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ﬁ Super-K detector

|

SK-1: Mar 1996 - Jul 2001
» 22.5 kton fiducial mass
> 11146 50-cm PMTs (inner)
> 40% photocathode coverage
> 1885 20-cm PMTs in (outer)

SK-2: Jan 2003 - Oct 2005
> 5182 PMTs with shields
» ~19% coverage

> outer detector fully restored

SK-3: March 2006 -
> original coverage
> T2K beam from J-PARC

Here: SK- 1 data
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Zenith angle distributions
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Zenith angle distributions

e-like 1 ring PRSIl

Sub-GeV e-like
P < 400 MeV/ic

Sub-GeV u-like
P < 400 MeVic

|
|

_+,_

05 0 05 A

Sub-GeV u-like
P = 400 MeVic

05 00 05 A

SuUb-GeV e-like
P o= 400 MeV/ic

—
—

|
a

|"
+
FrrT

2
T
-
L
5]
T
e
=

||||||||||||||||1_|

05 0 0f
Multi-GeV p-like

5 0 0.5 1
Multi-GeY e-like

_+_

—_
— [[TTTT

T

0.5

prra il
05 0
cosH

IIIIILIIIIIIIIIIIII 0
1 05 0 0.5 -1
CiosH

. o
—t

u-like
multi- ring

multi-ring
Sub-GeV u-like

+ +

i 05 0 05 A

multi-ring
Multi-GeV u-like

Y

Mumber of Events

|_|_|_|_|_|||||||||||||
2% 0 05 A1

FC

=1

0.5 A

praa il
05 0
cosH

upward going |

0 sl by byl

Lpward stopping u

+

08-06-04-02 0
CosH

C L pwiard through-going o

-4 -08-06-04-02 0
cosH




Ratios vs
AmM?
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Results of combined fit

1.5x103eV2 < Am2< 3.4 x 10-3eV2
sin220 > 0.92 at 90% CL

Best Fit:

sin220 = 1.02 | 350

Am2=2.1 x 10-3eV2 199% @ R
2 =174.9M177 dof 95,

¥2 = 465/179 dof for no osc 90%

1 68%

AM? (eV?)

flat between
0.0019 and 0.0025




Contours for different subsamples

20% CL cor:;fnurs

— Combiined
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1
sin®20

11 1.2 13

Sub-GeV 1-ring e-like 3353
Sub-GeV 1-ring p-like 3227
Multi-GeV 1-ring e-like 746
Multi-GeV 1-ring p-like 651

PC u-like 647
Multi-ring 647
Upward muons 2259



Contours for different neutrino flux models
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However:

Non-oscillation hypotheses

can also describe the zenith angle distributions



Neutrino decay hypothesis

Let's consider: V., — V, + K where X is mostly

a sterile state
mass m, lifetime t . »
Survival probability:

P(V,u —> Vu) = P,U,U — Sin419-|—COS4,9e)(p(—m—L)

=
2
+25in2.90032Sexp(—m—L)cos(Am I')
27E A=
Am® = 0:
; L
P —(cos’9+sin?9-exp(—8 Syy?
= P 27, E))
AM? — oo

P, = sin® 9+ cos” Jexp(— T—IIE')

excluded even by CC events



Neutrino decay hypothesis

Let's consider: V., — V, + K where X is mostly

a sterile state
mass m, lifetime t . »
Survival probability:

P(V,u —> Vu) = P,U,U — Sin419-|—COS4,9e)(p(—m—L)

=
2
+25in2.90032Sexp(—m—L)cos(Am I')
27E 2E
Am? —0:
P :(c03219+sin219-exp(—££))2
HH 27, E



Decoherence effects

Due to quantum fluctuations of space a coherent system of 2 neutrino
states is not isolated and the coherence can be destroyed by interactions

with the fluctuations.

Generally decoherence can be described:

sin® 24

Pl (Am? 8, 1) =1

I.e. Puu<1 evenh for massless neutrinos

Distributions of zenith angle could be described by decoherence
effects.

hep-ph/0105303 Benatti and Floreanini (Trieste)

hep-ph/0005220 Adler
hep-ph/0303064 Fogli et al..




Zenith angle distributions - different
hypotheses
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Neutrino decay - NC test

NC enriched sample

Best fit parameters
from CC samples
(FC 1R + PC + upmu)



Test of neutrino decay by NC events
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How to test non-

oscillation hypotheses FEH \
Neutrino oscillation : | ‘
P, =1-sin’ 29sin*(1.27 A”I:L) . “imii“

Neutrino decay:
If Am*= E/L

P, = (cos” 9 +sin® gexp(— 1 ))? Neutrino decoherence :
27E

.
If Am* = E/L

1 . L
P 1= Esm2 29 {1— exp(—7, E)}

Let's try to select events with best precision in L/E




Specials in L/E analysis

- e . T 1.5m from top
FC single-ring, multi-ring pu-like o

Expand fiducial volume

More statistics for Im from
: barrel
high energy muons

observed charge / expectation

PC from through-going
oD OD_ through-
Classify PC events using OD charge 8 | stopping oing

OD throug

OD stopping

Number of events

OD through going
—> Different L/E resolution

OD stopping MC =0 T 12141618 2

on from OD track length



Reconstruction of E and L

Neutrino energy Neutrino direction

e Sy Zenith angle

: : - Flight length
Neutrino energy is reconstructed J J

from observed energy using Neutrino flight length is estimated
relations based on MC simulation from zenith angle of particle direction




Event samples:
u-like contained events only

FC Data MC  CCuv

LL

single-ring 1619 2105.6 (98.3%)

multi-ring 502 813.0 (94.2%)
PC

stopping 114 137.0 (95.4%)
through-going 491 670.1 (99.2%)

Total 2726 3725.7




Energy resolution

Energy and angular resolution

FC single-ring p-like
FC multi-ring u-like
PC OD stopping

PC OD through-going

Angular resolution (degree

FC single-ring u-like
FC multi-ring p-like
PC OD stopping

PC OD through-going




L/E distribution w/out resolution cuts
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single-ring

Resolution of L/E and cuts
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Zenith angle (cosO)

L
A(g)
is calculated at every
point of the plots

Large A(£) for:

> horizontal neutrinos

dL
because of:
f d cos®

» low neutrino energy
because of kinematics

Regions with
A(£) < 70%
are selected




L/E resolution and first oscil. minimum
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L/E resolution and first oscil. minimum
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Reconstruction of L/E after resolution cut
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L/E distributions with cut
MC only A(L) < 70%
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Sensitivity to other models
(determination of L/E resolution cut)
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Data sample for L/E
analysis (after cut)

single-ring

multi-ring
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through-going
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Data
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Null oscillatio
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Does the dip depends on A(L/E) ?

Other L/E resolution cuts:

60% cut 80% cut 90% cut

Prediction (null oscillation
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FC e-like zenith angle

cosO = -cosH

Flat L/E distribution is Zenith angle of each event
expected. is inverted. Because of
the wrong assignment of L,
no dip is expected.




Oscillation analysis -
fitting L/E distribution

0.0019 < Am* < 0.0030 eV*
sin®29>0.90 at90% c.l

| Best Fit:

- sin220 =1.02

- Am2=2.4 x 10-3 eV2
- %2 = 37.7/40 dof

in28



Oscillation signature vs neutrino decay
or decoherence

Statistical test of oscillation
hypothesis (the dip)

VS
alternative (.exponential”)
hypotheses
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Contours for neutrino decays
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Summary

» Conventional oscillation analysis based on 80% of
atmospheric neutrino data: 0.0015 < AmZ2 < 0.0034 e\/?

V,<> Vv, sin®29>092 at90%ecl

> High precision sub-sample (20% of the total)
displays a dip just where the oscillation minimum
expected from the conventional analysis

an oscillatory signature

» The oscillation analysis of high precision subsample leads to
= more restricted region: 0.0019 < Am? < 0.0030 eV
= disfavors other hypotheses . 259. 000 at90% cll

> Together with the solution of solar neutrino puzzle
we move from fact findings to precision measurements

e.g.Tokai to Kamioka
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