4 N

Number of T2K events at far detector

Number of events in on-timing windows (-2 ~ +10 usec)

Class / Beam run RUN-1 m hon-beam

POT (x 10%9) 323  11.08 14.31 e
Fully-Contained (FC) 33 88 121 0.023

The accidental contamination from atmospheric v background
is estimated using the sideband events to be 0.023

(- y
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Apply Ve event selection
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40

Number of events

(-

Single electron cut (# of ring is one & e-like)
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Visible energy > 100 MeV ~ No decay electron
4 :
; - —4— Data —4— Data
[} g [1 Osc.v,CC [ [_] Osc.v,CC
= : v,+v, CC - v,+v, CC
o 3| [ 1v,CC 2 10} L1 v,CC
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Invariant mass cut (Minv < 105 MeV/c?)
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Number of events /(250 MeV)

0
0

Final cut

‘Reconstructed v energy cut (Erec < 1250 MeV) :

3

l
1

_‘—1_1

—— Data

[_] Osc.v,CC
v,+v, CC

v, CC
NC
(MC w/

sin?2613 = 0.1)

6 candidate events

remain after all cuts !!
(NP =15 + 0.3 at sin220813=0)

1000

2000
Reconstructed v energy (MeV)

3000

™
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A Ve candidate event

Super-Kamiokande IV

T2K Beam Run 0 Spill 1039222

Run 67969 Sub 921 Event 218931934
10-12-22:14115118

T2K beam dt = 1782.6 ns

Inner: 4804 hits, 9970 pe

Outer: 4 hits, J pe

Trigger: 0x80000007

D wall: 244.2 om

e-like, p = 1049.0 MeV/c

Charge(pe)
>26.7

3.3~ 4.
2.2- 3.
l1.3- 2.2
0.7- 1.3
0.2- 0.7
< 0.2

1300

visible energy : 1049 MeV ) | =
# of decay-e :0 0 |
alnv. mass :0.04 MeV/c? T A
\° on. energy : 1120.9 MeV 0 mnm:ins)w a0 B




Results for ve appearance search
with 1.43 x 104° p.o.t.

The observed number of events is 6

The expected number of events is 1.5 = 0.3

for sin22043=0

Under the 613=0 hypothesis, the probability to
observe six or more candidate events is 0.007
éequivalent to 2.50 significance)
.
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Allowed region of sin?2013
as a function of Am=2,3

[ = Best fit to T2K data

68% CL

B 90% cL
1 I l 1 s b

(assuming sin?2023=1, dcp=0)

0 02

Feldman-Cousins method was used

/




90% C.L. interval & Best fit point (assuming Am2:3=2.4 x 103 eV/2, sin220823=1, &cp=0)
0.03 < sin%2013 < 0.28 0.04 < sin%2013 < 0.34

(-,

Allowed region of sin%2013
as a function of Ocp

(assuming Am?223=2.4 x 103 eV, sin22823=1)

e x — —— e
2 _ = 2 _
_ S oL ]
i © OF i
—— BestfittoT2K data | 2 = N
$8% 6L, 143x10¥ p.ot.
B 90% CL
PR TR T NN TN U TR N AN TN NN N -t L P Y PR R ..gl....l.;..-
04 0.5 0.6 0 0.1 02 03 04 05 0.6

sin*26, ,

sin’26 ,

sin%2013= 0.11 sin?2013 = 0.14 -
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T2K Next steps

Aim for firmly establishing ve appearance and
better determining the angle 013

J-PARC Recovery Schedule (@2011520

4 5 6 7 8 9 10 11 12 1 2 3

Emergency Recovery _ Full Recovery Work
Infrastructure ~ + = — e ————— -
Beam Test
User Operation
: — Testwith§f B€am o il
Linac M Recovery C Alignmeni? ici i > _ eI

o MLF User Operation
:Investngatlon Recovery :

RCS + : >
3GeV synchrotron CCooling Water>
— Test with i
Investigation Recovery electricity NU or HD Operation
M R “ = = 2 —*&
50GeV synchrotron

Investigation
MLF 4—9_—p Shielding recovery  BL Components m it _v.l'lBeam MLF User Progr)am
Materials&Life S inector

Experimental Facility

Hadron Experimental ¢0vestgation Recovery ) . HD Experimgt
Facility = =Pnjecton

pedpten . Recovery _ Beam NU ExPerim@t
Neutrino Experimental = > == === mection

Facility
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Global fitting with T2K and MINOSdata

Normal Neutrino Mass Hierarchy

Inverted Neutrino Mass Hierarchy

MINOS Range
E ? s oS s
T2K Range
B 9 2K Range B s
Il]lllllIIITTIIIIIIIIIIITIIIIIl
|IITIIIIIIIIIIIlIIIlIIIITIIIIIIIIIII
0 | 0.1| 0.2 0.3
0 |0.1 | 0.2 03
0.04 0.11
0.08 0.14

From MINOS presentation

TABLE I: Results of the global 3 oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3o ranges for the
mass-mixing parameters, assuming old reactor neutrino fluxes. By using new reactor fluxes, the corresponding best fits and
ranges for sin? @5 and sin® @y3 (in parentheses) are basically shifted by about +0.006 and +0.004, respectively, while the other
parameters are essentially unchanged.

Parameter sm?/107° eV? sin® 612 sin® 013 sin® fag Am?/107? eV?
Best fit 7.58 0.306 0.021 0.42 2.35
(0.312) (0.025)
lo range 7.32 - 7.80 0.291 - 0.324 0.013 - 0.028 0.39 - 0.50 2.26 — 2.47
(0.296 — 0.329) (0.018 — 0.032)
20 range 7.16 — 7.99 0.275 — 0.342 0.008 — 0.036 0.36 — 0.60 2.17 — 2.57
(0.280 — 0.347) (0.012 — 0.041)
30 range 6.99 — 8.18 0.259 — 0.359 0.001 — 0.044 0.34 — 0.64 2.06 — 2.67
(0.265 — 0.364) (0.005 — 0.050)

G.L.Fogli, et.al, arXiv:1106.6028v1 [hep-ph]

@ Best fit : sin20,,=0.021 = sin220,, = 0.084

/




© BTW, T2K v, disappearance h
Just published!

\Y[e w/ 2-flavor oscillation
Data

Interactlon in FV
FCFV

Slngle ring

u like
P > 200 MeV/c
N(decay-e) < 1

sin?20,,=1.0, Am?,,=2.4x10-3 eV?
are assumed
(- y
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Number of events

ratio
—

20

15

10

—e— Data

No oscillation

Best fit with oscillation
(sin®26, Am?) = (0.99,2.6x107eV?)

—e— data / nominal MC

best fit / nominal MC
1 " 1

2 4 6 8
Reconstructed neutrino energy(GeV)

10

A m?[eV?]

T2K 1.43x10°°POT (w/ syst. error fitting), 90% CL
T2K 1.43x10”°POT (w/o syst. error fitting), 90% CL
MINOS 7.25x10?°POT, 90% CL

Super-K Zenith (preliminary, Neutrino2010), 90% CL
Super-K LIE  (preliminary, Neutrino2010), 90% CL
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What is the next step?

» CP violation

v" Fundamental understanding of the origin of lepton mass
and mixing

v' First step to understand the matter dominant universe

» Mass hierarchy

v Fundamental understanding of the origin of lepton mass
and mixing
v" Inverted hierarchy is desirable for the discovery of

neutrinoless double-beta decay — Proot Majorana

@ neutrino and See-Saw mechanism




-

™

Three Flavor Mixing in Lepton Sector

Weak eigenstates

(1 0
UPMNS: 0 T Cy

Atmospheric
neutrino+T2K, MINOS

(-,

0 ?%023)

(v,

Vi

/v&\

_ CP
R U MNSVM V2

V7
0 Y
+G55 |)

-

\V3

T2K, MINOS and reactor

mass eigenstates
" @
m; G

"‘SG -

— Solar and reactor

+Cy, 0 }(Sl} [+ o +@O\ neutrino

0 1 0 -Sy
513 0 +cg, N 0

(Clj :COSHij’Sj :Sineij)

+Cc, O
0 1)

612, 63, 613

+ & (+2 Majorana phase)
Amg,, Am,s, Amy; -
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Vv, appearance

(Simplified’ 6:0 VerSion) L is too small,

/ or E is too high
| T for Am,,? to oscillate

Oscillation Probabilities when Amé, — ~
4E 2

neglect Am,,” term because Any, << Amg, = A,

> 0,;:v, appearance

P,uﬁe ~ 8in 2923 S|n Z(AranSL /4Ev)

@
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VvV, appearance

(complete version w/o matter effect)

Leading term at around atm. osciilation maximum

P(vi: —1e) =%C132€132%323ir12c1>31} O13
+ 8(:1323253%3((:12(:23 COSO — §2§3523) cosb,, S nd,, S nd,, CPC
{_8(:132(:12(:23%233823 Sinosin®;,sin®;,; Sl n(DZJ CPV

T 4%22C132 (C122C232 T 3223232 32 —2C,C58,5,9,C00) S r O}, Solar

C, =cosg,,S, =sing,

0 — -0 for P(anti-vy — anti-ve) [ RRISENL R L
@ interference btw. 0,; and 0.,
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4 0. A

v, — V, oscillation probabﬂ@ o.osll:
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4 0. A

v, — V, oscillation probabﬂ@ o.osll:
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Normal -
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0.1 ¥ r T T —thetat3
v, — V. oscillation probabili§ .6 L : Normal -
« AMZ,, = 2.4e-3 eV? G 3 Hierarchy .o
o Am212 = 7.59e-5 eV2 8 0.06 'Eﬁ'i : vee. _:
° 912 = 340 004 ﬁ:i;i = s, _:
* 03740 .02l 4 T TR 3
+ sin?28,; = 0.084 AL
« w/o matter effect T o .
00258 | Mass hierarchy: E
0.04 " | Peak shift | F
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Inverted 3
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a ™
Vv, appearance

(W matter effect)

P(v. >1) = 4(:1323325232 Sirf (Ds(l{ % (1_ 25@ -
A, CPC

+ &3132 3233%3 (QZC23 Cog_ 3233823) COgI)32 SI n(D3l S| n(D21
CPV

2 . . . .
_8(:13 (:12(:23%2%3%33' nos n<I>32 S n(I)SlsI nq)Zl

+4S,°C (GG, + a:s;af —2C,C,,8,5,S,Co0) st ,, 204"

[ &:_I.S 33 %3 (l 23.3 ) Cogp32 S nq)?ﬂ}

a— -a,d — -0 for P(vy — Ve)

~ _ o 1075 TeV21. P (_E
L=295km, <E\> ~0.6GeV a=7.56x107[eV"] ([gcmf’]) ([GeV])
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v, — V, oscillation probability
¢ Am?Z, =7.59e-5 eV?

¢ 9, =34° ?;;C Normal hierarchy

* 0,3 =45° cpy @ - Inverted hierarchy

« sin?20,; = 0.084
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v, — V, oscillation probability
¢ Am?Z, =7.59e-5 eV?

043 .
« 0,,=34° CPC Normal hierarchy
* 0,3 =45° cpy @ - Inverted hierarchy
« sin?20,; = 0.084
- w/ matter effect (p=2.8 g/cm3) Total
o 0.1& I T R DAL LR LN B BTN L LA L L BT
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One note

Large 0, is a good news in a sense that,

v" Can be observed
v" S/Nis large

But.. CP or matter effect become relatively small

P(v, —»v,)-PV, —>V,) Ar’qu S'n2912
P(v, »v)+PV,—>Vv,) 4E  sing,

~ 0.04osci |latio maximum
sing,

So anyway, we need higher statistics, better S/N, smaller systematic error to go
further.

eSiNd

P

How much improvement do we need?

, here N, is #V_ or anti-V_when 0=0

1-
AgatAop = \/Z;I‘Nbp — N, > 10,000 for 36 0>7/5 discovery when

sin22913~0.084—
@ (* anti-V cross setion ~ 1/3 V cross section)




NOVA experiment '
"*s‘partlally start: 2011 and Far detector complete in 20137

|

" NuMF Off-Axis v Appearance Experlment

L 4

Medium Energy Tune [ ASh RiVer ] -

* on-axis
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NOVA Far Detector

» 14 ktons
» 930 liquid scintillator planes, (~73% active)
» Scintillator cells 3.8 x 6.0 x 1540 cms

» Expected average signal at far end of 30pe

+— 15.6m —

To 1APD pixd

typical

charged »~

particle
path

-




Example -
event display -
MC :

IIII|III| IIII|HII|IIII|IIII|IIII|IIII|IIII|III

P —

»VsPlane I

380

370

360

350

340

330

320

310

300

v, CC

§JIIlllllllllli]lllIllllllllllllllllllllll

VYsPlane

520 540 560 580 600 620 640 660

50
45

a0
35
30
25

20

.I|llII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

L A L I L L I A
710 720 730 740 7860 760 ﬂy




~

6 (m)
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95% CL Sensitivity to
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95% CL Resolution of the Mass Ordering

NOVA + T2K
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Fogli et al., global fit 3o region




CP phase

. 1 and 2 o Contours for Starred Point for NOVA
O Assumlng a normal

—_ 2
. . . E !
hierarchy, and oscillation at % e  NovA
the starred point “
1.6
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L
08 |
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04 |
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J-PARC future

. Liq.Ar Hyper »
(@Okinoshima Kamiokande
(L=658km, OA0.78% ) | L=295km, OA2.5°

~ ~
J-PARC 30GeV,

\_ 2

{Water Cherenkov)




Hyper-Kamimokande

Duter Detector Plat form
IS AT Inner Detector Opaque Sheet

1[0'0"0[0\

Access Drift . Liner Waler Purification System

‘. 4444

Super-K
50kton total
22kton fiducial

)
. \ . i .
A i e sk oV ke FynsYy % . 5 - L4 L
- &ty gt £.£2 wr sl S . = P
. > : g E Py i \ - -
' f f F B it . 19 g v Pialageialy =8 ¢) « o '
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» i . ey .
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Photo-Detectors

Height 54m

Liner
 Quter Detector

fleight 54m

Baseline design

Inner Detector

» 1Mton total volume, twin cavity
» ~0.6Mton fiducial volume

» Photo coverage 20% (1/2 x SK) ___Vidth 48a

| bisstza |

» 20 inch PMT x 102,000
Aiming to start ~2020
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v 1.5 years
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CP asymmetry
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sind#0 — CP violation!
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Se1nsitivity to CP violation (sin0=0)

W O,
Q Q

o
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Hyper-K (540kt FV)
1.5yrs v + 3.5yrs v
1.66MW -
Normal hierarchy — —
_1 1 1 L L 3 13l
103 10-2 10-1

™

sin22913 Fogli et al., global fit 3¢ region

sin?2013~10% for 50, ~3 X 103 for 30
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x10 sensitivity

e Solar neutrino

* WIMP, GRB,

(-

o Atmospheric neutrino

° Supernova neutrino

® Search for nucleon decay

. 2
sin” 6, ,

Hyper-Kamiokande project:
covering a wide range of particle physics/astrophysics

Octant of 023

»  HK4years o= HK 4 years
0.12;— 900/0 CL . 0,12; 900/0 CL

o (5IN22625=0.99) % . (sin22623=0.96)
oce G oz} @ e

(] S I AP I ISP IS I P |
0.3 035 04 045 05 055 0.6 0.65 0.7

sinz 923 sin2 323
- oensitivity to mass hierarchy
“Normal hierarchy * Inverted hierarchy
s~ §in2023=0.4, 0.5, 0.6
415: /—— 4155 /
1::_———" : 19:—4’—’—//4_

Co v s oo bw oy b n o bww v bwvw v bwway
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sin®0,,
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N S R R S B ST
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ine
sin“ 0,,
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~100kton L|qU|d Argon TPC@ Okinoshima

Okinoshima:
Geology and Geography

A conceptual design

Site No.1

ASSHI Cuarry

aaaaaa

to llpp

500
. If more over burden is necessary
PENTA-OCEAN construction co., Ltd., inclined access tunnel is also possible

e Electronic “bubble chamber”

e Can track every charged particle

® Down to very low energy
* Neutrino energy reconstruction by eg. total energy
® Good PID w/ dE/dx, pi0 rejection
® Realized O(1kton)

™
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Physics potential

5 years v and 5 years anti-v .
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Number of events
] -] L] B ] ]

04

06

08

0 005 01 015 02 025 03 03
sin?2013
Mass Hierarchy Determination - 1.6MW - 100 kton
&350 .
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300 /
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"*’*-‘Lohg Baseline Neutrino Experiment
Ry ¢ ! |

[ DUSEL, Homestake ]

~

1,300km  ~~o_
a FNAL >

Main Ingector

120GeV, 300kW —700kW
.&\ — Project-X 2MW )

| &)
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~
L BNE detectors

Water Cherenkov
100 kt fid. module

ol

B o Utilities Drift

63

I Mucking Drift

55m -
-3 (i4) times SuperK (fiduc‘;ial)

people (!)

Liquid Argon TPC
17 kt fid. module

PYCATON § R L3
T

@ Up to 3 modules




/

Ve Spectrum

200 kton WC

60
4001

20

3100-_5 yrs v running

f;", L norzmal hierarchy

% i sin (2813) =0.04 — signal+Bkgd, bp=0
E 80 —— Signal+Bkgd3, = 90°
>

w

s Signal+Bkgd,5, = -90°

Ry

Neutrino Energy (GeV)

Ve Spectrum

200 kton WC

- 5 yrs vV running
50" normal hierarchy
- sin%(26,,) = 0.04
40f

Events/0.25 GeV

30

II|TIII|

— Signal+Bkgd, 5., =0
e Signal+Bkgd,3, = 90°

s Signal+Bkgd,d , = -90°

"5 6 7 8
Neutrino Energy (GeV)

Ve Spectrum

34 kton LAr

" 5 yrs v running
. normal hierarchy
- sin’(26,,) = 0.04

4
o
o

80

T

Events/0.25 GeV

T T T I T T T I T T T

— Signal+Bkgd, 5., =0
= Signal+Bkgd,3., = 90°

s Signal+Bkgd, 5., = -90°

V. Spectrum

N S B

Neutrino Energy (GeV) =
34 kton LAr

" 5 yrs v running

" sin%(26,,) = 0.04
40

Events/0.25 GeV

30

20

50" normal hierarchy

m— Signal+Bkgd, 5., =0
s Signal+Bkgd,3_, = 90°

s Signal+Bkgd,5,,, = -90°

E g F

Neutrino Energy (GeV)

Depending on 813 value the measurement will be more on less precise
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LAGUNA

Large Apparatus for Grand Unification and

Neutrino Astrophysics . )
' [ Pyhasalmi, Finland ]

/4

4 2,300km

/
/
4
4

| '4//{ CERN

|

Frejus, France ]
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- LAGUNA detectors

MEMPHYS
MEgaton Mass PHYSics

440kt FV GLACIER

~100kt

Laboratoire
Souterrain
de Modane

— $70m

thAR ——
" mm‘lﬁlimrn-ﬂ-v—" s

h=20m) GLACIER 100 kton

|
v

Imaging ExpeRiment

- three options under discussion-

LENA
Low Energy Neutrino Astronomy
50kt organic scintillator

‘Giant Liquid Argon Charge

DETECTOR LAYOUT

Cavern
height: 115 m, diameter: 50 m N
shielding from cosmic rays: ~4,000 m.w ™ N\

Muon Veto
plastic scintillator panels (on top)
Water Cherenkov Detector
1,500 phototubes

100 kt of water

reduction of fast

neutron background

Steel Cylinder

height: 100 m, diameter: 30 m
70 kt of organic liquid

13,500 phototubes

Buffer
thickness: 2 m

nontscintillating organic liquid
shielding external radioactivity

Nylon Vessel

Fomee AR s 2o e | prngtuer
s b el racks from liquid scintillator
Extraction grid § i E g G E
: ﬁ . LATr L os Target Volume
H e 3 height: 100 m, diameter: 26 m
® i E=1kViem e e i g .
o : g| Fewdsharingl 50 ki of liquid scintillator
: /'s electrodes .
— 2 vertical design is favourable in terms of rock pressure and buoyancy forces
Cathode (- HV) UV & Cerenkov light readout PMTs
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Water Cherenkov v.s. Liquid Argon

-my personal view-

In any case, the sensitivity is not much
different.

Water Cherenkov
v" Technology well established
v" Feasible to scale up (Water is easy to get)

vV, selection is good at sub GeV, but bad at
>1GeV — V_and anti-V_run

Liquid Argon

v" Technology need to be established. (600t

is maximum so far)

vV, selection and energy measurement are
supposed to be good. (Need proof) — 1*
& 2™ peaks method

o/E, (10 cm?GeV")

1.4

e o 9 o
A o © = N
LI}

o
(]
T T

_;O
T 1

0 1 10

—— Cross-sections —m
- CCQE CC single n Total o

[ A ANL ¢ ANLB82 B CCFR®90 —

- O GGM 77 % BNLB86 V¥ CDHsws87 -
-® GGMT79 X |HEP-JINR 96 -
[ % Serpukh dn |IHEPHTEP 79 T

'CC Tota L e -

Slngle plon—
L L‘Al:ll.lil'. ) M

?l LE.a.z.uu.L

WC : matter of cost?

Liq. Ar : need technology

proof

E, (GeV)
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Sum

already existing or upgrade existing acc/beam-line

™

mary of future v super beam experiments

construct new one

Beam Power | v beam detector baseline vV energy experimental
[MW] facility [km] (peak Ev) method
FNAL-Ashriver " o NBB :
(NOVA) 0.7 exsiting 14kton Lig.Sincit. 819 (2GeV) v and anti-v
JPARC- - WBB
Okinoshima 1.66 existing 100kton LArTPC 658 (1.2GeV) 1st, 2nd max
JPARC- i NBB :
Kamioka 1.66 existing 540kton W.C. 295 (0.7GeV) v and anti-v
0.7 need new | ~300kton WC. and/or WBB
FNAL-DUSEL = o ~50kton LArTPC 1300 (3GeV) 1st, 2nd max
4 need new On-axis
CERN-Frejus (HP-SPL) o ~440kton W.C. 130 low energy v and anti-v
(0.2GeV)
CERN- 1.6 need new WBB
Pyhasalmi (HP-PS2) i 100kton LArTPC 2300 (3GeV) 1st, 2nd max

\J
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Expected Timeline
(purely personal view.
Don’t take this too seriously.)

2012 2013 2014 2015 ~ 2020 ~

Non-zero 0,,(30) T2K/Reactor
0,,#45° T2K —future project
Mass hierarchy T2K/NOVA —tuture project
CP phase T2K/NOVA —future project
CPT problem Refute by confirm by MINOS/T2K

MINOS/T2K
Surprise

®






