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Introduction

The Newtring Matr The Growing Excitement
of Neutrino Physics

K2K confirms

atmospheric

oscillations
KamLAND confirms
solar oscillations
Nobel Prize for
neutrino astroparticle
physics!

SNO shows solar
oscillation to active
flavor
Super K confirms solar

deficit and “images” sun
Super K sees evidence
of atmospheric neutrino
oscillations
Nobel Prize for v discovery!
LSND sees possible indication
of oscillation signa
Nobel Prize for discovery of
distinct flavors!
Kamioka Il and IMB see supernova
neutrinos

Aamioka Il and IMB see atmospheric

Pauli Fermi's
predicts  theory Reines & 2 distinct Neling anomaly

SAGE and Gallex see the solar deficit

the of weak Cowan discover flavors Davis discovers =
N o ¢ 1) it T r chows 2 active flavars
Neutrino nteractions (antijneutrinos identitied the solar deficit LEP shows 3 active flavors

Kamioka |l confirms solar deficit

Y

1930 1955 1980 2005



Introduction

The Neutrino Matrx The Growing Excitement
of Neutrino Physics

¢ Neutrino was least known matter particle 20vrs ago KK confirms

% Standard model ASSUMES: mass=0. No tlavor mixing Sl
+ Great progress since then ki
¢ Still neutrino 1s least known particle now i 2007 b og s )
+ Many unanswered fundamental questions B
oscillation to active

¢ New era of “Neutrino Flavor Physics” just opened L

Super K confirms solar

< Many new projects s
; - : deficit and "images” sun
4 This talk Super K sees evidence

of atmospheric neutrino

+ Progress made i last ~20vyrs (masses&mixings) oscillations
S e R ey Nobel Prize for v discovery!
+ Solar v/Atm v/Acc/Reactor LSND sees possible indication
+ unanswered questions of oscillation signal
Nobel Prize for discovery of

distinct flavors!
Kamioka Il and IMB see supernova
neutrinos
Kamioka Il and IMB see atmospheric

< (not all) future projects

Pauli Fermi's
predicts  theory Reines & 2 distinct Her T gHomE .
the of weak Cowan discover flavors Davis discovers SAGE and Gallex see the solar deficit
Neutrino interactions (anti)neutrinos identified the solar deficit LEP shows 3 active flavors
Kamioka |l confirms solar deficit o
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Neutrino Oscillation (in 2flavor approx.)

~ Neutrino Mixing mass
I cos@ —sind) (|v m - .
Vi) = [In) ' Am? = ‘ml — i,
V) sinf  cosd ) \|v,) m, _
Weak eigenstates Mass e1genstates
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~ Probability to change flavor  L:tlight dist, £ neutrino energy
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3 flavor mixing
v,)=2U,

V].> m.. 3 masses,

Weak Mass eigenstates
aki-I\lakagawa-Sakata s;/~smf,, ¢,=~cosd,
O v Y
Fi e o U LBL acc. experiments
CRER/Y TN D
C, R BN L0 0 \ (] 00 Yl 0 s,
=|-s, ¢, O[O0 ¢ sy||0 1 G 0 1 0
(00 N0 s ) 0 0 Y R
(Solar (Atm V) < e 4
LBL reactor)
Am;;: 2 independent differences
3 mixing angles and 1 CPV phase
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Solar Neutrino Problem ("70~"90)
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Solar Neutrino Problem ("70~"90)
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Solar Neutrmo Problem ("70~"90)

Radio-Chemical” = 1ol 7 Galium o= Chio e : Kamiokande
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Solar Neutrino Problem ("70~"90)
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Solar Neutrino Problem ("70~"90)
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Super-Kamiokande (1996~)

¢ 50,000ton Water Cherenkov
» >10x(all solar v experiments)!

¢ Elastic Scatt (ES): v.te2v te
sV, +0.15 (v, +Vv)

¢ Observed deficit, spectrum, etc
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= —— S | SK-I 1496day 22.5kt
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< = 0.6 L SMA (0.0016, 6.9x10 i
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SNO @Ontario, Canada (1999~2006)

¢ 1000ton DZO Cherenkov Sensitive to # of evts
¢ O6000m w.e. UG y
S »NC:v +d=2>ptntv., o @
¢ 12m¢ Acrylic Vessel ) X I AY ST
¢ 9,500 20cm-PMTs (60% coverage) - E:\' yx—ke-% P ore- < (I)e +0.15® LT
»CC: y Fd=>ptpte @
—~ 120
i::l_ i e [lata (b
= B Fit result
é l”[]__ weees Nettrons
O
| ES
B External neutrons
B |
60 [

40

D =4.94+0.21(stat)" 3 (syst)

e+ I+ T —-0.34

D, -I—O.lS‘iI)ﬂJrr =2.35x0.22(star) £0.15(syst)
D, =1.68 iO.O6(SfaI)+O'08(Sj/5'I) (x 10°/ cmz_.-fsec)

=109

8
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Evidence of non-v, components

SNO CC = 2.
é-

SO Y
9 effect!

N
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e
KamLAND reactor neutrino exp.ooz-

¢ 1000ton liq. Scint. Detect v, from reactor

In spherical balloon 13 m dia., 135pn = % + 4 g o

ik V. Hp— erding erher = 2y (prompt)
e 1325 17inch PMT P22 Mev) (deiayed)
¢ ~L>~180km, <E ~~few MeV

& Attack Sol. v of AmZ=10-3%eV

-80GW
— ,.-=u""\.=-..!
< - kashiwazaki
=300 :
i T 86% of v events
32502_ from ~180 km
s :
m200[- .
e I g 5
Bis0 % & =
E % E“; E
g [ &8s g
<100 ELE 2
- Sl |
= _ -1
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- = 2 G5
0 - et
0 200 400
T (l-1331 ;
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.
Kam[L AND reactor neutrino exp.coo2-)

¢ 1000ton lig. Scint. Detect v, from reactor
%ﬁiiﬁhencal balloon 13 m dia., 135 l—,e +p—e*+n, et+e — 2y (prompt)
e 1325 17inch PMT S A 2 iae ) Sie e
¢ ~L>~180km, <E ~~few MeV
+ Attack Sol. v of Am*>10-%eV Significant deficit & Distortion Observed!
~80GW
E‘ - ’_-'\ﬁ oUIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIIIII
sk kashiwazaki - i
e _ : —— no-ascillation
2 - 86% of v events ~
52501 from ~180 km I = accidentals
G200 ) > 60— ! i Pern)o
5 g § s best-fit oscillation + BG
g1sor ®8l8 . PO il | —e— KamLAND data
= - m| 5 =
<100 EE £ %-"
: TE T e 5
E B g i P
o- R =
0 200 leD 0 g
Ldem) 15
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.
Kam[LAND reactor neutrino exp.2002-)

¢ 1000ton lig. Scint. Detect v, from reactor
% In spherical balloon 13 m dia., 135 S + 4 S
thick V. Hp— erding erher = 2y (prompt)
¢ 1325 17inch PMT n+p—d+y(2.2MeV) (delayed)

¢ ~L>~180km, <E ~~few MeV
s Attack Sol. v of Am?>10-%eV | Oscillatory Behavior Observed! I

i 2
~80GW e . 2 . 9, Am* L
— oscillation P =1 —sin” 20 sin®( 1 EJ
%3002 ' kashiwazaki d mMa L o
UL eca P,. = (cos® 8 + sin?® fexp(—— =))?
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> .
0200} . -
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.E‘I 50 E_ - % E-; g 14 ™ T 2 eV ® Eam[ AND data
= - = "'é = o analysis threshold best-fit escillation
<100 I8 E 12 o best-fit decay
E e e g; " —— best-fit decoberence with real
50 g o EB 1 et % ---- ' P 4 reactor
- = g 8§ ' 5 : distribution
% 200 400 208t T iy L AT L
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Constraints on Am,,-, 0,

P =sin®20 -sinz[l 27 Am;;[eV"] 'L[km]]
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Constraints on Am,,-, 0,
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e
Constraints on Am,,-, 0,

od E 1 IIIIIII[ T IIHHI] I [[IHHI T 11]1]]1] T IIIII[I'I LI G

= - ; - P=sin’20, -sinz[l 27
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Constraints on Am,,>, 0,

- 2 P =sin’ 2912-51n2[1.27£‘m12[ev ]'L[km]}
AT E [GeV]
<10 =
= i :JECH N A e
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Cosmic ray(proton, He)
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Atmospheric neutrino

Cosmic ray(proton, He)
Altitude10-20 km p, He
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"Atmospheric neutrino anomaly”

Voot by betore SK Soudan-2 (US,
. , 989-1991)

; ..im-
3kt Water,
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e
"Atmospheric neutrino anomaly”

Kamiokande before SK Soudan-2 (US,
1989- 1991)
L/e ratio
Kam.(sub-GeV) T e
Kam.(multi-GeV) —.—ti
IMB-3(sub-GeV) o1

IMB-3(multi-GeV)

3kt Water. Frejus

1000 50cm PMTs |Nusex : ‘
Soudan-2 :

INIB( U7S.1982--19¢

g CETECTGR

2043 P TUSES

o (W/€) e (1) e

Z./! Smaller than exp’ed significantly |

ié I[ ML E 11
H .-l
= V| Clarification was desired

) Some agree w/ exped
Skt Wateses \]
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Super-Kamiokande Observations (1996~)

¢ "Evidence of neutrino oscillation”

Multi-GeV e-like

Multi-GeV pn-like + PC

n 7 )
= 225 = 0% o
g 00 141kt.yr gj 500 141Kkt.vr
= 175 % 400 _——
. 150 5 _—
125 2300 %
- = s
s 100 =
Z 75 Z 200
S0 100
25
I 1 oo sl g oy
D-‘I : 0 05 1
cosd
Rob-cey = 0.658 = 0,016 = 0,035
Super-K(sub-GeV) -
Ruti-Gev+pc = 0.70245035 + 0.101
Super-K(multi-GeV) o+
2 1 2 » 2 | 2
0 0.5 1 1.0
PHYSICAL REVIEW D 71, 112005 (2005) (M/e)datal(p‘/e)MC 14

laKaslha kobavasiu (KEK), PACU



.
Constraint on Am,;-, 6,; from SK

Allowed parameter region

-3
5x10 T 1 T
SK-I + SK-II
~ |
> .
L
W &
g --= 99% C.L. 3
— 90%C.L. e i |
...... 68% C.L.
3 S N (S BT S T
10 0.7 075 08 085 08 095 1

sin“20

90% CL allowed region:

sin“2l . >0.93
1.9=Am7 = 3.1 < 102ey=
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Data/Prediction(null osc.

P ~sin* 26,, -si112[1.27

L/E analysis
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e
Confirmation by accel. long baseline (LBL) experiments

¢ pHX=27ut=2vutp
+ Pure (~99%)vp, ~1% v,
¢ Confirm SK atm v w/ different, well-
controled systematics
+ L, dir. Known
+ Ev can be measured
=» Spectrum distortion

s SR

+ Initial spec/flavor contents measured Pure v, beam ( ().)o_,' S AL 3

+ v disapp/ ve app
¢ MINOS (2005~)

+ v disapp/( ve app)
¢ OPERA(2006~)

+ VT appearance

+ Beam: 1°* comm:Aug2006, 2" :Sep2007

+ 60~70k /154k emulsion bricks when 224
comm.

50 kton Water
Cherenkov detector

Lake :
Superior

/. ,
5.4kt Mag ed Iron-
scinti. Sandwich trk.

CERN 400GeV SPS |
(E,)~17GeV

L =732km

Fermilab

IL



K2K final results (2006)

¢ # of events S —;
» Bxp'ed: 158.1*2 % (/“ \ ==

» Obs'ed: 112 £ 4'30‘
¢ Spectrum shape

+ 2.8c distortion | Qq

sz §|nm|u e 10 F

|| No dscillaiioh i e o a O s

Number of events
=
|

Consistent w/ SK
N | Definitely confirmed
0051152253354455 o h a . ,
Reconstructed Ev (GeV) bl\ atm v leS“ItS'
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MINOS 1% yr results

¢ May 2005~Mar. 2006

¢ Best-fit spectrum for 1.27x10%° POT 11379 Y53
a0
o ———————————— 4.0F * MINOS BestFit .
; _— MINGS - —— MINOS 90% C.L. .
50:,_ - im Matrix Un _: F e MINOS 68% CLL. -
L ‘ NDFit Unoscillated | — 3.9 .
B Beam Matrix Best Fi = B ]
% 40: - “E-“‘ij-le” “.99[ it ] ‘E?- L 4
(D B NC Background 7 {\5’ 3 U —__ “:
g 30F —+#— MINOS Data -] ) i .
s fr . ~ i 3
W 20f 4| |8 5L =
- ; e 2.5] =
10 A < [ —— SK90% C.L. 2
b+ . [ —— SK(UE)90% C.L. ;
T 2.01 ]
5 10 15 18 30 - 1
Reconstructed E, (GeV) i i
A grn 2 | +0.44 : -3 _x72 L] P P P S S
|Am32 = 27477 (stat + syst) x10 7 eV 02 04 06 0.8 1.0
e 2
. . sin“(20,.)
sin ~26,, =1.00 _, , (stat + syst) £

Normalizat 1on = 0.98
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MINOS 15t yr results

¢ May 2005~Mar. 2006

=13 ~ ~ - A 2 ﬂ
¢ Best-fit spectrum for 1.27x10%° POT 5 f—\mg 3 9 Y23
XI10|“ 1 I 1 | 1 1 I T I
o ———————————— 4.0F * MINOS BestFit
: - MINGS - —— MINOS 90% C.L. /
50}_ J Beam Matrix Unoscillated __E L e MINOS 68% C.L. |
g NDFit Unoscillated | _ 3.9
C . . ] <
L Beam Matrix Best F =
% 40- quf atrix .E""?'[ it . 9‘
) B NC Background ] {\5’ 3 0 —_
% 30F —#— MINOS Data -] 3 i
o [
@ 20f 5
- N 25
10: < [ —— SK90% C.L.
- F —— SK (L/E)90% C.L.
= e 2"()—_
% 5 10 15 18 30 i
Reconstructed E (GeV) L
+O__'I._I. ) _3 }'2 1-5_1 l 1 1 1 | 1 1 1 | 1 1 1
|Amp 2.74%04 (stat + syst) x 10 eV 02 04 06
2
sin“(26,,)
C

Atmospherlc Neutrino Anomaly” is

now understood as neutrino oscillation
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v, <->V, osc. Search around atm v Am-:

L
Constraint on Am, 2, 05

Am},[eV?*]- L[k £
P ~sin® 26, -sin’| 1.27 m (V'] Likm] | 10
| E [GeV]
m, ==
Am, 2~ Am .2 E
m, __J 1072
i
4 '\'“9 \Te appearallce Seﬂl'Ch |,--- - ll LR ;A!llill .'-I-E:'.l?l-'l. EEEEENENENER
:. Atlll\. :.'l‘.:'.':\: I"*l‘.;!.llIIIIIIIIIIIIIIIIII
=i : 103 4
¢ Vv, disappearance search in S s s s s
reactor [ F:ICHQOZ EO%C L (». —uxl
. > i |:]Paid Verde 90%C L (5= ,()
- Ev .MeV. L~km j:[KZK SO%C L (v 07 _________
¢ No evidence so far [ =] Kamjiokande GO%G-L- (v =)
¢ sin’26,,<0.15 at Am’ BB . o ks et f"ﬁ'?. 5
=2 5X107 eV? 0 0.2 04 06 08 1

- From Chooz reactor exXpTajashi Kobava sin22()1 3

+
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LLSND Issue New!

¢ LSND observe v, excess in v, beam (2001)
s ~30MeV pu from pt decay at rest det’'ed ~30m

Beam Excess

+ If oscillation: Am?~1eV?, sin?26~10->3) + PRD64.112007(2001)
o Iftrue ' ‘[’ 4: 1
« 3 mass diff. (sol~10-*atm~2.5x10-3/LSND~1) m o #l__
=» >3 v’s?, Sterile? (LEP says # of active vs le. 3) 4 *Hi
+ CPTV? BB msitiel
¢ Definite confirmation necessary Exgeaa oF candiaale w.enants
87.9 +22.4 + 6.0 events (3.85)
< w/ different systematics P( v, —> v,)=0.264 +0.081 %

> MiniBooNE
¢ MiniBooNE Experiment (2002-+)
» ~GeV wideband vy beam from 8GeV Booster (@ FNAL

+ 800ton pure mineral o1l, R=6m Cherenkov det (@
500m, 1280 PMT

< Search for v, events

ion
s01
{?
--— K + ¥
e T
(St | 7
STEE VTR B i
Magnetic Deca
& y Absorber 450 m Detector

focusing homn region dirt




MiniBooNE First Result (Apr.2007)

= | 2v oscillation
2 5 | analysis threshold e MiniBooNE data
el —
= i -} expected background
> 205 ; <+ BG + bestfit vy—sv,
. 1 5:_ { : = v, background
1) o i
E E b v, background
e 1.0 4
= i } t L] t t t I t f t T T r r & & ¥ °f ] &
» data - expected background
- 0.8
w ---. best-fit v,—v,
E - . - -
- D& = 5in~(20)=0.004, AM=1.0 eV~
s — sin°(20)=0 2, Am*=0.1 eV*
o 04
uh
7 ]
@
S 0.2
S —t
0.0 “"----l- ------- §--- *
: I A A P
300 900 1200 1500

reconstructed E, (MeV)

3000

10°F

—
o

IAm?l (eV?/c?)
—

—
Q
T

10

sin’(20) upper limit

— MiniBooNE 90% C.L

B LSND 90% C.L.

[ ] LsND99% C.L.

10° 10?2 10"

sin®(20)

¢ Observed NO excess beyond background
¢ LSND allowed region mostly excluded (90%CL)

Takashi Kobayashi (KEK), PACO07
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o
What are known and unknown

NEUTRINOS Unknowns (not all)

[ 2 = ;
0.6 0.5 | ¢ Mixing angle 6 ;
2 - 0.4 0.6 0.7 .
_ ¢  Mass Hierarchy
0.4 0.6 0.7 (51g11(A111232)
0, ,~34°
m? —— 0,545° m= ¢  CP violation
A - <1{° .
= 03 -“i ZI Barvon asvmmetry 1n
v 29 Y| (Amyyt~Am,.%) universe?
€ mm V. | 0?7?
3
% .
m2 | : +m* ¢ Absolute Neutrino Mass
) ~0.08x10-3e¢V? ,
__HII
i o ¢  Dirac or Majorana?
my" 4 ~2.5x103¢V?
m 2| o " ¢ New physics??
i s Whole understanding
' ﬁ =>» Hint of Phys Beyond SM
0 ass Hierarchy?? 0" paco7 - -
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What are known and unknown

NEUTRINOS T Unknowns (not all)
' il K ¢ Mixing angle 6 ;
U, o~ 04 06 0.7 + Acc ITBLlReactor
¢ Mass Hierarchy
0.4 0.6 0.7 (51g11(A111233)
0,,~34° + Acc LBL/Atm
112 80 2 = :
m — 0545 m= ¢  CP violation
A - <1{° .
= 03 12 z-I Barvon asymmetry 1n
v 29 Y| (Amyyt~Am,.%) universe?
¢ -— o ??? Acc LBL
2 ‘ .
3 H -+m° e Absolute Neutrino Mass
—0 NR-10-3aV2
~LUBRLAE YT + 0n2p/p decay spec
T + Cosmology
i o ¢  Dirac or Majorana?
my~ ~2.5x10-3eV?2 +  0v2PB
AL LT — 4y’ New ph}TSiCS??
i s Whole understanding
| F—) => Hint of Phys Beyond SM
0 ass Hierarchy?? 0" pacor - "




What are known and unknown

NEUTRINOS

Unknowns (not all)

0.8 0.5 |?
U, oo~ 04 0.6 0.7 Acc LBL/Reactor
0.4 0.6 0.7
0,,~34° Acc LBL/Atm
m? 0,,~45° m?
I V, <100 .
1 = | O “’; ZI Baryon asymmetry in
v 2?9 Y| (Amyi~Am,;%) universe?
¢ - | B Acc LBL
V3
15" +my? e Absolute Neuttino Mass
—0 NR-10-3aV2
~LUBRLAE YT » 0n2p/p decay spec
T Cosmology
i o ¢ Dirac or Majorana’
g i R ~2.5x103e¢V?2 0v2p
my? L o " ¢ New physics??
i s Whole understanding
ﬁ -)Hmt of Phys Beyond SM
0 ass Hierarchy?? 0" pact




Next most important step: 0,;. Why?

CPV & sign(Am-) will be probed thru »_ appearance 1n accel LBL

P T 2a 5 .
P(v, — v) _;; sin’ __”:il (1 + L\.mu (1— 25[_3)> Leadlng

S i& )IL - .:k l; . i& [;
_’_8(’1}39135155?5((1)(’;5( 0S0 — Sl;b”g”) COS m% I??“ ???;1

S11 S1I1

AL 41F
; _ Am3, L Am? L— Am3, L
—~BORA T o (oalS sin d sin 2l L~ ein 2 CP-odd
+ other terms.. 5> 6. a>-a 101 ‘ w2 b
Matter eff.: a=7.56 <107 [eV ] K H _ET ‘
| [g/em®] ) | [GeV] )

CP-odd term oC S1N O - S S S
(where sin0,,~0.5, sin6,;~0.7, sint, ,<0.2)

o If0O,; 1s large (sin-260,;>0.01)

» Ve app. seen In next gen acc exp

- CPV may be seen in (upgraded) next gen exp’s
¢ If 05 1s too small (sin-26,;<<0.01)

» may need to wait vFact to see CPV
T(l].\.(l‘wh_l I‘Lt"rh AV |‘:rh.l {I\.EI\.]‘ PA

I~
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Next most important step: 0,;. Why?

CPV & sign(Am-) will be probed thru »_ appearance 1n accel LBL

P T 2a 5 .
P(v, — v) _;; sin’ __”:il (1 + L\.mu (1— 25[_3)> Leadlng

S i& )IL - .:k l; . i& [;
_’_8(’1}39135155?5((1)(’;5( 0S0 — Sl;b”g”) COS m% I??“ ???;1

S11 S1I1

AL 41F
; _ Am3, L Am? L— Am3, L
—~BORA T o (oalS sin d sin 2l L~ ein 2 CP-odd
+ other terms.. 5> 6. a>-a 101 ‘ w2 b
Matter eff.: a=7.56 <107 [eV ] K H _ET ‘
| [g/em®] ) | [GeV] )

CP-odd term oC S1N O - S S S
(where sin0,,~0.5, sin6,;~0.7, sint, ,<0.2)

o If0O,; 1s large (sin-260,;>0.01)
» Ve app. seen in next gen acc exp
. CPV may be seen in (upgraded) next gen exp’s The size of 61 3
o If0O; is too small (sin’26 ;<<0.01) Decide future dir.!

» may need to wait vFact to see CPV 3
T(l].\.(l‘wh_l I‘Lt"rh AV |‘:rh.l {I\.EI\.]‘ PA



e
Tokai-to-Kamioka (T2K ) experlment

See TUXKIO3 Ishida’s tall [ EEREREe|
SUper Kamlokande : > _,__\) . ‘::f; O A= 10362
e e o B .mw ! j fr' o 4 e A Byt WORS SRR
Ay Rl
% Pl 3800
f & 3000~
I’IQ ; é't > 28001
.'1 ‘g 20”-'
f §.Com 1800
Voo (i‘ 1000
g A N s00f
ij* R 7 8 [\] .
0 05 1 16 2 25 3 35 4

¢ Main goals 1600v,CC/yr/22.5k¢
» Discovery of ve appearance (2:3deg)
Precise measurements on v disapp. L
¢ Highest intensity J-PARC PS (750kW) -
Commissioning: May2008~ gm 5
¢ Vv beamline in J-PARC 5%

» Off-axismarvew.band beam tuned at osc. :
max .
Construction 20042008

+ Commissioning : Apr.2009~

¢ SK full recovery done 1n 2006

T(l].\.(l‘wh_l I‘Lt"rh._l\ tl‘:rh_l {I\.EI\.]‘ PA 10




.
T2K posmble extensmn CPV search

N 2T futhMwe
R e ARC beam

1Mton (0.54Mton fiducial mass) |
Hyper-Kagmiokande

2years of v run + 7 years of anti-v
run = O(10°) events for both runs i) paco-



T2K posmble extensmn CPV search

INW LT
014' R/ ; icled ‘ ‘-_'_ -
S —— i ultu-M
: 4MW, 540kt | ==
o X ARCbeam
: o § o1 Y1 ‘{TTI ‘\ L &@f:&." L
> e Sriyriory, g
o0 § I Am,,?=6.9x10 eV 'li:p.;?'
N 3 Am,,?=2.8x10%eV? | RStoRg
0.06 0,,=0.594 TN
g .1{:111'14 .“I__P”; ; 3
0.04
0.02 A T2K-l 30 dlscoveryT
I 0 M - - )
1Mton (O.54Mton fiq 5 s o = S,
Hyper-Kagmiokand. Sind
i-v 3o CP sensitivity : |5]>20°

2years of v run + 7 years of anti-y
run = O(10°) events for both runs e forsin226,,>0.01
S



NOvVA (20117~)

Medium Energy NuMI Beam Tune

*,

= % L . Y 3 aa® T i
/"x"‘“‘jr O 30 [ ratesforL=3810km ., .
o B B R o . ]
S 25 F O
y o B o * Z
/ Minn. = 20 b & e i
~ F . :
T' & PLE 15 _ | o'. * Omrad ‘_
l * . Minnezpalis E F = . -12%35 %
: \ 2 10 - 21 mrad
157 m <N\ % :. ]|
| < T B
A v i"-. :
J‘ ] :-1 U | -;".-. | I_.: S e U S S
s 3 0 35 5 7.5 10
— E, (GeV)
¢ Exusting NuMI Off-axig beam
2 200kW (232082 700 = 1200\
upgrade plan)
¢ New Full active liq. Scint fine
grained
e |3Skton
+ (@~810km, ~15mr-off
20

Takashi Kobayashi (KEK), PACO07



NOvA (20117~)

Ash River

——
—-_—

Minn.

C’ ..... Minneapolg
' e b\
= ; Femilab
‘H'H."'“ 153 -
i) — Wi
-E- 2
Existing NuMI Off-axis beam S g
% 200kW (=2.320700 =2 120 0L\
upgrade plan) L
New Full active lig. Scint fine 14
grained .
+ 135kton
+ (@~810km, ~15mr-off !
-q - 0.8
V. appcearance
_ 0.6
+ Comparable to T2K
0.4
0.2
0

Takaslhi Ko

30

25

20

15

10

r CC events/kt/3.7E20 POT /0.2 GeV

k!
o

. * Omrad
7 mrad «]
— 14 mrad =
21 mrad

- L =810 km, 15 kT
F Am,,2=27107 eV?
B sinz{szal =1

: 3 years at
- 700 kW and 1.2 MW

foreach vand v

Feldman
PACq Aspen.07

F—— Am?>0
- —— am’ <0’
1 1 | 1 1 1 1 I 1 1 I'rl | 1 1 1 1 L 1 1 1
0.005 0.01 0.015 0.02 0.025 26
sin®(26,,)



NOVA (20119~)

——
—-_—

Minn.

: ®
hinneapalis

\ ; =slllllil )

15.7 m, ‘/%)
384 cells ™
A _ =
l 1 \_,‘,\ 1] Gl
‘H‘H—‘-‘“H“m 2 ‘ ; e ;
"y . ,; -, 9
"\I'\'fn'\ ‘1‘1‘-‘-""‘" e Piane of horzontal ceils

8 (m)

¢ Exusting NuMI Off-axig beam
% 200kW (=2.320700 =2 120 0L\
upgrade plan)
¢ New Full active lig. Scint fine
grained
+ |5kton
% (@~810km, ~15mr-off

¢ VvV, appearance
+ Comparable to T2K

® Sigll(AIﬁz 1 3) thru matt. etf.
+  Unique feature of NOvA
« cf longer dist’higher E than T2K
Takashi Ko

Ash River

Femilab

L

1.8

1.6

14

1.2

0.8

0.6

04

0.2

Medium E nergy NuM| Beam Tune

= oy 1
g 30 L ratesforL =810 km “““" e &
™~ o .-
e 25 F ]
o - o . ]
a » -
191 20 *' s -
r"~u; [ . * 0 mrad ..
Q 15 E |- i 7 mrad «
= r o — 14 mrad 4
2 10 F Tie 21 mrad ]
7] E i.
T . L
U 5 i .
[ 1.' i
:-1 D .i T - R S —p——
0 2.5 5 7.5 10

95% CL Resolution of the Mass Ordering

F NOVA + T2K '

C 3 2

: Sign(Am-) ‘

- Normal mass

n ordering Teldman

. PAC@ Aspen.07

- L=810km, 15 kT

FAm,,2=27107 eV?

- sin“(26,) =1

E am?>0

r 3 years foreachvandv

~ === NOvA alone at 700 kW

[ momee NOvA alone at 1.2 MW

- — NOvA at 1.2 MW

r + T2K 6 years of v - s

0 0.05 0.1 0.15 26




.
Reactor Experiments for 0 ;

Double Chooz 90%CL.

Far + Near 1.5 year later
Nearonly - ---
Mear and Far simultaneously

sin“26,;,~0.025

0.22
0.2
018 |
0.16 F
0.14
012 p

¢ Disapp. of ~3MeV v, bar at ~ km

¢ Purely sensitive to O,
+ No sensitivity on CPV & matter effect
(signAm?)

- 2
sin {2!’-! i ajllmn

0.1 f
» Complementary to acc. LBL exp’s o |
. * * 0.04
¢ Small signal = syst limited o0 |
+ Identical near/tar det ® 05009 12010 2 2011 ° 201242013 © 6
Tt "7 Exposuretimeinyears
]
Optimistic | Detectors | GW-t-yr QQ/E’CL Far event
Reactor Sin?20,;
start date ton@km (yr) o rate
sensitivity
Double - 10.2@0.15 e Partially
20097
€hoo> 10.2@1.067| 504|002 115,000/ |4 ied
20@0.15 o
RENO Late 09 20@1.5 340(1) | 0.03 18,000/yr | Funded
08(fast) 40@0.36 70,0001
Daya Bay 40@0.5 3700(3) | 0.008 110,000/ Proposed
Og(fU”) 4[])(2@1 75 (befure;aﬂer 20710
1@0.05
ANGRA 2013 (full 50@0.3 15000(5) | 0.0055 P d
(full) 50021.5 (5) 350.0004T ropose

Takashi Kobayashi (KEK), PACO7
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V per kt—yr

)

Events /

—r
(B

(L

IS (unfortunately) Very Sma

v, from accelerated

radioactive nuclei

Om
16 GeV RLA2: 11 - 50 GeV W S
1
i 7.5 MeV/m average !
.El?;i? S[ht;:z; Accel Freq: 400 Mhz B 1 :
50m decay/drift Turns: § 300 m 1 SPL n
100m Ind Linac p: 60m ! I Existing at CERN
i Arc: 380 m [ g e e s e =
G9m buncning Linac: 2 x 600 m ' { !
140m cooling 4 i
1.6 GeV, 200MHz 600 m : ! !
lI':-.c-l target 1 I
Linac (&lon source :' :
0.2 -> 3 GeV A I : |
~T900 m
; / ~,  Storage Ring LINAC 3 I : :
Circ. =1800m |
BLA1: 3 =11 GeV I Straight = 600 m pse() i
7.5 MeWm average &
Accel Freg: 200 Mhz il |
Turns: 4 .
p:30m 50 GeV .
Arc: 100 m muons § 45 [
Linac: 2 x 150 m 180 turns = 1/e 1500 m .E- - SPLy
=] —. « ¥y
®
(5] —PL Vv
N i v,
i 0O(1020) 11800 m - Beta v, (He")
v per year Beta v, (Ne'™
L = 2900 km
80 30 ;'--_:\‘ \'u-ﬂ
[
60 |
ﬂ Ll I T I B
o [l 06 08 1
) 1 L E, (GeV)
ve2 Vi
20 A |

*Need magnetized det.

Takashi Kobayashi (KEK), P:

N

Decay
Ring

Decay ring

B rho= 1500 Tm
B=5T
L= 2500m




S (unfortunately) Vel'y Sma

v, from accelerated

16 GeV

Proton Driver

Target Station
50m decay/drift

100m Ind Linac
60m bunching

140m cooling
1.6 GeV, 200MHz

Linac
0.2 —» 3 GeV

RLA1: 3 =11 GeV I
7.5 MeWm average
Accel Freg: 200 Mhz
Turns: 4

p:30m

Arc: 100 m

Linac: 2 x 150 m

| RISO! radioactive nuclei

|
O
o

I
p—
o
(%]

I
p—
)
o

I
[u—
‘o~
(%]

True value of écp

CC Events / GeV per kt—yr

L = 2900 km

GLoBES 2005

|0m :
Sensitivity to CP violation at 30 S i N
Brho=1500Tm
Bl NF Ap=2-5% - 8= T
L=2500m

B 5100 sys=2-5% )
B SPL sys=2-5% |

B SPL+B100sys=2-5% E;C;&'

= T2HK sys=5%

uber/POFPA report)

1074 10~2 1072 167

True value of sin’26;,
lakasin Kovdydsio i spn ), F
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Summary

T he Growing Excitement
of Neutrino Physics

K2K confirms
atmospheric

The Neutrino Matrix e T e

= - 0SC .|L'i!_|'l_'-'|b
KamLAND confirms
solar oscillations
Nohbel Prize for

neutrino astroparticle

physics!

SNO shows solar
oscillation to active
flavor

Super K confirms solar
deficit and “images” sun
Super K sees evidence
of atmospheric neutrino
oscillations
Nobel Prize for v discovery!
LSND sees possible indication
of oscillation signa
Nobel Prize for discovery of
distinct flavors!

Kamioka Il and IMB see supernova

neutrinos

Kamioka |l and IMB see atmospheric

Pauli Fermi's

neutrino an .;ll"'|;;;_5
SAGE and Gallex see the solar deficit
LEP shows 3 active flavors
Kamioka |l confirms solar deficit

predicts theory eines & 2 distinct

the of weak Cowan discover flavors Davis discovers

AJ

LJ

Neutrino interactions (anti)neutrinos identified the solar deficit

1930 1955 1980 2005
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Summary

Continuing Excitement
of Neutrino Physics
Now!

[ he Growing Lxcitement
of Neulrino Physics

K canfirms
alMospheric
scillations
KamLAND confirms
solar oscillations
Nobel Prize for

neutrine astroparticle

SNO shows sola
cecil ation to active
lavor
super K coenliims solar
deficit and “imagcs® sun
Super K sees avidence
ol almusphenc neulning
oecillations
Nobel Prize far v discovery
LSND saas possible indicatio
of oscillation signa
Mobel Prize for discovery af
distinet tlavors!

Kamioka [l ana IMB s=22 supernova
ioka |l and IMB see atmospheric

SAGF =nd Gallay see the solar deficit

LE” shows 3 active flavors

| 19;3J . 2005 W 2020 2030

29

VUL Davis discuvers
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Summary

Continuing Excitement
of Neutrino Physics
Now!

MiniBooNE no excess

[ he Growing Excitement — 2 -
N _ MINPS confirmed SK
of Neulrino Physics

- —
CNEGS/OPERA Etartecl

alMospheric

ccillations
KamLAND confirms
solar oscillations
Nobel Prize for

neutrine astroparticle

SNO shows sola
cscillation to active
Hlavor
super K coenliims solar
deticit and “images® sun
Super K sees avidence
ol almusphenc neulning
oecillations
Nobel Prize far v discovery
LSND saas possible indicatio
of oscillation signa
Mobel Prize for discovery af
distinet tlavors!
ioka |l and

| d IMB see el
istinc tring s
) SAL 1 Gallay zee tf efieit
VUL Davis discuvers
ntifi I ¢ LEF sho iva flavor
< 1

‘){;}
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Summary

Continuing Excitement
of Neutrino Physics
Now!

MiniBooNE no excess
[ he Growing Excitement e’ . -
N _ MINPS confirmed SK

of Neulrino Physics

- —
CNEGS/OPERA Etartecl

Secilations T2K start Apr.2009
S Rl 5 0,; discovery
B eactor 0, )

frl\h:bull P! 'f Falf ticlo * l‘ﬂCE!

U nl '-:_: ws sola N ()V ‘-_\

oscillation to active

super K conlinms solar
deficit and “images’ sun
Super K sees syidence
ul almuspheric neulring
pscillations
Nobel Prize far v discovery
LSND saas possible indicatio
ot oscillation signa
Mobel Prize for discovery af
distinet tlavors!
Kamioka |l anc IMB s22 supernova
neutring

Hamioka || and IMB see atmospheric

distinct ncutring anomaly
X CAGFE =2nd 5 aw a2ga the anlar detfici
e Bains che oo s SAGF z2na Gallay zee the asolar deficit
entifi 0 LEF ws 3 acti avor
Kamioka Il confirms zolar defici -

T ———1 2010 2020 2030
29
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Summary

Continuing Excitement
of Neutrino Physics
Now!

MiniBooNE no excess
[ he Growing Excitement e’ . -
N _ MINPS confirmed SK

of Neulrino Physics

- —
CNEGS/OPERA Etartecl

scillations T2K start Apr.2009
e RS 5 0,5 discovery
Nobul Biice o eactor 0,, o
”::__: : “f -,-p-;lr ticlo * 1 JCEI
I a ws sola N()V "_\
oscillation to active
01 Gl scl T2K-II(CP)? 1f 69 lasge

deficit and “images’ sun EEEEEEEEEEEEENR

Super K sees syidence

ol almusphernic neulrine
pecillations
Nobel Prize far v discovery
LSMD sees possible indicatio
ot oscillation signa
Mobel Prize for discovery af
distinet tlavors!
Kamioka |l anc IMB s22 supernova
neutring
Hamioka || and IMB see atmospheric
neutrine anomaly
SAGF =nd Gallay see the solar deficit

LE” shows 3 active flavors

P —1 2010 2020 2030

29

distinct
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Summary

Continuing Excitement
of Neutrino Physics

Now!

Mini]
d{}

[ he Growing Excitement @
2 MIN

BooNE no excess

DS confirmed SK

of Neutrino Physics

- —
CNEGS/OPERA Etartecl

scillations
KamLAND confirms
solar oscillations
Nobel Prize for

neutrine astroparticle

flavor

deficit and

nlinms solar
‘images” sun
Super K sees syidence
ol almuspheric neulring
pecillations
Nobel Prize far v discovery
LSMND sees possible indicatio
ot oscillation signa
Mobel Prize for discovery af
distinet tlavors!
Kamioka |l ana IMB s=22 sLpernov
neutring
Kamioka || and IMB see atmospl
neutrine anomaly

distinct ke :
SAGF and Ga

a2y aea the aolar deficit

VUl E [ giscuvars ;
antifi LE= shows 3 active flavers
Kamioka |l confirms ar ¢ i

T2K start Apr.2009
Reactor 0 r
NOvVA

0,; discovery
race!

T2K-II(CP)? 1t 69 lasge

vFact? 8-beam

EEREENENEER

("t small?) e

2005

2030

29

2010 2020
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Summary

Continuing Excitement

of Neutrino Physics

[ he Growing Lxcitement
of Neulrino Physics

distinct

discovers

SAG
LEP shows *
all co

L = e
oMo

Hamioka || and IMB see atmospl

Kamioka Il ano

Mobel Prize for discovery af

dis

F and Ga

nf

al

Now!

Mini]
e 2@
MIN

BooNE no excess

DS confirmed SK

KamLAMND confirms
solar oscillations
Nobel Prize for
neutrine astroparticle
physics!

L EL

d “imagcs’ s

detic

O

it an

shows sola
n o aciive

ITHITTTHS S

LT

n

Super K sees avidence

ol almusphernic neulrine
oscillations
Nobel Prize far v discovery

LEMND saes possi

ot oscillation signa

linct tlavors!

neutring

neutrine anomaly
g ay sea the o
3 active flavors

ms solar d

CTICI

MB sze su

ar defieit

hes

indicalio

ova

L

" -
CNEGS/OPERA Etartecl

1

880

2005

R&D 0v2B (CUORE,etc)
#

T2K start Apr.2009

Reactor 0 r

NOvVA

0,; discovery
race!

T2K-II(CP)? if 6‘ii lasge

vFact? 8-beam

"Gy small)" >
KATRIN [3-decay
— Abs mass
Majorana?

>

2010 2020 2030
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.
Abs. mass & Majorana?

¢ Tritium 3-decay experiments

« Shift of end-point of p-ray spectrum

o > my=> [U.|'m

+» Present: mi,<2.2e\/ (Mainz, Troitk

+» Potential: m <0.3¢V (KATRIN, 2010~)
¢ 0Ov2[3 decay experiments

< Only 1f Majorana (v=V) & massive

+» Peak 1n energy spec at Q-value

» Present: <~0.35¢V

» Potential: 0.03¢V (CUORE. Gerda. Majorana. EXO..)

¢ Cosmology
+» Large scale structure, CMB

¢ 2= m; +m, +m;,
+» Present: 0.7¢V 30
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MW Proton Facility : J-PARC

U i I q ne faCI I Ity Materials and Life Science ——
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Bird View Photograph, Nov. 2006
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[Linac beam on Jan. 24. 2007

Accelerated up to design energy of 181MeV

Takashi Kobayashi (KEK), PACO07

S5



[Linac beam on Jan. 24, 2007

- - K.
e N
L R e
: RS

Accelerated up to design energy of 181MeV

Takashi Kobayashi (KEK), PACO07




“T2K status (photo album)
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“T2K status (photo album)
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.
Other 1deas of future acc. experiments

¢ CPV and matter effect
¢ All needs multi-MW + ~Mton detector

4‘2’ CERN SPL
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\ Based on M.Ishitsuka et al PRD 72,033003 (2005), hep-ph/0504026 37
Off-axis angle Takaslu Kseaaissdik HEiward et( al() e p-ph/0504061)




