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Discovery of Neutrino Oscillation

» 1998: Atmospheric Neutrino Oscillation  §.|
(Super-Kamiokande) !
— Asymmetry in zenith angle distribution -
— v, deficits (up-going) St

* 2001: Solar Neutrino Oscillation o ey P
(SNO+Super-Kamiokande) | IR S
— SNO: charged current 2v, e
— SK: Electron Scattermg év +0. 15(v +v.) 5 an;?; %

o




Oscillation Parameters
~10 years after the discovery

—id
mixing: :) (3“3&2 3"“ "2) 1 0 0 Cis 0 Slsel Ci, S12 0
v p2 VY3
U.. U, Uys U,={0 Cyp Sy 0 1 0 —-S; Cp O
giag‘:e%rstates gilsgistates 0 —S,3 Cog Slge_l(S 0 Cqg 0 0 1
Atmospheric v Reactor, LongBL Solar v
Long baseline (0,3: upper limit) Reactor LBL
Current (6,5: maximal?) Not determined yet (05,: large)

Best parameter value from a single experlment (except solar v)

sin 912 =0. 31*8 o I(~ 7%@ Ay° =1) | [All solar experlments ] done by SNOG,
Am,.® = 24378 x107%eV21 (- 5% @ Ay = 1) :
=2.197 015 x 10~ eVZ,(~ 6%@ Ay’ =1) i [SuperK : Atmospheric v L/E]
sin”0,, = 0.517 00 .(~ 14%@ Ay 2 =1)i [SuperK : Atmospheri ¢ v 3f]
|

\sin? 6,5 < 0.04 (@90%CL) | [CHOOZ] J
 Solar - Atmospheric; better sensitivities for mixing angles

e Reactor; better sensitivities for solar mass difference
 Accelerator; will be better in atmospheric mass difference
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Oscillation Parameters
~10 years after the discovery

-i5
mixing: g ) (ﬂm 3:2 3:2 vz) 1 0 0 Cis 0 S5€ Cqp S, 0
U.U, U U,={0 Cyp Sy 0 1 0 S, Cp O
giag‘:e%rstates gilsgistates 0 - Sy Cog Slge_l(S 0 Cqg 0 0 1
Atmospheric v Reactor, LongBL Solar v
Long baseline (0,3: upper limit) Reactor LBL
Current (6,5: maximal?) Not determined yet (0y,: large)
Best parameter value from a single experlment (except solar v)
/Am12 = 7.58%02 105\ il= 20 @ Ax2 = 1) ! Ik o aoal
0.02 .
sin e12 =0.3115; : sm2913 < 0.06
0.1 / .
Amy® = 2431533 x 1€ : sinZ0,; < 0.075 PRL93(04)

=2.19" 073
sin?0,, < 0.04 i [CHOOZ]
13 s M-V e N e

e Solar- Atmospherlc, better sensitivities for mixing angles
e Reactor; better sensitivities for solar mass difference
 Accelerator; will be better in atmospheric mass difference
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sin20, < 0.073 PRL101(08)




Solar Neutrinos
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pp chain and CNO cycle
pp - chain .CNO cycle

& ep ——
l-/{)+p—)d+e++ p+e+p—)(l+ qr
Astro-ph 0805.2013v1 12 1y,
99.75% 0.25% B e e e priC—="N vy
\ : | ;[ Solar core N L;.\'-.cle ] 4'
ErsbHet [ Temperature: -~ [5cee v |(< 1.20MeV)
. l . hep 3L ] +
‘He+*He »>*Het+2p ‘Het+*He»'Bety | ’Het+p—>+*He+e +v :=¢ prC"N 4y
86% L P = opAT ] S
l l ,_‘_." .
7 +Be>*B ‘ Myt
@e+7Be—)7Li+ P el? +y @ ] pr =0y
l SB—)SBE*+E‘++ r 2 3 4 Ti(uf l:) 78 9 10 ¢
[)+7L113/024He SB*l—>24He Bo—="N e IHI;T| {“: 1.73MEV}
0.015% J’ A xi0
hai o
p p C a I n prN-="C 0 a e N— "0y ¥
—Dominant process in the sun ] '

Jl'J‘+”IU ,'Tj.'+ y

—5 processes produce neutrinos R
s L
B

—Detection of the 2B neutrinos is a proof of pp-chain | ]

CNO cycle o

— Hydrogen is burned using a carbon as a catalyst
— < 1% of the solar energy production

200a7sRelatively low energy.neutrings are produced




Neutrino Spectrum and
Solar Neutrino Experiments

10" M. Sy
Ngm 10: ———Borexino - Superk™3
%109 +Gallium lr V.o+e 9\/'*‘9
'§1oay S G B
10’7 e .
0! Be _____* Real time Counter
0 . —H,0: Kamiokande(ES) (2B)
10° -
ot \ —H,0: Super-Kamiokande(ES) (®B)
" / ' (e SK1=2.3510.02 +0.08x105cm?
10 ) - Pred: 5.94(1+0.11)x10%cm?gp504 G5
10 L P
101 1 10 1 —D,0: SNO(CC, NC, ES) (2B)
E, (MeV) Eclec (MeV) H)SBSNOIII(CC)=1_67+0.05_0 02797 (. x106cm?
e Radio-Chemical (I)SBSNOIII(NC):S_54+0.33_0'31+0.36_0'34X106cm2
— Ga: SAGE, GALLEX/GNO (pp, 'Be....) —Scinti: Borexino (ES) (’Be, 2B)
\|\,/T+7IGZE)::-7 ;G:;EKIEZE":":‘;Z 7Be: Meas: 4913, +4_ c/day/100ton
eas: 1O. y R=U. 7
Be: Pred: 74+4 c/day/100t .
Pred:127.9 5 o SNUssos(cs) 732- Preee(v Sv )C{ (? ys/e +0 23?5555(65)'
— Cl 8p 7 ' e # el — A
Cl: Homestake (°8, "Be,..] 8B: QegPorexino=2 6510.44 +0.18x105cm>

v +37Cl>e+*CI:E,, > 816keV
Meas: 2.561+0.16+0.16 SNU
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Neutrino Spectrum and
Solar Neutrino Experiments

11 ©OM. Smy.
N;‘ID 10E : — Borexino |- Super-K——> -
g:)0 9 HGallium : V.o+e 9\/’4‘8
207, : . —
132@ = 1.0 Ga: €l i;'Be i°B ime Counter
| v = : HH: E .
o = 88: NC I : Kamiokande(ES)
10° .
0? § 0.8 S TR T — Super-Kamiokande(ES)
i | Borexino
1{):1 m 0.6 gwaM ' SB id +-
I b= ~ Borexino ®B: ES
£ 04 . ,Super-K
S “ - '
£ 0.2 ®B:.C
§ : SNO - —
g I ] ||||||i 1 I I I Theory O s
0.1 1 10 - g
Energy (MeV) "Ga| | T -
— CIL HOMESTaKe - - o
8B: spB0re*in°=2,651+0.44 +0.18x105cm?
v +37CI>e+¥Cl:E, > 816keV Gep xaem
Meas: 2.56+0.161+0.16 SNU
Pr6d28.46+0'87_0_885NUBpsog(GS)
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Neutral Current Measurements by SNO

SNO 1000tons D,O
Started in Nov-99, and
completed in Dec-06

NC:v.+d—2>et+p+n

1.4

CC:v,+d=2e*+n+nfl ES:v,+e> v +e
E,, =1.4 MeV

CC Flux

ES Flux

SuperK(1496d) ——

D,0 (306d)
——  Salt(391d)|| | g5t (391d)

D,O (306d)

— NCD (385d]} NCD (385d)
SN [N [ N N
s 196 17718 flux(xibscnis?) o 108 2:0), 232,258 fukfacecidst

NC: 3 neutron detection methods:
Phase l: D,O0, 2H(n,y)3H, 6.25 MeV vy

Eff. ~14.4% _ D,0 (306d)
Phase II: Salt, 3>Cl(n,y)3¢Cl, 8.6MeV y by (Phasell ) = 4.94°02 stat Y22 (syst 1x10°cm?

Eff. ~40% e Salt (391d)
Phase Ill: 3He neutron counters . o3

n+3He 2 p +3H — NCD (385d)
Eff. ~30%, but separated detection = | b . b I
Comb. Error (NC): ~5.4% by hand (not from SNQ) 5 7B 108 o By FlUX(¥L05cn 2591)

NC Flux (corrected to Winter ®g spectrum)

dnc (Phaselll ) = 5.54*03 (stat )* 055 (syst )x10°cm®

& ~1ﬂ.%LSM§BI)oton Symposium, Hamburg, Germany 9|




SNO LETA

Kinetic Energy Spectrum

+ Phase | (>5MeV)+lI(5.5MeV) Tyl e
will be jointly analyzed down to

— CCinteraction down to E, ~6MeV %
— More than 50% increase of events for i

Plofsaayt plo

o NC+CC+ES (Phase IT)

o ig]' ternal (D,0)

: external (AV + H,0)

5 i
— But many backgrounds (background ' | S L
d ominat ES) New Thr‘eshold =35 M Kinetic Encrgy (MeV)
Phase IT fit
* Reduce BG

—e— Data

e Reduce systematics
 Make pdf for signals and backgrounds

e Expect significant
improvements of the SNO
results soon

—— Total fit result

Bl 2= 135/15 |

PRELIMINARY |
2009/8/22 10



Borexino ‘Be and CNO

. 270t liquid scintillator

— PC+ PPO in a 150mm thick
nylon vessel

— Graded shielding

S| — Two oil layers and water
4 shields

. Be (192days):
— Meas. 4913, +4,  c/day/100ton

— Pred. 7414 c/day/100tongygpgcs)

e BPS08(GS):5.07(1 £0.06)x10°/cm?
— BPS07(GS) =5.08 (Borexino paper)

— P_.: v, survival prob. assuming
SSM

ee (Pmeas _G(V )/G(Vp r))/(l_
o(Vel/o(v, .
2>P.,.=0. 56 +0.10 (10)
@0.862MeV
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o backgrounds

85Kr
’Be-signal

10°E

10

Counts/ (10 keV x day x 100 tons)
[

2108j + CNO

192 days

400 600 800 1000 1200
Energy [keV]

1400 1600

Solar Model(+luminosity constraint),

LMA and Borexino data

=> i improve constraints on other

neutrino fluxes

1.10

0 2 4 6
¢pp = 1.00475%% x SSM (1)
iunﬁﬁ&mbﬁré}(&ﬁw (90%C.L.)

8 (I)CNO

1!




Borexino 3B

3Borexmo 246days arXiv:0808.2868
T.> 2.8 MeV
e 8B: >2.8 MeV -~ BSO7(GS) (no oscil.)

_ gBori0=2.65 + 0.44 £0.18x106cm? © . - BSO7(GS) (oscil)

e 3B: >5 MeV (SK:>4.5MeV)
—  (ugBorexino=2 75+0.54 +0.17x10%cm?
— ¢! =2.35+0.02 +0.08x106cm?

25— s

Counts/1 MeV

o P_=0.3510.10at<T.>=8.6 MeV ‘it
(BPSO7(GS) is used) s 2T - Borexino 246days T
o ,

g 1 |

2 0.85 1

$. . . SKI 1496 days

© T ]

Note: = 0.4 * T i—f: = TS S e S s S 5

Super-K: Energy €= Total energy o_zf,
Borexino: Energy € Kinetic energy

H\Hu‘\Hu‘\”u‘\”u‘\"\H\HH‘\HH‘\HT
3 4 5 6 7 8 9 10 11 12
= 10 Energy MeX
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SK Solar v is back on

A 4
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08 |09 |10

=Y

(11,146 PMTs)

2009/8/22

=> SK-I1I
2.31+0.05(stat) x10%cm?s

SK-I 8B flux:

(5,182 PMTSs)

(11,129 PMTs)

(11,129 PMTs)

R Sedae . 0 e
Full SK was back on June-06

Event/day/kton/bin
o
N

0.1

2.35+0.02(stat) =0.08(sys) x10%cm?s
consistent with SK-I flux within

statistical uncertainty

SK is now back in solar neutrino

business

- SK-IIl SLE 298days 5.0-20MeV

" (Preliminary)
" Signal = 4968 +108-106 (stat.) events
" ®B Flux = 2.31 +/-0.05 (stat.) (x 10%/cm?/s)
<4 Data
Best-fit
= === Background M**

I + 'f_'d-;ﬁ‘ 1
4 R + * . e, t LT toa ey
%i_.’u_,n* *WW“HF'# SN Sata XL — ]

Y. Suzuki@Lepton-hoton Symposium, Hamburg, Germany
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SK Solar v is back on

A 4

96

97 198 199 |00

01

03 (04

07 |08

09

10

=Y

(11,146 PMTs)

2009/8/22

New electronics
on September 09

= SK IV

Lower background
was achieved

Threshold: 4 MeV
(KE)

Aim to measure
transition region
down to 4 MeV or
may be 3.5 MeV

(5,182 PMTSs)

SK- lll Less Radioactive Background

SK-Ill SLE 298days —+.w-v.vivic v

(Preliminary) J
02

R
P

Event/day/kton/bin

TR it A
bt T A

+ Data

Best-fit
01— Background

| wHint of Signal between 4.5-5.0MeV
(recoil electron total energy)
| mFiducial volume i is central 9.0kton |

%4 0.5 0

(11,129 PMTs)

(11,129 PMTs)

£0.16
3 + SK-I
o014 + SK-II
]
o 5|
e 3 +
04 "l'H‘H T L #
0.08
i

0.06 ++
ot
W +*+r*ﬂ*"ﬂ*+#ﬂ AN
5.0-5.5MeV
“T 4.5-5.0 MeV (K.E.)

0

-1 -08-06-04-02 0 02 04 06 08 1
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Solar Neutrino Oscillation
(Global Analysis)

. Phase I+11+lli
 Need multiple solar * A GLOBAL Analysis
neutrino experiments (Ref: SNO Group Ph.I+I+lI)
=> to obtain LMA [All solar neutrino experiments]
* No single solar neutrino Am® =4.9055; x 108V
experiment can single tan® 6 = 0.437 4,
out LMA. 0 15><103 PRL101, 111301(08)
nl | Cl+Ga+SK+Borexino+
SNO Latest publlshed (SNO OnIy) = | SNO:Phasey
107 5 I 1+1+111 |
Jf—sa £0.1¢ .
Y _ ;;§3(f:7cLCL LM A < :
2 107F - I ]
NE 10°° \ O 05-_ _-
TS SMA Low-=>D aad |
T T . 02 04 06 08
10~ 10 10 tan’6 1 tanze
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KamLAND and Global Analysis (sol+KL)

KamLAND (KL) e Solar+KL

* Reactor neutrino experiment — Solar:
- E"’ 1510 kr:ﬂ ' Cl+Ga+SK+BorexinoSNO(Ph
e Good A?ngvc\;etgrmination' asel-1l-1ll)) (SNO Analysis)
' — Am? =7.59 x 10 eV?(~2.8%)
— better knowledge of L/E — tan?0 = 0.468 (~10%)
e KLonly

— Am?2 =7.58x 107 eV?(2.7%)
— tan?0 = 0.56 (~25%)

%103
<[ 68,599 73701 -
Bt > | o -
o R 99.73% C.L. 9 i ]
> 10747 | ‘ *  best fit o~ - 4
) i I !
2 e £0.1F y
e bl < [ ]
“ L ,’ Solar
W L i -
ol 0.057 -
best fit L -
L | L Lo I I BT
107! 1 0.2 04 06 0.8
tan’6,, tan’0

2009/8/22
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KamLAND and Global Analysis (sol+KL)

KamLAND (KL)

* Reactor neutrino experiment
— L~180km
— E~afew MeV

e Good Am? determination:
— better knowledge of L/E

e KLonly
— Am?2 =7.58x 107 eV?(2.7%)
— tan?0 = 0.56 (~25%)

e Solar+KL

Global Analysis by SK-Group
1) All solar, 2) All solar + KL
including SK-I1I
Am? =7.6 x 10 eV?
tanZ0 = 0.47

10°*
% X Global Analysis

Preliminary e
. ar

-~ : 2. Solar + KL
E ,.r/ \\ Blv Super-K Group
~ KamLAND .."x \ (incl. SK-1ll data)
TN W 9 CL. \
AN 99% C.L. , [/
R PR 99.73% C.L. [ \
4 ‘ 1 *  best fit [\
% 10 I | Ty
e +-— | KK Y
s I‘f L T
IR | |
a i i \\ |
'a H |\ | I,l
; Solar \\ J
e 95% C.L. \ P
- 99% C.L. _
I 04 02 03 04 05 06 0.7 08 0.9
best fit tanE(@]
L 1 I
107! 1
2 U.£ U.e V.0 V.0
fan - . tarfo
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KamLAND vs Solar Neutrinos

e Solar

— Good for sin%0,,
e KamLAND

— Good for Am?

— Getting better also on sin?0,,
=» KamLAND vs Solar Neutrinos: slight tension
good place to study on the small effect like sin%6; in future

G.L. Fogliet al, 0905.3549v

20 _""\""I""I""I"II

. ®,5 = O [ sin’1®,; = 0.03 2

& [ ] . ., Amj,L

% °f PX- ~ cos* 913(1—sm2 20, 5|n24—|152J

|

S of sol 4 1. 2

A P. = Cc0s" 0, (1—Esm 20,,) (LowEnergy)

£ s 3 | ~ c0s* 0,,5iN° 0, (HighEnergy)
[ 1,2, 30

O 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
. 2 - 2
siN®1%,, sSin“ 1%,

2009/8/22 18



Large Mixing Angle Solution

P.. for ES was calcuratd by using

83 SNO NC “Be: BPSOS(GS)

LMA

Vacuum in low energy:
— P..=1-(1/2)sin?20

| * Matterin high energy (>5 MeV):

— P_.=c0s?0c0s%0, +sin?0sin?0,
=> P_.=sin?0 (0,2 m/2)

tan220,

tan?20 =

1-(2pV 2G;n_)/(Am?cos260,)

1.0 Eid
~d ui e
4>:’ - 1- (1/2)sm229 line
q,0.8— -
>
a Ga-(*s+’Be) Bor:’Be
o 0.6 -
o Bay:2B (P,.)
0.4 Siections >4 SK: P
G | dependent  (C|_(sp) qz“.%__ee-
2 : | 1
> - sin%0,, = 0.32 SNO C¢
= 02' Am?2=9.6 X 105 eV? 1
4 [ Am2=7.6 X 105 eV? _
o Lam=sexi0tev | || sin’0
0.1 1 10

Neutrino energy [MeV]

b = 0 Resonance condition

e Am?region 10 to 10 eV?
Am? < 1.6x10*eV? resonance >10MeV
Am?Z > 1.6x10°eV? no resonance <1MeV

| « Transition Vac > Matter: 1~5 MeV

=>» sensitivity on Am? from the experiment
=>» good place to look for exotics

2009/8/22 Y. Suzuki@Lepton-hoton Symposium, Hamburg, Germany 19



_ 1.0,
>w :
Mo
RS
Q. I
o ﬁ
a .
— 0.4}
C |
2 |
E |
- 1 0.2
4 |

0 !

0.

2009/8/

Large Mixing Angle Solution

Long range force

M.C.Gonzalez-Garcia et al, hep-ph 0803.1180v2 LMA

VLTV =3 oy =107 * Vacuum in low energy:

Scalar

W m,= 0 e — Pee=1'(1/2)5in229

b g e ewe 4|1 o Matter in high energy (>5 MeV):

b Vector — P_.=c0s?0c0s%0, +sin?0sin?0,

"4 => P_.=sin’6 (0,2 m/2)

SE= 01T T =4 10" TeV . 'll-ll'.l Ted tanzz
T S Tenson tanzzem= O\I
| 1-(2p\IZGFne)/(Am2cosZGV)
. b = 0 Resonance condition
. [UVIeY) ]
1 — 1 » Am?2region 10> to 104 eV?
avaMs L
0.8 V. Barget et al, Am? < 1.6x10*%eV? resonance >10MeV
1 PRL93,2111802(03) Am?2 > 1.6x105eV2 no resonance <1MeV
LMA
0.4 - . 1 eps
aVaN * Transition Vac = Matter: 1~5 meV
(.2 e . .
=>» sensitivity on Am? from the experiment
To 10" 10" =>» good place to look for exotics
E, [MeV]
Y. Suzuki@Lepton-hoton Symposium, Hamburg, Germany 20



Remaining Problems/Tasks

* Precise determination of oscillation

parameters! and small effects ?

— Solar vs KamLAND

— Transition region
e Borexino

* SNO low energy analysis

* SK

Source  BPSO8(GS) BPSO8(AGS) Difference
pp 5.97(1 £ 0.006) 6.04(1 +0.005)  1.2%
pep  1.41(1 £ 0.011) 1.45(1 +0.010)  2.8%
hep — 7.90(1+£0.15) 8.22(1+0.15)  4.1%
"Be  5.07(1£0.06) 4.55(1+0.06)  10%
5B 5.94((1+011) 47201 +011)  21%
N 2.88(1+0.15) 1.89(1 T 5) 34%
PO 21501 THD) 1341 EGY) 31%
R 58200 1000 32501 TR0 4%

~ o 1p0+0.87 - ~+0.69

Cl 8-46—0._83 6-86_0.79

Ga 127.97%2 120.575

2009/8/22

SSM problem

— Refined determination of the surface
metallicity (AGS05)

— Different total metallicity
— Z/X=0.0165(AGS05): Low Z
( Beforeagsos:Z/X=0.0229 (GS98): High 7))

— Especially, C,N,O, Ne, Mg
are lower

— =¥ Solar model conflicts
with helioseismology

Does not change the global view of
the solar v oscillation, but affects on
the search for small effects or precise
study on the oscillation parameters.
Can be tested by

— 8B flux measurement

— CNO measurements

21



Future Experiments

C

104 KL site
107 ERC Be v Fiducial 4m
102
« SAGE(Ga), SK(ES), g / e ONO v
Borexino(ES) 2w __ )

— will continue to be running

— Low energy: below 5 MeV

L. ! SN
1 12 1.4 1.6 . 2

e KamLAND(ES): lig. Scinti. " visibleEnergy ey
— 7Be, CNO R&D PrOtO Type
—> move to double 3 LENS In-loaded liq.
 SNO+(ES): lig. Scinti. neutrino  Scinl
— pep, CNO CLEAN zumno Lig. Neon/Ar ES
— Lower baCkground @ MOON pp, 'Be Mo tracking CC
deeper site neutrino  calorimeter
XMASS pp Lig. Xenon ES
neutrino

2009/8/22 Y. Suzuki@Lepton-hoton Symposium, Hamburg, Germany yyi



Atmospheric Neutrinos

Primary cosmic rays Aorotons He N ZLLEd\ Redt /L &P
L=10~20 km /K2 u+v,
p2etv,+v,
For the low energy limit

— W's decay before reaching the
ground

-V, 1ve=2:1

et For higher energy:
' /K> ptv,
10 LA B L A — -
: I
; omm 7 [ —— Honda flux
v v 4= 6 ----  Bartol flux
n ' E 5 == Fluka flux
: X 4t EW)
2.
Ve+ Ve
2 I—— L T T

E. (GeV) 23



Experiments

/(* Historical Experiments
IMB

Frejeus

NUSEX

Kamiokande

Soudan Il

MACRO

~

(Water Ch. 3.3kt)
(Calorimeter 0.7kt)

(Calorimeter 0.1kt)

(Water Ch. 1.0kt)
(Calorimaeter 1.0kt)

(Up-p ) Y,

Super-Kamiokande (22.5kt)
provided the evidence and
still provides largest statistics
=>» today’ report

—_—

1

éVIINOIS: PRI?75, 99200:3,2007
— sin?(20) = 1.0 L ]
[ Am? = 0.93x10° eV? ]

@
%)
(:JE 8 y2Indf = 5.9/7
O ok — — MINOS Beam Best Fit h
o o No Oscillations . ]
Z 4r '_""'+' g _f 7
>‘ ------------- -
-1: — — -
2 2 ]
o R(pat/mc:(L/k+1))=0.65+%15  ,, 1 0.09 1
c
£ 0708 06 04 02 0

“ coso

e New Measurements

MINOS (Calorimeter 5.4 kt)
- Up-p

SNO (D,O 1.0kt)
- Up-p

Y. Suzuki@Lepton-hoton Symposium, Hamburg, Germany

umber of Events

SNO: arXiv 0902.2776 (> PRD)

120F
100
sof-
of

40

- =(1.22+0.10,1.00, 2.6x10%eV?) -

z L

= e
20 . i |

Best fit((, sin?208, Am?)

s

......

ng ad



Experimental Results (Super-K)

( e-like
500

Low

200

|||||||||

Multi-GeV e-like

ENERGY

Multi-GeV p-like PC Stop I Showering p

High

2009/8/22

01 0 1 0
PC Th'rough | Non sho{nvering u
] 50
200 1
1 -
. 0- ! L0
1-1 059 10 cosG S
* $ B 2
E
<]

Physical Region
Am,; = 2.117011 (16 :Ay?=1)
sin20 =1 (> 0.96 (90%C.L.))
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L/E plot

c 1.8 . T
1.6 Oscillation
1.4
1.2 Decay

1
0.8

0.6

o
'S

Data/Prediction (null oscillation)
o
N

(=]

10
L/E (km/GeV) (SK 1+2+3)

=

 Neutrino decay: 4.4c
— Ay2=19.8/126d.0.f

e Decoherence:5.4c
— Ay?=29.0/126d.0.f.
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L/E analysis (SK I+11+11])
» Direct determination of Am? € E/A
e Position of the dip in L/E plot
* Select events with good L/E
(A(L/E)<70%)
» Better sensitivity on Am?
e The first dip at ~500(km/GeV)
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Oscillation Parameters
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Am, 2= 2.11*011 - x103 eV?
(Atm-v: Zenith)

Am, 2= 2.19%014 . . x103 eV?
(Atm-v: L/E)

(Al\mzNi):S)ZATO'B_O'B x1073 eV?

sin220>0.96 (90%) (Atm-v)
sin226>0.90 (90%) (MINQS)

Am?: comparable uncertainty
— Probably better in future LBLE

Sin220: better in atm-v
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Tau appearance

OoLD
Result
e Cannot: event-by-event analysis e select enriched sample
=> need statistical analysis € likelihood and neural network
* Noteasy: « Make zenith angle distribution
€ E,>3.5GeV, low rate (S/BG~1/140)

Likelihood analysis Fit in zenith angle distribution
[ Likelihood to evaluate t contribution:
100k — TAU+BKG
v X176 t MC ~ BKG Ntota|(C059) = OLNtau + Bkag
%75' ' " DATA a=1.76and B =0.9
uw Fitted # of © |
+ | (corr. for 43% efficiency)
I Expected # of 1

events 78.4%26(syst.)

Tau appearance: 2.4 ¢
41 05 0 05 1 Neural Network Method provides similar result
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OLD

Result

Tau appearance

Cannot: event-by-event analysis
=» need statistical analysis

Not easy:

€ E,>3.5GeV, low rate (S/BG~1/140)

select enriched sample
€ likelihood and neural network

Make zenith angle distribution

Cit 41 Lo dictriby it

Direct tau appearance experiment (OPERA) is taking data
v (1.25kt target; <E,>~17GeV, L=732km; <L/E>~43)

pect ~10 events from 22.5x10°POT exposure for 2.5x103 eV?
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Fitted # of 1
events

138 +48(stat.)*48 . .

(corr. for 43% efficiency)
Expected # of ©
events 78.4%26(syst.)

Tau appearance: 2.4 ¢
Neural Network Method provides similar result
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Remaining Problems of Atmospheric v

* 0,5 in atmospheric
heutrinos

 Mass hierarchy
e Octant of 0,;

e CPV in atmospheric
neutrinos

2009/8/22

See subdominant
effects in three flavour
analysis
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Three flavor analysis
VvV, appearance in atmospheric-v

Yo, B
TO (Ve ) ~ :mixing angle in matter

-I. §13 . 6123 . Sin 21923 (COS 5CP . R2 - Sin §CP . |2) P2= |Aeul?: Ve 2 vy in matter
=2 2 R, = Re(A*eeAep)
+2s5(r-s»x -1 l, = I(A"ceA)

er effect through

n‘8,,=0.5, sin“0,;=0.04, solar on

1t term: solar term (0,,, Am,)
mostly in low energy
cancellation effect (c?,3=0.5,r=v /v .=2@LE)
1~2% effect

3rd term: 0,5 term
> a few GeV (in multi-GeV data)
10~15% effect

S
N

Zenith Angle
cos®v

2"d term: Interference
CP-Phase

Ev (GeV)

$22012=0.825, s2023=0.4, s2013=0.04
2009/8/ 2cp=45°, Am?12=8.3x105,Am?%s52.6x02p fon-hoton Symposium, Hamburg, Germany 31




013

é 1.2- ' .
" s Multi-GeV » Effect of 6,5 can be seen in a few GeV
11 | electron data
For SK-1, I, Ill combined data
1.0 e Sin%0,5<0.07 (90% C.L.)
— Normal Hierarchy
+ Sin2,; < 0.13 (90% C.L.)
_0‘9' -0I.8 -0I.6 -0I.4 -0I.2 (I) 0:2 0:4 0:6 B ' - |nverted Hierarch
1 cos0, 1 Y
Multi Gev e like] < ||
i 1-ring @ 0.003) .003f;
-+ ~ &
200 £ 1002 ).002
<]

0.001

0.001]

' Super-K: 68,90,29%C.L.| | Super-K: 68, 90,99%C.L
I %01 0z 03 04 05 0 01 02 03 04 05
Cos O sin%,, sin%0,
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Ax“((true 0,,) - (zero 0,,))

o N <~ O O®

0,5 in future

20yrs of Super-K

sinZ3=0. 60 .

sinZ3=0. 55

30 / Mz.zpo. 50

SinZ3=0. 45

2009/8/22

20yrs SK: Positive
signal for nonzero
013 can be seen |If

sin?013 is > 0.02
and sin2023 > 0.5

— 3o for 80yrs SK

“4yrs HK

$22012=0. 825 ‘
s2023=0.40 ~ 0. 60
s2013=0. 0070. 04
dcp=45°
Am?212=8. 3e-5
Am223=2. be-3
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Mass Hierarchy

True : normal mass hierarchy
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1.8 Mton"yr
3.6yr HK

Can be seen

for
sin20,,>0.02
Sin%0,;>0.5
(normal)

for
sin20,,>0.02
Sin20,,>0.65
(inverted)
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Sensitivity for CPV (3.6 yrs HK)
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Future atmospheric neutrino experiments

* INO

iron

— 3 modules

[6m—><
3

50 kt magnetized (1.2 Tesla)

Each module = 16x16x12m?3
Can measure charge
=>» Mass hierarchy

beyond Super-K

e Megaton (0.5Mt fid.) detectors
(HK, DUSEL,....)

— Water Cherenkov or Liquid Ar.
=» Octant

=>» CP phase sensitivity

=>» Mass hierarchy

— Far detector of long baseline
experiments

DUSEL

Hyper—K 540kton

_____ 5
== e
B

S "MEMPHYS

by

85m & ~
s M so0om —)
105m o r@ﬁ i ,[
bk

z
©Y.Suzuki

pill- ?

e Multi-Megaton detectors (5-10Mt fid.) — Water Cherenkov
— Placed 1000m under water
— Not only atmospheric
— SN neutrino burst detection every year
— Proton decay up to 103 yrs

2009/8/22

Y. Suzuki@Lepton-hoton Symposium, Hamburg, Germany
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e ~10 years after the discovery, oscillation
parameters are now determined at a few % level

e Solar Neutrinos in future:

— Transition region: low energy 2B, CNO, pep, 'Be
 Sensitive to Am?
e Deviation from LMA?
* CNO is especially interest to resolving metallicity problem of
the solar models.

 Atmospheric Neutrinos in future:

— A complementary method to determine 0,; and other
subdominant effects.

— Future large detectors can be used for long baseline
oscillation experiments, and can study proton decay
as well as atmospheric neutrinos

2009/8/22 Y. Suzuki@Lepton-hoton Symposium, Hamburg, Germany
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