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Prolog 
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This year: 
A turning point of neutrino oscillations 

• 2011: T2K has first shown the evidence of non-zero  q13 

• 2012: Reactor experiments have detemined the value 
of q13 at ~10% level. 

• Current Value of the mixing angles and the mass 
differences: 

Best parameter value from a single experiment (except solar n) 

  Missing: Mass hierarchy, CP phase, Majorana phase. 
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• Discovery of Neutrino Oscillation has come 
from the study of the Atmospheric Neutrinos 
in 1998. 
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Idea to use atmospheric neutrinos to study 
neutrino oscillations 

• S. M. Bilenky and B. Pontecorvo 

 Physics Report  41(1978)225-261 
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Contents of my lecture 

• Almost same as two years ago. 
– Usefull only for new studuents 

• Today 
– Introduction (flux…..) 
– Historical issues 
– Kamiokande indication and other experiments 
– Super-K  overview and oscillation measurements 

• Tomorrow 
– Atmospheric 3 flavor oscillations 
– Future atmospheric neutrinos by new generation detectors 

• MH, Octant of theta23, CP phase measurement 

– Beyond 
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Introduction: Atmospheric 
Neutrinos 
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Atmospheric Neutrinos 

p, K 

e 

nm
 ne

 

nm
 

m 

(protons, He, , ,) 
L=10~20 km 

Primary cosmic rays 

For the low energy limit  

–  m’s decay before reaching the 
ground 

–  nm : ne = 2 : 1 

For higher energy:   
p/K → m+nm  

e+nm+ne 
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nm+ nm 

ne+ ne 
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p/He + N  p/K + X 
    p/K  m + nm 

   m  e + ne + nm 
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Atmospheric Neutrino Flux Calculation 

Need knowledge of 
• Primary Cosmic Ray Flux (p, He,…) 

– Modulation by Solar Activity (Solar wind) 
• Solar wind drives back the low energy cosmic ray entering into 

the solar sphere 
• Solar wind varies with solar activity (solar minimum and 

maximum) 
• Effect: factor 5 at 1GeV; ~10% for 10GeV 
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Solar wind 
• Stream of charged 

particles 
• Mostly electrons and 

protons 
• 10~100keV 
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Solar Cycle 
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Solar Modulation 
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S. Hisano, BESS collaboration 



BESS 
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Atmospheric Neutrino Flux Calculation 

Need knowledge of 
• Primary Cosmic Ray Flux (p, He,…) 

– Modulation by Solar Activity 
– Geomagnetic cut-off 

• Affect on low energy CR 
• A function of the location on the earth and arriving direction 
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D.F. Smart and M.A.Shea, 
Advances in Space Research 36 (2005) 2012 

• Shielding effect of the 
magnetic field of the earth 



Geomagnetic cut-off 

16 
  Atmospheric neutrinos  ‘Position’ and time dependent 
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• Lowest regidity (GV) of primary cosmic ray 
particles which enter the atmosphere 



Atmospheric Neutrino Flux Calculation 

Need knowledge of 
• Primary Cosmic Ray Flux (p, He,…) 

– Modulation by Solar Activity 
– Geomagnetic cut-off 

• Hadron Interactions (production of p, K) 
• Decay of Secondary Particles (p, K, m) 

– Technical problem 
– 3D calculation (influence in low energy, horizontal direction) 
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Many Improvements  of the flux calculation for the 
last 10 years! 



Comment on Primary Cosmic Ray 

• <En>  ~1/10 x <Ep> 

1 GeV n  ~  10 GeV proton 

10 GeV n  ~100 GeV proton 

• Improvement 

– Precise measurement by  

 BESS (<500 GeV) and  

 AMS (<200 GeV) 

– Uncertainty was 
significantly reduced 

cosmic-ray proton flux 

solid circle (blue): AMS 
solid square (purple): BESS 
line: fit used for Honda flux 
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Flux uncertainty 

• Uncertainty of absolute n-Flux 
– 10%  @ <10GeV  25% 
– ~30%   @~100GeV 

• In order to overcome those 
uncertainties, 

 use double ratio for the study 
of neutrino oscillation 
• Uncertainty in R (flux) 

–   3%  @ <5GeV 
– 15%  @~100GeV 

En(GeV) 

nm 

10-1    1      10     102  

3D  
calculation 

Mixture of ne, ne, nm & nm 

nm+nm flux 
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Zenith angle distribution 

• Key to the oscillation analysis 
• Up-Down Symmetry 
  uniformity of Pr. CR  
 for the energy above  
 the geomagnetic cut off 
 
• Asymmetry 
 flux independent evidence of 

neutrino oscillation 
 

Up-going 

Down-going 

~13000 km 

~20 km 
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Zenith angle distribution 
 

• Uncertainty in Up/Down 
  1~2% En <1GeV 
   ~1% in a few GeV region 
• Uncer. of Hol./Ver. (up-m) 
  ~2% (from p/K ratio) 
 

Angular Correlation (qlepton-n) 

• No good correlation below 
~500 MeV (>30 deg) 

• Good correlation in high 
energy region (>500 MeV) 

 

qln 

neutrino 

lepton 
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Oscillation Study 

• Ratio 

• Zenith Angle 

 

• Need improvements for the parameter 
determination 
          Need precise and absolute value of 
   neutrino flux 
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Atmospheric neutrino Experiments 
History 
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Back to 1960 
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Experimental idea to detect  
Atmospheric Neutrinos 

• First indication of a possibility to detect 
atmospheric neutrinos: 

 

In 1960, M.A.Markov suggested: 
    upward and horizontal muons are 
    signature of high energy neutrinos 
  

Proc. 1960 Annual Int. Conf. on 
High Energy Physics at Rochester 
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• First idea for water detectors  

K. Greisen described: 
 water detector for atmospheric n detection 

Ann. Rev. Nucl. Sci. 
10, 63(1960) 

Experimental idea to detect 
Atmospheric Neutrinos 
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Experimental measurements of the Atmospheric 
Neutrinos 

• First detection 

Kolar gold mine in India 
S. Miyake et al. 
July 12, 1965 (Received) 
Phys. Lett. 18(1965) 196 

• Second detection (2 weeks later) 

South African gold mine 
F. Reines et al. 
July 26, 1965 (Received) 
Phys. Rev. Lett. 15, 429 (1965) 
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Detectors for those experiments 
• Both detected horizontal and upgoing muons 

Miyake’s 
Reines’ 
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20 years later 
Early indications 
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The First Problem 
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1983~1996 
 Started as a proton 
decay search 
experiment 

3000 ton total mass 
1000 ton fidutial mass for atmospheric neutrino study 



The First Problem 

Atmospheric Neutrinos are 
the backgrounds for 
proton decay in large 
water Cherenkov 
Detectors in 80’s:  

Kamiokande: observed 
atmospheric-n 
interactions happed 
inside of the detector and 
found fewer m-like events 

The first problem: 
PLB, 205, 416 (1988) 
By Kamiokande 
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Kamiokande Data 

• Problems: 
– Large uncertainty of the flux calculation 
– Theorists did not believe large mixing 

e-like m-like 

In 1988, Kamiokande saw few m 

                R= (Obs./MC)m-like = 0.597% (stat.) 

Momentum (MeV/c) 
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m/e separation 
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R measurement in 90’s 
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In early 90’s, there are 
some confusion of the 
data 

(Fe-calor.) 

(Fe-calor.) 

(Fe-calor.) 

1988 

1992 

1997 

700 ton 

130 ton 

Frejus 

Nusex 



IMB-3 

• Observed small m/e ratio in 1992 
• 8000 ton Water Cherenkov Detector 
• 3300 ton fiducial mass 
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Water Cherenkov detectors have played  
a major role in low energy neutrino physics 

80’s 90’s 00’s 10’s 20’s 30’s 40’s 

Kamiokande, IMB 
(a few thousand tons) 

Super-Kamiokande 
(50, 000 tons) 
SNO (D2O) 
(1000 tons) 

Hyper-Kamiokande 
(~1Mton) 

Multi-Megaton 

Supernova-n: 
             SN1987A 
Solar n problem 
Atm n anomaly 

Atm n oscillation 
Solar n oscillation 
Supernova-n ?? 

Mass hierarchy, CPV 
 Supernova n 
  Supernova Relic n 
   Proton decay 
    New physics ? 
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SNO 

SuperK 



Super-Kamiokande 

Breakthrough 
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Super-Kamiokande 
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– Inner: 32,000 tons 
   (Outer Vol: ~2.5 m thick) 

– Fid. Vol:  22,500 tons 

• 11,146 PMTs (ID) 
– 50 cm in diameter 

– 40% coverage 

• 1,885 PMTs (OD) 
– 20 cm in diameter 

• 1,000 m underground 

4
2
m

 

39m 

n 

 C  Scientific American 

50,000 tons of Imaging Water Cherenkov Detector 

~130 Collaborators from 36 inst. (5 countries) 
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Super-K Collaboration 
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Kamioka Underground laboratories 

12/08/03 41 

• 1000 m underground 
• 24 hours access by car 

Kamioka Underground labs. 

N 

S 

Surface buildings 

Underground labs 

1.7km 
Access tunnel 

by car 

• 40 min drive from the 
Toyama airport 

• Office buildings :   
10 minutes drive 
fromthe mine 
entrance: 

 
•  

JPARC 

KEK 
Super-K 
XMASS 
KamLAND 

Mt. Ikenoyama 



KamLAND-ZEN 

Super-Kamiokande 

XMASS 

CLIO: Prototype 
 gravitational wave detector 
Laser Strain Meter ＮｅｗＡＧＥ 

Superconductive 
Gravity Meter 

CANDLES EGADS 

Atotsu  
Entrance 
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Kavli 
IPMU Labs 



Brief history of Super-K 
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• SK started on April, 1996 (SK-I) 
– 12th Anniversary 

• 4 phases: SK-I, SK-II, SK-III, SK-IV 
– Accident (lost more than half of PMTs) 

• Nov-12, 2001 
– SK-II (5,182 PMTs (19% cov.)) 

• Dec-2002  Nov-2005 
– SK-III (11,129 PMTs (40% cov.)) 

• July-2006  

– SK-IV w/new front end electronics 
• Sept-6, 2008  

• K2K: March-1999  Nov-2004 
• T2K: 2009   

96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 

SK-I SK-II SK-III 

K2K T2K 

Protection case 

SK-III 

SK-IV 



Detection Principle - Cherenkov light 
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Detector wall 

Phto-multiplier tubes 

Charged particle 

Cherenkov light 

The Cherenkov Ring  
on the detector wall 

Cherenkov Angle: 
   cosqc = 1/nb 
   n=1.33 for water 
 
Q = 42deg for b=1 



Cherenkov radiation 

• Cherenkov threshold for a particle, m. 

 

• Threshold momentum 
– e± (0.511 MeV/c2)   0.569   MeV/c 
– m± (105.7 MeV/c2)   115.7   MeV/c 
– p± (139.6 MeV/c2)   155.5   MeV/c 
– p± (938.3 MeV/c2)   1044.9 MeV/c 

• Number of Cherenkov photons: 
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スーパーカミオカンデで捕らえた 
ニュートリノ反応の例 
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Photo-multiplier tube 
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Water Cherenkov 

• Water Cherenkov can do 
astrophysics 
– Energy 

• Number of observed photons  
energy of recoil charged particles 

– Time   
• Dt ~ nsec 

– Direction 
• Low energy (< 10 MeV) nx: 

 nx+enx+e,  Dq  multiple scatt. 

• High energy (GeV<) nm:  

 nm+X m+X’, 30 deg (GeV)~2deg 
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Energy (SuperK) 
T2K nm disappearance 

Reconstructed n Energy 

Energy vs Time 
SN1987A 
 (Kamiokande) 

Time (sec) 

Direction (Super-K) 
Neutrino Heliograph 

En
er

gy
 



Energy Range (data from SK-I) 

• Trigger: 
– 100% eff. for Ekin > 3.5 MeV 
  (50% efficiency @ 3.0MeV) 

• Trigger Rate: 
–  1,700Hz  15 Hz (recorded) 

 10 

   5 

   0 

-  5 

- 10 

log(En) 

lo
g(

E n
f

n
 [

/ 
cm

2
 s

 s
r]

) 

1MeV   1GeV   1TeV   1PeV 

Solar  
pp-n 

Geo 
-n 

Supernova (8.5kpc) 

Solar 8B-n 

Supernova  
relic 

Astrophysical 

Super-K 

• 6 p.e. / MeV 
 

• Resolution 
(solar/supernova n) 
   14.2% @10MeV 
(atmospheric n) 
   1.7+0.7/  E(GeV) % 
    (single ring m) 

50 
12/09/1
3~14 

Y,Suzuki @Vth IPNPS in Alushta, Crimea, Ukraine 

• Solar neutrinos (< 15 MeV):  
neutrino osc, inside of the sun 

• Supernova n’s (10~20 MeV):  
Burst: Explosion mech., n osc in SN 
Relic (not found yet): His. heavy 
elem. Syn., Total SN energy 

• Atmospheric Neutrinos (< a few 
100s GeV): neutrino osc 



Atmospheric Neutrino 
Measurements in Super-K 
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Atmospheric Neutrino Events  
in Super-K 

L = ~10~13,000 km 
• Wide range of path-

length  
 (3 orders)  
E = ~0.1~10,000 GeV 
• Wide range of the 

energy 
 (5 orders) 

 
 12/09/13~14 Y,Suzuki @Vth IPNPS in Alushta, Crimea, Ukraine 52 

Fl
ig

h
t 

p
a

th
-l

en
g

th
 (

km
) 

zenith angle (cosq) 

Up Down 

13,000km 

~10km 



nA cross sections above 0.1 GeV 

• Charged Current Quasi-
Elastic 
 

 
– Dominaent interaction 

below 1 GeV 
– 100 % efficiency at SK 
– 1 Ring 
– En can be reconstructed  

(pm, qm) 
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nA cross sections above 0.1 GeV 

• Charged Current non- Quasi-
Elastic 

 
 

• Single p (resonanct, non-
resonant)   

• Multi-p 
• DIS 

– Dominaent interaction above 
1GeV 

– 100 % efficiency at SK 
– 1 Ring, multi-RIngs 
– BG for En determination 
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nm + N → m + N’ + p’s 

                            + X 



nA cross sections above 0.1 GeV 

• Neutral Current 

 
• Coherent p0  

• Elastic (not obserbable in 
Water Cherenkov detector) 

• Single p (resonanct, non-
resonant)   

• Multi-p 

• DIS 

– 1/3 of CC 

– 40 % efficiency at SK 
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nm + N → n + N + p’s 



Anti-neutrinos 
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s(En)~50 MeV 

Parameters used in our simulation 
program:  
     MA(QE) = 1.11GeV/c2 

     MA(1p)   = 1.21 GeV/c2 

     others…. 

Checked parameter dependence: 

Very small effect on 

      the oscillation analysis  

Neutrino Anti-neutrino 



Atmospheric Neutrino Events  
in Super-K 
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• Event category 

Fully Contained (FC) 
(<En> ~ 1GeV)   

Upward  
Through-going m  
(<En>  ~ 100GeV)  

Upward Stopping  m  

(<En>  ~ 10GeV)  

Partially 
Contained (PC) 
(<En> ~ 10GeV)   subGeV:   Evis<1.33GeV 

Multi-GeV:        >1.33GeV 

Interaction in the rocks 

under the detector 



Atmospheric Neutrino Events  
in Super-K 
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• Fiducial volune:  22.5 kton 

• Effective area:   ~1,200m2 

Parent  neutrino Energy 

contained 

1200 m2 

1000 m2 

cos q -1 0 

Super-Kamiokande 
Through-going muons 
Track length >1.7m (1.6 Gev) 

Effective Area 



Analysis 

1. Ring Count (1R, 2R,,,,) 

2. Particle ID (e/g, m , (p), (p)) 

3. Vertex and Energy Momentum Reconstruction 

4. Fiducial Volume cut 

   ( >2m from the wall; 22.5kton) 

5.   Minimum energy cut:  >       30 MeV (FC),  

         > ~ 350 MeV (PC) 

 Final Sample:  

◎ FC: 8.2 ev./day and PC: 0.58 ev./day 
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Ring Counts:  
Fully Contained(FC) events 
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multi-ring 
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m / e separation 
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m-like e-like 

Log(L) 

Likelihood for particle identification 

Mis-identification:  

0.6 ± 0.1 % for sub-GeV 
~ 2 % for multi-GeV 

m 

e e
- 

e
+ g 

e
- 

e
- g 

e
- 
e
- 

Sub-GeV Single Ring 

Data 
MC 

Checked by cosmic ray μ (decay electrons), e/m beam at KEK (E261A) 



e-like and m-like events in  
Super-Kamiokande 
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Number of Events (SK-I) 
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                     Data    MC(Honda) 

1ring                

        e-like  

        m-like  

Multi ring   

Total           

Sub-GeV:(Evis<1.33GeV) Multi-GeV:(1.33GeV<Evis) 

                     Data    MC(Honda) 

1ring 

        e-like 

        m-like 

Multi ring     

Total              

PC Total   

6447       7784.9    

3266       3081.0 

3181       4703.9 

2457       2985.6 

8906     10770.5 

1436       1675.9    

  772         707.8 

  664         968.2 

1532       1903.5 

2968       3579.4 
913       1230.0 

FC+PC 
1489days 

Up stopping m 
1657days 

Up through going m 
1678days 

Observed  

Expected (Honda) 

Observed 

Expected (Honda) 

0.41 ± 0.02(stat.) ± 0.02(syst.)  (x10-13cm-2s-
1sr-1) 

0.68 ± 0.15(theo.) 

1.70 ± 0.04(stat.) ± 0.02(syst.)  (x10-13cm-2s-
1sr-1) 

1.84 ± 0.41(theo.) 

= 0.648 +0.030 
- 0.028 

± 0.078 
MC

data

e

e

)/(

)/(

m

m

MC

data

e

e

)/(

)/(

m

m
=0.638 ± 0.016 ± 0.050 



Discovery of Atmospheric n Oscillation 
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• June 1998: Atmospheric 
Neutrino Oscillation (Super-
Kamiokande) 
– Asymmetry in zenith angle 

distribution; nm deficits (up-
going) 

– Independent of the flux 
calculations 

– Definitive eveidence 

• Atmospheric neutrino anomaly 
came later than solar neutrino 
problem but resolved earlier 

• K2K and MINOS confirmed the 
oscillation by accelerator 
neutrinos 

 
 

Dc2 = 69.8 
for no oscillation 



Recent Results (Super-K) 
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• Latest SK results 
– SK-I,II,III combined 
– 2806days (173ktyr)  
 for FC+PC 

• 24841 events 

– 3109days for up-m 
• 4238 events 
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SK-I SK-II SK-III 
6 12 11 6 

(11,129 PMTs) (5,182 PMTs) (11,146 PMTs) 

4 
SK-IV 

9 

(11,129 PMTs) 

Up/Down ~ 1-(1/2)sin22q 

Transition region  Dm2 



Fitting for oscillation parameters  
(SKI+SKII+SKIII) 
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Systematic  
Errors 
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• Best:  sin22q23=1.00 > 0.96 (1 par. 90%) [SKI+II+II+IV Atm n, zenith] 
• Best:                                                        [MINOS beam] 

Dm23
2, q23 

SK 3n normal 

SK 3n inverted 

T2K 2n 

MINOS 2n 

SK 2n zenith 
SK 2n L/E 

90% C.L. 
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L/E analysis 

• Can observe oscillation pattern in L/E plot  l ~ E 
  direct oscillatory evidence 
  distinguish other exotic hypotheses 
  strong constraint on Dm2  
       (l/E=4p/Dm2: Position of Dip) 
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Guide line: 100yr MC 

~1 /5 of total data 

horizontally going events:                                 

low energy events:                                     

  poor DL, Dq determination 

Rejected events 

L/E (km/GeV) 
D
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n
 All data 
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Difficult to see the pattern 
for all the data 

102 103 102 103 

Select events : D(E/L) < 70% 



L/E analysis 

• Contour plots of 
70% L/E resolution 

Guide line in FC plot 

• Solid line: full 
oscillation 

• Dashed line: half 
oscillation 
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Result of L/E analysis (SK-I + SK-II) 

• The first dip has been observed at 
~500km/GeV 

• This provides a strong confirmation 
of neutrino oscillation 

• The first dip observed cannot be 
explained by other hypotheses 
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4.8 s  to decay 
5.3 s  to decoherence 

Oscillation 

Decay 
Decoherence 

1489.2 days SK-I + 
800 days SK-II FC+PC 

sin22q 
0.9         1 

D
m

2
 

10-2 

10-3 



nt appearance 

• How we can test it? 

• Do we have evidence for nt 
appearance? 
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Yes 



Search for t appearance in atmospheric n 

• t events cannot be identified by 
event by event basis 

 

 

 

 
– Many Hadrons 

– Rather spherical 

– Complicatd 

• Make statistical analysis by using 
the characteristicw of t 
production 
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Typical  
t MC event 

nt nt t 

Lepton or Hadrons 

Hadrons 

nt + N → t + N’ + p + p ..... 
                  mnn,  enn, 
                    n+hadrons 



Search for t appearance in atmospheric n 

• But not easy 
• Eth >3.5 GeV 
• Low rate  

 ~ 1 CC nt FC ev /kt/yr 
• BG ~ 130 ev /kt/yr 
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Neutrino CC cross sections 

nm CC 

nt CC 

En(GeV)  

Expected t events 

All 

Up-going events 

cosq < -0.2 

sin22q = 1 

Dm2(eV2) 

Down-going events 

cosq > 0.2 Ev
e

n
ts

 /
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2
2
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Selection of t enriched sample 

• Pre-selection 

1. Multi-GeV, multi-ring 
contained events 
– High energy 

– Many particles 

2. Fiducial cut 
– 2m from the ID PMTs 

3. Most energetic ring 
– electron 
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Neural Network 

Likelihood 

(2 independent analyses) 

Efficiency:  
• 81% for the nt CC events 
• 23% for the backgrounds 



Seven input variables  
to the neural network or likelihood 

• Points: downward 
going data 

• Solid line: 
downward going 
atmospheric MC 

• Shaded: Tau signal 
MC 
– Tau normalization: 

arbitrary 
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Histgram of PDF after the learning  
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Atmospheric n 

Tau-like 

Oscillated to tau neutrinos 
(mostly non-interactiing) 



Maximum likelihood fit results 

• Tau like: NN > 0.5 

• Non-tau like: NN < 0.5 

• Up-going: cosq <-0.1 

• Down-going: cosq > 0.1 

• Gray: fitted tau signal 
– Ntotal(cosq) = aNtau + bNbkg 
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Tau appearance 

• SK results: 

– 2806 days of data 

– Relotive to the expectation of unity 

• t: 

• BG:   

– # of events (found) 

– # of events (expected) 

– Excluded no tau production at 3.8s 

 

Tau Appearance 
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Tau appearance 

• OPERA results: 

– Found 1 more candidate of nt (total 2 nt events)  

• expected events 2.1  

• with 0.2 backgrounds 
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CPT Violation ? 

• Test of CPT 

– Produce MC for n (Dm23
2, 

q23) and n (Dm23
2, q23) 

separately, and look for 
best  parameter set 
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Motivation : MINOS anti-n data 

@Nu2010 suggested oscillation 
parameter may be differet in anti-n 
oscillation. 

where L is the neutrino path length and E is 
the neutrino energy  



Result of fit 

• Shaded resion shows the anti-neutrino composition 
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Result of fit 
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SK results 

• Neutrino 

Dm23
2=2.2x10-3eV2 

sin22q23=1.0 

• Anti-neutrino 

Dm23
2=2.0x10-3eV2 

sin22q23=1.0 

• No evidence for CPT 
violating oscillations 
(SK) was found 

12/09/13~14 Y,Suzuki @Vth IPNPS in Alushta, Crimea, Ukraine 87 



Anti-neutrino comparison 

• Allowe regions for the 
anti-nutrino mixing 
parameters  

• SK-I+II+III 

• Shaded region: 
MINOS2011 allowed 
region for anti-
neutrino 
dispappeance in an 
anti-neutrino beam. 
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SK 99% 

SK 90% 

SK 68% 

MINOS 90% 



Recent MINOS result 

• MINOS: more data  no difference 
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Part II 
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3 flavor atmospheric n oscillation 
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3 flavor mixing 

• Atmospheric neutrino oscillation is mainly through q23, 
but small effects from q13 and q12 may be seen: sub-
dominant effects 

• Mass hierarchy may also be untangled 
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Reactor ShortBL 
(sin2q13~0.025, 
  dCP ?) 

Atmospheric n 
Long baseline Acc 
(q23: maximal?) 

Solar n 
Reactor LBL 
(q12: large) 

n1 

n2 

n3 
n1 

n2 

n3 

Ve   nm    nt 

Remaining Problems 
• CPV  
• Mass hierarchy: sign of Dm13

2 

• Octant of q23 : if q23≠p/4 



ne appearance  
in 3 flavor oscillation 

• F0(ne), F0(nm) : fluxes at the detector without oscillation 

• r(E, Qz) =F0(nm)/F0(ne) : ratio of the orininal fluxes 
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Solar term 

Interfarence term. dCP 

Ue3 term, matter enhance 

Negligible Ue3 term 

The ne flux after oscillations 

• ~ : mixing angle in matter 
• P2 = |Aem|2:  nm  ne in matter 

• R2 = Re(A*
eeAem),    I2  = Im(A*

eeAem) 



Solar term 
• Proportional to P2 

– Matter effect  maximum @ the 
resonance energy 

   Eres~(Dm21
2cos2q12)/(2Vcos2q13)  

– For Dm12
2=7.6 x 10-5 eV2  

  Eres d  0.1 GeV 
– Large matter effect at the low 

energy end of sub-GeV samples 

• r  depend on energy,  
– r=2.04~2.06 (close to 2 in sub-GeV), 

larger (in high energy region) 

• Screening effect (rcos2q23-1): 
– q23 = 45 deg  0.02-0.03 
– excess for q23 < 45 deg 
– deficiency for q23 > 45 deg 
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 s22q12=0.825 

 s2q23=0.4 

 s2q13=0.04 

 dcp=45o 

 Dm212=8.3x10-5 

 Dm223=2.5x10-3 



Ue3 oscillation 

• Matter enhancement 
for Dm13

2=2.4x10-3 eV2 

  ~ 10 GeV 

•  ~ 10% effect 

• No screening effect in 
high energy (r > 2) 
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 s22q12=0.825 

 s2q23=0.4 

 s2q13=0.04 

 dcp=45o 

 Dm212=8.3x10-5 

 Dm223=2.5x10-3 



Interefarene 

• Depend on sinq13 linearly  
 not strongly suppressed 

• Interference depend on  
 sign of sinq13 

• No screaning effect. 
• Proportional to sin2q23 sensitive to 

the octant of q23. 
• smallness :  
 from sinq13, R2 and I2 

• Size of dCP 

  Magnitude of resonance effect 
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 s22q12=0.825 

 s2q23=0.4 

 s2q13=0.04 

 dcp=45o 

 Dm212=8.3x10-5 

 Dm223=2.5x10-3 

~ 

~ 



Octant 

• octant of q23: appearance and disappearance 
interplay. 
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Anti-neutrinos 

• n  n: 
 V  -V 

• Mass hierarchy  

  asymmetry of  n and n 

– Resonance condition:  V ~ Dm2 

–Resonance 

  n + NMH or n + IMH 
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Example 

sin2q23=0.4 

sin2q23=0.6 

Total 
Solar term 
q13 term 
Interference 

Fixed:   cos Fn = -0.8 
  Dm223 = 2.5x10-3eV2 (positive) 
  Dm212 = 8.3x10-5eV2 

  sin22q12 = 0.825 
  sin2q13 = 0.04, dCP = 45 deg 
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SK:  Sub-GeV SK: Multi-GeV 



Octant 

• Normal Mass Hierarchy 
• Best fit value: 0.425 
 

• Inverted Mass Hierarchy 
• Best fit value: 0.575 

Current situation of atmospheric n 
q23 Octant (SK data) 

90% C.L. 

99% C.L. 

68% C.L. 

Super-Kamiokande atmospheric neutrino 3 flavor analysis 
--- q13 free in the fitting 
--- q13 fixed at the best value 

sin2q23 

sin2q23 

sin2q23 

sin2q23 

sin22q23 sin22q23 

90% C.L. 

99% C.L. 

68% C.L. 

We may start to see 
1 s  level effect ?? 
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Current situation of atmospheric n 
Mass Hierarchy and CP phase 

• There may be a hit in Atm n (SK) 
– NH: c2

min = 556.7 / 477 dof 
– IH  : c2

min = 555.5 / 477 dof 

     c2
min (NH)  c2

min (IH)= 1.2  
 

Normal Hierarchy 

101 

90% C.L. 

68% C.L. 

90% C.L. 

68% C.L. 

Normal Hierarchy 

Inverted Hierarchy 

Inverted Hierarchy 

--- q13 free in the fitting 
--- q13 fixed at the best value 
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CP phase 

• Why 220o 
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Multi-GeV  
1-ring m-like sample 
P > 2.5GeV 

Effect of first 4 bins 

N
(1

~
4

) o
sc

/N
(1

~
4

) n
o

-o
sc

 



Future 

We need to complete the neutrino 
oscillation study 

– Mass hierarchy, CP-phase 
• Need Mega-ton (or more) or sophisticated 

detector as a far detector of long baseline 
experiments and also as a stand alone 
detector 

 Atmospheric Neutrino may play again important 
roles 

– liq. Ar.  
• US. Homestake w/ nbeam from Fermilab 
• Europe: example, Pyhäsalmi  CERN 

– Water 
• Japan: 0.5 Mton water Cherenkov 
•  w/nbeam from JPARC 

– Liq. Scint. 
• Europe: many options 

Hyper-Kammiokande 
0.56 Mton fid. 

Liq. Ar 
Several Concepts, A. Rubia 

@NEUTRINO2012 
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Sensitivity 

• Mass hierarchy (MH) 
 MH is an exclusive OR (On/Off) 
problem 
 2~3s effect is enough to judge. 
– Find a place no obstacles from other 

parameters 
– Very long baseline (ex): Clear difference 

Normal MH  Inverted MH 
• But there may be a dark horse ! 

• CP phase 
– We hope that MH will be resolved 

before the CPV experiments. 
– Shorter distance may be justified for a 

good CPV experiment 

A.Rubia, @NEUTRINO2012 

L=2300 km 

L=2300 km 
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CP phase 

• HK (0.56 Mt)+JPARC 

– 295 km baseline 

– 0.75 MW x10 (3+7)  
yrs 

– 5% systematics 

 74% of d can be 
covered and 
determined with 3s 
effect (for known MH) 
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Role of the atmospheric neutrinos 
   (Complementary or Short Cut for MH & Octant) 

• Atmospheric  n: larger q13 is a good news for 
atmospheric neutrinos 
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Mass Hierarchy Determination  
HK 10 year (Normal Case) 

Octant Determination 
Normal mass hierarchy (HK10 yrs)  

3s 

90% C.L. 

sin2q23 
sin22q13 
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Hyper-Kamiokande 
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Hyper-K candidate site 
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Cavern excavation 
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Photo-sensor 
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Schedule 
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Sensitivity of the atmospheric 
neutrinos in Hyper-Kamiokande 

• HK: 10 yrs MC ~584,000 FC events (~160 FC events/day) 
Electron like samples (expected effects) 
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Equivalent MC 

• Effect of the q23 is large 
• Effect of dCP is small (statistics is crucial) 



Mass Hierarchy 
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True NMH True NMH 

• Dc2 for the wrong assumption (Dc2(IMH)-Dc2 (NMH)) 
• sin22q13 = 0.10 : fixed (large q13  enhance matter effect and hence 

the electron appeance) 
• HK: 1yr to 10 yr operation 
• If sin2q23 is large (~0.6), then it is easier to determine the MH. 

– Even 1 yr of data of HK (~ 20 yr of SK)  Dc2 > 5 
• Some dependence on CP phase, but not large (see also other slide)  



Mass Hierarchy 
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True: 
Normal Mass Hierarchy 

True: 
Inverted Mass Hierarchy 



Mass Hierarchy 

• sin22q13=0.1: 
fixed 

• Thickness of 
band  range 
of CP phase 
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HK: 10 yrs 

HK: 5 yrs 

Normal Mass Hierarchy Inverted Mass Hierarchy 

Normal Mass Hierarchy Inverted Mass Hierarchy 



Mass Hierarchy 

HK 1 yr = SK 20 yrs 
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Normal Mass Hierarchy Inverted Mass Hierarchy 



q23 Octant 

• HK 10 yrs  
• sin22q13=0.1 (fixed) 
• Thickness of band  the uncertainty of CP phase 
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True NMH 
MH unknown 

True IMH 
MH unknown 



CP Vioration ? 

• HK: 10 yrs 
• Dc2 to dcp=0 and p 
• sin22q13=0.1: fixed 
• Assume MH unknown 
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True NMH 
MH unknown 

True IMH 
MH unknown 



CP phase 

• Fraction of dCP excluded at 3s for a fixed vlue 
of dCP 

• MH is known 
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True NMH 
MH known 

True IMH 
MH known 



IceCUBE: PINGU 
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Quick MH ? 
• PINGU ?  

– Add 20 strings with ~1000 optical modules inside the 
IceCUBE Deep Core region 

– Expected energy threshold of 1 GeV  
– Multi-Megaton effective mass 
– Shorter path to the MH 

• E. Akhmedov, S. Razzaque, A. Smirnov: arXiv: 1205.7071v2 
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sE =4 GeV, sq =22.5o sE =2 GeV, sq =11.3o 

Stot = 7.2s for 10% systematics Stot = 3.0s for 10% systematics 



Is future bright? 

• Yes ….Mass Hierarchy, CPV  Origin of Matter.. 

• but may be difficult…..(by other reason than science) 
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Is future bright? 

• Yes ….Mass Hierarchy, CPV  Origin of Matter.. 

• but may be difficult…..(by other reason than science) 
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http://www.economist.com/node/21524874 



How we justify FUTURE under such 
serious environments 

• For our funding agencies and general public 

– One number dcp may not justify spending a few 
hundred million Euros/dollars and a few 10s 
billion yen for the large detectors 

• Need Neutrino Oscillation + alpha…… 

– Multi-purpose is really important and essential 

• Must have a big chance of a discovery 

• Measurements (bread and butter) 

 Proton decay and  Astrophysics…. 
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More ingredients 

• Proton decay and astrophysics can justify even larger detectors. 

• Multi-Megaton 
– PINGU (but need much lower threshols and much higher resolution): 

alrady discussed. MICA (IceCUBE) ? 

Multi-Megaton a la SK/HK (TITAND) 
      Discovery potential 

– Proton Decay: 1036 years 

– Supernova Neutrinos:  Burst detection every year (5 events for 5 Mton 
@5Mpc (1SN/yr)) 

Measurements 

– Armospheric neutrinos (CP, …) 

– Solar neutrinos 

• More money to the detector ! 
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Multi-Megaton 
TITAND 
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Detector 

Requirements for the detector 

1) Scalability: may start with 1 Mt 

 but can be expandable to 8 Mt and 
beyond 

2)  Inexpensive 

3) Short construction time 
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TITAND 

TITAND-I 
85m x 85m x 105m x 4 units = 3.03 Mt 
 (2.22 Mt fiducial : ~ SK x 100) 
TITAND-II 
4 module  8.8 Mt f.v. (SK x 400) 

Ref:1) Y. Suzuki, hep-ex/0110005 (in 2001) 
       2) Y. Suzuki, in Proc. of Neutrino Oscillation 
 in Venice, Feb, 2006   

But this is shallow 
@100 m depth 
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Deep-TITAND 

85m 

105m 

Distance 
600 m 

Autonomous Underwater 
Vehicle (AOV) 

Tension Leg Platform (TLP) 
Laboratory, Office, Café, Power station,  
Water purification sys., Dormitory etc. 

85m 

85mx85mx105m=0.76Mt 
76x76x96m3=0.554Mt (fiducial) 
Inner surface: 44800 m2 

9 units  5.0 Mt (fid.)  
Placed at the depth of ~1000m 

Depth 
1000 m 
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Structure 

1
0

5
m

 OR 

Double Shell 
Structure 

In
si

d
e
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e
 

Semi-pressure vessel 
upto > 0.3 atm (in/out) 

Single Shell 
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Tension Leg Platform doe utilities 

Sea level 

Upper Deck 

Bottom of  
The sea  

> 
1

,0
0

0
 m

 

~ 20m 

Power Generator 
Desalination system  
Water purification system 
Research buildings 

Electronics & computer 
Dormitory 
Restaurant & Cafe 
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Where we can place the detector? 

Tidal current < 3 knot  
       ~ 5.6km/hour (1.5m/s) 

Kamioka 

Pressure from the tidal current on the wall:  

½*r*v2 = 0.12tonf/m2 

0.12x85x105 = 1071 ton per one wall 
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Construction periods 
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Total 3 years construction time: 

      very short 

But the manufacturing time for the 
light sensors is not included. 

1st yr 2nd yr 3rd yr 

Design 

Preparation 

Construction 

Installation 



Sensitivity 
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CP phase (800yrs SK = 4 yrs of 5Mton detector) 

 s22q12=0.825 

 s2q23=0.5 

 s2q13=0.006~0.04 

 dcp=0o~360o 

 Dm2
12=8.3x10-5 

 Dm2
23=2.5x10-3 

45o 135o 225o 315o 

sin2q13=0.04 

sin2q13=0.02 

sin2q13=0.006 

CP phase 
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n

2
q

1
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No  
degeneracy 
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For 5 Mton detector, CP phase could be determined, since we now 
know that q13 is large: sin2q13 ~ 0.025 



No strong q23 dependence for  
CP phase search 

We can also assume that 
the mass hierarchy will 
be determined by some 
other experiments 
before the time of the 
multi-megaton detector. 
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SK 800 yrs 90 C.L. 



Other science for 5 Mt detector 
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Supernova Rate 

• Galactic SN rate  
– Every 30 ~50 years in our 

Galaxy 
•  SN rate external Gal., 

Galactic 26Al abundance, 
Historical Gal. SN, …….., 

• Number of Galaxies 
– 23 within   5 Mpc 
– 45 within 10 Mpc 

 1 SN every 1~2 years (5~10Mpc) 

• There are Galaxies beyond     
2 Mpc where SNe have 
frequently happened 

 

 1 SN every year (within     
5 Mpc) is not bad estimate  

# of galaxies excluding elliptic ones 

0  1  2  3  4  5  6  7  8  9  1 0 
Mpc 

~23 ~45 

By 理科年表 

• NGC6946 (5.9 Mpc)  10 in 90yr 
1917A, 1939C, 1948B, 1968D, 1969P, 1980K, 
2002hh, 2004et  

•   M83  (4.3Mpc)     6 in 60yr 
1923A, 1945B, 1950B, 1957D, 1968L, 1983N 

• NGC2403 (3.3Mpc)     3 in 50yr 
1954J, 2002kg, 2004dj 
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Is it possible to detect SN neutrinos 
from the distance of 5Mpc 

• Yes! 

• SN1987A(50kpc): Extrapolation to 5Mpc & 5Mt 

 Kamiokande:  2.7 events 

 IMB:    6.0 events 

• Typical Simulation 5.2 events 

Expect ~5 events for 5Mt and 5Mpc distance 
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Trigger sensitivity to distant SNe 
Background: 

Most BG from single spallation ev. 
 accidental coincidence 
Select Eth > 18 MeV to remove 
spallation events 
BG free measurement 

No significance influence 

 signal loss:  
~20% at most 

Could detect SN almost every year 
Galactic SN (10kpc)         1.3M events 
            Neutronization B    2500 events 
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Proton Decay 

Lifetime in benchmark scenarios (Flipped SU(5)xU(1) 

J. Ellis, NNN05, April 7th, 2005 
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Prediction ? 

• nK, mK : strong model dependence 

• Prediction from Dimension 6 in 
SUSY GUT 
– Less model dependent 

– Reasonable range: 1035～1036 yr  for 
ep0 

   From coupling unification 

 Search up to ～1036 yr is quite 
important and 

add significant value to the multi-
megaton detector 

• Sensitivity for ep0 will guide the 
size of the experiment 



Sensitivity for pge+p0  

HK (0.5Mt):  10yrs 
 
~ 1035 yrs @90% C.L. 

Deep-TITAND(5 Mt):10 yrs 
 
~ 7 x 1035 yrs @90% C.L. 

Interested region 
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Sensitivity for pnK+ 

• Assume; 40% coverage:  

   Need more study for the 20% coverage 

HK (0.5Mt): 10yrs 
 ~ 2 x 1034 yrs @90% C.L. 

Deep-TITAND (5 Mt): 10 yrs 
~ 8 x 1034 yrs @90% C.L. 

Interested point 
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A multi-megaton detector 
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If we scale the 
development of the 
size of the past Water 
Cherenkov detectors, 
we may realize a multi-
megaton  detector 
around 2040. 

 

IMB line 

Kamiokande line 



END 
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CP phase (800yrs SK = 4 yrs of 5Mton detector) 

 s22q12=0.825 

 s2q23=0.5 

 s2q13=0.006~0.04 

 dcp=0o~360o 

 Dm2
12=8.3x10-5 

 Dm2
23=2.5x10-3 

45o 135o 225o 315o 

sin2q13=0.04 

sin2q13=0.02 

sin2q13=0.006 

CP phase 
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No  
degeneracy 
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For 5 Mton detector, CP phase could be determined, since we now 
know that q13 is large: sin2q13 ~ 0.025 



How do we realize the next-next 
generation detectors 

‘Maybe’ expensive 
• Need Good bread-and-butter science 

– Atmospheric Neutrinos 
– Serve as a movable far detector for LBLE at any 

distance, and can be added magnetic detector for 
neutrino factory 

– Supernova burst ! 

• Must have a Big Chance for a Discovery 
– Proton decay ! 
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Atmospheric Neutrino Flux Calculation 

Need knowledge of 
• Primary Cosmic Ray Flux (p, He,…) 

– Modulation by Solar Activity 
– Geomagnetic cut-off 

• Affect on low energy CR 
• A function of the location on the earth and arriving direction 

154 
  Atmospheric neutrinos  ‘Position’ and time dependent 

• Shielding effect of the 
magnetic field of the 
earth 

• Lowest energy of 
primary cosmic ray 
particles which enter 
the atmosphere.  
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Neutrino Interaction @~1 GeV 

and En reconstruction 
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 Charged Current Quasi-Elastic 

 ~100% efficiency for SK 

 En  (qm,pm) 

nm + n → m + p  

n 

m
- 

p 

(Em, pm) qm 

nm + N → m + N’ + p’s 

                            + X 

mmm

mm
n

q+




cospEm

2mEm
E

N

2
Nrec

nm + N → n + N + p’s 

Single p, 
Multi-p,  Deep Inelastic  

Coherent p0 

Neutral Current sigle p 

 CC non-QE 

~100% efficiency for SK 

Bkg.  for En measurement 

 NC  

~40% efficiency for SK 



Coherent Scattering 

• At 0.2 GeV coherent 
scattering saturates 
and QE interactions 
start to dominate 
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NC  Coherent 
n+16O→n+16O 

Quasi-elastic 



Anti-neutrinos 
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s(En)~50 MeV 

Parameters used in our simulation program:  
     MA(QE) = 1.11GeV/c2 

     MA(1p)   = 1.21 GeV/c2 

     Coherent p : Marteau et.al. 
     Multi-p: hep-ex/0203009 

Checked parameter dependence: 

Very small effect on 

      the oscillation analysis  

Neutrino Anti-neutrino 


