


Super-
Kamiokande 
Collaboration

Y. Ashie a , J. Hosaka a , K. Ishihara a , Y. Itow a , J. Kameda a , Y. Koshio a , A. Minamino a , C. Mitsuda a , M. Miura a ,
S. Moriyama a , M. Nakahata a , T. Namba a , R. Nambu a , Y. Obayashi a , M. Shiozawa a , Y. Suzuki a , Y. Takeuchi a ,

K. Taki a , S. Yamada a , M. Ishitsuka b, T. Kajita b, K. Kaneyuki b, S. Nakayama b, A. Okada b, K. Okumura b,
T. Ooyabu b, C. Saji b, Y. Takenaga b, S. Desai c, E. Kearns c, S. Likhoded c , J.L. Stone c, L.R. Sulak c, C.W. Walter c ,

W. Wang c, M. Goldhaber d , D. Casper e , J.P. Cravens e , W. Gajewski e , W.R. Kropp e , D.W. Liu e , S. Mine e ,
M.B. Smy e , H.W. Sobel e , C.W. Sterner e , M.R. Vagins e , K.S. Ganezer f , J. Hill f , W.E. Keig f , J.S. Jang g,

J.Y. Kim g , I.T. Lim g , R.W. Ellsworth h , S. Tasaka i , G. Guillian j , A. Kibayashi j , J.G. Learned j , S. Matsuno j ,
D. Takemori j , M.D. Messier k , Y. Hayato l , A. K. Ichikawa l, T. Ishida l , T. Ishii l , T. Iwashita l , T. Kobayashi l,

T. Maruyama l,? , K. Nakamura l , K. Nitta l , Y. Oyama l, M. Sakuda l , Y. Totsuka l , A.T. Suzuki m , M. Hasegawa n ,
K. Hayashi n , T. Inagaki n , I. Kato n , H. Maesaka n , T. Morita n , T. Nakaya n , K. Nishikawa n , T. Sasaki n , S. Ueda n ,

S. Yamamoto n , T.J. Haines o,e , S. Dazeley p , S. Hatakeyama p, R. Svoboda p, E. Blaufuss q, J.A. Goodman q,
G.W. Sullivan q, D. Turcan q, K. Scholberg r , A. Habig t , Y. Fukuda s , C.K. Jung u , T. Kato u , K. Kobayashi u ,
M. Malek u , C. Mauger u , C. McGrew u , A. Sarrat u , E. Sharkey u , C. Yanagisawa u , T. Toshito v , K. Miyano w ,

N. Tamura w , J. Ishii x , Y. Kuno x , Y. Nagashima x , M. Takita x , M. Yoshida x , S.B. Kim y , J. Yoo y , H. Okazawa z ,
T. Ishizuka aa , Y. Choi bb, H.K. Seo bb, Y. Gando cc , T. Hasegawa cc , K. Inoue cc , J. Shirai cc , A. Suzuki cc , M. Koshiba dd ,
Y. Nakajima ee , K. Nishijima ee , T. Harada ff , H. Ishino ff , R. Nishimura ff , Y. Watanabe ff , D. Kielczewska gg,e ,

J. Zalipska gg , H.G. Berns hh , R. Gran hh , K.K. Shiraishi hh , A. Stachyra hh , K. Washburn hh , R.J. Wilkes hh

a Kamioka Observatory, Institute for Cosmic Ray Research, University of Tokyo, Kamioka, Gifu, 506-1205, Japan
b Research Center for Cosmic Neutrinos, Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba 277-8582, Japan

c Department of Physics, Boston University, Boston, MA 02215, USA
d Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

e Department of Physics and Astronomy, University of California, Irvine, Irvine, CA 92697-4575, USA
f Department of Physics, California State University, Dominguez Hills, Carson, CA 90747, USA

g Department of Physics, Chonnam National University, Kwangju 500-757, Korea
h Department of Physics, George Mason University, Fairfax, VA 22030, USA

i Department of Physics, Gifu University, Gifu, Gifu 501-1193, Japan
j Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA

k Department of Physics, Indiana University, Bloomington, IN 47405-7105, USA
l High Energy Accelerator Research Organization (KEK), Tsuk uba, Ibaraki 305-0801, Japan

m Department of Physics, Kobe University, Kobe, Hyogo 657-8501, Japan
n Department of Physics, Kyoto University, Kyoto 606-8502, Japan

o Physics Division, P-23, Los Alamos National Laboratory, Los Alamos, NM 87544, USA
p Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA

q Department of Physics, University of Maryland, College Park, MD 20742, USA
r Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

s Department of Physics, Miyagi University of Education, Sendai,Miyagi 980-0845, Japan
t Department of Physics, University of Minnesota, Duluth, MN 55812-2496, USA

u Department of Physics and Astronomy, State University of New York, Stony Brook, NY 11794-3800, USA
v Department of Physics, Nagoya University, Nagoya, Aichi 464-8602, Japan

w Department of Physics, Niigata University, Niigata, Niigata 950-2181, Japan
x Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

y Department of Physics, Seoul National University, Seoul 151-742, Korea
z International and Cultural Studies, Shizuoka Seika College, Yaizu, Shizuoka 425-8611, Japan

aa Department of Systems Engineering, Shizuoka University, Hamamatsu, Shizuoka 432-8561, Japan
bb Department of Physics, Sungkyunkwan University, Suwon 440 -746, Korea

cc Research Center for Neutrino Science, Tohoku University, Sendai, Miyagi 980-8578, Japan
dd The University of Tokyo, Tokyo 113-0033, Japan

ee Department of Physics, Tokai University, Hiratsuka, Kanagawa 259-1292, Japan
ff Department of Physics, Tokyo Institute for Technology, Meguro, Tokyo 152-8551, Japan

gg Institute of Experimental Physics, Warsaw University, 00-681 Warsaw, Poland
hh Department of Physics, University of Washington, Seattle, WA 98195-1560, USA

~140 authors
~35 institutions



Super-Kamiokande

SK-1 1996 - 2001
• 22.5 kton fiducial mass (2m from wall)
• 11146 50-cm photomultiplier tubes
• 40% photocathode coverage
• 1885 20-cm pmts in outer detector

SK-2 January 2003 - October 2005
• 5182 PMTs, mostly recovered from accident
• ~19% coverage 
   with acrylic shields →
• outer detector
   fully restored
• K2K beam resumed

SK-3 March 2006 +
• original coverage 
   to be restored
• T2K off-axis beam from J-PARC
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Atmospheric neutrino analysis
in early stages - no results yet

Data is valuable for characterizing
performance for K2K

Sub-GeV
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SK-II Preliminary
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SK-II Preliminary 
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Energy Scale Particle ID (e - µ) Ring Count

SK-II
events
look like
this:



Status of Super-K II Atmospheric Neutrinos

FC data reduction:
8.22 ± 0.16 ev/day (cf. 8.17 SK-I)

PC data reduction:
0.51 ± 0.04 ev/day (cf. 0.61 SK-I)

Rsub-GeV  = 0.61 ± 0.03 ± 0.05

Rmulti-GeV = 0.89 ± 0.10 ± 0.16

SK-II data is consistent with SK-I results.  e/µ ID, energy scale look very good.
Current studies emphasize ring counting, PC reduction, OD simulation.

no bg subtraction yet (at horizon)

Atmospheric
neutrinos

still
oscillate

Super-K II Preliminary (311.5 days)



SK-I Atmospheric Neutrino Topics

Exotic scenarios (decay, L×E etc.)
Sterile admixture
CPT violation
ν astronomy
UHE neutrinos
proton decay

papers in
progress

CHARACTERISTICS of NEUTRINO OSCILLATION

3-flavor analysis   - preliminary result
         (paper < 1 year)

L/E oscillatory signature - published March 2004

full SK-I dataset analysis  - paper almost ready (<1mo)

ντ statistical appearance  - under study

this
talk



Exotic Scenarios

If δm2 << ∆m2 << ∆M2

 then this simplifies to 3 parameters,

sin2(2θ),∆m2, and sin2ξ

νe
νµ
ντ
νs

ν1
ν2
ν3
ν4

= U
δm2 - Solar Neutrinos  (< 10-4 eV2)
∆m2 - Atmosperic Neutrinos (≈ 10-3-10-2 eV2)
∆M2 - LSND (≈ 1 eV2)

following Fogli, Lisi & Marrone PRD63-053008 
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Features of the Atmospheric Neutrino Flux
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Aspects of Current Super-K Analysis

could use
further data
by AMS, BESS,
+ HARP, MIPP

could use
data from
MINERνA

Improved primary cosmic ray data
3D treatment of secondary particles
[New flux calculations: see G. Barr talk]

Improved treatment of neutrino interactions:
use results from K2K near detector (MA=1.1)

Improved experimental tools:
data reduction, reconstruction algorithms, Monte Carlo tuning

New fitting procedure with improved
treatment of systematic uncertainties
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SK-I Atmospheric Neutrino Event Sample

~14000 events total
from data reduction

C.C.
DATA MC Purity

Sub-GeV 1-ring e-like 3353 2978.8 88.0%

Multi-GeV 1-ring e-like 746 680.5 82.6%

Sub-GeV 1-ring µ-like 3227 4212.8 94.5%

Sub-GeV Multiring µ-like 208 322.6 90.5%

Multi-GeV 1-ring µ-like 651 899.9 99.4%

Multi-GeV Multiring µ-like 439 711.9 95.0%

Partially Contained µ 647 1034.5 97.3%

Stopping Upward µ 417.7 721.4 ~100%

Throughgoing Upward µ 1841.6 1684.4 ~100%

11530 events used (80%)
in oscillation analysis

5 decades of neutrino energy



Ratios
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Statistical Treatment of Binned Data 

Statistical treatment
 - avoid double counting some uncertainties
 - treat a much larger number of sources of uncertainty
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Selected Systematic Uncertainties

Separate flux table
information on parent

largest experimental
uncertainties

Sample normalizations 
over 5 decades of Eν

See NuInt series
of workshops

error best fit

Overall absolute normalization free 14.0%
FC Multi-GeV sample 5.0% -5.4%
PC + stopping upward muon 5.0% -2.5%
Energy spectrum E-2.7+δ 0.05 0.61
K/π ratio 20.0% -6.4%
µ/e ratio (< 5GeV) 3.0% -2.5%
µ/e ratio (> 5GeV) 3.0% 1.4%
zenith shape (various) (0.3%-2.8%)

QE cross section 10.0% 5.0%
Axial mass parameter (1.1 GeV) 10.0% -1.0%
Meson production (various) (10%-30% + alt. models considered)
NC/CC ratio 20.0% 0.6%

PC data reduction efficiency 3.2% 0.7%
FC/PC events selection (OD hits) 1.8% 0.6%
FC data reduction 0.2% 0.0%
Non-neutrino BG (various) (<1%)

Particle ID (µ/e) 1-ring (<1%)
Particle ID (µ/e) multi-ring (3.4%-4.7%)
Energy scale 2.0% 0.5%
Ring counting (various) (1.3%-7.2%)
Ring counting (multi-GeV e-like) 15.9% 8.1%

Event Selection

Event Reconstruction

Neutrino Flux

Neutrino Interaction
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1.5x10-3 eV2 < ∆m2 < 3.4 x 10-3 eV2

sin22θ > 0.92    at 90% CL

Best Fit:

sin22θ = 1.02
∆m2= 2.1 x 10-3 eV2

χ2 = 174.9/177 dof
χ2 = 465/179 dof for no osc
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Separate Analysis - High Resolution L/E 
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Strong constraint on ∆m2

Help reject some exotic hypothesis

• Expand fiducial volume (26.4 kt)
 - need statistics
 - need to contain muons

• Select events with best L/E resolution
 - isolate PC muons that stop in OD
 - use FC, multi-ring, PC (stop, thru)
 - 2726 events (3725.7 expected)

0
1
2
3
4
5
6
7
8
9

10

-1 -0.5 0 0.5 1

   
   

   
   

   
   

   
   

   
   

   
   

   
   

E
ν 

(G
eV

)

Oscillation 
Minimum
with band to
half-maximum

Eν = 10 GeV

KEEP

cos(Zenith Angle)

osc.
prob.



L/E Event Distribution
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L/E Distribution

oscillation dip seen
at ~500 km/GeV



L/E Significance
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To evaluate significance
of oscillation signature, we
need a comparison shape
(no oscillations too strongly
ruled out by high L/E data)

resolution cut
optimized at 70%

Fit against: neutrino decay
      neutrino decoherence

Barger et al: PRD54 (1996) 1
Barger et al: PLB462 (1999) 462
Grossman and Worah: hep-ph/9807511
Lisi et al: PRL85 (2000) 1166

Decay rejected at 3.4σ
Decoherence rejected at 3.8σ



L/E Analysis Oscillation Fit

Best Fit:
sin22θ = 1.02
∆m2= 2.4 x 10-3 eV2

χ2 = 37.7/40 dof

1.9x10-3 eV2 < ∆m2 < 3.0 x 10-3 eV2

sin2 2θ > 0.90     at 90% CL

90% contour
from full
dataset

Strong constraint on minimum value of ∆m2
with data sub-sample (not independent of course)
no use of upward muons (cf. full dataset analysis)



Active 3-Flavor Oscillation (νe − νµ − ντ)

m3

m2
m1

atmospheric

solar

Peµ  = sin2 2θ13 sin2θ23 sin2 1.27 ∆m2 L/E

Pµτ  = cos4 θ13 sin22θ23 sin2 1.27 ∆m2 L/E

Pτe  = sin2 2θ13 cos2θ23 sin2 1.27 ∆m2 L/E

only
3 parameters

Neutrino Energy (GeV)

fr
ac

tio
n

Separately consider normal and inverted heirarchy: “sign” of matter resonance
Differing fraction distribution of νe and νe, different σ and dσ/dy

NC + others

CC νe

CC νe



Three Flavor Analysis Strategy

Strategy: bin data very finely and look for 
enhancement at certain energies and angles 
due to electron neutrino resonance in earth

→

νe−νe

νµ−νe

νe−νµ

νµ−νµ

matter effect
enhancement

at cos zenith = -0.6

log10 (E GeV)

• Add multi-ring electrons (brightest ring)
• Use PC stop/through selection
• 370 bins total including upward muons
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no signs of enhancement in this
or other data samples: set limit...
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Conclusion
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SK preliminary:
Three flavor
analysis
(at sin2θ13=0)

L/E Analysis
(published)

SK-1 Full Data Set Analysis
(to be submitted shortly to PRD)

Preliminary look at SK-II atmospheric neutrinos: neutrino oscillation
Reduction and reconstruction in good shape for K2K analysis

Final SK-I papers in progress
Characteristics of neutrino oscillation favor νµ−ντ with
parameters as described by several (non-independent) analyses




