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Neutrino oscillations
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2 flavor case

(va ) _ ( cosO sind )(vl)

Vg -Sin® cos0/\ v,

Oscillation probability

P(v,—Vg) = SiN?20 sin?(1.27Am?L/E)
Am?Z=m,?- m,?(eV?): mass square difference
L (km): Neutrino travel length

E (GeV): neutrino energy




Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
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Experiments for the oscillation parameters
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Measured solar neutrino fluxes

Ga

SAGE and
GALLEX/GNO

Be
Borexino

37C|

Homestake

Kamiokande
H,O
Super-K

D,O
SNO CC
SNO ES

SNO NC |

oscillated expectation

oscillated expectation

2.87 SNU
2.56 +/-0.23 SNU

oscillated expectation

—;

1.63x10% /cm?2/s

64.6 SNU
66.1+/-3.1 SNU

oscillated expectation 44 /day/100t

46+2.2 /[day/100t

(2.800.38)x 106

2.32x108 /cm?/s
(2.37£0.04)x106 /cm?/s

(1.70%0.06)x10% /cm?/s
2.32x10% /cm?/s

(2.14%0.15)x108 /cm?/s

Prediction
w/0 0ScC.
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@ solar best fit parameter
Am,,2=4.9x 10 eV?
sin%0,,=0.314

(with sin226,5=0.1)

5.32x106 /cm?/s

Oscillated expectation [l

Results|[ |

(p-25%+0.20)x10° /cm?/s
I
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Measurement of Matter effect (Super-K)
Day flux — Night flux

A

During night, v, (B g Apn=
probability increases y\ day 0.5 (Day flux + Night flux)
due to the earth
matter effect. Aoy (ZEstat.*sys.)
SK-I 2.0x1.7+x1.0%
SK-II -4.3+3.8+x1.0%
SK-III -4.3x2.7x0.7 %
. | SK-Iv -2.84+1.9+0.7 %
3\;0: SK combined| -2.8+1.1+0.5%
2R 2.3 o away
E, Best Fit from zero.
2
= lo Stat. +
2 Sys.
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Events/0.425MeV

KamLAND reactor neutrino data

E oy —~xmazoaa | | Ong baseline ~ 180 km
350 - e P no-oscillation
300 P best-fit osci. Data from Mar. 2002 to Nov. 2009
T ' : accidental
- P T 13C.‘(Ot.n)mO
230 = %J_L+ :_ best-fit Geo V.
200 — ' | +.- ' best-fit osci. + BG
- L ST sweencew, | Energy spectrum shows clear
10E Hd + deficit of reactor neutrinos.
100 & e
0: | | Lw oy | \ .|..‘rf.J':—Pr."-.m;.
0 1 2 3 4 s 6 7 8
E, (MeV)
1

The plot as a function of L/E,
shows clear oscillatory pattern.
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0,, - Am,,? :solar global vs. KamLAND

| Solar global:

Am,2 = (4.86752% ) [x 10%eV2]

sin?0,, = 0.314 .+8:8%‘é

KamLAND
AM,,2 = (7.49 *848 ) [x 10%eV7]

sine,, = 0.309 +0.034

Solar + KamLAND
Am,,2 = (7.45 7328 ) [ x 105eV2]

sin20,, = 0.307+0.014

All with
sin%?2013 = 0.1

Filled area: 3o




Atmospheric and long BL accelerator v
| K2K: 1999 - 2004

?AtmospheriC‘V". ik 5 H

MINOS: 2005 ~

High intensity muon neutrino beam
created at NuMI facility

Near Detector at Fermilab measures  Study of oscillations in Far Detector
un-oscillated energy spectrum at Soudan Mine, Minnesota




0,, —lAm,,2|: SK atm. and accelerators
0.0 ————m—————————————————
0.003 |
F i
>
3 -
S i
E -
< 0.002|
. SK atm. 2v -
90% C.L.
S, T2K 2v
e MINOS 2v
""" SK 1+2+3+4 L/E 2v
- T SK 1+2+3+4 Zenith 2v
0.001} - SK 1+2+3+4 Zenith 3v _
A R SR T P R T T
0.8 0.85 0.9 0.95 1
. 2
sin“26,,

Future: T2K will reach accuracy of 8(sin?26,;)=0.01 and 8(Am?;,)=0.0001eV?.



Recent observation at Super-K atmospheric

v, appearance

CC v_events P ~

\
> hadrons r
501

> hadrons E Preliminary

The observed excess Is
consistent with v_ appearance

Zenith angle distribution after
seleting CC v_—like events

Events

peof. SK-HIHI +—%—
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1501 . ==
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200;— H%H L

t-like events (NN > 0.5)
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| 3.8 o level excess.l



v. events at OPERA

Basellne 732km, <Ev> 17 GeV

Emulsion chamber

Detect decay of T by
emulsion chamber

~150000 ECC Bricks = Weight ~1250 ton

LIaNnddssL viueryiodau Lao, ndaly

* Interaction rate. ald NGS
<Ev> (GeV) 17
(Ve + Vo) ! Vig 0.89, 0.06 %
v, ! v, 21 %

v, prompt Negligible

# of Expected
events BG for
for ")

Decay imi i (Prrelimi
nary)

Schematics of the event

Primary Tr.

2008- Finished 2783 1 Interaction Vertex
in Lea ate
2009 With onz Nuclear
fragment
2010- In analysis 1343 1
2011 % - |38 dz
2012  Started In Plaslc Base s it
No Nuclear fragment
Bearn View Flight length 1.54mm 4 d3-1
D=167° -
Total 4126 21 2 0.2 Secondary Inferadtian P
ler;_fc;ar__l\luclear fragments s




Methods of 91_3 measurements

 Short baseline reactor: v, disappearance

1.27Am231L(m))

P(ve — ve) ~1—sin?(26..)sin’
(Ve > ve) (26,5)sin"( E (MeV)

0,3 only

» Long baseline accelerator: v, appearance

. . ., 1.27TAm*yL(km |
P(v, > v,) =sin*(26,;)sin” 6,;sin*( ( )) Leading term
E (GeV)
Sub-leading + 8C123812813823 (C12C23 o S12813823) COSAg, sin Ag sin Az CPC
—8C2C1,C0051,51355iN TSN Ay, SiN Ay, SN A, CPV
02 - + 48122(:123 (C122C223 + S12282238123 - 2C12C23812823813 COSO) sin® Ay “solar”
s -
for P(v,>V,) —8C2S2S2 TE (1—2S2)COSA,,SiNA,, S =sing;,C; = coso,
2
@V matter % =Amit/E
+8C385355 AMZ (1-2S3)sin® Ay a=2v2G, n.E,

31

V. appearance: depends on 6 and mass hierarchy



T2K (Tokai-to- Kamloka) experiment

S R

Off-axis beam
2.5deqg. off-axis in order to make narrow band beam with higher intensity

4 Decay Near detectors
p ™ __volume off-axis

protons o\, o 1" Muon monitor- on-axis
from | | |

J-PARC MRQ 120m  280m




T2K result (Run 1+2+3)Data from 2010 - 2012 June) Ve appearance

Data of 3.01x10%° POT (protons on target) _ -
[it is only 5% of designed POT of T2K.] Allow region on sin“28;; and O¢p

. : S assuming sin2263=1
11 electron neutrinos observed. N eliminar
Tl Normal "
Expected number of background _ hierarchy
3.2 £ 0.43 (syst.) for sin2(20,;)=0 o SascL
Reconstructed v energy [ T
_ (3010620 POT)
A e : v
6H B Osc.v, CC B Amy,|=24x107 e V-
“ | |:|v“+E“CC . Ol
s = = Inverted
= 4l (MC w526, 2 hierarchy
= 4
g 0,5=0 is excluded —
£ ; - _
zZ with 3.2c level. of -t
[} _2 mverted hierarchy
0 1000 2000 3000 lAm?,1=2 4x10° eV2
Reconstructed v energy (MeV) — - o2 '0{3' ——o4
0.033 < sin?2613 < 0.188 020

Best fit : sin?2013 =0.11  (for Am?23=2.4 x 1073 eV?, 6cp=0)



Reactor 613 experiments

Double Chooz

b

i
Near Detector =i == | Far Detector

L - 400m #| .= 1050m

Chooz Reéactors ¢ | | 10m3 target 5 ' 10m? target
4.27GWy, x 2 cores 120m.w.e. & | | 300m.w.e. \ e

2013 ~ | S | | April 2011 ~ Far Detector

Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.

Ling Ao | +1I
6 commercial reactor cores
with 17.4 GW,,, total power.

6 Antineutrino Detectors (ADs)
give 120 tons total target mass.

Via GPS and modern theodolites, relative
detector-core positions known to 3 cm.




Results of reactor 613 experiments

Double Chooz Daya Bay Reno

(Jun. 2012) (Jun. 2012) (April 2012)
%20005— _ 4 Farall E
= Al —}— Near halls (weighted) S L
: é 15003— | z 1000/~
% mlOOOE— E C
* I 500
500 i —4— Far Detector
- i *¥, —+ Near Detector
k= - 0_ 0_
z B i .
1. B B i
a-gm' £ i " 4 "+ E I_- % 1 ’|[
2 1 st i A e = I Ftt
EE g ‘ * + ++ , ;:_ HHE#Q{';H*H%H TT
iF 5 08t , 0 3 T
0 5 Prompt ene}gy MeV) Prompt energy [MeV]
Sin%2013 = Sin?2013 = Sin%2013 =
0.109+0.030%+0.025 0.089#£0.010%0.005 0.113+0.013%+0.019
(2.90 level) (8c level) (4.9c level)

PRD 86, 052008 (2012) arXiv:1210.6327 [hep-ex] PRL108 (2012) 191802



Summary of 613 measurements

+1c range Solar + KamLAND
Daya Bay
RENO

E > Chooz
2K

AmM?>0, 0=0 ————
Am?<0, 5=0

MINOS Am2>0, 5=0

|
Am?<0, 6=0

| Lo
0 0.1 0.2
sSin22013

All results are consistent and sin42613 =~0.1.



Unknown properties of Neutrinos

m What is the value of CP phase 6 ?
m(0,,—45" ) =07, >0?, or<0?

m Which mass hierarchy ?

m Absolute value of mass ?

m Majorana or Dirac particle ?

m LSND/MiniBooNE, Ga and reactor anomalies ?

Normal hierarchy?

2
Mg

Inverted hierarchy?

m,?

Ve
Vv,
[ ]

= Am=:2:~7.4x10'5 eV?

2
My

m22‘—
Am.,2=~7.4x10° eV?

Amg,2=~—2.4x10"3 eV?

Y

Degenerate?

A_

|




Unknown properties of Neutrinos

m What is the value of CP phase 6 ?
| (623 - 450 ) = 07, >O’7, OI’ <O 7
m Which mass hierarchy ?

m Absolute value of mass ?
m Majorana or Dirac mass ?
= LSND/MiniBooNE, Ga and reactor anomalies ?

Normal hierarchy? Inverted hierarchy? Degenerate?

A A
m2f m, - .
A Am,,2=~7.4x107° eV?
m,?f- B
1

|

Amg,2=~—2.4x10"3 eV?

Am.,2=~7.4x10° eV? ) 4
E m2

m22 —




How to measure CP phase 6

Long baseline accelerator: v, appearance

2
1.27Am 31L(km)) Leading term

P(v. —v.)~sin?(26,..)sin® 6..sin?
( U e) ( 13) 23 ( EV(GeV)

+ 8C123812513823 (C12C23£93 O — S12813823) COS A, sin Az sin A, CPC
—8CZ2C,,C,,S,,5,5S,sin @sin A, SINA, SiNA,, CPV
+ 48122C123 (0122(:223 + S1225?35123 - 2C12023812823513 COS 5) sin® AZl “solar”

Sub-leading

_8c2s2s2 25 (1-252)cosA,, sin A,

4E,
a matter
+8C2S2SE —o(1-2SZ)sin? A,
Amg, S; =sing,,C; =cos 6| |
I —_— A. = Am2L/E
for P(v,>V,) 5> -5anda > -a oS
a:ZﬁGF.neEV

Compare P(v,2v,) and P(v_H%Ve) for CP phase measurement



Effect of CP violating term in P(v 2 v,)

P(Vueve) — [sin’f,,sin” 26, sin”

4FE

Am; L

e

CP violating (flips sign forVv)

.
PY g

cpc +8CAS,,S,.S,.(C,,C,, cos 5 5125’13823) COSA,,SINA, SINA,,
CPV 8C13C12C2381281382m Agy SINAg SINA,

Solar + 48122(:123 (C122C223 + S122~Q"223S‘123

aL : S; =sing;,C; =cos 6,
—8C/5S2Ss, ——(1—-2S/)cosA,,SinA,, !
4E A, =AM L/E
Matter :
a ;
+8CESESE - (L-285)sin’ A, 2= 202605
m
CPV term > 0.06) j
0.04 I_ealdlg(em)Toteu 295Kkm
in26, sin2g, I v AT .
_5111 20,,sin A —pin—=—sind
251116'13 eeveeeesseeesanneses 4E.; AE 0.02
~0. 03
21 SmZlestH El_ﬂmat [Ieading]siné 0

4@ sin®#,,sinf,,| E
~ 0.2?x| leading |xE“$xsin§
2%

—2C,,C,.S,,S,,S,,€0s5)sin’ A,,

o cpv
20n22013=0.1,5=m1/4)

T E (Gey) 2



vu—Ve probability (L=295km)

Normal hierarchy

.. Neutrino case .. Anti-neutrino case
| §in220);=0.1 : Sin226,4=0.
0.08f —5=0 0.08} 520
9006: w — 9=1/2n I, — d=1/2n
(R — O=m 7 00T — d=n
2 oouf I N
Q i E_/ L
0.02fl1 0.02}
0t ot
0 1 2 0 1 2
E, (GeV) E, (GeV)

*» Comparison between P(v,2v,) and P(v,2V,)
» As large as ~25% from nominal

» 1t Is sensitive also to exotic (non-PMNS) CP violation cases.



We need a larger volume detector
for the CP phase measurement.



Hyper-Kamiokande Detectors

otal Volume 0.99 Megaton
Inner Volume  0.74 Mton
Fiducial Volume 0.56 Mton (0.056 Mton X 10 compartments)
uter Volume 0.2 Megaton
Photo-sensors 99,000 20”® PMTs for Inner Det.
(20% photo-coverage)
25,000 8”® PMTs for Outer Det.

R ST _—‘«,
O ectrical'Mae "Room

Access Tunnel | ’I\mnel o
o T

N\

P\

g

-
o
R,

......
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Neutrino beam from J-PARC

Water Purificatiom

e S e ~0:6GeV Vi

A e

2012 Cn~s'pot Image
2012 Yaajabe.com
2012 ZENRIN




v/50MeV/cm?/1021POT

The v beam
Expected neutrino flux at Hyper-K (unoscillated)

IIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIrLII'I_lrl-IJII'lllllllu |IIIIIIIIIIIII|IIIIIIIIIIIIIIlIIIIIIIIII l 1
0 05 1 15 2 25 3 35 4 45 5 0O 05 1 15 2 25 3 35 4 45 5

Ev (GeV) Ev (GeV)

2.5° off-axis beam from J-APRC
Peaked at oscillation maximum
Suppress BG from high energy component.




Signals and backgrounds

O Signals

Single electron event by CC interaction of v, oscillated from v,
B Mainly CCQE: v,+n—>e +p

B Protons mostly have momenta e
below Cherenkov threshold V, ==>V_ -~ -}(
O Backgrounds P
(1) intrinsic v, In the beam (from p, K decays)

(2) NC single =° events
B overlap of 2 yrings
B asymmetric decay

(one of the y has very low energy) \< .

0> 2y



500

Expected ve candidate events
sin?2013=0.1,5=0, normal MH
V mode 5.25MW-107s

V. mode 5 o50mw-107s

= 0.75MW X 3yrs

Total (9 sMwx1.5yrs) 300F

= 0.75MW X 7yrs
Total (1.5MW X 3.5yrs)

400% / 56 al lyear=10"s - Vu—Ve + BG
300; 200 F BG Ve/Ve/VM/vM
200% BG from VM 100F G from VH+ \7“
100f : BG fromv,
N 2 o 1 2
E, "¢ (GeV) E, "¢ (GeV)
Signal Wrong sign beam ve/ve
(vu—ve CC) | appearance Vil Vi CC contamination NC
V (2.25MW-107s) 3,560 46 35 880 649
V (5.25MW-107s) 1,959 380 23 878 678

2000-4000 signal events expected for each of v and v



Expected ve CC candidates

Si 2291350%% v mode 0.75MW X 3yrs
I e | B
= 1)
O %400— o= 5(2):
© %’ 3 Total O=3/2T g
% © 200 v/, BG S
o LIJ
O 5
E,"°° (GeV)
1505
c O : stat. egror only
¢H >100F ' /
() C
S 8z
<= 287 F il
- @ Ot ITTHITITTTPPPPPPRIY
=T I [ TARITTH I
= 1l .50} 5=1/2m
© ©q i o=
"100F 5=3/2m
-1500‘”IIIlllllllllllll‘illllllllIHIIHIIHQ

E,°¢ (GeV)

v mode 0, 75MW X 7yrs

0=0
o=1/2m

E,"©°¢ (GeV)

)

t. error only

E,"¢ (GeV)

Numbers and shape for CP measurement



Expected Contours

/.5MW -years

Normal mass hierarchy (known) 5% systematics on signal, v, BG, ve BG, v/v

N\ASINSS) =

—h

- ="

= 10

— 20

- o>+,

- * True points
2o e

- (o>

f— Normal Hierarchy

qE (RN S NN
0) 0.05 0.1 0.15

5in220, Reactor 613 exps.(10)

- Good sensitivity for CP 6 measurement



CPV Discovery Sensitivity
(w/ Mass Hierarchy known)

_ 0 7.5MWyear
10| 5% all syst / 2% all syst $in22612=0.1
i normal MH
E I—
B 74% region of & covered at 3o w/ 5% sys. error
E I
.¢ S
E I—
o I

T T T ItruleBI(Tlr)1

High Sensitivity to CPV w/ <~5% sys. error



60

N
o

(L)
o

1o error of & (degree)

o

Normal mass hierarchy

O resolution mown

sin?2013=0.1
- — 8=000°
- — 8=0°
- 5in22813=0.1
= 7.5 MW-yrs
- (0.75MW x 10 years)
:LI.I.I.IJJJJJIII.I.LLI.I.IJJJ]JJIII.I.LI.I.I.IJEJJ]JIII.I.LLI.I.
o 1 2 3 4 5 6 7 8 9 10

Integrated beam power (MW-year)
»§ precision < 20° (8§=90° )

<10° (6=0°)
»modest dependence on 013






v, appearance in atmospheric v

NuclPhysB669,255(2003) e foxrato (-2t low enerp)
N ucl Phy58680,479(2004) Py = A, 2w transtion probability v, = v, in matter
R; = Re(A oAy
(I){V,--} .2 A Ehl_v'\'Ell:i'; I::jczﬁl-jc 2y systermn
‘“I}H(Ur') —1l= PQ(T $eos 923 N l) SO| ar te m f'\.:,-,.: tranation aer:lith: of the 2w ;:.-‘EtEIT'

. A 9 A . - . -
—r -+ 8infy3 - cos® B3 - sin 2093(cosd - Ry — sind - )

Interference term (6%?)

+25in? O13(7 - sin® fag — 1)

0,5 resonance term AL A
downward 2 e
$ 1 I”’ ve appearance (and v, distortion) is
£ expected due to MSW effect in the
E o 4 Earth’ s matter

0 - happens in v in the case of normal
mass hierarchy

o2 - In anti- v in inverted mass hierarchy

horizontaq . S

o1 Large 013 value gives us a good
LA ,  Chance to discuss mass
Hpwar . 1, 10 10°

1 Ere— hierarchy and CP phase.
“Sub-GeV” “Multi-GeV”




4 c0s0,=0.8  NH, sin’0,,=0.4, sin*20,,=0.1, 5=40° 1 cos® =-0.8  NH, sin’0,,=0.6, sin’20,,=0.1, 6=40°
E solar term E j ]
0.8 £ (a) """ interference term 0.8 = (b)
E st Bz resonance term

W(v W o (v,)-1

06 © sin2@23=0.4 vs 0.6

cosB =-0.8

NH, sin®0,,=0.6, sin°20,,=0.1, 5=220°

W(v )W (v,)-1
o
N

. 2 . 2 3
cos® =-0.8 IH, sin"0,,=0.6, sin“20,,=0.1, =40

® Through matter effect (MSW), we study
® Mass hierarchy = Asymmetry between neutrinos and antineutrinos.
® Octant of 623 = Appearance (and v,— v, disappearance) interplay

® Ocp

= Magnitude of t

he interference

mass hierarchy: NH vs IH



Sensitivity for CP § and sin<26,,

Atmospheric neutrinos of Hyper-K 10 years

sin?26,;=0.1

— 1o CL
— 206 CL
30 CL

™ 1\ “oCL. | “toCL | “tocL | ~0CL

=20CL || =20CL |- =20CL | X =20CL.

=3oCL | =3oCL |- =3oCL [ =3oCL.
0.5 - - -
E =
o 0 - - -
& - -
O [ Z
0.5- - - -
ﬁ m ﬁ ﬁ

-1rl | - | || - | || || rl | \/\\\ ‘ || || ‘ || || T—I | || | || - ‘ || || rl | | T-_‘r || - | || -

0 0.1 0.2 0.0 0.1 0.2 0. 0.1 0.2 00 0.1 0.2 0.3
sin’ 20, sin' 20, sin’ 20, sin’ 20,

Give supplemental information to the CP study conducted by the

J-PARC beam



Combination of Beam and Atmospheric Neutrinos

| Atm. v +
BeamMap | | Atm.v Map “ Allowed ¢, range ‘ Beam \
]

301

251

jl>
151

30 10

Ay?

30

8.p ]

0 Hierarchy is unknown, but NH is true

O True 6., = 0.0

O True sin?26,, = 0.10

O Maximal mixing, sin®26,;=1.0

[0 Degenerate solution exists at 3¢ in the beam only case - just add the y?
maps

[ By adding atmospheric data, single solution is obtained.



Multi-purpose detector, Hyper-K

* Explore full picture of neutrino oscillation
parameters.

— Discovery of leptonic CP violation (Dirac o)

— v mass hierarchy determination(Am?;,>0
or <0)

— 0,5 octant determination (0,,<n/4 or >mn/4)
« Extend nucleon decay search sensitivity

— Tyroton=10%*~10% years
* Neutrinos from astrophysical objects

— 200 v's / day from Sun

* possible time variation, day/night matter
effect.

— 250,000 (50) v's from Supernova
@Galactic-center (Andromeda)

—~800 v's / 10 years (>10MeV) SN relic v
— WIMP v, solar flare v, etc

_AAtmospheriA(': Vv,

Letter of Intent, Hyper-K WG, arXiv:1109.3262 [hep-ex]
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Schedule

assuming budget being approved from JPY2016
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LBNE project in the US

Long-Baseline Neutrino Experiment

Baseline 1300 km
10kt Liguid Ar detector on surface (phase 1)




Sensitivity of LBNE

16

14

Significance (o)

Comparison of Phase 1 Sensitivities to
Mass Hierarchy and CP Violation

Mass Hierarchy Sigznlﬂcance VS d¢cp
Normal Hierarchy, sin“(26,5)=0.07 to 0.12

Matt Bass (CSU)
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Preliminary: LBNE Physics Working Group

CPV Significance vs 6¢p
NH(IH considered), sin(26,,)=0.07 t0 0.12

7 Matt Bass (CSU)
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R. Svoboda (Neutrino 2012)




LBNO project in Europe
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2100 km from RAL, 1500 km from
DESY, and 1160 km from Protvino.

Layout of the LAGUNA-LBNO
observatory at Pyhasalmi
(-1400m)

Available space for up to
2x50 kton LAr + 50 kton LSc
879°000 m3 excavation
Design to be finalised within
LAGUNA-LBNO by ~2014

Far liquid Argon detector

anode & charge readout

**Double phase LAr LEM

TPC (GLACIER,2003)
(hep-ph/0402110,
J.Phys.Conf.Ser. 171 (2009)
012020, NIM A 641 (2011)
48-57, JINST 7 (2012) P08026)

field cage

20m

liquid argon
volume height

Design based on
extensive experience
with smaller scale
devices

bottom of tank & light
readout

cathode

Baseline 2300 km

20kton liquid Ar detector at 1400m
underground.




Sensitivity of LBNO

Sensitivity to

Mass hie
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F. Lodovico (NNN2012, Oct.2012)



Summary

> 015, 003, 013, AM,, 2, and|Am,,?| were measured.
Remaining unknown parameters are CP phase 6 and
mass hierarchy.

» Recently, 613 was measured to be sin2(20,,)=~0.1.

» This large 013 enabled us to measure CP phase &
using long baseline accelerator neutrinos in future.

» The proposed Hyper-Kamiokande detector has a
high sensitivity for the CP phase measurement.

» Hyper-K is a multiple purpose detector which
iInvestigate (discover) also nucleon decays and
astrophysical neutrinos.




