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Super-Kamiokande

Run 999999 Event 294
102-11-06:00:06:35

Inner: 3849 hits, 8189 pE
Outer: 4 hits, 2 pE (in-time)
Trigger ID: 0x03

D wall: 946.1 cm

FC, mass = 909.0 MeV/c"2

Charge (pe)
. >15.0
® 13.1-15.0

500 1000

Times (ns)

1500

2000




N . Y SRR R -I L
0 200 400 600

Background sample for p—e* xr°

20 Mton+*yr atmv BG MC
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® Use established tools
® neut ( ¥ interaction simulator)
® SK detector simulator
® pre—reductions
® CC quasi—elastic
® v ,CC
U PID rejection € ~98%
decay electron & ~70%

BG events in signal box
~~ 45 events/20 Mton "yr

Invariant proton mass (MeV/cz)

800 1000 1200

~2.2 events/Mton - yr
(p~>e*n® signal efficiency: ~40%)




B 5\ 559 KgE (for p—e* 1t0)

Tight momentum cut to reduce BG = target is mainly free protons
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ﬁ 1 (236 MeV/c)

12ns

Mono-enegetic u & prompt vy
prompt - v (6.3MeV)

( 41% probability, H.Ejiri, Phys. Rev. C. 48 (1993)1442 )



number of event

Number of Hits

P—yK* prompt gamma method
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T Timing signature for prompt yray
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RRZA—MI/ICE o TRIMDIRE)/ NG A—EF EFTTE

noam?

AM?y, , AM?y5 (—AM?13) , 615, 055, 8153, and d¢p

Known

2
0,5, , AmM=y,

0,5 , |[AM2,5]

Solar v

KamLAND

Atmospheric v

Accelerator v

Unknown
0,5 ? AMZ,;,=>0 or Am?,;,<0 ?
or

If 0,,%n/4 , 0,,<n/4 Or 0,,>n/4 ?

?

Ocp

How much can we learn from
atmospheric neutrino experiments ?



Search for Non-zero 0,4

4.5 Mton-yr

One mass scale dominance approx. o _
1+multi-ring, e-like, 2.5~5 GeV/c

Electron appearance

. . o[ 1.27Am*LY 7T
P(v, »>v,)=sin" 6, -sin’ 20 -smz[ : .
7 e 23 13 E _
2500 ~
only 3 parameters 2000‘?‘«'“";"'".‘ *
R . : §
P(v, 2 v,) at SK

o Q
1500 R
Am®=0.003eV?, sin”6,,=0.5, sin’0,,=0.026 S, L o’

0 ..llllll““‘

0T —4— s213 ~ 0.04

o2 so L — s213 = 0.00

- . null oscillation

0.4 [
- “‘ ‘H“ : 0 PR S SR SR N S S SR NN TR TR ST S T T SR S
S os i = -1 -0.5 0 0.5 1
" os ‘ C'Osezenith

0.7 [ .

Using finely binned data, look for
enhancement at certain energies

it g il - 2 and angles due to electron neutrino
1 10 resonance in earth.

Ev (GeV)

0.8 [REE

-0.9
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Statistical Significance for Non-Zero 6,4

0.45 Mton-year

Ay’ ((zero 6,) - (true 6,,))
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1.8 Mton-year

PR SR ST AT SO ST S AN T S TR S ST SO ST S SR N SO S S
0 0.01 0.02 0.03 0.04 0.05

T sinze13

CHOOz

— sin20,, = 0.60

Ay’ ((zero 0,) - (true 6,,))

w
o

=
(¢)]

10

0.55
0.50
0.45
0.40

18 Mton-year

N
2]
T

N
o




Sign of Am?2,5 ?

m3 m
solar

m1l

atmospheric

atmospheric
m2

solar
— ml — m3

Normal Inverted
Hierarchy Hierarchy

(Am2=>0) (Am?2<0)

resonance resonance
only for v,  only for v,

—+— Positive Am?2
——— Negative Am?
—— Null oscillation

AmM?,; = 0.0025 eV?
s?23 =0.5

s?13 — 0.04

4.5 Mton-yr

2.5~5 GeV/c

single-ring e-like

multi-ring e-like

1600
1600 [
1400 |
I ¢ 1400 - ==
1200 [ 3 3
I _ 1200 |
1000 -:“““..:..\ ¢ 10001:_“‘- "ty [ t
80 S 800 L :
600, . = o0 — . Difference ==
[ ‘I*"" due to relatively
400 - 400 : -
low anti-v, fraction
200 | 200 - in multi-ring sample
01 05 o 05 0T s T 0T Tes T
cos 0O cos O



Sign of Am?2,5 ?

m3
solar
m1l
atmospheric 1600
atmospheric
| m2
1400
Normal Inverted
Hierarchy Hierarchy
(Am2=>0) (Am2<0) 1200
resonance resonance
only for v,  only for v, 1000

800

—+— Positive Am?2
——— Negative Am?
—— Null oscillation

600

400

r_

single-ring e-like

F

COS ®

AmM2,, = 0.0025 eV?2
s223 =0.5
s213 ~ 0.04
4.5 Mton-yr
:multi—ring e-like
- 79 -
3 3
1000 - =4 —4—
800 F 5 2 %
600
400 _ cos ©




sz(inverted-normal)
P P DN W w b
o o1 O 01 O 01 O

o O

v2 difference (inverted — normal)

True : normal mass hierarchy

Sin“Y,,=0.35 sin“,5=0.50
n [a 40 - :‘_\40
- 2 73'5 E 2__ —3[6
3 I ESs B o ESS
— gmzzzjdmdf::’ 30 F ne=20x07 2 30
— 'g 25 — '§ 25
— E § 20
g £ E 15
C (\l-/ N../
x o 10
: T 3
: 5 F 5
F (o J S SR RN R B 0
0O 0.02 4 0.06 0208 0O 0.02 4 0.06 _0208

sin 0,5 sin“0,,
CHOOZ CHOOZ

1.8 Mton-yr

sin“Y,;=0.65

Am’=3.0x10"°
1077
Am?=2.0x10"°

Am =2 .5x

0.02 .04 0.06 0208
sin 0,5
CHOOZ



e-like (3 flavor) / e-like (2 flavor full-mixing)

023 octantD 3N E

sin?20,,=0.96 — sin%0,,=0.4 or 0.6

11

1.05 -

0.95

Am2,  =8.3x105eV?
AM2,,  =2.5x10%eV?
sin?26,, = 0.82

sub-GeV e-like SinZ0,,=0
(P, :100 ~ 1330 MeV) (P, :100 ~ 400 MeV) (P, :400 ~ 1330 MeV)
; Lo5 | S|n2 923 = 0.5
| sin20,, = 0.6
e | s

o L b b b b e b b e L |
v b b b e b b b P iy
1 -08-06-04-02 0 02 04 06 08 1 9977 55765764.02 0 02 04 06 08 1

COS‘ezenith

P RN S A S AR BRI AR R B
-1 08 -06 -04-02 0 02 04 06 08 1

(some opposite effect for u-like events.)

u/e ratio @low energy is useful to discriminate

0,,>1/4 and <n/4.



Discrimination between 023 >n/4 and <rn/4
with the (12) and (13) terms

sin4023 = 0.40 — 0.60
sin®ss= 0.00 — 0.04
_ —O
8cp 071645
- — SK8 % )
o1a | e
812 sin2 26,, = 0.96
® g% —  SK 6, pestut
D 048 F Test it
N est poin
Cogde P
Dok
004 F
6,68 £
00§E R L ==
0.3 0.35/0¢ D.45 0.5 085 0.6 4.65 0.7
04T | sin20
0.02 - W‘ %
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03, 5504 HRQ D7 49955 07
possible foi"&H 0.

0.18
0.16
0.14
6:48
6
b:64
B:66
g%!b&
g.88
0.0
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S g i

sinZ 20,, = 0.99

SK 80yrs, 90% C.L.

0.04 ©
0.02 |

D

@.3

iscrimineses—seaneen

090 At Lnf B iSOrErnally

possible onl§"fer 0,, >0.04.
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Ax((8,5 in the false side) - (true 6,.))

Statistical Significance for Octant of 0,5

]

sin20,, = 0.03750

Am?,, = 2.5e-3 (eV?) 0.01875
sin220,, = 0.825 0.00625
dcp = 45° — 0.0

0.45 Mton-year 1.8 Mton-year 18 Mton-year
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e-like (3 flavor) / e-like (no-osc)

Effect of ocp INn Atmospheric Neutrino Data

450
135°
225°
315°

ocP

no osc. with 1.8Mton-yr stat.error

0.9

sub—0GeV e—like

CP effect

-1 -08-06-04-02 0 0204 0608 1

cosO

0.95 -

0.9

multi—GeV e—like

~-1 -08-06-04-02 0 02040608 1

cosO

COS 6zenith

0.9

sinZ 2012 = 0.83

sin2023 = 0.5
sin2013 = 0.04
AmZ212 = +8.3e-5
Am223 = +2.5e-3

I Mutli-GeV

—  multi-ring e-like

-1 -08-06-04-02 0 02040608 1

cos®



1.8 Mton-yr sin2 2012 = 0.83
sin2023 = 0.5

Sensitivity to 6., sin? 613 = 0.01~0.04
Am?12 = +8.3e-5
Am?Z23 = +2.5e-3

S|n2 913 ~ 0.04

g I3
1 99%CL  90%CL
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Sensitivity to 6.,

18 Mton-yr

0.1

sin20,;, — 0.04

sin2 2012 = 0.83

sin2 023 = 0.5

sin2 013 = 0.01—-0.04
Am?212 = +8.3e-5
Am?223 = +2.5e-3

Test (5, 0,3)

=

point

I3

1 99%CL  90%CL

N\

..........

....................
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T2K first phaseTv, v, appearance MR A T-£T %

,-E,w @ SK (sm 20, = 0.1, Am*=2. jx!ﬂj)

%Eﬂ— """" | IR B I""I""I""I""I """" |
g [ ~¢— Expected signal + BG
%#ﬂ-— — Total BG ]
o | — BG from v_
a0l # of events )
: in 0.35~0.85 [GeV]
- Signal ... 103
29-_}\ Beamve BG ... 13 -
I BG fromv ... 10
10 —}[ -
% 5x102 POT MC
Y Y R Y, R Y) R/ R Y

Reconstructed Ev [GeV]

Am’13 (V)

T2K 90%CL sensitivity

sin?26,, = 1.0 is assumed.
5><1O21 POT ~5 years@ full |nten5|ty

-
D

’0'255
10-35
-4 C RN P b P Lo
10 ] i g il i 4 i baiil i [
10° 10” 107

1
1. 2
Stat. error Sn' 26,5

+ Syst. error for BG subtraction (10%)



v, 2V, Osclllation probability

Az L 2a
2 31 2
ke (1 4 A, (1- 2513))
Amz,L . Ams,L . Ams,L
2 — iy 32 . 31 . 21
-|—8C13812813523(012023 COS 0 812813823) COS AE S11 1E S111 1E
AmzL . Ami L . Ams L C
B 1 g PV

‘|‘4S'1‘220i23 {01220223 + 8‘12282238%3 = 2012023812823813 COS (5} SiIl2

Ami,L . Am3 L al
2 @2 Q2 P 31 2
813513553 €OS o sin 1E 1 (1 2513)

P(v, — v.) =4C7;357;S5; sin

—80123012023812813823 sin ¢ sin

Am3, L
1FE

_ %1073 29, P . E .
_Wherf a=7.56x10"[eV’] [[g /Cm3J ([GeV]j a. parameter of matter effect
For v, >V,
0> —-0,a—>-a

l__>ACPE

Am’ L sin20,,
E sin 0

- -81Nn 0
P+

13



v, /v, normalization by beam

v Nint w/o osc OAB2deg

=207
= B
?8; ] Need 3.4times longer
g6y Vi 2yea running time for v,
214 vibar 6:Bysar because of small .
E 12 |
ol Fh 850k Interactions| ..
; Differences of spectra causes
8 | for-each fake asymmetry
e bl - need to be corrected
af
N
0 ........

0 05 1 15 2 25 3 35 4 45 5
True E,, (GeV)



expected signal and BG

v,:2yr, v,16.8yr

AmM,,%=6.9x10°eV?

AMW Am,,2=2.8x103eV?
0.54Mt 0,,=0.594
_ 0,,=n/4
sin?20,,=0.01 0,,=0.05
signal background
noCP | 8=n/2 | total v, v, Ve Ve
V, Ve 536 229 913 370 66 450 26
V,"Ve 536 790 1782 399 657 297 430




number of v,,v, appearance events

V,i2yr, v, 68yr

4I\/IW i
1Mt

# of et events
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~5500
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AT — — T—— OO
5 RO | 5 Sin“21,=0.86

B35S e m__z_@_w_i@_.,_w ____________ __

190
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B e Y o st only
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number of v,,v, appearance evnets

v,:2yr, v,16.8yr

AMW ~1300 P e :
1Mt o [ Amas0 s sin226,,=0.01
= L 5 5 5 : : -

2 : 3

1200 | J 9.{.?...,5 .......... .......... A.‘m.Q.EQ.BE.Z...S)%.]..QT ........ _
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# of e events Vp éve °

3o CP sensitivity : [5]>20° for sin?20,,=0.01



A =

CP phasel=x 9 4HRRE (T2K 2" phase)

JHF-HK CPV SensmVlty
AMW, 540kt - | —
2yr for v, ouf cHPOZexcluded
6~Tyr for v, @ sin22913<e 12@Am3 ~3x1o 3ev2
0.12 |
Am,,2=6.9x10-5eV/2 L :

2— -3a\/2 I S I S S AN NN S F
gzjé_séfxm eV 0-1 o . 3 .~" stat+5%syst
0,,=n/4 Stat+2%sy§1/ -

0.08F 1
. Rk SI naI+BG stat onI
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Supernova event rate in Mega-ton detector
A 5MeV threshold

telgeus
ntares

e
{Galactic

lcenter
ALMC

M3
—_—
o

©

|

~224,000 v +p events
~10,000(_) v+e events
~3,300 v,+160 events

for 10 kpc supernova

events at SK (/32kton)

distance(kpc)



HfShABHE=—a— /AR

EMAILBAR M SN at 10kpc, Imega-ton
FFR 2 1L

T

Events/sec

> -
10 5 | _ — g 4
v +p (224096) =10 '}
g :
B I
10 4 i i 5 i
F v +e (4642) 3
[ Ve (2020) 10 3
- vi+e (1675) [
3 Vx '__‘,:5::'}; 1111 :
1 0 F 4 "'-, ‘ N\ E i
'\7?4-@" (1602)V,+'°0 (2932w, _ ] -
| / '.' B "'~::_~ .\.‘ i 2 .
of If | 10%
10 7 {7 V% (@77 AN E
:.‘ /| o A /\I

10 1 10 0 10 20 30 40 50 60
Time (sec) visible energy (MeV)

10kpcDEERETHEENIFIAT U EET24FARVMNEVEA RTINS,
VveEELA R UM E1 BAR VB WNMAFFEIN D




Ve TRILF—ANRIMIL

%H#Faﬁu/“@xz\%» SN at 10k|oc 1meqa ton
S 26 1
2400 ] ‘{,e | | ] :Fiéjl*)l/#_o)ﬂ%ﬁﬁ CD 24
< 2R &H 2 [
%350 Time=0-0.1 sec | g"to)*ﬁﬁ‘ﬁlﬂ“ > 22 |
> 4956 events ] (o)) LT
300 =
- 250 B \ 8 20 :
c ,
200 0-0.1sec: o 18 ;
150 > 16 |
100 o 14 |
S0} <12 ]
%0 10 20 30 40 50 60 10 —in——o—t — s
Energy (MeV) 10 B 1 10
56000 T 27000— ‘ T S 1] m—mmmm——————
> e :
35000 | Time=0.1-1 sec | 6000 | Time= 1-18 sec (o)) .
GC.) 96665 events % 122491 events é
> >5000 | ]
114000 | {d >
0.1-1sec| 400l 1-18sec| @ | e
3000 f ] -1 o
3000 | 010 } . e
B Y— [ ) ]
2000 2000 |- S ....oo..oo o
1000 | 1000 | o
0 . 0 ‘ —— ‘ I '
0O 10 20 30 40 50 60 0O 10 20 30 40 50 60 -2
Energy (MeV) Energy (MeV) 10 —] 1‘ ] N
10 1

Time é%c)



events/bin

events/bin

EFHELBROHBANEBHELDAFA S )

SN at 10kpc, Imega-ton

— 13000
1400 | Energy =5-10 MeV g Energy = 10-20 MeV
1200 | §
[ 10
1000 | v+e ]
800 | \ ]
600 | ] [
400 | : §
200 [prtrsmttitpmstrenst ™0 ] :
0 I | Ve+‘p | ] 0 I | | | ]
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
cos(0gy) cos(Bgy)
1600 * Energy = 20-30 MeV é Energy = 30-40 MeV 7
1400 | vie — | g °00}
[ 1> -
1 1% 400}
1 300}
ot I | - | | BEROBRS
100 verp | vetp | |12&Y, BFHELESR
200 | { 100} 1 |ZBUHE S,

%5 06 07 08 09 1 05 06 07 08 09 1
cos(6g,) cos(6g,)



FFEELFF- —CV§+V50) ANIBRILER A

10kpc, 1 Mega-ton 56kpc, 1 Mega-ton
> :‘“\“"\““\““\“_“\““, > 2\\\_
2 . e, Spectrumofve(10kpc) 2107 . Spectrum of ve ;
2103 %, 1 Megatonvolume | T | ¢, SK32kton10kpc
@ : e, (4] j $,1 Megaton 56kpc j
C L J C
Q 2 ’.. O i + ]
q>_) 10 3 ’¢¢* E 5 T
**+T | %
10 TTTTT E ﬂ:**#
O 10 20 30 40 50 60 O 10 20 30 40 50 60
%1 T eee®% %1...6"‘
) -1 ..000... ] < 1 o®
§10 3 .o".. E §10 3 ® E
§ -2§ o‘.. é -2§ ,
"0 77020 30 40 50 60 ° 0 10 20 30 40 50 60
Electron energy (MeV) Electron energy (MeV)

40MeV< b LV ETHITE A BE 20MeV< B VETHRITE Rl #E



Neutronization burst (e+p>n+v,)

SN at 10kpc, 1mega-ton
Number of events from 20msec to 0.1 sec (1bin=10msec)

c I
o) Neutronization peak v+e
— —
g v te
= I
010 °F ] No oscillation
o - No osc. (471) ] /
S —|_I ]
. Osc. Nor. P,=1, Inv. (183)
B - Normal PH_:1 or
5 : Inverted hierarchy
10 | i iOseNorPgO7n
od T heeee { —— Normal hierarchy P, =0
| | Py: crossing probability at H resonance
T | | (P,=0: adiabatic)

0.02 004 006 008 0.1
Time (sec)

Neutronization burst can be observed even with
neutrino oscillations.



Neutral current events

K.Langanke, P.Vogel and E.Kolbe, Phys.Rev.Lett.76(1996)2629.

1165, 16
viPO—=vi PO, Y Number of events
Case a | | | SN at 10kpC
T=8MeV(v,) o L ~11000 events by
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u=0 A

€0
Case b) —
T=6.26MeV(v,) | 5 [ ~6000 events by
T=4MeV(V,) v 1Mega-ton
u=3T T

0




Possibility of shock wave observation

V =+v2GcN (X t) G.L.Fogli, E.Lisi, A.Mirizzi and D.Montanino, hep-ph/0412046
neutrmo otential roﬂle V(x
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Detection Efficiency

Detection Efficiency for SN@4Mpc
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Supernova Relic Neutrinos(SRN)




Neutrino Flux per sqg-cm per second per MeV

10 g1 ey
A A/ﬁea(t’tor Vv 8
10 Solar ¢B _
10 W &~ Constant SN rate (Totani et al., 1996)
4
10 ; ; ;
e Solar hep Cosmic chemical evolution (Hartmann et al., 1997)
10 2 ‘\ ‘J LMA v oscillation (Ando et al., 2002)
10 !
SRN 1
LE N /predictions 1
10 f 1
10 [ LIS T
-3F
10
-4
10
-5
10
-6
10
-7
10 0 10 20 30 40 50 60 70 80 90 100

SRNDFEEINEARIEIL

Neutrino Energy (MeV)




S.Ando, NNNO5

2. Formulation and Models
How to Calculate the SRN Flux

TIME AXIS
We need information

concerning...

|. Neutrino spectrum
emitted from each
supernova explosion

2. Neutrino oscillation
within supernovae and

the Earth

3. Supernova rate

(ZE; f] -\Ty (EV)

d :}' /

‘Zmax
—_—u
./{j Ron(2)———5




Star formation rate (SFR)

|

B3 1.0 1.8
Redshift z

Schiminovich et al. 2005

=.0 2.0 3.0

® Recent GALEX

determination of
star formation rate

(SFR)

® Supernova rate is
inferred from SFR.




Neutrino spectrum from each Z range

S.Ando, Astrophys.J. 607, 20(2004)
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Black: Relic SN + Inv. ¢ + Atm. v
Red: Inv. g + Atm. v

Inv. u
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Possibilities of ve tagging

\p

B
,90”'\

é s

Positron and gamma ray

vertices are within ~50cm.

ﬁossibnity 1 \

nN+p—d +y
2.2MeV vy-ray
AT =~ 200 usec

Nhit=~6 for 40%
coverage(assuming

@% peak QE) /
/" Possibility 2 N

n+Gd —~8MeV vy
AT = several 10th pusec

. /

v, can be identified by delayed coincidence.



ve Identification: possibility 1
Number of Cherenkov photons from 2.2MeV y (wavelength
range: 300-700 nm)

Assuming:
""" L YLD 0
2 o [ 2.2MeV gamma | e 0. 40% photocoverage,
o | a0z ] peak QE 20 %,
o ot o (average is ~10% for 300-700nm)
_ Nhit is about 6 hits.
40 | -
30 | 1 Timing of those hits are same timing.
0 | Note that we know the vertex position
: from the primary e* signal.
10 | |
0 50 100 150 200 750 300 350 400 If we can make photo-sensors

Number of photons with hlgher QE or increase
photocoverage, it could improve
the detection of 2.2 MeV .



PMT dark noise for 2.2MeV vy tagging

Criteria:

e >= 4 PMT hits within 10 nsec from the vertex.
e Search window 400 micro sec.

Number of accidental time clusters per event

ngmb%of time cluster
o

=
o

10

Dark noise (kHz)

# of PMTs In segment:

| | 20000
B - eem]e—— 10000
ol f
{1 If we require chance coincidence
3| ] clustersis <0.1,
4l
5 PMT dark noise must be
O' 01102030405060708091 < 0.44 kHz / PMT for Nseg=20000

< 0.88 kHz / PMT for Nseg=10000




ve Identification: possibility 2
J.Beacom and M.Vagins, Phys.Rev.Lett.93:171101,2004

~0.2% GdCl, solution. Detect neutrons by Gd(n,y)Gd
reaction.

Visible energy in water

0.1 | ko E {a)
0.08 | ZE - E * * Gd Differential Spectrum
0.06 Percentage for each y line o ', 0 hDierenialSpectum

}ﬂ * ‘l‘***i*
0.04 | E ., . Gd(n,y)Gd
0.02 [ ; B e Fan *
22500 L, l [N TR 4 1 O R PP Pl ST ..H.J_h.nnll_ appalial oy 4o
20000 u
17500 5
15000 | _
ooy Sum of y energy = ~ 8 MeV
10000 10
7500
5000 §
2500 - :
%0 1 2 3 4 5 6 7 8 ! 1 2 3 4 5 6 7 8 9 10
Sum of Maximum SK Energy from Gd Captures O 5 8 M eV
Simulation in C.K.Hargrove et al.,
N.LM. A357, 157-169(1995)
Higher light yield.

Questions: water transparency, how to operate water purification
system.
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