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Super-K detector

Here: SK- 1 data

SK-2

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
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Energy spectrum
Fully contained

FC

Partially contained
PC

e/e/µµ
identificationidentification

all assumed 
to be µ
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Zenith angle distributions
e-like
1 ring

µ-like
1 ring

µ-like
multi- ring upward going µ
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Zenith angle distributions
µ-like  1 ringe-like 1 ring µ-like

multi- ring upward going µ

Multi-GeV

downup



Ratios vs
2m∆

Data with 
stat. errors

MC with 
syst. errors
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Results of combined fit µ τν ν↔

χ2 vs ∆m2

flat between 
0.0019 and 0.0025



Contours for different subsamples
Sub-GeV 1-ring e-like 3353
Sub-GeV 1-ring µ-like 3227
Multi-GeV 1-ring e-like 746
Multi-GeV 1-ring µ-like 651
PC µ-like                         647
Multi-ring 647
Upward muons            2259

------
All 11530



Contours for different neutrino flux models
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However:

Non-oscillation hypotheses

can also describe the zenith angle distributions



Neutrino decay hypothesis

3 xν ν→ +KLet’s consider: where x is mostly
a sterile state

mass m, lifetime τ
Survival probability: 
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excluded even by CC events



Neutrino decay hypothesis

3 xν ν→ +KLet’s consider: where x is mostly
a sterile state

mass m, lifetime τ
Survival probability: 
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Decoherence effectsDecoherence 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:

i.e.  Pµµ<1 even 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

0

50

100

150

200

250

300

-1 -0.5 0 0.5 1

cosΘ

N
um

be
r 

of
 E

ve
nt

s

0

50

100

150

200

250

300

350

400

-1 -0.5 0 0.5 1

cosΘ
N

um
be

r 
of

 E
ve

nt
s

0

50

100

150

200

250

300

350

-1 -0.5 0 0.5 1

cosΘ

N
um

be
r 

of
 E

ve
nt

s

µ-like sub-GeV             
< 400 MeV

µ-like sub-GeV                
> 400 MeV

µ-like multi-
GeV                + 

PC

0
5

10
15
20
25
30
35
40
45
50

-1 -0.5 0 0.5 1

cosΘ

N
um

be
r 

of
 E

ve
nt

s

0
10
20
30
40
50
60
70
80
90

100

-1 -0.5 0 0.5 1

cosΘ

N
um

be
r 

of
 E

ve
nt

s

µ-like sub-GeV             
multi-ring

µ-like multi-GeV 
multi-ring

Oscillation
Decay
Decoherence



Neutrino decay – NC test

NC enriched sample
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Test of neutrino decay by NC events
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How to test non-
oscillation hypotheses
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Specials in L/E analysis

1.5m from  top 
& bottom

1m from 
barrel

22.5kt
→26.4kt

Expand fiducial volume
FC single-ring, multi-ring µ-like

More statistics for 
high energy muons 
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Reconstruction of E and L
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Event samples: 
µ-like contained events only



Energy and angular resolution
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L/E distribution w/out resolution cuts

Histograms: oscillated MC
(100 y) 2 2 2

with
m 0.002eV , sin 2 1

µ τν ν

ϑ

↔

∆ = =



Resolution of L/E and cutsResolution of L/E and cuts
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L/E resolution and first oscil. minimum

Oscil. max for: 

21.27 (cos )E L mν = Θ ∆

2 2with m 0.002eV
µ τν ν↔

∆ =



L/E resolution and first oscil. minimum



Reconstruction of L/E after resolution cut
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L/E distributions with cut
MC only ( ) 70%L
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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)

Contribution of

FC and PC 
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Survival probability
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Does the dip depends on ∆(L/E) ?

Other L/E resolution cuts:
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More  checks
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Oscillation signature vs neutrino decay 
or decoherence

Statistical test of oscillation
hypothesis (the dip) 

vs 
alternative („exponential”)
hypotheses

2
min d.o.f/χ

Oscillations     38/40
Decay 49/40  
Decoherence 52/40 



Contours for neutrino decays



Summary
Conventional oscillation analysis based on 80% of 

atmospheric neutrino data:

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:
disfavors other hypotheses

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

µ τν ν↔
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e.g.Tokai to Kamioka
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