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Introduction to SK

 Inner detector (ID)  ~11,146  50 cm PMTs
Outer detector (OD)    1,885   20 cm PMTs

~130 Collaborators 
~35 Institutions

In operation since 1996

 50 kton water Cherenkov detector 
22.5 kton fiducial volume

 Depth of 2700 m.w.e

Multi-purpose detector:
Solar neutrinos 
Atmospheric neutrinos (this talk)
Nucleon decay
Supernova neutrinos ( Relic SN's)
Beam neutrinos ( K2K, T2K )...



  

Introduction to Data Sets

Fully Contained Partially Contained Upward Stopping µ Upward Through-going µ

0.1~10 GeV 1~100 GeV 3~100's GeV 5GeV ~1 TeV

 > 28,000   events recorded!

Large variety in energy and path lengths
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Atmospheric Mixing Parameters
 Two-Flavor Zenith angle analysis
 L/E Analysis
 Solar Terms analysis*

 Three-Flavor analysis

The Value of 
13  

+ mass 

hierarchy 

The Value of the potential A:
 Non-standard Interactions           

  Analysis

What can we study with Atmospheric s?

We can learn a lot about  's by studying atmospheric  's



  

SK-I + SK-II + SK-III Data  (preliminary)

MC (no oscillation)

MC (best fit             
        oscillation)

Data

NEW!

Sub-divided from 
the the sub-GeV 
samples to 
improve sensitivity 
to low energy 
oscillation effects

All 16 subsamples 
used in oscillation 
analyses



  

Zenith Angle Analysis: Two-Flavors 

SK1+2+3 99% C.L.

SK1+2+3 90% C.L.

Best Fit: (physical):
       ∆m2 = 2.1 x 10-3 eV2

           sin2 2  = 1.0 
      2  = 468 / 418d.o.f 
Allowed Region 90% :
   1.8x10-3 < m2 < 2.6 x10-3 eV2

            0.95  < sin2 2
23

   

SK1+2+3 68% C.L.

preliminary
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Oscillation

Decoherence

Decay

 Decoherence ruled out at 4.4 

 Decay ruled out at 5.4 

L/E Analysis: SK-I + II + III

 Construct a sample with good             
  resolution (> 70%) in L/E 
 Use FC and PC Samples
 High purity in CC 


 interactions

 > 93% for all samples and SK 
geometries 

Best Fit: Oscillations (physical):
       ∆m2 = 2.2 x 10-3 eV2

           sin2 2 = 1.0 
      2  = 119 / 126 d.o.f 

preliminary

preliminary



  

Current Status of the Atmospheric Mixing Parameters

 L/E and Zenith angle analyses are consistent with each other and with      
  MINOS results
 MINOS provides a tighter measurement of m2 
 SK has a stronger constraint on the value of sin22

preliminary



  

Where are the

 going?

Best fit 

 appearance:

  138  48 (stat) 

Significance: 2.4 

Consistent with expectation from 
oscillations: 

78.4 sys

No pure sterile

SK-I



  

Three-Flavor Analysis: Signatures of positive 
13 

 Look for an increased rate of upward-going electron-like events        
 Additionally -like deficits in upward going events can be constraining

Only ν
e
 

exchange W

sin2
13

 = 0.04

MSW effect gives rise to 
additional scatting amplitudes in 
the Earth's matter for 

e
 (only)

Resonance condition 2~10 GeV
  If NH: neutrinos 
  If  IH: anti-neutrinos

Analysis is done in a one-mass scale dominant framework:
( m2

23
, sin2

23
, sin2

13
)      solar terms (m2

12
, sin2

12
) are zero



  

Chooz 90% 
Exclusion

Chooz 90% 
Exclusion

Zenith Angle Analysis: Three-Flavors 

SK1+2+3 99% C.L. SK1+2+3 90% C.L.

 Data is consistent with both hierarchies
 No electron-like event excess observed
 Constraint on value of 

13
 is consistent with the Chooz limit

Normal Hierarchy Inverted  Hierarchy

preliminary preliminary



  

Solar terms and the Effect of the 
23 

octant  

Event excess for 
sin 

23
 < 0.5  

Event deficit for 
sin 

23
 < 0.5  

Driven by 
solar terms


e
 flux ratio  of m

12
 = 7.7 x 10-5 eV2 and sin2 

12
 = 0.30 and sin2 

13
 = 0   to  

                          m
12

 = 0  eV2             and sin2 
12

 = 0

 By including the solar oscillation parameters with 
13

 = 0  we 

can look for changes in the low energy 
e
 flux as an indication 

that sin2
23

 deviates from 0.5  



  

Solar terms analysis

 No significant deviation from sin2 
23

 = 0.5 is observed by including     

 the solar oscillation parameters m
12

 and sin2 
12

 
However the size of the sin2 

23
 contour is slighly more constrained      

   by including these parameters

Best fit solar terms are 
additionally 
constrained by the  
2 function from the 
global solar neutrino 
data 

preliminary



  

Next step is to combine 
13

 and solar terms analyses...

Now underway, no result today

Induced by 
13
 + solar terms

Induced by 
13
 only

The Full Story

P( 

   

e
 )



  

Non-Standard  Interactions 
 Motivated by beyond the Standard Model physics 
  interactions that enter the evolution equation through the potential 

  
May enhance or suppress oscillations

Variety of signatures
 Matter dependent effect Flavor 

changing NC

Lepton non-
Universality

| 
ee

| < 0.5 ( Charm )

| 
e

| < 0.5 ( Charm )

| 


| < 1.1 ( Z   )

Limits at 90% C.L. 

 Assume standard two-flavor 
oscillations at 
  m2 = 2.1 x 10-3 eV2  
  sin2

23
 = 0.5

And then add in NSI terms...



  

NSI Parameters (SK-I + SK-II)

| 
ee

| < 0.5 ( Charm )

| 
e

| < 0.5 ( Charm )

| 


| < 1.1 ( Z    )

| 
e

| < 0.16 

-0.05 <  


 < 0.06

Super-K 90% C.L. limits 

preliminary preliminary



  

Search for WIMP Annihilation from the Sun (SK-I+II+III)

 WIMP annihilation inside of the sun results in final state neutrinos
 We can search for these neutrinos in the upward going muon 

samples at SK  ( 10 GeV  ~  TeV )
No Excess found 
Achieve flux limits for both the soft  ( ->bb ) and hard (->WW) 
channels
Can be translated to a spin-dependent  limit 

preliminary preliminary



  

Spin-dependent   limit

preliminary

SK Limits



  

Summary

 Super-K's Atmospheric neutrinos are a useful tool for studying    
 neutrino oscillations and other phenomena
 Physics results using > 28,000 n events from SK-I, -II, -III 

 Two-flavor Zenith Angle and L/E analysis result:s:
m2 = 2.1 x 10 -3  eV2   with sin2 2  = 0.5

 Three-flavor Zenith Angle


13
 = 0 

No preference for either mass hierarchy
 Solar terms analysis

No significant deviation from sin2
23

 = 0.5 has been observed 

New limits on NSI parameters achieved
New limits on WIMPS 

Thank you!



  

Supplements



  

WIMPS from the Sun

MC (UnOsc)

MC (Osc)

 No excess of events seen coming from the galactic center

preliminary



  

WIMPS from the Galactic Center

MC (UnOsc)

MC (Osc)

 No excess of events seen coming from the galactic center

preliminary



  

Normal Hierarchy 

preliminary



  

Inverted Hierarchy 

preliminary



  

Two Fully Contained events from the SK-I Data

e-likee-like µ-like

 Electrons have low mass and multiply scatter and may produce e+e- pairs
Collection of Cherenkov light produces a diffuse ring pattern    

elike
  Muons are more massive and pass relatively undeflected

 Produce Cherenkov rings with well defined edges     µlike
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