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標準模型の宇宙	 現実の宇宙	
Image	credit:	X-ray:	NASA/CXC/PSU/L.	Townsley	et	al;	
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物質の量が現実の10-10程度	

hMp://hitoshi.berkeley.edu/	

Q.1 

Q.2 
極端に小さい	

ニュートリノ質量	
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どうして物質が残らないか	

•  標準模型では粒子は	
常に反粒子と対生成	

•  反粒子は粒子と対消滅	
•  粒子と反粒子の対称性が

良いので物質だけが残る
ことはない	

•  宇宙に反物質はほぼ0	
•  初期条件では説明不可	

（インフレーションのため）	

粒子と反粒子の	
振る舞いの違いを	
（CP対称性の破れ）	
見つけたい*	

電子	

反電子	
（陽電子）	

γ線	

3	
*	Quark	sector	のCP	violaGonでは宇宙のバリオン数非対称性は説明できない	



素粒子の	
質量とは	

ヒッグス場	

電子	

左巻き電子	 右巻き電子	

標準模型の	
ニュートリノ	

右巻きニュートリノが無いので	
→	ヒッグス場と相互作用しない	
→	質量が無い	
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Majorana	
ニュートリノ	
ヒッグス結合を他の粒子と同程度とし、	
右巻きニュートリノだけ大統一スケールの	
マヨラナ質量を導入（自然な仮定）	

M ~ 1025 eV	
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しかしニュートリノは	
質量を持っている！	
（ニュートリノ振動）	



素粒子の質量とは	

ヒッグス場	
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Majorana	
ニュートリノ	
ヒッグス結合を他の粒子と同程度とし、	
右巻きニュートリノだけ大統一スケールの	
マヨラナ質量を導入（自然な仮定）	

M ~ 1025 eV	

Physicalな質量は	
質量行列の固有値	
	
重いマヨナラ質量に	
抑えられ、	
左巻きニュートリノが	
自然に軽くなる	
	|mν| = m2

LR / M	
         ~ 10 −3 eV	
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宇宙初期のN1の崩壊で	
CPが破れているなら	
バリオン数の非対称性が	
説明できるかもしれない	

→	Leptogenesis	 6	



•  陽子 →	π,	K,	μ,	…	→	
ν	—振動→	ν’	

T2K実験	

J-PARC	陽子加速器	

Tomasz	Barszczak	

世界11カ国から約400人の研究者のコラボレーション	
2010年からデータ測定開始、将来Hyper-K計画（2027~)	

2015	ノーベル物理学賞 (Super-K,	SNO	実験)	
Takaaki	Kajita,	Arthur	B.	McDonald	

7	



νμ		νμ		νμ		νμ		νμ		νμ			
νμ		νμ		νμ		νμ		νμ		νμ			

ニュートリノ振動	

T2K実験	

J-PARC	陽子加速器	

Tomasz	Barszczak	

世界11カ国から約400人の研究者のコラボレーション	
2010年からデータ測定開始、将来Hyper-K計画（2027~)	

ντ		ντ		ντ		ντ		ντ		ντ		
ντ		νμ		νμ		νμ		νμ		νe			
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
 / 

0.
1 

(G
eV

)

0

10

20

30

40

50

60

70

80

 beam-modeν

POT)2010×(7.482

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5R

at
io

 to
 N

o 
O

sc
.

0
0.5
1

1.5
2 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

5

10

15

20

25

Data
Best fit oscillations
No oscillations

 beam-modeν

POT)2010×(7.471

 Energy (GeV)µνReconstructed 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.5
1
1.5
2

FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.

ニュートリノ振動がない	
仮定での予想個数	

観測された個数	

再構成された νμ	のエネルギー	[GeV]	

νμ
	の

個
数
	

2015	ノーベル物理学賞 (Super-K,	SNO	実験)	
Takaaki	Kajita,	Arthur	B.	McDonald	

arXiv:1704.06409	[hep-ex]	

8	



ニュートリノ振動におけるCPの破れ	

…	ντ		ντ		νμ		νμ		νμ		νe	 νμ		νμ		νμ		νμ		…		粒子	
νμ		νμ		νμ		νμ		…	
_				_				_				_	

反粒子	…	ντ		νμ		νμ		νμ		νe		νe	
_				_				_				_				_				_	

CHAPTER 1. INTRODUCTION 6

1.3 Neutrino oscillations

Experiments trying to measure the flux of solar neutrinos coming from the sun showed a
clear deficit of about a half of the numbers expected from theory. This was understood
to be an issue of the description of neutrinos rather than an inaccurate description of
the processes happening in the sun. The solution came from a mechanism called neu-
trino oscillation, which was introduced by Bruno Pontecorvo [28, 29] and (independently)
Ziro Maki, Masami Nakagawa, and Shoichi Sakata [24]. They postulated small non-zero
masses for the neutrinos, and assumed that the neutrinos created by the weak inter-
actions,1 νe and νµ, are not equal to the mass eigenstates ν1 and ν2, but rather linear
combinations of these:

νe = Ue1ν1 + Ue2ν2 (1.3.1)

νµ = Uµ1ν1 + Uµ2ν2 (1.3.2)

where U is called the PMNS matrix. To conserve probabilities it has to be a unitary
matrix, which can be chosen in the two-neutrino case to be the simple rotation matrix:

U =

(
cos θ sin θ
− sin θ cos θ

)
(1.3.3)

θ is called the mixing angle. An ultra-relative approximation of the neutrino energy

Ei = p+
m2

i

2p
(1.3.4)

gives rise to a phase shift

exp[−i(E2 − E1)t] = exp

[
i
∆m2

21

2p
t

]
(1.3.5)

between the two mass eigenstates with ∆m2
21 ≡ m2

2 −m2
1. Since the neutrinos can only

be detected by weak interactions, the neutrino flavors appear to oscillate as they travel
through space (L = t in natural units), with the transition probabilities given by:

P (νe → νe) =
∣∣⟨νe| e−iHt |νe⟩

∣∣2 (1.3.6)

= 1− sin2 2θ sin2

(
∆m2

21L

4E

)
(1.3.7)

P (νe → νµ) = sin2 2θ sin2

(
∆m2

21L

4E

)
(1.3.8)

The sin2 2θ term coming from the mixing angle sets the amplitude of the oscillations,
whereas the ∆m2

21/4E term coming from the squared mass difference sets the length
scale for the oscillations.

Extended to three flavors, the PMNS matrix is most commonly parametrized as

U =

⎛

⎝
1 0 0
0 c23 s23
0 −s23 c23

⎞

⎠

⎛

⎝
c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

⎞

⎠

⎛

⎝
c12 s12 0
−s12 c12 0
0 0 1

⎞

⎠ (1.3.9)

1Pontecorvo actually considered oscillation of ν and ν̄, similar to the mixing of neutral Kaons K0 and
K̄0. The concept of flavor oscillation is due to Maki, Nakagawa, and Sakata.フレーバー	

固有状態	
質量	
固有状態	
ν1, ν2, ν3	

重ね合せ	
（ユニタリ変換）	粒子と反粒子で符号が変わる	 9	



将来の実験構想	

•  検出器を10x大きくする （Hyper-K）	
→	統計量を増やす	
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将来の実験構想	

•  検出器を10x大きくする （Hyper-K）	
→	統計量を増やす	

•  １つの検出器を韓国に置く （T2HKK）	
→	物質効果を大きくする	

•  神岡×2	または 神岡+韓国 のどちらが良いか	
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12	



0
20
0

60
0

10
00

14
00

Ev [GeV]

  
 F
lu
x 
[1
e3
/(
50
Me
V 
cm
2 
1e
21
 P
OT
)]

Kamioka, neutrino mode

E.GeV

P(
vu
 →
 v
e)

d_CP = 0
d_CP = 90
d_CP = -90
d_CP = 180

NH
IH

0.
00

0.
02

0.
04

0.
06

0.
08

0.2 0.4 0.6 0.8 1.0 1.2

E [GeV]

σ
 [
1e
-3
8 
cm
2]

0.
0
0.
1
0.
2
0.
3
0.
4

QE
RES
NC1pi0

計算手法	

再構成されたνeのエネルギー [GeV]	

δCP	

振動確率	

ビームフラックス	

反応断面積	

検出器でのエネルギー再構成	

0.2 0.4 0.6 0.8 1.0 1.2

E [GeV]

Co
un
ts
 [
a.
u.
]

QE
RES
NC1pi

0
1
2
3
4
5

再構成されたνeのエネルギー [GeV]	

13	



0
20
0

60
0

10
00

14
00

Ev [GeV]

  
 F
lu
x 
[1
e3
/(
50
Me
V 
cm
2 
1e
21
 P
OT
)]

Kamioka, neutrino mode

E.GeV

P(
vu
 →
 v
e)

d_CP = 0
d_CP = 90
d_CP = -90
d_CP = 180

NH
IH

0.
00

0.
02

0.
04

0.
06

0.
08

0.2 0.4 0.6 0.8 1.0 1.2

E [GeV]

σ
 [
1e
-3
8 
cm
2]

0.
0
0.
1
0.
2
0.
3
0.
4

QE
RES
NC1pi0

計算手法	

再構成されたνeのエネルギー [GeV]	

δCP	

振動確率	

ビームフラックス	

反応断面積	

検出器でのエネルギー再構成	

0.2 0.4 0.6 0.8 1.0 1.2

E [GeV]

Co
un
ts
 [
a.
u.
]

QE
RES
NC1pi

0
1
2
3
4
5

再構成されたνeのエネルギー [GeV]	

n	νe	
p	

e–	

エネルギー分解能を	
悪くしている要因：	
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•  検出されるのは荷電	
レプトンのみ	
→その運動量だけで	
νのエネルギーを再構成	

•  その他π中間子が生成され
ても検出されない場合、	
エネルギーが低く再構成等	
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真値	
測定値	

σδCP = 0.26	
ある真値に対し、
測定値の標準
誤差が求まる	

Fitted δCP [rad]	

実際は確率論を使ってサンプ
リングの効果は解析的に計算
し、測定値の平均尤度関数の
最小点における二階微分行
列（Hessian）の逆行列から測
定値の標準誤差を求めている。	
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系統誤差の取扱い	
•  実際の実験では例えばニュートリノの	

反応断面積の真値が分からない	
•  ある真値を仮定し計算	
→パラメータとしフィッティング	
（他の実験からの制限を加えておく）	

•  	ビーム、反応断面積、検出器応答に53個のパラメータ	CHAPTER 4. SIMULATION MODEL 30
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Figure 4.10: Multiplicative modulation factors to simulate systematic uncertainties in
the beam. Left: each color represents an example choice of +20% for a single modulation
factor. Right: The modulated beam shape in logarithmic scale. The colors correspond
to the modulation factors in the left plot.

chosen to be more appropriate for the present situation.
The total absolute change in bin counts due to shifting each nuisance parameter

indepently by 1%, normalized with total counts, is given in Fig. 4.11. Strongest changes
come from the ∆m2

32, FV and energy scale uncertainties.
As the other T2K analyses uses correlated uncertainties on each bin, different to the

method of directly modifying simulation parameters presented here, corresponding bin-
wise uncertainties were calculated and are shown in Fig. 4.12. While some details such as
the cross section uncertainties show somewhat different curves, the overall result is con-
sistent with corresponding values given in Ref. [4]. The dominant sources of uncertainty
are the flux uncertainties and cross section uncertainties.

The likelihood function used for this analysis is

− Λ =
∑

k

[λk(ν, η)−Nk log λk(ν, η)] +
∑

i

η2i
2σ2

i

(4.8.1)

where νi are the oscillation parameters, ηi the nuisance parameters with prior constraint
σi, while λk(ν, η) are the expected bin counts for a given set of νi and ηi. Nk are the
expected bin counts for the true oscillation parameters. For details please see Appendix B.

4.9 Earth density model

The average matter density for a beam traveling through the earth increases with the
baseline which can be understood as follows: The earth is composed of shell-like layers
of different materials, the crust, mantle, and core, with discontinuous density transitions
increasing as one approaches the center. Since the neutrino beam travels increasingly
within the inner layers of higher density as the baseline increases, the average matter
density increases as well. In this analysis we have used a spline fit with three degrees of
freedom to interpolate data points calculated by [17] which are plotted in Fig. 4.13.

ビーム・スペクトルの系統誤差	
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主な誤差要因	
•  個々のパラメータ

を固定した時の分
散の変化から全体
の誤差に占める割
合を計算	

•  Resonant	π	
producGon	
及び NC1π		
反応断面積	

•  HyperKの	
エネルギー	
スケール精度	
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質量階層性	
•  真空のニュートリノ振動確率は	
Δm2

32の符号と δCP ↔ π – δCP	の交換で縮退	
→質量固有状態の順序に不定性	

•  Majoranaニュートリノの探索や	
Leptogenesisモデルの制限にも重要	

•  物質効果で縮退が解けるので、	
検出器までの距離が長い韓国の方が感度が良い	

hMp://www.staff.uni-mainz.de/wurmm/juno.html	
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質量階層性への感度の計算	
•  Normal	Hierarchyを仮定し

てサンプリング	
•  Inverted	Hierarchyで	

フィッティング →	χ2	

•  繰返し、平均をとる →	〈χ2〉�
	

•  〈χ2〉が低い	
→	階層性の違いが	
　　他のパラメータの	
　　誤差に埋もれてる	

•  〈χ2〉が高い	
→	階層性の違いに	
　　感度あり	
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※これも実際はサンプリングしないで確率論で	
そのあたりの計算を解析的にやっている	



結果：質量階層性への感度	

•  検出器を大きくするこ
とだけでは基本5σで
は決まらない	

階
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性
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結果：質量階層性への感度	

•  検出器を大きくするこ
とだけでは基本5σで
は決まらない	

•  韓国に置くと	
全てのδCPの値で	
5σ以上で決まる	
（物質効果による）	

階
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性
を
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有
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最も効いてくる	
系統誤差	

•  個々のパラメータを
固定した時のΔχ2	

•  振動パラメータの縮
退が支配的	

•  Resonant	π	
producGon	及び	
NC1π	反応断面積	

•  HyperKの	
エネルギー	
スケール精度	
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質量階層性への	
感度を計算	
	
東岸近くの	
山脈が良い	
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まとめ	
•  ニュートリノ振動を正確に測定することで	
CP対称性の破れ等、宇宙全体を理解するため重要な
効果の大きさを測定できる。	

•  長基線ニュートリノ実験のシミュレータを開発。	
•  計算の結果、δCP、質量階層性は将来の実験で以下

の感度で測定可能となる。神岡+韓国が優。	
•  最も効いてくる系統誤差はいずれもnon-QE断面積と	

エネルギースケール精度（δCPにもよる）	

•  検出器の性能向上及びビームフラックスの系統誤差
の削減により感度は今後さらに向上が見込まれる。	

神岡 ×	2	 神岡	+	韓国	
δCPの精度	 5	–	22º" 5	–	15º"

質量階層性の決定	 2	–	5σ	 >	5σ	 31	



backup	
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νeのみ：荷電反応	 すべてのν：中性反応	

物質効果（MSW効果）	

•  ニュートリノは物質中で弱い相互作用により次のよう
に前方散乱され、実効的なポテンシャルが加わる	

•  νeのみ異なる反応をするので、他のνとのポテンシャル
の差により、実効質量と混合角が変化する	

•  ポテンシャルAe= √2GFneは反ニュートリノでは逆符号	
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遷移確率	

δCPへの依存性	

a ≠ 0 で質量階層性の縮退が解ける	
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実験パラメータ	

•  検出器あたりの有効体積	187	kton	
•  ベースライン	295	km	（神岡）	1100	km	（韓国）	
•  韓国におけるビーム角	1.5º"
•  質量密度	[g/cm3]	2.6	（神岡）	3.0	（韓国）	
•  ビームエネルギー	1.3	MW	
•  積分ビームパワー	1.3	MW	×	10	×	107	sec	
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素粒子物理学の標準模型	

Ref:	Universität	Zürich,	Standard	Model.	hMp://www.physik.uzh.ch/groups/serra/StandardModel.html	

< 
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Binごとの誤差と起源	
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Binごとの誤差の相関	
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反応断面積	
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NC1π	cross	secGon	の決定	
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系統誤差	

検出器ごとに	
独立	

CHAPTER 4. SIMULATION MODEL 34

Parameter class Prior constraint # of params

Flux normalization [4]

wrong-sign components 8% 4*

same-sign components 5.7% 4*

Flux shape for same-sign components 5.7% 20

Cross section

QE 3% 2

RES [16] 20% 2

NC1π [32] 33% 2

antisymmetric νµ/νe ratio [4] 2% 1

Detector response

matter density [17] 6% 1*

fiducial volume 2% 1*

energy scale 2% 1*

energy resolution 2% 1*

Table 4.2: The nuisance parameters used in this analysis. For the number of parameters
marked with an asterisk, independent parameters are assigned for each detector. Unless
specified, the values are taken from Ref. [16].

4.10 R + C++ bridge

Most of the simulation is written using the R statistical computing language [30], which
provides benefits such as vectorized calculation, a wide range of statistical tools and a
large variety of packages to extend the features. The most performance-critical parts are
written in C++, using the RcppEigen bridge [7], which also provides access to optimized
three dimensional eigenvalue decomposition routines used in the neutrino propagation
calculations. Cartographic plotting is done using the ggmap package [21].

検出器ごとに	
独立	

42	
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主な誤差要因	
•  νμ	flux	shape	
•  νe	flux	norm.	
	

•  Resonant	π	
scaMering	cross	
secGon	

•  Earth	maMer	
density	
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主な誤差要因	
•  個々のパラメータ

を固定した時の分
散の変化から全体
の誤差に占める割
合を計算	

•  Resonant	π	
producGon	
及び NC1π		
反応断面積	

•  HyperKの	
エネルギー	
スケール精度	
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MC	simulaGon	of	Fermi	MoGon	
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CP対称性の破れへの感度	
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ビームスペクトルの系統誤差モデル	CHAPTER 4. SIMULATION MODEL 30
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Figure 4.10: Multiplicative modulation factors to simulate systematic uncertainties in
the beam. Left: each color represents an example choice of +20% for a single modulation
factor. Right: The modulated beam shape in logarithmic scale. The colors correspond
to the modulation factors in the left plot.

chosen to be more appropriate for the present situation.
The total absolute change in bin counts due to shifting each nuisance parameter

indepently by 1%, normalized with total counts, is given in Fig. 4.11. Strongest changes
come from the ∆m2

32, FV and energy scale uncertainties.
As the other T2K analyses uses correlated uncertainties on each bin, different to the

method of directly modifying simulation parameters presented here, corresponding bin-
wise uncertainties were calculated and are shown in Fig. 4.12. While some details such as
the cross section uncertainties show somewhat different curves, the overall result is con-
sistent with corresponding values given in Ref. [4]. The dominant sources of uncertainty
are the flux uncertainties and cross section uncertainties.

The likelihood function used for this analysis is

− Λ =
∑

k

[λk(ν, η)−Nk log λk(ν, η)] +
∑

i

η2i
2σ2

i

(4.8.1)

where νi are the oscillation parameters, ηi the nuisance parameters with prior constraint
σi, while λk(ν, η) are the expected bin counts for a given set of νi and ηi. Nk are the
expected bin counts for the true oscillation parameters. For details please see Appendix B.

4.9 Earth density model

The average matter density for a beam traveling through the earth increases with the
baseline which can be understood as follows: The earth is composed of shell-like layers
of different materials, the crust, mantle, and core, with discontinuous density transitions
increasing as one approaches the center. Since the neutrino beam travels increasingly
within the inner layers of higher density as the baseline increases, the average matter
density increases as well. In this analysis we have used a spline fit with three degrees of
freedom to interpolate data points calculated by [17] which are plotted in Fig. 4.13.
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n	νe	
p+	

e–	

νμ + N → μ + N’	
νe + N → e + N’	
	

DetecGon	Mechanism	

Water	 Cherenkov	Light	

PMTs	
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Super	Kamiokande	Detector	

•  Water	Cherenkov	detector	
•  39.3	m	diameter	
41.4	m	tall	
50	kton	pure	water	

•  ~	11,000	PMTs	
•  Data:	
535	days	
>	4000	events	
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↓	μ-like:	crisp	 ↓	e-like:	blurred	

Event	Display	
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•  弱い相互作用によって生成されるニュートリノ
はエネルギー（質量）固有状態ではない	
	
	
	
	
	

	
→	時間発展するとフレーバーが変わる	

フレーバー	
固有状態	

ニュートリノ混合	

質量	
固有状態	
ν1, ν2, ν3	

重ね合せ	
（ユニタリ変換）	

< 
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ニュートリノ振動	

•  2世代に単純化すると	
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3世代ニュートリノ振動におけるCPの破れ	

•  振動パラメータ	
	

•  　　 の値と�
         の符号が未確定	

•                      なら	
CPが破れている（←）	
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3世代ニュートリノ振動におけるCPの破れ	

•  振動パラメータ	
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δCP = 3π / 2	に於ける	
質量階層に対する感度の起源	
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δCP = 3π / 2	に於ける	
質量階層に対する感度の起源	
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δCP = 3π / 2	に於ける	
質量階層に対する感度の起源	
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RejecGng	flavor	symmetries	
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FIG. 6: The likelihood function versus cos �CP for normal ordering neutrino mass spectrum for

di↵erent types of flavor symmetries assuming the prospective 1� uncertainties in the determination

of the neutrino mixing angles [22].

PMNS paradigm. Matter e↵ect creates a fake CP violation e↵ect causing di↵erence in ⌫ and

⌫̄ oscillations. The higher energy spectrum of HKK near the first oscillation maximum, is in

particular sensitive to the matter e↵ect and expected to resolve the mass hierarchy better

than 5� level. Other degeneracies of �CP and ✓23 octant or �m2
31 can also be constrained.

Non-standard neutrino interaction can cause additional matter e↵ect and a new physics be-

yond PMNS may cause distortion in oscillation pattern. Both of these e↵ects can be tested

by the two baseline T2HKK data.

In the following section, some of the quantitative studies are presented to demonstrate

the impact of T2HKK on the Hyper-K project.
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