 

situated 14 mrad off 
the NuMI beam axis 

 Measure 𝜃13 via 𝜈e appearance 
 Determine the 𝜈 mass hierarchy 
 Search for 𝜈 CP violation 
 Determine the 𝜃23 octant 

Using  𝜈𝜇→𝜈e  ,  �͞� 𝜇→�͞� e … 
A broad physics scope 

 Atmospheric parameters: 
precision measurements of 𝜃23 , 
|m2     |.   (Exclude 𝜃23=𝜋/4?) 

 Over-constrain the atmos. sector 
(four oscillation channels!) 

Using  𝜈𝜇→𝜈𝜇  ,  �͞� 𝜇→�͞� 𝜇 … 

atm 

 Neutrino cross sections at 
the NO𝜈A Near Detector 

 Sterile neutrinos 
 Supernova neutrinos 
 Other exotica 

Also  … 

Early Reach 
Will start with 𝜈 running 
 Can switch to �͞� 𝜇 any time, 

optimizing the run plan 
based  on  our  or  others’ 
results 

 5𝜎 observation of 𝜈𝜇→𝜈e 
in first year if NH 
  (even with partial detector 
   and beam commissioning!) 

And beyond... 
Nominal run plan:  3 yr (𝜈) + 3 yr (�͞� )      (with 6×1020 p.o.t./year) 
 In this talk: using earlier analysis methods, 

but including new 𝜃13 knowledge 
     ⇨    Taking  sin2(2𝜃13) = 0.095 

 Representative event counts for 𝜈𝜇→𝜈e analysis 
     ⇨   These depend greatly on the 
           specific oscillation parameters 

 Signal efficiency:  45%  
NC fake rate:  0.1% 
 

NC 
𝜈𝜇 CC 
𝜈e CC 

tot. BG 
𝜈𝜇→𝜈e 

19 
5 
8 

32 
68 

10 
<1 
5 

15 
32 

�͞�  𝜈  beam = 
3 yr + 3 yr 

うかうかしてられない。
もっとビームを！

Ryan Patterson, Caltech Neutrino 2012 10 

Far Detector Building – Complete 

Ryan Patterson, Caltech Neutrino 2012 11 

Inside the Hall (looking south) before the block pivoter. 
And  then… 
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（で，発表時間どのくらい残ってるか）

Thursday, July 19, 12



横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

今後のニュートリノ振動主なトピック
• θ23 (maximal? octant?)

•現在はSK大気ν→今後は加速器も(T2K, NOvA, )

• Mass hierarchy

•こっちの方がCPより大事という人もいるみたい?

• CP violation (exists? PMNS?)

•クォークではCKM phase起源かどうかの検証に
何十年もかかった。

•ニュートリノに関して，クォークの混合行列からの
ナイーブな推測は…

47
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νμ→νe 振動確率

48
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CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010
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where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ijL/4Eν , respectively, and a[eV2] = 7.56 ×

10−5 × ρ[g/cm3] × Eν [GeV ].

1

CP violating (flips sign for ν)Leading

Solar

Matter effect

Eν (GeV)

(sin22θ13=0.1,δ=π/4)

295km
CPV term ∝ sin2θ13

Leading term ∝ sin22θ13

For larger sin22θ13

signal ↑, CP asymmetry ↓
matter/CP ↑

Matter effect ∝ sin22θ13

matter/CP~0.3 for sin22θ13=0.1 @L=295km

Jonathan'Paley,'ANL'HEP'Division

νμ → νe Oscillations in Long-Baseline Experiments

5

‣ Now that θ13 ~ 9˚has been measured, the prospects for future long-baseline neutrino 

experiments to make some exciting discoveries are very bright!

‣ Long-baseline νμ → νe experiments have the potential to simultaneously measure θ13, 

δCP, sign(Δm31
2), sign(θ23-45°): 

aL ' 0.23a = GFNe

p
2 ' (4000 km)�1 eg, in NOνA:

P (⌅µ ! ⌅e) ⇡ sin2 2⇤13 sin
2 ⇤23

sin2(�31 � aL)

(�31 � aL)2
�2

31 +

� sin 2⇤13 cos ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
cos�32 �

� sin 2⇤13 sin ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
sin�32
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νμ→νe振動確率
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アメリカ: LBNE

50

Jonathan'Paley,'ANL'HEP'Division 19

The Long-Baseline Neutrino Experiment (LBNE)

New ν Beam from FNAL
700 kW initially, upgradable to 2.2 MW

Lead,&SD
1300&km,&on0axis

10&kton&LAr&TPC

‘Phase1’ preferred option
10kton LAr TPC 

@ Homestake (surface)
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10 1 PHYSICS CASE

detector (GLACIER) and a magnetized iron-scintillator calorimeter (MIND) located at the Pyhäsalmi

(Finland) mine at a distance of 2300 km from CERN. See Figure 1.

A. Rubbia Future liquid Argon detectors (Neutrino 2012)

In Europe: LAGUNA/LAGUNA-LBNO
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FIG. 1: The LBNO experimental setup consists of a new conventional neutrino beam aimed at a deep-
underground neutrino observatory composed of a double phase liquid argon detector (GLACIER) and a mag-
netized iron-scintillator calorimeter (MIND) located at the Pyhäsalmi (Finland) mine at a distance of 2300 km
from CERN. Pyhäsalmi is also at a distance of 2100 km from RAL, 1500 km from DESY, and 1160 km from
Protvino.

Overall, LBNO will provide a very rich and broad neutrino physics program as well as sensitive

nucleon decay searches. In particular, it has unprecedented potential to precisely measure neutrino

oscillation parameters, determine the neutrino mass hierarchy in a conclusive way with a > 5� C.L.,

and has a very good chance to discover evidence for CPV in the lepton sector. The LBNO setup is

optimized to have a significantly better sensitivity than the combined T2K and NOvA experiments,

even in the case they will have taken data until 2025. The excellent energy resolution and tracking

performance over a wide energy range provided by the LAr detector allows the study of the energy

spectrum information of the oscillation probability (L/E method) in appearance and disappearance

modes, thus providing an unambiguous sensitivity to the oscillation parameters. This opens a totally

new window on the understanding of the oscillation phenomenology, not accessible to the o↵-axis

experiments like T2K and NOvA.

EoI to CERN-SPSC, June 2012
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
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42 2 EXPERIMENTAL SETUP

already excavated and used today, including the 200 m long tunnel in the direction of the envisioned

location of the detectors. The layout foresees access to the experimental area from the bottom of the

mine via two parallel access tunnels. We recall that the mine itself provides two methods of reaching

the �1400 m level: via a 3 minutes ride in the elevator of the Timo shaft (visible in the Figure in the

upper left part nearby the existing mine tunnels) or via the 11 km long decline tunnel, accessible to

trucks (about 45 minutes drive from the top to the bottom level).

The quality of the rock in the region of the mine is well known and is very good. Samples at

the �1400 m level give an average value for RQD (= rock-quality designation) of 99,7 (where 100

is the absolute maximum), with only one crack per 2 meter. Given the size of the required caverns,

finite element analyses have been performed in order to ascertain the stability of the large excavation

at the chosen depth. An elliptical shape has been adopted in order to release a known directional

in situ stress present in the rock. Two independent caverns are considered. The smaller diameter is

62.0 m in SW-NE direction (40 degrees from North) and the larger diameter is 99.2 m in SE-NW

direction (90 degrees from the other axis). The cavern height is 36.5 m of the walls and 10 m for the

dome, so 46.5 m in total. Each of the envisioned cavern is each large enough to host the 20 kton LAr

detector and the MIND magnetized iron detector. See Figure 14. Further optimization of the design

is foreseen to continue in the next years to be finalized for the potential LBNO Proposal.

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012

Pyhäsalmi site location

9
FIG. 14: Fitting of the GLACIER and MIND detectors in one of the foreseen caverns. The CN2PY beam is
directed along the short axis of the elliptical cavern.

2.4 Choice of the Pyhäsalmi site 41

A. Rubbia Future liquid Argon detectors (Neutrino 2012) 30

≈200m

FIG. 12: The envisioned LAGUNA underground infrastructure at Pyhäsalmi capable of hosting up to two
independent 50 kton liquid argon detectors. The grey zones indicate the area which are today excavated,
including the 200 m long tunnel in the direction of the envisioned location of the detectors.

LAGUNAͲLBNO:�LAr LAYOUT�@�PYHÄSALMI

Upper�auxiliary�cavern�(green)
during�excavation:
Ͳ access�for�cavern�dome�excavation
Ͳ ventilation�outlet
during�construction:
Ͳ supply�for�roof�construction
during�operation:
Ͳ processing,�electrical�and�control�room
Ͳ power�transformation
Ͳ ventilation�power�room

Lower�auxiliary�cavern�(magenta)
during�excavation:
Ͳ access�to�cavern�invert
Ͳ ventilation�inlet�to�caverns
Ͳ equipment�storage
during�construction:
Ͳ supply�for�tank�construction
during�operation:
Ͳ pump�installation
Ͳ office�space
Ͳ safety�and�emergency�rooms

Main�Detector�Cavern�MDC�(in�operation):
Ͳ equipment�space/room
Ͳ liquid�&�gas�handling
Ͳ clean�room�and�clean�storage
Ͳ electronics�et�al.

FIG. 13: Same as Figure 12 but zoomed in the region of the two caverns, adding also provision for an upper and
lower auxiliary cavern for specific usage during the various phases of the project.

20kton LAr TPC for 1st phasePlan: proposal by end of 2014
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140 5 PHYSICS POTENTIAL

tau production rate will also be measured in other decay modes (i.e. hadronic 1-prong, 3-prongs).

Nonetheless, even under the assumption that tau is not constrained and let free to vary by ±50%, the

MH determination significance is still above 5�’s.

5.6.6 CP-phase measurement and CPV search

In this section, we discuss the sensitivity to CP violation. We assume an integrated pot of

1.5 ⇥ 1021 p.o.t. and a 25%-75% sharing between neutrino and antineutrino running mode, or

3.75 ⇥ 1020 p.o.t. in neutrino mode and 1.125 ⇥ 1021 p.o.t. in antineutrino mode.

The reconstructed neutrino energy for positive and negative horn polarities are shown in Figure 73

for various values of �CP=0, 90�, 180� and 270� and for normal mass hierarchy (NH). The same is shown

in Figure 74 but in the case of the inverted mass hierarchy (IH). We note that in all cases the first and
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FIG. 73: Reconstructed event energy for (left) neutrino horn polarity running and (right) antineutrino horn
polarity running, for di↵erent values of true �CP and for normal mass hierarchy (NH). A 25%-75% sharing
between neutrino and antineutrino running mode and a total of 1.5 ⇥ 1021 pot have been chosen.
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FIG. 74: Same as Figure 73 but for inverted mass hierarchy (IH).

second maxima peaks are visible, this is particularly true for antineutrinos in the NH case, respectively
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FIG. 75: ��2 of the CPV discriminant as a function of true �CP for an integrated intensity of 1.5 ⇥ 1021 p.o.t.
The blue curve corresponds to the case with all systematic errors included. The dashed brown curve is the case
where all energy correlated errors are set to zero and the average Earth density error is reduced to 1%.
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FIG. 76: CPV coverage as a function of the integrated exposure.

Reconstructed ν energy

From EoI
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where the index i runs over bins of reconstructed neutrino energy, and + and � are applied for

neutrino and anti-neutrino mode, respectively. N i is the number of expected events for the i-th Erec
⌫

bin for oscillation parameters. ni
sig, ni

NC , ni
⌫
e

CC and ni
⌫
⌧

CC are the expected number of events for the

appearance signal, the background originating from ⌫µ/⌫̄µ NC and misidentified CC, the background

from intrinsic ⌫e/⌫̄e and the background from intrinsic ⌫⌧/⌫̄⌧ , respectively, with a set of oscillation

parameters tested. The systematic parameters fsig, fNC , f⌫
e

CC , f⌫
⌧

CC , f+/� represent uncertainties

of the signal, the background from ⌫µ/⌫̄µ, those from ⌫e/⌫̄e, and relative normalization of positive and

negative horn polarity samples, respectively. Those systematic parameters are assumed to be energy

independent and just the overall scale for each component is changed.

The ��2 of the mass hierarchy discriminant is presented as a function of true �CP in Figure 72.

The upper ��2 curve labelled “E⌫”-spectrum and “pmiss
T ” corresponds to the fit of both distributions.

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012
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FIG. 72: ��2 of the mass hierarchy discriminant as a function of true �CP . See text for the definition of the
two curves.

The obtained significance is above 5�’s over the entire range of �CP values. The dashed curve shows

the ��2 if only the “E⌫”-spectrum is used. In this case, the significance is reduced mainly because of

the assumed ±50% uncertainty on the tau production normalization. Indeed, the “pmiss
T ” distribution

is very e↵ective at constraining the ⌧ ! e⌫⌫ decays, making the tau rate under the signal constrained

by the experiment itself. It should be noted that this approach is conservative, in the sense that the
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   Next Step: Daya Bay-II Experiment 

Daya Bay 
60 km 

Daya Bay II 
 20 kton LS detector 
 3%/E̅  resolution 
 Rich physics  
 Mass hierarchy 
 Precision measurement 

of 4 oscillation 
parameters to <1% 

 Supernovae neutrino 
 Geoneutrino 
 Sterile neutrino 
 Atmospheric neutrinos 
 Exotic searches  

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;  by J. Cao at Nutel 2009, NuTurn 2012 ;  
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103,2008;  PRD79:073007,2009 

Atmospheric ν @PINGU �

June 3-9, 2012 Neutrino 2012@Kyoto 

Akhmedov-Razzaque-
Smirnov June 12 �

σE=2 GeV 
σθ=11.25o �

MH resolution 
3σ-11σ in 5 years !�

原子炉

加速器
(って，CERN-SK?)

Neutrino 2012                                Sandhya Choubey                               June 5, 2012

MASS HIERARCHY @ INO

4831

Events generated using Nuance and ICAL resoln in E and cosθzenith
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INO Preliminary INO Preliminary

Marginalized over 
Δm2eff , θ13 & θ23 
(with priors)

Marginalized over 
Δm2eff , θ13 & θ23 
(with priors)

σ(|Δm2eff|)=5%,σ(sin22θ23)=2%, σ(sin22θ23)=0.01 INO Collab, 2012

Tuesday 5 June 2012

その他いろいろ（主にmass hierarchy）

インドの山奥

南極
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J-PARC P32 (LAr TPC R&D), arXiv:0804.2111 

J-PARC+HK @ Kamioka  
                      L=295km OA=2.5deg 

J-PARC+LAr @ Okinoshima 
                      L=658km OA=0.78deg 

LoI: The Hyper-Kamiokande Experiment 
                                              arXiv:1109.3262v1 

Neutrino 2012 19 

Future LBL plans using J-PARC�
Current: T2K 
 J-PARC ~0.75MW 
+ 50kt WC @ 295km 2.5° 
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将来計画検討小委員会答申

56

答申

本小委員会は日本の高エネルギー物理学の基幹となる大規模将来計画に関して、以下の
提言をする。

•LHCにおいて1TeV程度以下にヒッグスなどの新粒子の存在が確認された場合、日
本が主導して電子・陽電子リニアコライダーの早期実現を目指す。特に新粒子が軽
い場合、低い衝突エネルギーでの実験を早急に実現すべきである。一方でLHCおよ
びそのアップグレードによって間断なく新物理の探究を続けていく。新粒子・新現
象のエネルギースケールがより高い場合には、必要とされる衝突エネルギーを実現
するための加速器開発研究を重点強化する。

•大きなニュートリノ混合角θ13が確認された場合、ニュートリノ振動を通したCP対
称性の研究に向けて、必要とされる加速器の増強と共に、国際協力で大型ニュート
リノ測定器の実現を目指す。大型ニュートリノ測定器は、大統一理論の直接の証拠
となる陽子崩壊探索に対しても十分な感度を持つようにすべきである。

これら基幹となる大規模計画については、高エネルギー委員を核とする将来計画委員会
が、今後LHC等によって得られる新たな知見に応じて素早く機動的に対応していくことを
期待する。

現在建設中のSuperKEKBについては、測定器も含め、予定通り完成させて遂行するこ
とが肝要である。また、現在計画中の中小規模計画の幾つかは、将来ニュートリノ物理の
ように重要な研究分野に発展するポテンシャルを持っており、並行して推進することによ
り多角的に新しい物理を探求していくことが必要である。J-PARCでのミューオン実験を
始めとするフレーバー物理実験、暗黒物質やニュートリノを伴わない二重β崩壊の探索実
験、宇宙マイクロ波背景放射偏光のBモード揺らぎ観測や暗黒エネルギー観測は、これに
該当する研究と考えられる。

4
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2012 20252015 2020
SUSY <1TeV
SM Higgs

Timelines of Current/Future Projects
SUSY <2.5TeV HL-LHCLHC

SiteILC Construction Physics Run TDR & Review

T2K

νCP

SuperKEKB

J-PARC FX 750kWFX 300kW

Construction Physics Run 50ab-1

sin22θ13 ~0.02

>1MW

~0.04

Construction Physics Run 

μ→e conversion

SX 100kW

Muon g-2

nEDM

KOTO BR～10-9

10-27 10-28

Construction

Tech.Decision

Construction

Physics Run

0νββ

Dark Matter

CMB B mode

Construction

O(10-14)O(10-13)

~0.1

MEG

degenerated inverted hierarchy

10-45cm2 10-46cm2 10-47cm2

r~O(0.1) O(0.01)
CMB satellite

SuMIRe imaging

10-11

Construction Observation

Physics Run

spectroscopy
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2つの空洞
•総質量: 0.99 Mton

•有効質量: 0.56Mton

各空洞 → 光学的に5つに分離
•それぞれの体積はSKの約2倍
•隔壁にもPMT

→ 性能はSKと同等

ベースラインデザイン
•内水槽: 20% photo-coverage (=SK-II)

•99,000 20インチPMT

•外水槽 (2m) : 25,000 8インチPMT
　技術的に実現可能な設計

54m

48m
247.5m

x25 Super-K

ハイパーカミオカンデ検出器
arXiv:1109.3262
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SR�q�Se + BG

νe 事象候補

信号
(νμ→νe CC) νμ/νμ CC νe/νe CC NC

ν (2.25MW·107s) 3,606 35 880 649
ν (5.25MW·107s) 2,339 23 878 678

(Eνrec<2GeV)

for sin22θ13=0.1,δ=0

ν ν

合計750kW×10年相当
59
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事
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δ=
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差

Sensitive to all values of δ (including δ=0,π)

ν 2.25MW×107s ν 5.25MW×107s

統計誤差
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CP対称性の破れの感度
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δ 
(π

)

sin22θ13

3σ/5σ

7.5MW年5% systematics on signal, νμ BG, νe BG, ν/ν
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δの測定精度(1σ)
5% systematics on signal, νμ BG, νe BG, ν/ν
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sin22V13= 0.1 0.03/

CP対称性の破れの感度
CP対称性の破れを3σ以上で観測可能なδの割合

7.5 MW·107s
(750kW×10yrs/
1.5MW×5yrs)

積分
強度

(MW×
107s)

積分
強度

(MW×
107s)

Mass hierarchyMass hierarchy

known unknown

3.75

7.5

69% 42%

74% 54%

• Effect of unknown mass hierarchy is limited
• Input from atm ν and other experiments also expected for MH

sin22θ13=0.1の場合
3.75 MW·107s
(750kW×5yrs)
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‣θ23 (and θ13) measurements in near future will make the sensitivity more 
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加速器νと相補的な測定

Daya Bay
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

核子崩壊の探索

現在の制限(SK)の
~10 倍の感度

•p→e+π0:
•1.3×1035yrs (90%CL)
•5.7×1034yrs (3σ)

•p→νK+:
•2.5×1034yrs (90%CL)
•1.0×1034yrs (3σ)

(10 years)

フルシミュレーション
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

その他のトピック
•超新星バースト ν

• Mpc程度まで感度→

•超新星背景 ν (with Gd?)

•太陽 ν 精密測定

• WIMP, GRB, 太陽フレア...

• Geophysics (ν tomography of Earth)

Reference arXiv:1109.3262
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 67

全体計画 (work in progress)
年 1 2 3 4 5 6 7 8 9 101112

センサー

エレキ

空洞・水槽

純水

較正

実験

技術確立 量産量産準備

要素R&D

坑道掘削 空洞掘削

実験・観測

純水注入

水槽建設
センサー取付

量産システム開発

設計最適化
純水システム・水流制御

概念設計 製作・設置詳細設計

較正方法検討開発 較正機器設計開発 製作・設置
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横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研

• Discussion on physics 
potential, detector design, 
and R&D items

• Discussion of an 
international Hyper-K 
working group.

• All interested scientists 
are welcome.

68

12/05/29 16:30Open Meeting for the Hyper-Kamiokande Project (21-23 August 2012)

1/1 ページhttp://indico.ipmu.jp/indico/conferenceDisplay.py?confId=7

Overview

 

We will hold an International Open Working Group Meeting for the Hyper-
Kamiokande project. Hyper-K, which we are currently developing, is
designed to be the next decade's flagship experiment for the study of
neutrino oscillations, nucleon decays, and astrophysical neutrinos.
 

The goal of this meeting is to discuss the physics potentials of Hyper-K, the design of the detector, and
necessary R&D items including:

cavern excavation
tank liner material and its design
photo-sensors and their support structure
DAQ electronics and computers
calibration systems
water purification systems
software development, and so on.

 

Participants are encouraged to submit abstracts for talks in which to present their individual interests in
topics related to Hyper-K, as well as discuss possible future contributions to the project.
 
Moreover, we'd like to start discussion of forming an international Hyper-K working group that could become
a seed for a formal Hyper-K collaboration in the future. We expect that those who are interested in joining
the project will show up for this meeting.
 
The meeting will be open to all interested scientists and community members. However, prior registration
will be required to participate.  Due to capacity constraints at the meeting site we urge all interested parties
to register at their earliest possible convenience.
 
We are looking forward to seeing you in Kashiwa,
 
Local Organizing Committee Members:
Yoshinari HAYATO (ICRR), Tsuyoshi NAKAYA (Kyoto), Shoei NAKAYAMA (ICRR), Yasuhiro NISHIMURA (ICRR),
Kimihiro OKUMURA (ICRR), Hiroyuki SEKIYA (ICRR), Masato SHIOZAWA (ICRR), Mark VAGINS (Kavli IPMU),
Roger Wendell (ICRR), Masashi YOKOYAMA (Tokyo)
[on behalf of the Hyper-Kamiokande Working Group]
 
hk201208@km.icrr.u-tokyo.ac.jp
 

Dates: from 21 August 2012 17:00 to 23 August 2012 18:00
Timezone: Asia/Tokyo
Location: Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU), The

University of Tokyo
5-1-5 Kashiwanoha, Kashiwa city, Chiba, 277-8583 JAPAN
Room: Lecture Hall

Material: Hyper-K picture

Open Meeting for the Hyper-Kamiokande Project

21-23 August 2012 Kavli Institute for the Physics and Mathematics of the Universe
(Kavli IPMU), The University of Tokyo
Asia/Tokyo timezone

http://indico.ipmu.jp/indico/event/7
Last modified: 28 May 2012 11:19

 Powered by CDS Indico

Asia/Tokyo English LoginMore

Overview

Important Dates

Call for Abstracts

Timetable

Contribution List

Registration

Access

Accommodation

View my abstracts

Submit a new abstract

Registration Form

Open Hyper-K Meeting
August 21-23, 2012
Kavli IPMU, Kashiwa

参加登録受付中 (~7/31)
http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=7
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クォーク
カビボ角(1963)

CP非保存の発見(1964)
小林-益川(1973)

B-反B混合が大きい(1987)
BでのCP非保存(2001)
K-Mノーベル賞(2008)

何かありますかね？(201?)
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クォーク
カビボ角(1963)

CP非保存の発見(1964)
小林-益川(1973)

B-反B混合が大きい(1987)
BでのCP非保存(2001)
K-Mノーベル賞(2008)

何かありますかね？(201?)

レプトン
牧-中川-坂田(1962)
2-ニュートリノ(1962)

太陽ニュートリノ問題(1968-)

ν振動の発見,θ23大(1998)
θ12がLMA(2001)
θ13もあるよ(2012)

レプトンでのCP非保存発見(20??)

Thursday, July 19, 12



横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研 69

クォーク
カビボ角(1963)

CP非保存の発見(1964)
小林-益川(1973)

B-反B混合が大きい(1987)
BでのCP非保存(2001)
K-Mノーベル賞(2008)

何かありますかね？(201?)

レプトン
牧-中川-坂田(1962)
2-ニュートリノ(1962)

太陽ニュートリノ問題(1968-)

ν振動の発見,θ23大(1998)
θ12がLMA(2001)
θ13もあるよ(2012)

レプトンでのCP非保存発見(20??)

クォーク・レプトンの統一的理解??
新しいレベルの素粒子像??
物質優勢宇宙の理解？

(20xx?)

陽子崩壊？
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さてさて，これからX年
（Xにはお好きな年数をどうぞ）

おわり
※ Xが小さくなるアイデア募集中です
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DRAMATIC&NEUTRINO&CONFERENCES&
IN&JAPAN&

NEUTRINO&1986&–&Sendai&

First&indica1ons&by&Kamiokande&and&IMB&of&an&
atmospheric&neutrino&anomaly&(νμ!ντ&oscilla1ons&
proposed&by&Kamiokande&at&NEUTRINO&1988&in&Boston)&

NEUTRINO&1998&–&Takayama&

Atmospheric&neutrino&oscilla1ons&confirmed&‘officially’&by&
Superkamiokande:&1st&parameter&measurements.&

NEUTRINO&2012&–&Kyoto&

First&measurements&of&θ13&–&MINOS,&T2K,&DOUBLE&
CHOOZ,&DAYA&BAY,&RENO&&PP&and&a&host&of&other&new&
results&……&and& 14&

J. Schneps @NEUTRINO2012, Kyoto
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J-PARC

• Upgrade toward design power and 
beyond

• LINAC upgrade in 2013 (180 to 
400MeV)

• new ion source (30mA to 50mA)

• R&D on high rep. rate MR power 
supply

• R&D on high gradient RF core

5

Efforts to increase 
beam power
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From J-PARC/KEK management
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beam direction
from vertex

vertex projection+
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Jonathan'Paley,'ANL'HEP'Division

Resolution of Mass Hierarchy
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Jonathan'Paley,'ANL'HEP'Division

Measurement of CP-violation

16
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Jonathan'Paley,'ANL'HEP'Division

Project Timeline

18

months since May 2013
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(ver: Apr 2012)

‣ Partially instrumented prototype 

near detector built and operated on 

the surface for ~1.5 years.  

Continues to provide invaluable 

data!

‣ Accelerator upgrades are underway 

at FNAL and on-schedule.

‣ Preparations for far detector 

construction underway.

‣ Expect to have 5 kton built by the 

time beam returns in Spring of 2013 

and we will be able to collect data 

as we build.

‣ Far detector to be complete by April 

2014.

‣ Near detector to be complete in 

2013.
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液体アルゴンTPC R&D

82

R&D toward realizing 100kt LArTPC 

28 
Site visit 

Double phase readout test 

@ ETHZ (CERN RE18) 

J-PARC T32 exp 

(ETHZ/KEK/Iwate/Waseda) 

250L LAr TPC 

180k trig (80k Kaon)  

Charged particle test-beam 
@J-PARC T32 ( data-taking 
during Oct/24-31) 

7000 800MeV/c K+ events w/ 2 LGs 
35000 800MeV/c K+ events w/ one LG 
40000 800MeV/c K+ w/ 1 LG and 1LB 
70000 200MeV/c S+ events w/o degraders 
2500 800MeV/c e+ events  
1500 800MeV/c proton events   

Charge / strip as a function of 
Residual range (cm) 

Charge / strip  

Decay 
point 

-4cm 

-14cm -19cm 

Residual range (cm) 

Kaon dQ/dx distributions MC 

data 

World largest Kaon sample ever taken by Lar TPC 

Intensive analysis on-going 

J-PARC T32 exp (ETHZ/KEK/Iwate/Waseda) 

250L LAr TPC 

180k trig (80k Kaon)  

⏣୰䚸ᒸᮏ䚸ᒸᮏ䠜JPS 19pSH 

⸨ᓮ䚸Ọ㔝䠜JPS 16pSH 

Thursday, July 19, 12



横山将志（東大） ニュートリノ振動実験 この1年，この先XX年 / PPP2012 @ 基研
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Mass hierarchy (質量階層)

T2K 90% CL

Mass Hierarchyにも感度がある

5% systematics on signal, νμ BG, νe BG, ν/ν

Daya Bay

Total 7.5MW×107s
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p→e+π0
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too optimistic again, but 

HK will overtake SK in ~1year
Limit with 560kt×10yrs
 2.5×1034yrs (90%CL)
 1.0×1034yrs (3σ)

560kt×10yrs
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Hyper-K Candidate site

89

horizontal access tunnel

Entrance

Hyper-K

•8km south of Super-K

•Same off-axis and baseline as T2K

•2.6km horizontal drive

•648m of rock (1750m.w.e.) overburden

•13,000m3/day natural water (1Mt/80days)
~8km

Thursday, July 19, 12
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Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing
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Large cavern excavation

• Baseline plan developed based on geological survey & 
in-situ rock stress measurement

• Detailed schedule & cost estimation ongoingCavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing
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Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing
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Tank

• Concrete + polyethylene liner

• PMT support structure under discussion

• Wire support (cf. LBNE-WC)?

• Straight wall cavern possible?

5 compartments × 2

Thursday, July 19, 12
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Photo-sensor

92

• Candidates for ID sensor

• 20” Hybrid Photo Detector (HPD)

• Improved 20” PMT

• Proof test of 8” HPD in water tank from this summer 

• 20” HPD prototype expected in ~a year

Pre3calibra=on!and!performance!evalua=on!!
!  !Calibrate!gain!before!test!in!water!
!  !Detailed!evalua=on!of!performance!and!!
!check!long3term!stability!

!  !Study!of!reflector!and!light!collector,!etc.!
!
Proof!test!in!water!by!EGADS!tank!!
!  !Measure!Cherenkov!light!

! ! !!with!wide!dynamic!p.e.!range!
!  !Compare!with!20”!PMT!
!  !Start!since!this!summer!

17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ��

→!83inch!HPD!is!measured!at!first.!

EGADS!20”PMT!case�

EGADS!200!ton!tank�
@Kamioka

Preparation @ Kamioka

Poster #68
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Water system

93

///Water/System�

Compressor� Dryer�
0.3\m//
filter� Buffer�

H2O,CO2//
remover�
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filter�

&40oC/
Charcoal�
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Rn/Free/Air/Generator/(400Nm3/h)�
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Mine/
water/

10\m/filter� Buffer� RO� ///CO2/
remover�

DI(MB)/

//Buffer///� Chiller/////�UV/ DI(CP)/ MD/

1\m/filter�

UF/

Radon/free//Air/

HK#Tank#

Radon/free//Air/ Radon/free//Air/
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/
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13m/ 13m/
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O_`N_`WZYN[Wb^a`�
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f�L��
fOQ\VcOQ\T�
f�

Based on Super-K  system

Under design with companies in Japan and US

Poster #165
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In!Hyper3K!
!  !5!GB/s!before!soqware!trigger!
!  !Record!<!100!MB/sec!�
17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ���

D DAQ system 31

A
D

C
+TD

C Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch

event builder
with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager

A
D

C
+TD

C Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch

event builder
with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager

FIG. 15. Schematic diagram of the data acquisition system.

the order of timing and send it out to the merger computers. The merger computers each collect all

the hit information from a compartment and apply a software trigger to remove noise hits. Then,

the organizer computer collects the event from the mergers, eliminates overlapping events, and

send them to the o⇥ine computer system. This system reads out all the digitized hit information

from the PMTs and selects the events with software. This system has been working without any

problem in Super-K for more than 2 years. Therefore, it is safe to say that there are no serious

technical di�culties in preparing the DAQ system for this new detector with the currently available

and well established tools at hand. The expected data rate from the entire Hyper-K detector is

about 5 GB/s before applying the software trigger. After the first level software trigger, it will

be reduced by 1/50 and another factor of five reduction could be achieved with Super-K-style

intelligent vertex fitters applied in the o⇥ine computer system. In the end, the data rate written

to disk is expected to be less than 100 MB/sec in total.

1. R&D items for the DAQ system

A possible di�culty which could arise would involve physically running over 100,000 cables from

the PMTs – arranged as they must be throughout the immense tank – into the DAQ system. The

In!Super3K� Immersed!in!water?�

From!11,000!
to!99,000�

Most!parts!are!similar!to!Super3K�

Other R&D
• Electronics/DAQ

• Requirements similar to Super-K

• R&D of frontend in water starts 

• Water system

• Based on Super-K experience

• Under design in Japan and US

• Detector calibration

• R&D based on Super-K experience

• Dedicated software development

• Under discussion

• ...
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///Water/System�

Compressor� Dryer�
0.3\m//
filter� Buffer�

H2O,CO2//
remover�

20oC/
Charcoal�

0.1\m//
filter�

0.01\m//
filter�

0.01\m//
filter�

&40oC/
Charcoal�

Buffer�

Rn/Free/Air/Generator/(400Nm3/h)�

/300t/h/for/ini<al/supply/�

1200t/h/for/recircula<on/�

Mine/
water/

10\m/filter� Buffer� RO� ///CO2/
remover�

DI(MB)/

//Buffer///� Chiller/////�UV/ DI(CP)/ MD/

1\m/filter�

UF/

Radon/free//Air/

HK#Tank#

Radon/free//Air/ Radon/free//Air/

Poster #165

Elec. schematics

Water system
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