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Energy, intensity and cosmic
At the energy frontier, scientists build advanced 
particle accelerators to explore the Terascale. 
There, in this new scientific territory named for 
the Teravolts of energy that will open it up for 
discovery, they expect to encounter new phe-
nomena not seen since the immediate aftermath 
of the big bang. Subatomic collisions at the 
energy frontier will produce particles that signal 
these new phenomena, from the origin of mass 
to the existence of extra dimensions.

At the intensity frontier, scientists use accel-
erators to create intense beams of trillions of 
particles for neutrino experiments and measure-
ments of ultra-rare processes in nature. Measure-
ments of the mass and other properties of the 
neutrinos are key to the understanding of new 
physics beyond today’s models and have critical 
implications for the evolution of the universe. 
Precise observations of rare processes provide 
a way to investigate energy scales at the Terascale 
and beyond.

At the cosmic frontier, astrophysicists use the 
cosmos as a laboratory to investigate the funda-
mental laws of physics from a perspective that 
complements experiments at particle accelerators. 
Thus far, astrophysical observations, including 
the bending of light known as gravitational lens-
ing and the properties of supernovae, reveal  
a universe consisting mostly of dark matter and 

dark energy. A combination of underground exper-
iments and telescopes, both ground- and space-
based, will explore these mysterious dark phenom-
ena that constitute 95 percent of the universe.

All of these approaches “ultimately aim at the 
same transformational science,” the report says.

 “We need a diversity of approaches to these 
questions—a mix of projects both on different tim-
escales and with different scientific reach,” says 
P5 Subpanel member Josh Frieman, a theoretical 
astrophysicist at Fermilab and the University of 
Chicago.

Some questions are unique to a single frontier: 
Only at the cosmic frontier, using highly advanced 
instruments to observe the evolving universe, 
can scientists directly explore the mystery of dark 
energy. In contrast, shedding light on dark mat-
ter requires a combination of astrophysical 
observations and experiments at high-energy 
particle accelerators. For example, physicists 
anticipate that experiments at the Large Hadron 
Collider, soon to begin operating near Geneva, 
Switzerland, may identify dark matter particles in 
high-energy collisions. The Cryogenic Dark 
Matter Search, an experiment half a mile under-
ground in Minnesota, uses a sensitive detector 
to search for naturally occurring dark matter 
particles. Gamma-ray detectors in space, such 
as the recently launched GLAST satellite, may 
see the glow created when dark matter particles 
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Current θ13 measurements

12

• T2K 0.088+0.049-0.039
arXiv:1304.0841

• D-Chooz 0.109±0.030±0.025
PRD86 (2012) 052008

• RENO 0.113±0.013±0.019
PRL108 (2012) 191802 

• Daya Bay 0.089±0.010±0.005
Chin. Phys. C37 (2013) 011001
                            ↓
                 　θ13 ~ 9°
It was just below the previous limit!

• Very good news for future neutrino 
programs for CP-δ measurement
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FIG. 16. Data and best-fit spectrum from applying current
analysis techniques to the data set used to produce the first
Double Chooz publication (a), and data taken since that pub-
lication (b), plotted in the same manner as Figure 14.

are absent with a CL of 99.8% CL (2.9σ).
We thank the French electricity company EDF, the

European fund FEDER, the Région de Champagne Ar-
denne, the Département des Ardennes and the Com-
munauté des Communes Rives de Meuse. We acknowl-
edge the support of CEA and CNRS/IN2P3 in France,
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FIG. 17. Comparison of recent reactor- and accelerator-based
measurements of sin2 2θ13 from this analysis, the first Dou-
ble Chooz publication [7], Daya Bay [8], RENO [9], T2K [6],
and MINOS [5]. Error bars correspond to 1σ. For T2K and
MINOS the CP phase δ has been fixed (arbitrarily) to δ = 0.
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３つのニュートリノによる振動

HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010

P (νµ → νµ) = 1 − 4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆23

−4(S2
12C2

23 + C2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆13

−4(C2
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23 + S2
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13S2
23 − 2C12C23S12S13S23 cos δ)

×(C2
12C2

23 + S2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ) · sin2 ∆12

P (νµ → νe) = 4C2
13S2

13S2
23 · sin2 ∆31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) · cos∆32 · sin∆31 · sin∆21

−8C2
13C12C23S12S13S23 sin δ · sin∆32 · sin∆31 · sin∆21

+4S2
12C2

13(C
2
12C2

23 + S2
12S2

23S2
13 − 2C12C23S12S23S13 cos δ) · sin2 ∆21

−8C2
13S2

12S2
23 ·

aL

4Eν
(1 − 2S2

13) · cos∆32 · sin ∆31

+8C2
13S2

13S2
23

a

∆m2
13

(1 − 2S2
13) sin2 ∆31

P (νe → νe) = 1 − 4C2
13S

2
13 · (C2

12 sin2 ∆13 + S2
12 sin2 ∆23) − 4S2

12C
2
12C

4
13 sin2 ∆12

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
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Matter effect
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27%

発表時は手短に
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T2K の "CP に対する予想感度

• 状況によれば, CPの破
れに2～3σの感度で迫
る.

31

Impact of ν- vs. ν̄-Mode Running
90% C.L. Solid: no sys. err., Dashed: with 2012 sys. err.

True MH is NH; contours drawn for two MH assumptions
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T2K Sensitivity for Resolving sin δCP != 0
vs. POT

Solid: no sys. err., Dashed: with sys. err.
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→ Running with combined ν + ν̄ data gives better sensitivity in
more cases, particularly when systematic errors are included
→ Improved π0 (fiTQun) cuts further enhances these sensitivities

Assuming luckiest case for values of δCP and MH, correlated ν-ν̄ errors
Assuming true: sin2 2θ13 = 0.1, δCP = 90◦, ∆m2

32 = 2.4× 10−3 eV2, IH

θ13 constrained by δ(sin2 2θ13) = 0.005 13 / 18

w/ reactor θ13 

go
al

sin2θ13=0.1, δCP=-90°, sin2θ23=0.5, Δm232=2.4E-3eV2
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Measurement of Δm232, θ23

23
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FIG. 38. The 90% CL allowed regions in the sin2 ✓23–�m2
32 plane. The true values are sin2 ✓23 = 0.5 and

�m2
32 = 2.4 ⇥ 10�3 eV2. E↵ect of systematic uncertainties is included. The red (blue) line corresponds to

the result with Hyper-K alone (with reactor constraints on sin2 2✓13).

TABLE XXII. Expected 1� uncertainty of �m2
23 and sin2 ✓23 for true sin2 ✓23 = 0.45, 0.50, 0.55. Reactor

constraint on sin2 2✓13 = 0.1± 0.005 is imposed.

True sin2 ✓23 0.45 0.50 0.55

Parameter �m2
32 sin2 ✓23 �m2

23 sin2 ✓23 �m2
32 sin2 ✓23

Normal hierarchy 1.4⇥ 10�5 eV2 0.006 1.4⇥ 10�5 eV2 0.015 1.5⇥ 10�5 eV2 0.009

Inverted hierarchy 1.5⇥ 10�5 eV2 0.006 1.4⇥ 10�5 eV2 0.015 1.5⇥ 10�5 eV2 0.009

F. Combination with atmospheric neutrino data

Atmospheric neutrinos can provide an independent and complementary information to the ac-

celerator beam program on the study of neutrino oscillation. For example, through the matter

e↵ect inside the Earth, a large statistics sample of atmospheric neutrinos by Hyper-K will have a

good sensitivity to the mass hierarchy and ✓
23

octant.

Assuming a 10 year exposure, Hyper-K’s sensitivity to the mass hierarchy and the octant of

✓
23

by atmospheric neutrino data are shown in Fig. 40. Depending upon the true value of ✓
23

the

sensitivity changes considerably, but for all currently allowed values of this parameter the mass

hierarchy sensitivity exceeds 3 � independent of the assumed hierarchy. If ✓
23

is non-maximal, the

Expected 1σ uncertainty

cf. T2K 2014 result: Δm232=2.51±0.10×10-3eV2, sin2θ23=0.514±0.055

True sin2θ23=0.5 True sin2θ23=0.45Hyper-K only!
HK+reactor

14年9月16日火曜日
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提 言 

第 22期学術の大型研究計画に関する 

マスタープラン 

（マスタープラン 2014） 

平成２６年（２０１４年）２月２８日 

日 本 学 術 会 議 

科学者委員会 

学術の大型研究計画検討分科会

Selected as one of 27 top projects  
in Japanese Master Plan  
for Large Scale Research Projects!
by Science Council of Japan  
(Feb. 2014)
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37Masashi Yokoyama (UTokyo) Long baseline experiment using Hyper-K and J-PARC, 18th J-PARC PAC

Notional Timeline

26

JFY!
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Access tunnels

Cavity excavation

Tank construction

sensor installation

water filling

Photo-sensor production

Photo-sensor development

Survey, Detailed design

-2015   Full survey, Detailed design (3 years) 
-2018   Excavation start (7 years) 
-2025   Start operation 
　　　　

750kW and beyond220kW

J - P A R C  U p g r a d e

Full survey, Detailed design

Operation

~7 yrs construction
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想定外（Surprise!）
•相対論の破綻（ ローレンツ不変性の破れ）
•新しい相互作用の発見

• 5次元以上の世界のヒント
•宇宙背景ニュートリノ発見
•新しいタイプのニュートリノ発見
•ニュートリノ質量の測定
•世界の最先端を走る日本のニュートリノ科学
•だからこそ、予期せぬ発見に出会う可能性大。

（注）2011年 ニュートリノが光速を超えた。。。

ニュートリノはまだまだ分かっていない！

13:40
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What could we still observe?
Decompose y = 1

v Uν

√

mdiag
ν R

√
MM

⇒ oscillation experiments constrain some parameters
absolute mass scale: # νR-flavours ≥ # non-zero mi

lepton flavour violation
if lepton number is approx. conserved, mν is protected by symmetry
Wyler/Wolfenstein, Mohapatra/Valle, Branco/Grimus/Lavoura,.. .
µ → eγ may be observable Smirnov/Kersten, Abada/Biggio/Bonnet/Gavela/Hambye,

Gavela/Hambye/D.Hernandez/ P.Hernandez, Blanchet/Hambye/Josse-Michaux

neutrinoless double β-decay
constrains
mee ∼ −

∑

I MI(Uν)2eI
10−15
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1

10−6 10−3 1 103 106 109
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e
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Extra ν only

Blennow/Fernandez-Martinez/Lopez-Pavon/Menendez1005.3240
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