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SUPERKAMOKANDE
Data Samples

* Fully contained (FC) events have |
determined energy and PID: | ~
no OD activity allowed Ty

« Multi-ring (fully contained) events:
u-like or neutral-current (e.g. %) v
enhanced (NC)

 Partially contained (PC) events are |
assumed Us, no precise energy: | ..
only exiting particles allowed L

« Upward-going muons (from rock): k\ p—
stopping (lower energy) or
through-going (higher energy) A
/
e

Michael Smy, UC Irvine



Data and Oscillation Best Fit (v,—v.)
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Globaly?min = 132.4 / 137 d.o.f for Vo V,
at (sin“20 , Am?) = ( 1.00, 2.4x10° eV?)



Moderate Energy Sample
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Multi-GeV Sample
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Multi-Ring Events
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Upward Going Muons
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AM? (eV?)
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Summary of Atmospheric Results
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Atmospheric Allowed Region

« Disappearance
of L-type, no
appearance of e-
type: V=V,

 Uses all Super-K
data sets (1290d)

FC, PC,up u
and multi-ring

 Very good x?
(175.0/190)

« Maximal mixing

Michael Smy, UC Irvine

)
o~

£
<

S

-1
A1° -""l'l
o

-k

0 r

10411!!':1

3
b
-
3
3
-
=
=
3
e
e
3
-
9
-
b
=
-
9
3
3
-
-
-
3
b
v
-
9
-
e
=
-
e
b
b
=3
3
-
3
-

0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 2 1
sin“20



Nature of atmospheric

Oscillation
Mode Best fit A2 | ©
vV, sin?20=1.00; Am?=2.5x10-3¢V? | 0.0 | 0.0
VyVe sin?26=0.97; Am?=5.0x10-3¢V? |79.3 | 8.9
V-V sin?20=0.96; Am?*=3.6x10-3eV? [19.0 | 4.4
LxE sin?26=0.90; a=5.3x104 67.1|8.2
v, Decay cos20=0.47; 0=3.0x103¢V? |81.1|9.0

cos20=0.33; o=1.1x102eV> |14.1|3.8

v, Decay to v




REACTOR ). (P coms

Limits on 0,,

» CHOOZ limitby 1o 'Erp—
far the best N ¢

* SK allowed area
contributes mn
low Am? region

EY
* Favor for v,=v,, 2
disfavorv,—v, E

* No hint for 10 |
electron |

[ e CHOOZ (exclude) _

e L - Bugey (exclude) —  SK90%CL

4| --- Gosgen (exclude) - SK 99%CL

10 LJ N B B N B

0 0.2 04 0.6 0.8 1

. 2
sin20_ = sin20
Michael Smy, UC Irvine X 13
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91? Versus 0,,

e Maximal
mixing in the [
dominant 08 | —  90% C.L.
mode ("u_V c) —-  99% C.L.
o Zero mixing -
in the H6 i
subdominant "2
mode (V,—V.) “04 | [T
e About 30 to ; | ™
40% e-type | | \
fraction (90% 02 [ m\; :
C.L.)allowed o4 /
- L LU L L L] choo®
0 L R bos o 1 LinT

0 02 04 06 08 1

2
Michael Smy, UC Irvine sin 923
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* Consistent with
pure v, —V,

e Sterile Content
Limit of 25%
(90% C.L.) 1s
based on 2 d.o.f.

* Purev u Vsterile
don’t fit well the
NC multi-ring
and the up-u
samples

Michael Smy, UC Irvine
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Limit on Sterile Content

0.007
0006 4..._.___ 99% . :
IR Limit On v _-v_ Admixture
0.005 n 90? ~‘..\ 'J S
© b
000 Best Fit x"=171.6/190 (P=83%)
i sin’§=0.0
) sin‘gezl
5 0.003 Am’=3.2x10" eV*
* Best fit very close to
0.002 maximal mixing and
pure v, -V,
+ Consistent Am?
0 (X)l | ! 1 I ! 1 | I ' 1 ! [ | 1 ) l 1 I 1 I
0 0.2 0.4 0.6 0.8 1
VoV, v,—(cosEv, + sinkv,) VoV,
. 2
Michael Smy, UC Irvine Sln g

fra c‘K‘or:[. shrle contrut



A3

SK: Tau vs Sterile Neutrino Analysis

I 0 ™ML
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excluded region from combined analysis(multi+PC+upyt) (1289days)

N.C. enriched multi-ring events (1289days)
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a matter effect in the earth
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up/down ratio of high E (E _>5GeV) PC events
1.2: T 1+ 1T 1T 107

4

py—V VSV, —Vg

high energy PC
up/down ratio

verticalhverizantal ratle of upward throngh going |1 events

L2y LRSI |
b

up through u
vertical/horizontal
ratio

up/down ratio of N.C. enriched mult-ring events

NC enrigh multi
ring

event up/down
ratio 33



Data / MC

R

SuperKamiokande
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Evidence for Neutrino Oscillations

Allowed regions (90% CL)

Am? (eV?)

Soudan 2 |

10

'MACRO
(angle) J

MACRO
(angle+flux)

10} 's“Ler—-—q
(global)
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0 0.1 o2 a3 oA 0.3 0.6 0.7 0.8 0.9 1

Y Toisuks @ TauP 2004



WK 2 W Results (0 RoMoNDd 002 ) in226=1.0
Event Category

Single Ring p-like

Single Ring e-like
Multi Ring

Dominant Systematic Errors are an uncertainty of far-near

ratio (~7%) and an uncertainty of 1kt fiducial volume (~4%).

The provability of null oscillation scenario 1s only 3% .
(It was 10% in the last year ).




Contour definitions:




ALL ATN exp + KK

Evidence for Neutrino Oscillations

Allowed regions (90% CL)

Soudan 2 ;

MACRO
(angle)

K2k
QoY
C.\.

4
3t MACRO
2} (angle+flux) |

0 0.1 02 03 04 g8 06 07 o028

0.!2 1
sin“26

K2K 2llowed re piom
@ NORIOND 2002



2l ATN exp + REACTOR op
What does it mean?

e Atmospheric problem is due to neutrino
flavor oscillation

* L-type neutrinos oscillate predominantly into
T-type neutrinos, no sterile neutrino needed

« A hint of appearance of T-type neutrinos (¢ zf)
e The mixing is large, possibly maximal

e The Am? is a few times 10-eV?

* No hint of positive 0,,, set limit

Michael Smy, UC Irvine




Neutrini Atmosferici di Super-Kamiokande

Dati SK punti neri, calcolo FLUKA punti verdi, calcoli di Honda
etal vecchi/nuovi punti rossi/blu.
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Da M Shiozawa, trasparenza preparata per il meeting AMS a
Trento (Oct 01). In quella occasione, G Battistoni ha osservato
che i calcoli iornati rinforzano (anziche indebolire

I’indicazione di un eccesso di ‘elettroni’ nei

F iatomr 2 PD 2002



A Shuwca ef of (thIWM3

All we know from oscillations

We can summarize all we know today on the parameters of
massive neutrinos with Ax? plots:

Neutrino masses Neutrino mixings
: V TIH ) \/ \
15 2 . f

JustSo? amy, 15 SMA s
SMA
W10 10
<«
5 5 [$ %}
LOW  LMAl /Am,
0 0
1072107110719 1079 1078 1077 1076 1073 107% 10-? 102 1074 103 1072 107! 10° 10t
aAm? in eV? tan’0

| Neutrino masses 1
08 0.8
2 ol
£ 06 06
0.4 é 0.4
t,
02 LOw 02
0 L 0 .
10"’!0‘“10‘"’10"10’310‘710“10" 107410721072 1074 1072 1072 107! 10° 10!
Am? in eV? tan?@

Guide to colors:

Red: “solar” parameters

Blue: “atmospheric” parameters

(+Teer

¥ Vissae @ PP 2c0q

reactor” parameters



Al ATN + SOLAR + REACTOR )
What does it all mean?

e 1
 Prefer large mixing 2 2
= U o~ 1 _@
* 3 neutrinos are enough:

no hint anywhere m SK .\ 2v2  2v2

S
Sk o

for sterile neutrinos — E&%ﬁ%ﬁ
i Am2 =0 0025eV? 815 % Ba3 ~ % 8.5 ~0
« Am?_, =0.00006eV>
* Mass scheme (right): " m
' VYV _ Assume m;=0
CI S e atmospheric }
— Neglect CP phase
- me ey

M“l C\I-C*YO\\VOl"' P "L.g_ NEW moss QC)h.
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Q@ Phewo 2002 , 2pnil 20

2D ’ns-;h'em o{ IO8 1&'&3:’“
o redshilts of 106
. " 10° audsars

Why do we care?

o Shape of Power spectrum depends on cos-
mological parameters

e Can check modern cosmology: 2, = 0.3;h =

e Learn about: neutrino mass; Dark matter
and Dark energy; inflation

= My 4t £ 2 eV (9%

JF Galaxy
0 Lt o Ha tobal v man frow 2 .
A v ) Raslsluipt Survy

o3 sha- gl /02 04152



Ak): Pawer spectruw

Neutrino Mass
| ) | ) L ! llll ¥ | )

104

1000 |

P(k) (h-3 Mpc?)

100 |

ool o1 1
(h Mpc-!)
comoving wave wuw lear

-
Bt

e v's are relativistic at equality

e Freestream out of overdense regions

e Current limits range from 2 -5 eV



Angular Correlation Function

SDSS Results 2002
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Dodelson et al. 2002
e Based on 5% of photoetric data

e Extensive tests for systematics

e SCDM ruled out at 3 —4c¢ V V V
0 0
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