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Super-Kamiokande detector 

Â50kton water 

Â~2m OD viewed by 
8-inch PMTs 

Â32kt ID viewed by 
20-inch PMTs 

Â22.5kt fid. vol.  
(2m from wall) 

ÂSK-I: April 1996~ 

ÂSK-IV is running 

ÂTrigger efficiency 
 >99%@4.0MeVkin 

 ~90%@3.5MeVkin 

 

Electronics hut LINAC 

Control room 

Water and air 

purification system 

SK 

2km 3km 

1km 
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entrance 
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Ikeno-yama 
Kamioka-cho, Gifu 

Japan 

Inner Detector (ID) PMT:   ~11100 (SK-I,III,IV),  ~5200 (SK-II) 

Outer Detector (OD) PMT: 1885 

ID 

OD 
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üCosmic rays interact with air nuclei and the 
decay of pions and kaons produce neutrinos  

   P + A  ­ N + p  + X 

 

üns travel 10 ς 10,000 km before detection 
üBoth nm and ne  (nm/ne = 2 at low energy) 
üBoth neutrinos and anti-neutrinos 
ü~ 30% of final analysis samples are 

antineutrinos 
üFlux spans many decades in energy       

~100 MeV ς 100TeV 
üExcellent tool for broad studies of neutrino 

oscillations 

Atmospheric Neutrinos 

m  + nm 
 e  + ne + nm 
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Honda 2011 

Honda et al., Phys. Rev. D83, 123001 (2011). 



Â 4581 days of atmospheric neutrino data (till Feb.2014) 

Â 47,509 events in total (37,708 FC, 2,885 PC, and 6,949 UP-m) 

Â 19 analysis samples: Sub-divided by event topology 

(FC/PC,UP-m), energy range, e/mïlike, and # of rings.        

Multi-GeV e-like samples are divided into n-like and n- like 

samples. 

Fully Contained (FC) 

Upward-going Muons (Up-m)  

Partially Contained (PC) 

Atmospheric n Analysis Samples  
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No osc. 

nmĄnt osc. 



Fitted Excess 

Atm n BKG MC 

This corresponds to the observed number of  

180.1 44.3 (stat) +17.8-15.2 (sys) events,   
 3.8 s excess 

SK-I+II+III : 2806 days  

Result Background DIS(g) Signal 

SK-I+II+III 0.94 ° 0.02  1.10 ° 0.05 1.42 ° 0.35 

Phys. Rev. Lett. 110, 181802 (2013) 

Â Search for events consistent with hadronic 

decay of t lepton  

Â Multi-ring e-like events with visible energy 

above 1.3GeV. 

Â Negligible primary nt flux so nt must be 

oscillation-induced:  upward-going  

Â Event selection performed by Neural Network 

ÂTotal efficiency ~60% 

ÂFit 2D data on cosq and NN variable  with 

ñbackgroundò and signal 

Evidence for nt Appearance 
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Data = a(g) x bkg + b(g) x signal 

a, b:  expectations of ñbackgroundò and signal 

which depends on DIS normalization factor g 

Published at PRL 110,181802 (2013)  

DIS: Deep Inelastic Scattering 



άaǳƭǘƛ-DŜ±έ ά{ǳō-DŜ±έ 

P(nm­ne)   P(nm­nm )   

~10,000 
km 

~100 km 

8 

Oscillation parameters used here are 

sin2q12=0.31, sin2q23=0.5, sin2q13=0.025 

Dm2
12=7.6x10-5 eV2, Dm2

23=2.5x10-3 eV2 

Normal Hierarchy (NH) 

dCP=0.0 

Oscillation probability maps 

resonant oscillation 

due to finite q13  

due to solar term 



άaǳƭǘƛ-DŜ±έ 

P(nm­nm )   dcp = 3p/2 

dcp = p/2 

ά{ǳō-DŜ±έ 

sin2q23 = 0.6 
sin2q23 = 0.5 
sin2q23 = 0.4 

~10,000 
km 

~100 km 

Appearance effects 

are roughly halved 

for the inverted 

hierarchy  

Ratio to two-flavor 

nmĄnt oscillation 

(sin2(q23)=0.5, no 

solar term). 

sin2q23 = 0.6 
sin2q23 = 0.5 
sin2q23 = 0.4 

sin2q23 = 0.6 
sin2q23 = 0.5 
sin2q23 = 0.4 

Effects of q23 and dCP 
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Âq13 fixed to PDG average, but its uncertainty is included as a systematic error 

ÂOffset in these curves shows the difference in the hierarchies  

Fit (517 dof) c2 sin2q13  dcp sin2q23 Dm2
23 (eV2) 

SK (NH) 559.8 0.025 3.84 0.57 2.6x10-3 

SK (IH)  560.7 0.025 3.84 0.57 2.5x10-3 

SK Inverted Hierarchy  
SK Normal Hierarchy  

Preliminary  

ÂNormal hierarchy favored at: c2
IH ï c2

NH = 0.9 

q13 Fixed Analysis (NH+IH)  SK Only  
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99% 

95% 

dCP sin2q23 |Dm2
32|,  |Dm2

13|  eV2  

4581 days 



ÂThey are consistent to each other. 

ÂSK's sensitivity in Mass Hierarchy and dCP can be improved by 

incorporating constraints from these measurements. 

Super-K Atm. n 
T2K nm Run1-4 
MINOS Beam+ Atm 
3f 

Normal Hierarchy Inverted Hierarchy 

Preliminary  

Comparison with T2K and MINOS 
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SK Atm 
SK+T2K nm,ne Constraint 

Preliminary  

T2K nm,ne Constraint 

Fit (543 dof) c2 sin2q13  dcp sin2q23 Dm2
23 (eV2) 

SK + T2K (NH) 578.2 0.025 4.19 0.55 2.5x10-3 

SK + T2K (IH)  579.4 0.025 4.19 0.55 2.5x10-3 

q13 Fixed SK + T2K (external constraint) 
Normal Hierarchy  

ÂNormal hierarchy favored at: c2
IH ï c2

NH = 1.2 (0.9 SK only) 
Â Some fraction of CP phase is excluded at 90% C.L. 

ÂCP Conservation (sindcp = 0 ) allowed at (at least) 90% C.L. for both hierarchies  
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SK Atm 
SK+T2K nm,ne Constraint 

Preliminary  

T2K nm,ne Constraint 

Fit (543 dof) c2 sin2q13  dcp sin2q23 Dm2
23 (eV2) 

SK + T2K (NH) 578.2 0.025 4.19 0.55 2.5x10-3 

SK + T2K (IH)  579.4 0.025 4.19 0.55 2.5x10-3 
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q13 Fixed SK + T2K (external constraint) 

ÂNormal hierarchy favored at: c2
IH ï c2

NH = 1.2 (0.9 SK only) 
Â Some fraction of CP phase is excluded at 90% C.L. 

ÂCP Conservation (sindcp = 0 ) allowed at (at least) 90% C.L. for both hierarchies  

Inverted Hierarchy  
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