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Outline	

•  Recent	  results	  on	  Neutrino	  Oscilla8ons	  in	  
Super-‐Kamiokande	  
– Atmospheric	  neutrinos	  
– Long	  baseline	  experiment	  (T2K)	  
– Solar	  neutrino	  

•  Future	  prospects	  in	  Kamioka	  	  
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Introduc8on:	  Neutrino	  Oscilla8on	
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Probability	  that	  να	  is	  να	  	  aLer	  flight	  L:	  

2-‐flavor	  case:	

θ :	  mixing	  angle	  
L :	  flight	  distance	  
E :	  neutrino	  energy	  
mi :	  neutrino	  mass	

Flavor	  eigenstates	  are	  Mixture	  of	  the	  mass	  eigenstates	

2
1

2
2

2 mmm −=Δ :difference	  of	  squared	  mass	

)4(sin2sin1)( 222 ELmP Δ⋅−=→ θνν αα

Neutrino	  Oscilla8on	  is	  induced	  by	  mixing	  of	  states	  and	  finite	  masses	  



Neutrino	  flavors	  and	  mixing	  
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	   Solar	  ν,	  

Reactor	  ν	

Atmospheric	  ν,	  
Accelerator	  ν	  experiments	  
(K2K,	  MINOS,	  T2K..)	  

Reactor	  ν, 
Accelerator	  ν,	  
Atm.	  ν	


θ23	  ~	  45°	  
Δm2

23	  ~	  2.4x10-‐3(eV2)	
θ12	  ~	  34°	  
Δm2

12	  ~	  8x10-‐5(eV2)	
sin22θ13	  ~	  0.1	  

(Maki-‐Nakagawa-‐Sakata-‐Pontecorvo	  Matrix)	

P να →νβ( )
= δαβ − 4 ⋅ Re Uαi

*UβiUα jUβ j
*( )

i> j
∑ ⋅sin2Φij  ± 2 ⋅ Im Uαi

*UβiUα jUβ j
*( )

i> j
∑ ⋅sin2 2Φij

Φij = Δmij
2L / 4E

3	  oscilla8on	  scale、Oscilla8on	  amplitude	  induced	  by	  3	  mixing	  angle	  
Imaginary	  part	  can	  only	  accessed	  by	  appearance	  channel	  (α≠β)	



|Ue3|2

normal inverted

What	  is	  unknown	
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•  Neutrino	  Oscilla8on	  induced	  by	  the	  
difference	  of	  masses.	  Only	  we	  know	  is	  
that	  two	  different	  size	  of	  scale	  exists	  

àTwo	  hierarchy	  can	  exist	

Mass	  hierarchy	  	

CP	  viola8on	  (δcp)	  	

Study	  of	  neutrino	  oscilla8on	  	  in	  various	  channels	  can	  give	  
answer	  to	  these	  ques8ons	



Super-‐Kamiokande	  IV	  
•  Ring-‐imaging	  Water	  Cherenkov	  

Detector,	  located	  at	  Kamioka-‐Mine,	  
Gifu-‐pref.	  Japan	  
1km	  overburden	  	  
Cosmic	  ray	  reduces	  ~	  10-‐5	  at	  surface	  

•  22.5kton	  Fiducial	  Volume.	  
–  Inner	  Detector（ID）:11,129	  20inch	  PMT	  
–  Outer	  Detector(OD):1,885	  8inch	  PMT	  

•  SK-‐I	  had	  started	  1996.	  	  
•  SK-‐IV	  with	  dead8me-‐less	  DAQ	  :	  2008~	  

Feb.14	  2013	

39.3m 

41.4m Inner	  	  
Detector	  
(ID)	  

Outer	  
Detector	  
(OD)	  

• 	  4π acceptance,	  	  very	  efficient	  π0/e	  separa8on.	  
• 	  High	  Par8cle	  ID	  (µ/e)	  power	  (~99%	  at	  600MeV/c)	  
• 	  Good	  energy	  reconstruc8on.	  

~3.5	   ~20	  MeV	   GeV	   TeV	  

	  Atmospheric	  ν	  

~100	  
Proton	  	  
decay	  

6	

Indirect	  WIMPs	


Very	  wide	  Energy	  range,	  Mul8	  Physics	  targets:	

	  Accelerator	  based	  	  ν	  



Reconstruc8on	  of	  events	
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• Par8cle	  Iden8fica8on	  is	  a	  key	  
issue	  for	  neutrino	  flavor	  
oscilla8on.	  

• Pajern	  &	  opening	  angle	  of	  
Cherenkov	  cone	  are	  used	  

• Mis-‐ID	  probability	  ~	  1%	  (well	  
tested	  by	  atm.ν,	  cosmic	  µ)	

PMTs	

Charged	  	  
Par8cle	 Cherenkov	  

Photons	

• #	  of	  hit	  PMTs	  
• PMT	  hit	  8ming	  
•  Intensity	  of	  Photon	  
(P.E.s)	  

• Event	  vertex	  
• Direc8on	  of	  par8cle	  
• Par8cle	  species,	  
• Energy	

Par8cle	  Iden8fier	
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PMT	  signal	  8me	  (ns)	  

Data	

MC	  

Calibra8on	  of	  the	  detector	

8	

Real	  data	

MC	  	  
simula8on	

Detailed	  Calibra8on	  works	  has	  been	  done	  
intensively	  with	  in-‐situ	  &	  ex-‐situ	  sources:	  
(pulse	  laser,	  CRµ,	  electron	  LINAC,	  ..)	  
•  Timing	  response	  of	  PMTs	  
•  Gain	  of	  PMTs	  	  
•  Water	  transparency	  measurement	  
•  Detector	  Uniformity	  	  …	  

Full	  Monte	  Carlo	  (MC)	  simula8on	  has	  
been	  developed	  based	  on	  
measurements	  of	  fundamental	  
parameters	  &	  available	  models.	
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Well	  test	  the	  event	  	  reconstruc8on	  
performance	  
•  Vertex,	  direc8on	  
•  Par8cle	  iden8fica8on	  
•  Energy	  reconstruc8on,	  …	  



Stability	
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Key	  issue	  is	  a	  water	  quality.	

Convec'on(suppression(in(SK�
•  Very(precisely(temperature6controlled(
(±0.01oC)(water(is(supplied(to(the(boAom.(
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Water(system(

Purified(
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• Keep	  water	  quality	  by	  con8nuous	  purifica8on	  of	  
the	  water.	  

• Carefully	  control	  the	  flow	  inside	  Super-‐K	  
• Water	  transparency	  is	  con8nuously	  monitored	  and	  
taken	  into	  account	  in	  event	  reconstruc8on.	  

• 1%	  level	  stability	  of	  energy	  es8ma8on.	



Study	  of	  neutrino	  oscilla8on	  on	  atmospheric	  neutrinos	  
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Atmospheric	  neutrinos	
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＝	  Secondary	  cosmic	  rays	  produced	  in	  the	  atmosphere	

troposphere	

stratosphere	

Primary	  Cosmic	  ray	  
(proton,	  He,..)	

π,K,…	

µ	
νµ	

e	

νe	
νµ	

Density	  
(kg/m3)	 0.

5	

1.
0	  

1.
5	
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e	  
（
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)	  
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π ± → µ± +νµ (νµ )

          → e± +νe(νe )+νµ (νµ )

10	

0	

20	

30	 p	  +	  A	  à	  π’s,	  ….	  

Detailed	  calcula8ons	  has	  been	  carried	  out	  
•  Primary	  CR	  fluxes	  
•  p+A	  cross	  sec8on,	  π,K	  yields	  
•  Geomagne8c	  effect,	  	  are	  taken	  into	  account	  

corresponding to the neutrinos of 0.3–4 GeV.
For the wider energy region of primary cosmic rays, we

may examine the hadronic interaction model using the ob-
served muons at different altitudes and at sites with different
cutoff rigidities. Note that at ground level the muon fluxes
are available for a wider momentum range with good statis-
tics. We are preparing a paper !53" for such a study with the
muon fluxes observed by BESS !54–56", and so limit our-
selves here to comment that the muon flux observed by
BESS is reproduced with DPMJET-III with an accuracy of
#5 % for the muons in the ‘‘important’’ momentum range
from one to a few tens of GeV/c for most cases. At ground
level, the primary cosmic rays with energies from 20 to a few
100 GeV are responsible for the muons in this momentum
range, corresponding to neutrinos of 1–10 GeV. This study
was partly reported in Ref. !11".
We do not use the original package of the hadronic inter-

action code in the calculation of atmospheric neutrino fluxes.
We first carry out a computer experiment of the interaction of
all kinds of primary or secondary cosmic rays with air-
nuclei, using the original hadronic interaction code. Then,
the ‘‘data’’ are used to construct an inclusive interaction
code, which reproduces the multiplicities and energy spectra
of secondary particles of the original code. The inclusive
interaction code violates the conservation laws for energy-
momentum and other quantum numbers in a single interac-
tion, but they are restored statistically. Note that for the sec-
ondary particles whose lifetime is shorter than 10!9 sec we
record their decay products as the data. The experiment scans
the energy region from 0.2 to 106 GeV in kinetic energy, and
is repeated typically 1 000 000 times for each kind of projec-
tile and each injection energy.
For the energy distribution of secondary particles in the

interaction, we fit the original distribution of x, defined as
x$Ek

sec/Ek
pro j , with the combination of B-spline functions

for each kind of projectile particle, each injection energy, and
each kind of secondary. Then the inclusive code uses the
B-spline-fit to reproduce the energy distribution of the sec-
ondary particle with a good accuracy. For the scattering
angles, we calculate the average transverse momentum

(%p!&) for each kind of projectile, each injection energy,
each kind of secondary, and each secondary energy. In the
inclusive code, we sample the scattering angle (') with the
distribution function (exp(a•cos ')•d cos ', where a is deter-
mined so that %p!& is the same as the original interaction
model. The p!-distribution approaches (exp(!a!•p!

2 )
•p!dp! and a!")/(2%p !&)2 for p#1 GeV/c. Note, the in-
clusive code constructed for DPMJET-III reproduces not
only %p!& but also, approximately, the original
p!-distribution for p!$1 GeV/c. There is a longer tail in
the original p! distribution for larger p! . However, since the
number of secondary particles that have p!%1 GeV/c is
limited, they are not important in this study.
The constructed inclusive codes are typically #100 times

faster than the original package. The fast computation is very
important in the three-dimensional calculation of the flux of
atmospheric neutrinos, as well as the study of secondary cos-
mic rays. Note, however, the inclusive interaction code is
only valid for the calculation of a time averaged quantity,
such as the fluxes of atmospheric neutrinos and muons. The
situation is similar to the superposition model for the nuclear
cosmic rays.

IV. CALCULATION SCHEME

Except for the geomagnetic field model, the simulation
scheme is similar to the previous three-dimensional calcula-
tion !21" in which we assumed a dipole geomagnetic field. In
this calculation, we use the IGRF geomagnetic field model
!57" with the tenth-order expansion of spherical functions for
the year 2000. As the geomagnetic field changes very slowly,
the neutrino flux calculated for the year 2004 would not
show a noticeable difference. We use the US-standard 1976
!58" atmospheric model, as in the previous study. Note that
for a study of the seasonal variations of atmospheric neutrino
fluxes we need to use a more sophisticated and detailed at-
mospheric model !59".
We assume the surface of the Earth is a sphere with radius

of Re"6378.180 km. We also assume three more spheres:
the injection, simulation, and escape spheres. The radius of
the injection sphere is taken as Rin j"Re&100 km, the simu-
lation sphere as Rsim"Re&3000 km, and the escape sphere
as Resc"10'Re . The sizes of the injection sphere (Rin j)
and escape sphere (Resc) are the same as in the previous
study !21".
The cosmic rays are sampled on the injection sphere uni-

formly toward inward directions, following the given pri-
mary cosmic ray spectra. Before they are fed to the simula-
tion code for propagation in air, they are tested to determine
whether they can pass the rigidity cutoff, i.e., the geomag-
netic barrier. For a sampled cosmic ray, the ‘‘history’’ is ex-
amined by solving the equation of motion in the negative
time direction. When the cosmic ray reaches the escape
sphere without touching the injection sphere again in the
inverse direction of time, the cosmic ray can pass through the
magnetic barrier following the trajectory in the normal direc-
tion of time. In the one-dimensional calculation we normally
prepare a cutoff table for each neutrino detector site before-
hand, but it is practically impossible to construct such a table

FIG. 2. *Color online+ The quantity !Flux/Depth" averaged
over all the muon observation by BESS 2001 !52" at balloon alti-
tudes. The lines are the same quantities calculated by DPMJET-III
*solid line+, Fritiof 1.6 *dashed line+, Fritiof 7.02 *dotted line+, and
FLUKA 97 *dash-dot+.

NEW CALCULATION OF THE ATMOSPHERIC NEUTRINO . . . PHYSICAL REVIEW D 70, 043008 *2004+

043008-3

Cosmic	  Ray	  Muon	  flux	  (Data/Calcula8on)	

λ~40g/cm2	  for	  proton	  
àL~15km	
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νµ/νe	  ~	  2	  	  
@Eν<a	  few	  GeV	

L~13000km	

L~15km	

Up-‐down	  symmetric	  Eν	  >	  a	  few	  GeV	  
（Geomagne8c	  effects	  at	  low	  E)	  

νe	 νµ	

Atmospheric	  neutrinos	  (cont’d)	

L~100km	

where S!!d" ’ "!2
d is the ‘‘area’’ of the virtual detector,

and !r ’
!!!!!!!!!!!!!!!!!
!2
x # !2

y

q
. The integrations of terms proportional

to !x or !y in Eq. (1) vanish, and nonvanishing terms start

from the integrations of second order terms, #!2;0"$ !2
x #

#!1;1"$ !x!y ##!0;2"$ !2
y, resulting in the terms proportional

to !4
d. For a sufficiently small !d, !$!!d" is expressed as

 !$!!d" ’ !!0;0" #!!2"!4
d

S!!d"
$ !!0;0" #!!2

0"!2
d; (4)

where !!2
0" % !!2"!2

d=S!!d" ’ !!2"=". When we have the
neutrino fluxes calculated with two virtual detectors with
small enough radii !d and !d=2 for the same target, we
expect !$!!d" &!$!!d=2" ’ !!2

0" ' (!2
d & !!d=2"2), then

!$!0", the true flux value at the target detector, is given as

 !$!0" $ !!0;0" ’ !$!!d" & 4
3 ' (!$!!d" &!$!!d=2"):

(5)

As is seen in Fig. 1, the difference of the !$!10*" and
!$!5*" is almost constant for cos!z > 0, so it should be
sufficient to examine the assumption and procedure for
vertical down going directions. In the left panel of Fig. 2,
we plotted the total neutrino flux for the vertical down
going directions ( cos!z > 0:9) calculated with different
size of virtual detectors, !d $ 10*, 5*, and 2.5* for
Kamioka, Sudbury, and Gran Sasso with the HKKM04
calculation. In the right panel of Fig. 2, we depicted the
difference to the estimated true value with Eq. (5) in the
ratio. We may say the convergence of the calculated fluxes
to the ‘‘true value’’ agrees with the expectation of Eq. (4),
and we apply the Eq. (5) with !d $ 10* and 5* to the
atmospheric neutrino flux calculated in the 3-dimensional
scheme. Note, the error due to the finite size of virtual
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HONDA, KAJITA, KASAHARA, MIDORIKAWA, AND SANUKI PHYSICAL REVIEW D 75, 043006 (2007)

043006-4

Flux	  ~	  E-‐2.71	  at	  high	  energy	  
region,	  <10%	  uncertainty	  
@	  1GeV	  region	  	  

Event	  Topology	  in	  Super-‐K	

~100MeV	  –	  over	  TeV	  neutrinos	  are	  observed	

Fully	  Contained	  
(FC)	

Par8ally	  Contained	  
(PC)	

Upward	  	  
Stopping-‐mu	

Upward	  
Through-‐going	  mu	



Neutrino	  Interac8ons	
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•  Charged Current (CC) interactions	
ex.)  CC quasi-elastic scattering (CCQE)	

	 	νe  + n à  e-  + p	

	 	νµ  + n à  µ-  + p	
	

•  Neutral Current (NC) interactions	
ex.)  NC pion production via baryon 
resonance	

	 	ν + p à ν + Δ à ν + N + π	

		

Iden8fy	  the	  neutrino	  species	  by	  charged	  lepton	

10
-‐3
8	  
cm

2	

• Hadron	  produc8on	  channel	  cannot	  be	  
neglected	  above	  E~1GeV.	  

• We	  adopt	  a	  model,	  NEUT	  
•  Intensive	  work	  on	  modeling	  of	  the	  
interac8on	  are	  on-‐going	  based	  on	  
available	  modes	  &	  data	  (MiniBooNE,	  
electron	  scajering,	  etc.)	

Dominant	  interac8on	  at	  this	  energy	  range	  is	  
neutrino	  interac8ons	  on	  nucleons	Neutrino$Interac3ons�

Feb.14$2013$ 3$

•  ���!���
�$!!��#
����
��#�!��#���"�
�%��

��
 $�"�����"#��
"��##�!���
�������

� �ν�


�
!

��


��

� �νµ


�
!

µ�


��
�

•  ��$#!��
�$!!��#
����
��#�!��#���"�
�%��

��
���"#��
"��##�!����

� �ν�

�
!
ν�

��
� �νµ

�
!
νµ

��

�

νl�

d� u�

l.�

W�

νl�

q� q�

νl�
Z0�

Iden3fy$the$neutrino$species$by$charged$lepton�

10
.3
8$
cm

2�

E~1GeV��+.Hadron$
produc3on/�'��(�
	+),&�

Dominant$interac3on$is$neutrino$interac3on$on$
nucleons�



ecos 
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

Ev
en

ts
0

50

100

150

200

250
µZenith angle, Stopping 

SK-1+2+3+4 data (4206.3 days)
Monte Carlo, no oscillations
Monte Carlo, with oscillations

Background subtracted

µZenith angle, Stopping 

ecos 
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

Ev
en

ts

0

100

200

300

400

500

600

700

µZenith angle, Non-showering thru- 

SK-1+2+3+4 data (4206.3 days)
Monte Carlo, no oscillations
Monte Carlo, with oscillations

Background subtracted

µZenith angle, Non-showering thru- 

N
um

be
r o

f E
ve

nt
s

cos zenith cos zenith

SK-I+II+III+IV, 3903 Days

-1 0 1
0

500

1000

Sub-GeV e-like

-1 0 1
0

500

1000

-likeµSub-GeV 

Prediction

τν → µν
SK Data

-1 0 1
0

200

400

600

Multi-GeV e-like

-1 0 1
0

500

-like + PCµMulti-GeV 

Zenith	  Angle	  Distribu8ons	  in	  SK-‐IV	
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+	  	  SK-‐IV	  data	  
−	  MC	  w/o	  Osc.	  
−	  MC	  w/	  Osc.	

Up	  Through	  µ	

Up	  Stop	  µ	

preliminary	

cosΘ	cosΘ	 cosΘ	



How	  we	  extract	  neutrino	  oscilla8on	  parameters	  from	  
atmospheric	  neutrino	  data?	

15	
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FC	  1Ring	  µ-‐like,	  
	  (Evis>1.33GeV)	

cosΘ	

Δm2=0	

Δm2=2.4x10-‐3eV2	

Δm2=2.4x10-‐1eV2	

P(νµ →νµ ) =1− sin
2 2θ ⋅sin2 1.27 ⋅ Δm2 ⋅

L(km)
E(GeV )

%

&
'

(

)
*

Too	  small	  Δm2	  doesn’t	  
explain	  upward	  deficit	  

Probability	  will	  be	  
averaged	  to：	  

P(νµ →νµ )
→1− 1

2
sin2 2θ

Too	  large	  Δm2	  
doesn’t	  match	  with	  
downward	  data	  

Ev
t./
bi
n	

Feb.14	  2013	

A	  band	  of	  Δm2	  is	  
allowed	



Results	  (νµ-ντ 2	  flavor)	
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SK-‐I+II+III+IV	  (220kton)	  Zenith	  
angle	  dist.	  analysis,	  Preliminary	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  —	  90%	  	  	  -‐-‐-‐-‐	  68%	  CL	  
—	  SK-‐I+II+III	  L/E	  90%	  	  

—	  MINOS	  90%	  
—	  T2K	  90%	  

Results	  from	  Zenith	  analysis	  	  
Δm2	  =	  (2.3+0.16-‐0.23)×10-‐3eV2,	  
sin22θ	  >0.96	  

	Results	  from	  L/E	  analysis	  
Δm2	  =	  (2.19+9.14/-‐0.13)×10-‐3eV2,	  
sin22θ	  >	  0.96	  

	

P(νµ →νµ ) =1− sin
2 2θ23 ⋅sin

2 1.27 ⋅ Δm32
2 ⋅

L(km)
E(GeV )

%

&
'

(

)
*

•  Result	  is	  consistent	  with	  full	  
mixing.	  

•  Atmospheric	  neutrino	  
analyses	  shows	  8ghtest	  limit	  
on	  θ23.	  

•  Long	  baseline	  accelerator	  
based	  ν	  beam	  experiments	  
show	  good	  agreement	  with	  
atm.ν	  results.	



3-‐flavor	  neutrino	  oscilla8on	
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Ψ(νe )
Ψ0 (νe )

−1≅ P2 (r ⋅c23
2 −1) 

                 − r ⋅ s13 ⋅ c13
2 ⋅sin2ϑ 23(cosδCP ⋅R2 − sinδCP ⋅ I2 )

                 + 2 s13
2 (r ⋅ s23

2 −1)  resonance 13ϑ
 ceinterferen

LMA

2

Introduction
• Assuming sin22θ13 > 0.04 (as the global best fit results

suggests), aim of atmospheric neutrino studies in Hyper-K
are:

– Mass hierarchy determination (provided sin2θ23 > 0.4)

– To solve sin2θ23 octant degeneracy (θ23 > 45º or θ23 < 45º)

– To obtain complementary information on δCP

• Full 3-flavor analysis includes solar term, νe due to matter
effect and their interference:

! 

P2 • (r •cos
2"23 #1)

#r • sin"
~

13•cos
2"
~

23• sin2" 23•(cos$ •R2 # sin$ • I2)

+2sin
2"
~

13• (r • sin
2"23 #1)

! 

"(#
e
)

"
0
(#

e
)
$ solar term

θ13 resonance

interference

*By using statistically enhanced νe and anti-νe sample, this

resonance term would reveal the neutrino mass hierarchy

Ne/N0
e

Eν (GeV)

Solar term @ sub-GeV
θ13 resonance @ multi-GeV

interference @ sub- and multi-GeV

P2 = sin22θ12,M sin2(φm/2) where φm is the phase oscillation in matter

r = νµ/ νe flux ratio as a function of energy

R2 = -sin 2θ12,M cos 2θ12,M sin2(φm/2)

I2 = (-1/2) sin2θ12,Msinφm

! 

˜ " 
13
#"

13,M

p, He

Full	  3-‐flavor	  neutrino	  oscilla8on	  
probability	  includes	  terms	  driven	  by	  
θ12,	  θ13,	  and	  interference	  term.	  
CP	  viola8ng	  term,	  resonant	  effect	  
from	  mass	  effects	  exist.	  

•  Normal	  mass	  hierarchy	  
	  	  	  	  àresonance	  effect	  on	  νe	  	  
•  Inverted	  mass	  	  hierarchy	  
	  	  	  àresonance	  effect	  on	  an8-‐νe	  	  
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2020

SK1 + SK2 + SK3 + SK4 (Normal and Inverted hierarchy)
*fixed reactor θ13

Normal

hierarchy

Inverted

hierarchy

data

No osc

Multi-GeV 

multi-ring 
anti-νe like

Multi-GeV 1-ring
 anti-νe like

Multi-GeV 1-ring 
µ like

Multi-GeV 
multi-ring νe like

Sub-GeV elike 

0 dcye
Sub-GeV µ like 

0 dcye

Sub-GeV µ like 

1 dcye
Multi-GeV 
1-ring νe like

Multi-GeV 
multi-ring µ like

PC stop

PC thru Upmu stop
Upmu

 nonshowering

Upmu

showering

There is not much difference between normal and inverted

hierarchy zenith angle distributions

νe	  enriched	  sample/	  an8-‐νe	  enriched	  samples	  are	  used	  to	  increase	  sensi8vity.	
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Inverted hierarchy

Best fit 90% C.L.

Δm2
32 2.66 x 10-3 2.21 x 10-3 - 3.11 x 10-3 eV2

sin2θ23 0.575 0.388 - 0.630

δCP 260° All allowed at 90% C.L.

! 

"m32

2
= 2.66 ±0.23

0.17
#10

$3
eV

2
(1%)

 χ2
min = 555.5 / 477 dof

90% C.L.

99% C.L.

68% C.L.

90% C.L.

99% C.L.

68% C.L.

90% C.L.

68% C.L.
90% C.L.

99% C.L.

68% C.L.

*θ13 free

*sin2θ13 fixed to be 0.025 (reactor)

Free θ13

Fixed reactor θ13sin2θ13 0.006 0 - 0.0944

Mass	  hierarchy	

Feb.14	  2013	
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• Inverted	  hierarchy	  

No	  siginificant	  difference	  between	  normal	  and	  inverted	  hierarchy	

Normal	  hierarchy	  (NH):χ2min=	  556.7/477dof	  
Inverted	  hierarchy	  (IH):χ2min=	  555.5/477dof	  
	  	  	  	  	  	  à	  	  ∆χ2	  =	  1.2	  

2121

Normal hierarchy

Best fit 90% C.L

Δm2
32 2.66 x 10-3 2.11 x 10-3 - 3.09 x 10-3 eV2

sin2θ23 0.425 0.380 - 0.628

δCP 300° All allowed at 90% C.L.

! 

"m32

2
= 2.66 ±0.40

0.15
#10

$3
eV

2
(1%)

χ2
min = 556.7 / 477 dof

90% C.L.

99% C.L.

68% C.L.

90% C.L.

99% C.L.

68% C.L.

90% C.L.

68% C.L.
90% C.L.

99% C.L.

68% C.L.

∗θ13 free

Free θ13

Fixed reactor θ13

*sin2θ13 fixed to be 0.025 (reactor)

sin2θ13 0.003 0 - 0.0655

• 	  Normal	  hierarchy	  

Normal hierarchy Inverted hierarchy

T13 = free
T13 = fixed
( sin2T13 =0.025 )

T13 = free
T13 = fixed
( sin2T13 =0.025 )

Three flavor oscillation analysis using atmospheric Q
in SK
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Sensi8vity	  to	  mass	  hierarchy:	  
Zenith	  angle	  distribu8ons	  for	  Ne/N0

e	  

sin2θ23	  =	  0.4	  
sin2θ23	  =	  0.5	  
sin2θ23	  =	  0.6	  

Inverted	  

Normal	  

Mul8-‐GeV	  νe-‐like	   Mul8-‐GeV	  an8-‐νe-‐like	  

Larger	  upward	  νe	  appearance	  in	  normal	  hierarchy	  case	  

Error	  bars	  =	  Hyper-‐K	  10	  year	  exposure~250	  SK	  
year(!)	  exposure	

Three flavor oscillation analysis using atmospheric Q
in SKQe /CQe difference is expected to be visible

in a few ~ 10 GeV region
䊻 Dominant interaction : Deep inelastic scattering

Qe e-

Hadrons
S
S
N’

p/n

Observables Qe CC CQe CC
Energy fraction of 
the most energetic ring 

Smaller Larger

Number of rings More Fewer

Transverse momentum Larger Smaller
# of decay electrons More Fewer

Use cross-section difference
( energy transfer dependence )

between Q
 

andCQ.

Purity of selected samples 59% 32%

A	  separa8on	  of	  
neutrino	  and	  expected	  
to	  help	  to	  see	  mass	  
hierarchy.	

current	  enrich	  technique	

Three flavor oscillation analysis using atmospheric Q
in SKQe /CQe difference is expected to be visible

in a few ~ 10 GeV region
䊻 Dominant interaction : Deep inelastic scattering

Qe e-

Hadrons
S
S
N’

p/n

Observables Qe CC CQe CC
Energy fraction of 
the most energetic ring 

Smaller Larger

Number of rings More Fewer

Transverse momentum Larger Smaller
# of decay electrons More Fewer

Use cross-section difference
( energy transfer dependence )

between Q
 

andCQ.

Purity of selected samples 59% 32%
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T2K	  experiment	  :	  	  
Beam	  neutrino	  based	  	  

long	  baseline	  neutrino	  oscilla8on	  
experiment	



T2K	  (Tokai	  to	  Kamioka)	  Long	  Baseline	  Neutrino	  
Oscilla8on	  Experiment	  

Feb.14	  2013	 22	  

295km	  

First	  Long	  baseline	  experiment	  with	  Intensive	  off-‐axis	  neutrino	  beam	

•  Discovery	  of	  νµ	  à	  νe	  appearance	
Physics	  Goals:	

•  Precise	  measurement	  of	  νµ	  disappearance	

750kW(design)	

JPARC	

Super-‐Kamiokande	

δ(Δm2
23)~1x10-‐4	  eV2	  ,	  δ(sin2	  2θ23)~0.01	  

Near	  Neutrino	  	  
Detectors	  at	  JPARC	   T2K$ν$beam�

•  Pseudo.monochroma3c	
neutrino$beam$

Feb.14$2013� ��

OA3°$

OA0°$
OA2°$OA2.5°$

Oscilla3on$Probability$
@$L=295km$
Δm2=2.5×10-3,!
         3.0×10-3[eV2]!

Off Axis = 2.5° is selected. 
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•  �
������Charged$
Current$(CC)$Quasi.elas3c$$(Q.E.)$
scaRering�����$

 νµ$(νe )$+$n$!$µ(e)$+$p�

•  Quasi-‐monochroma8c	  nm	  beam	  
•  Fast	  extrac8on	  of	  protons	  à	  pulsed	  ν	  beam	  à	  8ming	  
based	  ν	  event	  selec8on	  

•  Precise	  measurement	  of	  ν	  beam	  at	  near	  site	  (ND280)	  



Experimental	  Setup:	  
J-‐PARC	  Accelerator	  and	  Experimental	  Facility	  
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•  30GeV	  Proton	  synchrotron	  
•  6	  bunch	  (before	  Autumn	  2010)	  	  
•  8	  bunch	  (2010	  Autumn	  -‐)	  

Fast	  Extrac8on	  	  
à	  pulsed	  neutrino	  beam	

•  581ns	  	  interval	  
•  ~	  0.3	  Hz	  repe88on	  rate	  
•  Construc8on	  finished	  2008	  JFY	  

Experimental,Setup:,
J1PARC,Accelerator,and,Experimental,Facility,

Feb.14,2013� ��

•  30GeV,Proton,synchrotron,
•  6,bunch,(before,Autumn,2010),,
•  8,bunch,(2010,Autumn,1),

Fast,ExtracKon,!,neutrino,pulse,beam�

•  581ns,,interval,
•  ~,0.3,Hz,repeKKon,rate,
•  ConstrucKon,finished,2008,JFY,

De
liv
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ed

	  #
	  o
f	  p

ro
to
ns

	

pr
ot
on

s	  p
er
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•  Accelerator	  facility,	  beam	  
monitors,	  neutrino	  
detectors	  are	  stably	  running	  

•  Now	  we	  accumulate	  up	  to	  
3.0E20	  P.O.T.	



How	  to	  select	  T2K	  beam	  neutrino	  event	  	  
at	  Super-‐Kamiokande	

•  Select	  PMT	  signals	  in	  a	  interval	  (1ms)	  at	  expected	  arrival	  8me	  of	  beam	  
neutrinos.	
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Observed	  SK	  event	  8ming	  
(rela8ve	  to	  beam	  arrival	  8me)	

Signal timing [ns]
0 2000 4000 6000 8000 10000

C
lu

st
er

s 
/ 1

0 
ns

0

200

400

600

800

1000

1200
Timing distributionTiming distribution

Observed	  ND280	  event	  
8ming	  

(rela8ve	  to	  beam	  8me)	
Accelerator	  issues	  
8me	  stamp	  to	  ND280,	  
and	  to	  Super-‐K	  
delivered	  via	  Network	



Analysis	  Schemes	
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Modified	  Model	  parameter	  
+	  uncertain8es	

Neutrino	  Data	 ν	  Oscilla8on	  parameter	  es8ma8on	

Feb.14	  2013	



νe	  appearance	  
	  (νµàνe	  oscilla8on)	  
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νe	  event	  selec8on	  at	  Super-‐Kamiokande	

•  T2K	  beam	  8ming	  &	  Fully-‐contained	  （FC）	  
•  in	  fiducial	  volume（FV）	  

ü  Reject	  events	  induced	  outside	  of	  ID	  
ü  Keep	  performance	  of	  event	  reconstruc8on	  

•  1	  Cherenkov	  ring,	  electron-‐like	  

•  Visible	  Energy	  >100MeV	  
ü  Reduce	  NC	  background,	  decay-‐electrons	  

•  No	  delayed	  electron	  signals	  	  
•  Remaining	  p0	  rejec8on	  with	  special	  algorithm.	  	  
•  Reconstructed	  n	  energy	  <	  1250MeV	
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FV

OD

ID

CCQE	  νe	  interac8on	  enriched	  sample	  
are	  selected	  to	  find	  νµàνe	  signal	

!  Signals&
Single&electron&event&by&CC&interac=on&of&νe&oscillated&from&νµ'
#  Mainly&CCQE&:&&&νe&+&n&"&eQ&+&p&
#  Protons&mostly&have&momenta&

below&Cherenkov&threshold&

!  Backgrounds&
(1)  intrinsic&νe&in&the&beam&(from&µ,&K&decays)&
(2)  NC&single&π0&events&

$  overlap&of&2&γ&rings&
$  asymmetric&decay&

(one&of&the&γ&has&very&low&energy)�

Signal&and&BG&for&T2K&νe&appearance&search�

���

Selec8on	  Criteria:	!  Signals&
Single&electron&event&by&CC&interac=on&of&νe&oscillated&from&νµ'
#  Mainly&CCQE&:&&&νe&+&n&"&eQ&+&p&
#  Protons&mostly&have&momenta&

below&Cherenkov&threshold&

!  Backgrounds&
(1)  intrinsic&νe&in&the&beam&(from&µ,&K&decays)&
(2)  NC&single&π0&events&

$  overlap&of&2&γ&rings&
$  asymmetric&decay&

(one&of&the&γ&has&very&low&energy)�

Signal&and&BG&for&T2K&νe&appearance&search�

���

Signal	  :	  CC	  interac8on	  of	  νe	

Backgrounds	

(1)	  intrinsic	  νe	
(2)	  NC	  π0	  produc8on	  	



νe	  candidates	  (3.0×1020P.O.T.	  data)	
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11	  events	  are	  observed	  
(expected	  B.G.:	  3.22	  ±	  0.43	  events)	  

 energy (MeV)iReconstructed 
0 1000 2000 3000
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0

2

4

6

RUN1-3 data
)POT2010×(3.010 

 CCeiOsc. 
 CCµi+µi
 CCei+ei

NC
=0.1)13e22(MC w/ sin

High	  background	  rejec8on	  power.	  
Rejec8ng	  

v  99.9% νµCC	  	  
v  77%	  beam	  νeCC	  	  
v  99%	  NC	  	  

High	  Efficiency 	  	  
v  νeCC	  66%	  are	  remained	  

νe	  candidate	  events	



Significance	  of	  the	  observa8on	
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 candidate eventseiNumber of 
0 5 10 15

Pr
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ty

-610

-510

-410

-310

-210

-110

1

% 11) = 0.08*Prob(N

11	  events	

0.08%	

Number	  of	  νe	  candidate	  events	  
over	  1x108	  toy	  MCs	  w/	  θ13=0	

	
νe	  candidate	  events	  (3.01x1020	  p.o.t.)	  :	  
	  	  	  	  	  	  	  Observed	  :	  	  11	  events	  
	  	  	  	  	  	  	  Expected	  w/	  sin2	  2θ13=0	  :	  	  3.22	  ±	  0.43	  events	  

	  
Probability	  that	  11events	  observed	  
for	  sin2	  2θ13=0	  ＝ 0.08%.	  
	  

	  à	  3.2σ	  significance	  
	  
Evidence	  of	  νe	  appearance	  !	  
	

Prelim
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Normal hierarchy
2eV-310× = 2.432

2m6
 = 1.023e22 sin

Best fit
68% CL
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T2K(2011) 90% CL
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Inverted hierarchy
2eV-310× = -2.432
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T2K Run 1+2+3
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Results	  
(with	  spectrum)	

30	 Reconstructed neutrino energy (MeV)
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T2K Run 1+2+3 data
Best fit spectrum
Background component

	  

Best	  fit	  with	  1σ	  errors	  
	  

	  	  	  	  	  Normal	  hierarchy	  
	  
	  
	  	  	  	  	  Inverted	  hierarchy	  
	  
	  
	  

for	  δCP=0,	  sin2	  θ23=0.5	  

Prelim
inary
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Breakthrough	  of	  non-‐zero	  θ13	  search	  
(2011~)	

•  In	  2011	  June,	  T2K	  reported	  the	  first	  indica8on	  of	  θ13≠0	  	  (2.5σ)using	  the	  data	  
before	  the	  earthquake.	  

	  

31	

PRL	  107,	  041801	  (2011)	

Δm2
32>0	  

	  
sin2θ23=0.5	

0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.3	  
sin22θ13	

2.5σ	

1.7σ	

~2σ	

5.2σ	

4.9σ	

1σ	  confidence	  intervals	  (before	  Neutrino2012)	

•  A	  solid	  confirma8on	  of	  θ13≠0	  	  	  
had	  been	  given	  by	  reactor	  
neutrino	  experiments.	  

	  



νµ	  disappearance	  	  
(νµ àνx	  oscilla8on)	
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RUN1-3 data
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 CC QEµi+µi
 CC non-QEµi+µi
 CCei+ei

NC
(MC w/ 2-flavor osc.)

No oscillation

•  Analysis	  with	  Run	  1+2+3	  (3.01E20POT)	  is	  on	  going.	  
•  Run	  1+2	  (1.43E20POT)	  was	  published.	  	  

CCQE	  νµ	  interac8on	  enriched	  sample	  are	  selected	  to	  see	  the	  
energy	  spectrum	  skew	  of	  νµ	
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Super-‐K	  with	  Gd	  doped	  Water	  
(GADZOOKS!)	  	

an8-‐νe	  can	  be	  iden8fied	  by	  the	  delayed	  coincidence	  technique	

Technical	  R&D	  
with	  200ton	  
water	  tank	  is	  on	  
going	  in	  Kamioka	

Kamioka	  3rd	  Genera8on	  	  	  
1Mt	  Water	  Cherenkov	  Detector	  
	  	  	  (Hyper-‐Kamiokande	  Project)	  	

SK	  x	  25	

Please	  find	  &	  visit	  Web	  page	  
Regularly	  open	  mee8ngs	  are	  
held	



Summary	
•  Super-‐Kamiokande	  is	  world-‐wide	  largest	  Water	  Cherenkov	  

detector.	  Mul8	  physics	  targets	  are	  covered.	  
•  Neutrino	  oscilla8on	  is	  discovered	  in	  1996,	  and	  aLer	  next	  

decade,	  the	  situa8on	  dras8cally	  progressed.	  
•  We	  now	  know	  non-‐zero	  3	  mixing	  angles,	  and	  two	  mass	  

differences.	  Mass	  hierarchy,	  CP	  viola8on.	  
•  Atmospheric	  neutrino	  s8ll	  gives	  stringent	  limit	  on	  θ23.	  Can	  

access	  to	  mass	  hierarchy	  with	  majer	  effect	  in	  the	  Earth.	  
S8ll	  need	  improved	  analyses	  and	  improved	  sta8s8cs.	  

•  T2K	  experiment	  now	  have	  evidence	  of	  νe	  appearance	  with	  
3.2σ significance.	  Appearance	  opens	  a	  channel	  to	  CP	  
phase,	  and	  establish	  of	  the	  appearance	  channel	  is	  very	  
important	  to	  next	  neutrino	  physics.	  
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Other	  studies	  in	  T2K	
	  

•  Cross	  sec8on	  measurements	  
–  Preliminary	  results	  from	  the	  
flux	  averaged	  νµCC	  inclusive	  
cross	  sec8on	  measurement	  

•  Nuclear	  g-‐rays	  from	  de-‐excita8on	  of	  residual	  nuclei	  
(15O,	  16N,..)	  induced	  by	  Neutral	  Current	  scajering	  of	  ν.	


•  Sterile	  neutrino	  search	  at	  T2K	  using	  NC	  nuclear	  de-‐
excita8on	  γ-‐rays	  
–  Preliminary	  results	  w/	  Run1+2	  data	  

35	
and	  more	  …	

ex.)	  ν+16O	  à	  ν+p+15O*	  à	  γ(6MeV) +	  residuals.	

Feb.14	  2013	


