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Neutrino	
  Mixing	
  

•  θ13	
  is	
  now	
  precisely	
  known,	
  and	
  rela;vely	
  large	
  

•  It	
  may	
  now	
  be	
  possible	
  to	
  put	
  constraints	
  on	
  δCP	
  
(Long-­‐baseline	
  experiments	
  only:	
  T2K	
  &	
  NOνA)	
  

•  However,	
  the	
  large	
  uncertainty	
  on	
  θ23	
  is	
  now	
  
limi;ng	
  the	
  informa;on	
  that	
  can	
  be	
  extracted	
  
from	
  νe	
  appearance	
  measurements	
  

•  Precise	
  measurements	
  of	
  all	
  the	
  mixing	
  angles	
  will	
  
be	
  needed	
  to	
  maximize	
  sensi;vity	
  to	
  CP	
  viola;on	
  

Note:	
  	
  cij	
  =	
  cos(θij),	
  sij	
  =	
  sin(θij)	
  

“Atmospheric	
  ν”	
  
sin22θ23	
  >	
  0.95	
  (90%	
  C.L.)	
  

“Solar	
  ν”	
  
sin22θ12	
  =	
  0.857±0.024	
  

“Reactor/Acc.	
  ν”	
  
sin22θ13	
  =	
  0.098±0.013	
  

Majorana	
  phases;	
  
Not	
  yet	
  observed	
  

Flavor	
  States	
   Mass	
  States	
  

Oscilla=on	
  Prob.	
  

+	
  (CPV	
  term)	
  +	
  (maeer	
  term)	
  +	
  ...	
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+	
  (subleading	
  terms)	
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The	
  T2K	
  Collabora;on	
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The	
  T2K	
  Experiment	
  

•  The	
  T2K	
  experiment	
  searches	
  for	
  neutrino	
  oscilla;ons	
  
in	
  a	
  high	
  purity	
  νμ	
  beam	
  

•  A	
  near	
  detector	
  located	
  280	
  m	
  downstream	
  of	
  the	
  
target	
  measures	
  the	
  unoscillated	
  neutrino	
  spectrum	
  

•  The	
  neutrinos	
  travel	
  295	
  km	
  to	
  the	
  Super-­‐Kamiokande	
  
water	
  Cherenkov	
  detector	
  

–  νe	
  appearance	
  (sensi;ve	
  to	
  θ13	
  &	
  δCP)	
  

–  νμ	
  disappearance	
  (sensi;ve	
  to	
  θ23	
  &	
  Δm232)	
  

295	
  km	
  

Super-­‐K	
  Detector	
   J-­‐PARC	
  Accelerator	
  

Near	
  Detector	
  

ν	
  

30	
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Run 1	


Run 2	

 Run 3	

 Run 4	



used	
  for	
  νe	
  appearance	
  analysis	
  

Reached 1.2 x 1014 protons per pulse!
Beam power routinely 220kW!

•  Total	
  delivered	
  beam:	
  6.63x1020	
  Protons	
  on	
  Target	
  (POT)	
  

•  νμ→νe	
  analysis	
  uses	
  96.3%	
  of	
  Run	
  1-­‐4	
  data	
  (through	
  Apr	
  12,	
  2013)	
  
•  νμ→νe	
  analysis	
  uses	
  Run	
  1-­‐3	
  data	
  (3.01x1020	
  POT)	
  

Datasets	
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used	
  for	
  νμ	
  disappearance	
  analysis	
  



T2K	
  Beamline	
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Flux	
  Predic;on	
  
•  Proton	
  beam	
  monitoring	
  

–  Profile	
  on	
  target	
  from	
  SEMs,	
  OTR	
  
–  Intensity	
  from	
  beam	
  toroid	
  

•  Hadroproduc;on	
  	
  
measurements,	
  notably	
  CERN-­‐NA61	
  	
  
thin	
  carbon	
  target	
  data	
  
–  Replica	
  T2K	
  “thick”	
  target	
  (1.9λ0)	
  
data	
  in	
  hand,	
  and	
  being	
  analyzed	
  

•  Alignment	
  of	
  and	
  current	
  in	
  horns	
  
•  The	
  direc;on	
  of	
  the	
  neutrino	
  beam	
  

–  1	
  mrad	
  change	
  of	
  ν	
  beam	
  direc;on	
  
results	
  in	
  ~16	
  MeV	
  change	
  of	
  the	
  peak	
  
neutrino	
  energy	
  in	
  the	
  observed	
  rate	
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Super-­‐K	
  

p	
   π	
   µ	
  
ν	
   INGRID	
  

2.5° off-axis	
  



Beam	
  Stability	
  

•  Neutrino	
  rate	
  per	
  POT	
  stable	
  to	
  0.7%	
  over	
  run	
  period	
  
•  Recall:	
  1	
  mrad	
  in	
  beam	
  direc;on	
  is	
  16	
  MeV	
  in	
  peak	
  Eν	
  
•  Dataset	
  includes	
  0.21x	
  1020	
  p.o.t.	
  with	
  250→205kA	
  horn	
  

opera;on	
  (13%	
  flux	
  reduc;on	
  at	
  peak)	
  in	
  Run3	
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Stability of ν interaction rate normalized by # of protons (INGRID)"

Stability of ν beam direction (INGRID)"



Flux	
  and	
  Uncertain;es	
  

•  A	
  priori	
  predic;on	
  of	
  flux	
  at	
  Super-­‐K	
  has	
  
10-­‐15%	
  uncertain;es	
  from	
  0.1	
  to	
  5	
  GeV	
  

•  Off-­‐axis	
  near	
  (ND280)	
  and	
  Far	
  (Super-­‐K)	
  
fluxes	
  are	
  not	
  iden;cal,	
  but	
  highly	
  correlated	
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Far detector !
(Super-K) flux"

Far detector !
#$ uncertainty "

overlaid plot"

Near detector !
flux"

overlaid plot"



ND280:	
  Off-­‐axis	
  Detectors	
  
●  Suite of tracking calorimeters 

and gas TPCs embedded in a 
0.2T magnetic field 

●  Targets of both active 
polystyrene (CH) scintillator and 
passive water 

●  Muon, electron, proton and 
neutral and charged pion 
reconstruction capabilities 
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Charged-current single 
charged pion candidate 
●  Muon and pion 

identified by dE/dx in 
TPC gas 

●  Momentum from 
curvature in field 



Near	
  Detector	
  Samples	
  for	
  Oscilla;on	
  
Analyses	
  

•  Off-­‐axis	
  near	
  detectors	
  constrains	
  flux	
  and	
  cross-­‐sec;ons.	
  	
  	
  
•  Exclusive	
  samples	
  based	
  on	
  #	
  of	
  final	
  state	
  charged	
  pions	
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•  Muon	
  selec;on:	
  highest	
  
momentum	
  nega;ve	
  track	
  
in	
  TPC	
  from	
  FGD1	
  
(scin;llator)	
  target	
  

•  Pion	
  selec;on	
  depends	
  on	
  
detector	
  

•  If	
  pion	
  tracked	
  in	
  TPC,	
  ID	
  by	
  
dE/dx	
  in	
  the	
  TPC	
  gas	
  

TPC	
  2	
   TPC	
  3	
  FGD	
  1	
   FGD	
  2	
  



Near	
  Detector	
  Samples	
  for	
  Oscilla;on	
  
Analyses	
  

•  Off-­‐axis	
  near	
  detectors	
  constrains	
  flux	
  and	
  cross-­‐sec;ons.	
  	
  	
  
•  Exclusive	
  samples	
  based	
  on	
  #	
  of	
  final	
  state	
  charged	
  pions	
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•  Muon	
  selec;on:	
  highest	
  
momentum	
  nega;ve	
  track	
  
in	
  TPC	
  from	
  FGD1	
  
(scin;llator)	
  target	
  

•  Pion	
  selec;on	
  depends	
  on	
  
detector	
  

•  FGD-­‐contained	
  pions	
  
iden;fied	
  by	
  dE/dx	
  	
  

•  Reconstruc;on	
  less	
  
efficient	
  than	
  TPC	
  

•  Tag	
  at	
  most	
  1	
  FGD	
  pion	
  

TPC	
  2	
   TPC	
  3	
  FGD	
  1	
   FGD	
  2	
  



Near	
  Detector	
  Samples	
  for	
  Oscilla;on	
  
Analyses	
  

•  Off-­‐axis	
  near	
  detectors	
  constrains	
  flux	
  and	
  cross-­‐sec;ons.	
  	
  	
  
•  Exclusive	
  samples	
  based	
  on	
  #	
  of	
  final	
  state	
  charged	
  pions	
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•  Muon	
  selec;on:	
  highest	
  
momentum	
  nega;ve	
  track	
  
in	
  TPC	
  from	
  FGD1	
  
(scin;llator)	
  target	
  

•  Pion	
  selec;on	
  depends	
  on	
  
detector	
  

•  Untracked	
  pions	
  may	
  be	
  
tagged	
  by	
  Michel	
  e-­‐	
  

TPC	
  2	
   TPC	
  3	
  FGD	
  1	
   FGD	
  2	
  

μ-­‐	
  

π+	
  

(delayed	
  charge)	
  



ND280	
  Event	
  Categories	
  

•  Charged	
  current	
  (CC)	
  with	
  0π	
  	
  	
  	
  	
  

•  CC	
  1π+	
  

•  CC	
  Other	
  (≥1π-­‐	
  or	
  π0	
  ,or	
  >1	
  π+)	
  
–  π0	
  candidates	
  have	
  iden;fied	
  	
  
electrons	
  in	
  the	
  TPC	
  

•  Disappearance	
  analysis	
  joins	
  	
  
CC	
  1π+	
  and	
  CC	
  other	
  together	
  

14	
  



True	
  iden;fica;on	
  
of	
  interac;on	
  

	
  CC0π	
  
	
  sample	
  

	
  CC1π	
  
	
  sample	
  

	
  CCother	
  
	
  sample	
  

CC0π	
   72.6%	
   6.4%	
   5.8%	
  

CC1π	
   8.6%	
   49.4%	
   7.8%	
  

CCother	
   11.4%	
   31%	
   73.8%	
  

Bkg(NC+an;-­‐nu)	
   2.3%	
   6.8%	
   8.7%	
  

Out	
  of	
  FGD1	
  Fid	
  Vol	
   5.1%	
   6.5%	
   3.9%	
  

CC0π	
   CC1π+	
  

CCother	
  

Muon	
  Momentum	
  in	
  ND280	
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Super-­‐K	
  (Far)	
  Detector	
  
●  50 kton (22.5 kton fiducial volume) 

water cerenkov detector 
●  ~11,000 20'' PMT for inner detector 

(ID) (40% photo coverage) 
●  ~2,000 outward facing 8'' PMT for 

outer detector (OD): veto cosmics, 
radioactivity, exiting events 

●  Good reconstruction for T2K energy 
range 
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ID 
OD 

Cerenkov light produces a ring 
detected by the PMTs 



Par;cle	
  Iden;fica;on	
  at	
  SK	
  
•  Muon	
  scaeering	
  

is	
  minimal	
  
•  Rings	
  with	
  sharp	
  

edges	
  

•  	
  γ	
  from	
  π0	
  decays	
  
shower	
  and	
  look	
  
like	
  electrons	
  

•  Mul;ple	
  fuzzy	
  
rings	
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MC MC MC 

•  Electromagne;c	
  
shower	
  

•  Rings	
  are	
  “fuzzy”	
  



Improved	
  Super-­‐K	
  Reconstruc;on	
  
Algorithm	
  

•  Each	
  hit	
  PMT	
  gives	
  charge	
  and	
  ;me	
  informa;on	
  
•  For	
  a	
  given	
  event	
  topology	
  hypothesis,	
  it	
  is	
  possible	
  to	
  

produce	
  a	
  charge	
  and	
  ;me	
  PDF	
  for	
  each	
  PMT	
  
–  Based	
  on	
  MiniBooNE	
  likelihood	
  model	
  (NIM	
  A608,	
  206	
  (2009))	
  	
  

•  Event	
  hypotheses	
  are	
  dis;nguished	
  by	
  best-­‐fit	
  
likelihoods,	
  e.g.,	
  electron	
  vs	
  muon	
  or	
  π0	
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Light 
Yield 

Integral over 
track length 

PMT solid 
angle 

Water 
attenuation 

PMT 
angular 
response 

electron	
  

s	
  (
cm

)	
  

cos	
  θ	
  

Cerenkov light 
emission profile 

muon	
  



Reconstructed  
μ “Vertex”

Accuracy


μ Momentum/Range

(~1 m < Range < 5 m)


~0.7 GeV/c 


Decay-e  
Momentum


μ vertex


pμ

Decay-e  
Vertex


Δθ 

Δθ (°) 

Minimum  
angular  
binning


ΔMean < 2.4%


ΔMean < 2.4%


ΔMean < 5 cm


Valida;on	
  of	
  new	
  algorithm	
  	
  
with	
  Stopping	
  μ	
  in	
  Super-­‐Kamiokande	
  

•  Data/MC	
  agreement	
  within	
  systema;c	
  uncertain;es	
  
19	
  



Enhanced	
  π0	
  Rejec;on	
  
•  New	
  reconstruc;on	
  algorithm	
  

can	
  use	
  mass	
  of	
  the	
  π0	
  
hypothesis	
  and	
  best-­‐fit	
  
likelihood	
  ra;o	
  of	
  e-­‐	
  and	
  π0	
  

•  Cut	
  removes	
  70%	
  more	
  π0	
  
background	
  than	
  previous§	
  
method	
  for	
  a	
  2%	
  added	
  loss	
  of	
  
signal	
  efficiency	
  

Background	
  
νμ	
  π0+X	
  

Signal	
  
νe	
  CCQE	
  

Likelihood	
  Ra;o	
  vs	
  π0	
  Mass	
  

cut	
  

cut	
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§	
  Previous	
  approach	
  (old	
  reconstruc4on	
  algorithm	
  
and	
  old	
  selec4on	
  method)	
  forced	
  the	
  
reconstruc4on	
  to	
  find	
  two	
  rings	
  and	
  then	
  formed	
  
a	
  π0	
  mass	
  under	
  the	
  two-­‐photon	
  hypothesis	
  



NEUTRINO	
  OSCILLATION	
  ANALYSIS	
  
TECHNIQUE	
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Inference	
  for	
  far	
  detector	
  
Our	
  MC	
  is	
  based	
  on	
  the	
  ν	
  flux	
  and	
  cross	
  sec;on	
  predic;ons	
  from	
  
external	
  data	
  and	
  models.	
  We	
  further	
  constrain	
  those	
  
predic;ons	
  by	
  the	
  near	
  detector	
  measurement.	
  

ν	
  flux	
   ν	
  cross	
  sec;on	
  

Inference	
  for	
  
	
  far	
  detector	
  	
  
(Super-­‐K)	
  

Near	
  detector	
  constraints	
  
(except	
  for	
  Near-­‐Far	
  
uncorrelated	
  parameters)	
  

FLUKA	
  +	
  external	
  
	
  π,	
  K	
  produc;on	
  
measurement	
  (CERN	
  NA61)	
  

NEUT	
  +	
  uncertain;es	
  
from	
  the	
  external	
  data	
  



Cross-­‐sec;on	
  Model:	
  CCQE	
  
•  Signal	
  reac;on	
  for	
  T2K	
  energies	
  

–  Elas;c	
  kinema;cs	
  allow	
  us	
  to	
  
measure	
  neutrino	
  energy	
  from	
  muon	
  

•  T2K,	
  like	
  all	
  prac;;oners	
  in	
  this	
  business,	
  is	
  currently	
  
using	
  a	
  very	
  simple	
  model	
  
–  Nucleon	
  form	
  factors	
  from	
  e-­‐	
  	
  
scaeering	
  	
  and	
  νD2	
  scaeering	
  

– Model	
  of	
  nucleus	
  is	
  Fermi	
  gas	
  
•  Problem:	
  doesn’t	
  agree	
  with	
  data	
  
•  Approach:	
  add	
  effec;ve	
  parameters	
  

(MA,	
  normaliza;on)	
  with	
  uncertain;es	
  
that	
  span	
  base	
  model	
  and	
  data	
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MiniBooNE	
  	
  (Phys.	
  Rev.	
  D81	
  092005,	
  2010)	
  



Nakamura, 
Nasu, 
Sakuda and 
Benhar, 
Phys. Rev. C 
76, 065208 
(2007) 
 

Beyond	
  Fermi	
  Gas	
  for	
  CCQE	
  
•  There	
  are	
  also	
  beeer	
  nuclear	
  

models	
  than	
  a	
  Fermi	
  Gas	
  
•  Spectral	
  func;on	
  models	
  define	
  

probability	
  to	
  remove	
  a	
  nucleon	
  
with	
  a	
  given	
  momentum	
  and	
  
energy	
  state	
  

•  Small	
  distor;on	
  to	
  elas;c	
  
kinema;cs	
  

•  Currently,	
  we	
  take	
  the	
  difference	
  
between	
  this	
  and	
  a	
  Fermi	
  Gas	
  
model	
  as	
  a	
  systema;c	
  uncertainty	
  
–  Uses	
  NuWro	
  generator’s	
  

implementa;on	
  of	
  spectral	
  func;on	
  
–  Significant	
  in	
  current	
  analyses	
  

•  Will	
  switch	
  to	
  spectral	
  func;on	
  in	
  
default	
  models	
  in	
  the	
  near	
  future	
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E n
	
  (M

eV
)	
  

|p|	
  (MeV)	
  

O.	
  Benhar	
  et	
  al,	
  Nucl.Phys.	
  A579	
  (1994)	
  493-­‐517	
  
Ankowski	
  and	
  Sobczyk,	
  Phys.Rev.	
  C74	
  (2006)	
  054316	
  



Cross-­‐sec;on:	
  Pion	
  Produc;on	
  
•  Single	
  pion	
  data	
  from	
  MiniBooNE	
  has	
  been	
  the	
  core	
  reference	
  

for	
  T2K	
  backgrounds	
  
–  νμN→νμπ0X	
  as	
  a	
  background	
  to	
  νμ→νe	
  signal	
  
–  νμN→μ-­‐π+X	
  as	
  a	
  background	
  to	
  νμ→	
  νμ	
  (energy	
  misreconstruc;on)	
  

•  Again,	
  current	
  models	
  do	
  not	
  describe	
  data	
  well	
  
•  Again,	
  systema;c	
  uncertain;es	
  assigned	
  to	
  this	
  span	
  

reference	
  model	
  and	
  data	
  as	
  effect	
  parameters	
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0N Nµν µ π− ʹ′→
N Nµν µ π− +→

0N Nµ µν ν π→



Cross-­‐sec;on:	
  Final	
  State	
  Interac;ons	
  

•  Interac;ons	
  of	
  final	
  state	
  
hadrons	
  in	
  nucleus	
  can	
  
cause	
  migra;on	
  from	
  
signal	
  to	
  background	
  type	
  
events	
  

•  Constrain	
  with	
  external	
  
pion-­‐nucleus	
  scaeering	
  
data	
  in	
  a	
  cascade	
  model	
  

•  Uncertain;es	
  assigned	
  to	
  
span	
  the	
  pion-­‐nucleus	
  
scaeering	
  data	
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ND280	
  Constraint	
  Inputs	
  

27	
  

Data	
  from	
  T2K	
  Runs	
  1-­‐4,	
  binned	
  in	
  
muon	
  momentum	
  (p)	
  and	
  angle	
  (cosθ)	
  

Selec;on	
   Number	
  of	
  Events	
  
CC0π	
   16912	
  
CC1π	
   3936	
  
CC	
  Other	
   4062	
  
CC	
  Inclusive	
   24910	
  



Flux	
  and	
  Cross-­‐Sec;ons	
  a�er	
  ND280	
  
Constraint	
  

•  ND280	
  constraint	
  reduces	
  both	
  flux	
  and	
  cross-­‐sec;on	
  
model	
  uncertain;es	
  individually	
  
–  Note	
  in	
  par;cular	
  reduc;ons	
  on	
  the	
  “MA”	
  parameters	
  which	
  set	
  
Q2	
  shape	
  of	
  these	
  events	
  

•  Flux	
  and	
  cross-­‐sec;on	
  parameters	
  are	
  an;-­‐correlated	
  a�er	
  
these	
  fits	
  because	
  the	
  constraint	
  is	
  a	
  rate	
  at	
  ND280	
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Parameter Prior	
  to	
  ND280	
  
Constraint 

A`er	
  ND280	
  
Constraint 

MA
QE	
  (GeV) 1.21	
  ±	
  0.45 1.22	
  ±	
  0.07 

CCQE	
  Norm.* 1.00	
  ±	
  0.11 0.96	
  ±	
  0.08 

MA
RES	
  (GeV) 1.41	
  ±	
  0.22 0.96	
  ±	
  0.06 

CC1π	
  Norm.** 1.15	
  ±	
  0.32 1.22	
  ±	
  0.16 

*For Eν<1.5 GeV      **For Eν<2.5 GeV 

T2K	
  νµ	
  flux	




Inference	
  for	
  Far	
  Detector	
  
a�er	
  ND280	
  Constraint	
  

•  Far	
  detector	
  uncertain;es	
  a�er	
  ND280	
  constraint	
  are	
  
smaller	
  due	
  to	
  recent	
  improvements	
  (Run	
  1-­‐3	
  →	
  Runs	
  1-­‐4)	
  
–  Improved	
  ND280	
  reconstruc;on	
  and	
  selec;ons	
  
–  Finer	
  binning	
  in	
  p-­‐θ	
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νe Prediction 
(Events) 

Error from 
Constrained 
Parameters 

νe Prediction 
(Events) 

Error from 
Constrained 
Parameters 

No ND280 
Constraint 22.6 26.5% 5.3 22.0% 
ND280 Constraint 
(2012, Runs 1-3, 
disappearance) 

21.6 4.7%* 5.1 6.1%* 

ND280 Constraint 
(Runs 1-4, 
appearance) 

20.4 3.0% 4.6 4.9% 

sin22θ13=0.1 sin22θ13=0.0 

*Uncertain;es	
  reduced	
  from	
  previous	
  T2K	
  result	
  due	
  to	
  new	
  SK	
  π0	
  rejec;on	
  algorithm	
  



CC0π	
  
sample	
  

ND280	
  νe	
  Measurement	
  
•  Can	
  check	
  if	
  pre-­‐oscilla;on	
  νe	
  component	
  

of	
  beam	
  is	
  correctly	
  predicted	
  in	
  ND280	
  
•  Interac;ons	
  in	
  FGD	
  and	
  par;cle	
  ID	
  in	
  TPC	
  
•  Major	
  background:	
  photons	
  from	
  π0	
  

decays	
  
•  Fit	
  CC0π,	
  CC1π+other	
  and	
  γ	
  sideband	
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γ	
  sample:	
  
fit	
  prefers	
  scale	
  factor	
  
of	
  0.77±0.02(stat)	
  

CC1π+	
  +	
  CCother	
  
sample	
  

measured  flux 1.06 0.06(stat) 0.08(syst)
predicted  flux

e

e

ν
ν

= ± ±
Fine	
  print:	
  this	
  analysis	
  
uses	
  the	
  results	
  of	
  the	
  
ND280	
  muon	
  neutrino	
  
constraints	
  



Far	
  Detector	
  Reconstruc;on	
  
Systema;c	
  Uncertain;es	
  

•  Evalua;on	
  of	
  Super-­‐K	
  detector	
  systema;c	
  uncertain;es	
  
uses	
  control	
  samples	
  from	
  the	
  data	
  
–  Atmospheric	
  νe	
  
–  Hybrid	
  π0	
  (electron	
  from	
  νe	
  CC	
  and	
  MC	
  photon)	
  
–  Cosmic	
  ray	
  muon	
  samples	
  

•  Combine	
  errors	
  with	
  Toy	
  MC	
  method	
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Oscilla;on	
  Likelihood	
  Fits	
  

Lnorm is the probability to have Nobs 
when the predicted number of events 
is the Poisson distribution with mean 
= Npred.


Lshape is the product of the probabilities 
that each event has (pi, θi).  
φ: Predicted p-θ distribution (PDF) .


 


 
  


Systematic parameter 
constraint term. Systematic 
parameters may be naturally 
floated in fits.


pred


Npred=20.4


32	
  

(θ13=0.1)




νμ	
  →	
  νμ	
  RESULTS	
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T2K	
  collabora;on,	
  arXiV:1308.0465v1	
  



Muon	
  Spectrum	
  
•  Selected	
  far	
  detector	
  νμ	
  CCQE	
  candidates	
  

–  Fully	
  contained	
  and	
  fiducial	
  single	
  muon-­‐like	
  ring	
  
–  pμ>200	
  MeV,	
  no	
  more	
  than	
  one	
  decay	
  e-­‐	
  

–  58	
  events	
  in	
  Run	
  1-­‐3	
  data	
  (3.01	
  x1020	
  POT)	
  

•  Neutrino	
  energy	
  	
  
from	
  elas;c	
  	
  
kinema;cs	
  

–  Eb	
  is	
  mean	
  binding	
  
energy	
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•  Fit	
  method	
  
–  “sin22θ23	
  -­‐	
  Δm32

2”	
  space	
  is	
  scanned	
  to	
  find	
  the	
  best	
  fit	
  values	
  which	
  
minimize	
  the	
  χ2.	
  

–  1st	
  and	
  the	
  2nd	
  octants	
  scanned	
  separately	
  
–  3-­‐flavor	
  formulae	
  used,	
  but	
  with	
  some	
  

fixed	
  parameters	
  

•  Systema;c	
  uncertain;es	
  
	
  

2 ANALYSIS METHOD

Table 3: Summary of oscillation parameter values [11] except for sin2 2θ23 and ∆m2
32 used in the

oscillation probability calculation by Prob3++. These parameters are fixed in the oscillation
analysis.

Parameter Value
∆m2

21 7.50×10−5eV2

sin2 2θ12 0.857
sin2 2θ13 0.098
δCP 0
Mass hierarchy Normal
Baseline length 295 km
Earth density 2.6 g/cm3

Erec [GeV]
1 10

Pr
ob

[/5
0.

0M
eV

]

0

0.01

0.02

0.03

0.04

0.05

PDF (Black normalized spectrum, Blue:Linear interpolation)PDF (Black normalized spectrum, Blue:Linear interpolation)

- Normalized Erec spectrum
- Linear interpolation

Figure 1: The PDF of reconstructed neutrino spectrum. Black histogram shows the normalized
Erec spectrum. Blue line shows the linear function interpolated between neighboring bin centers.

7

Neutrino	
  Oscilla;on	
  Parameters	
  

Systema=c	
  	
   before	
  	
   a`er	
  
uncertainty	
 ND	
  constraint	

Flux	
  /	
  ν	
  x-­‐sec.	
 21.8	
  %	
 4.2	
  %	


Uncorrelated	
  ν	
  x-­‐sec.	
 6.3	
  %	

SK	
  detector	
 10.1	
  %	


FSI-­‐SI	
   3.5	
  %	

Total	
 25.1	
  %	
 13.1	
  %	
 @

	
  (s
in

2 2
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  total	
  syst.	
  error	
  
envelope	
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Results	
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Best	
  fit	
  w/	
  68%	
  C.L.	
  error	
  	
  

シミュレーション
信号 背景事象

データ νµ νµ νe

CCQE CC残り CC NC
ν 観測数 174 34.4 88.8 7.9 40.5
νµ 候補 58 31.3 23.3 0.03 3.2
選別効率 - 90.9 % 27.8 % 0.4 % 7.9 %

表 3 スーパーカミオカンデ有効体積内で観測されたニュートリノ事象
数数と，選別された νµ 事象数 (sin2 θ23 = 0.5 と

˛̨
∆m2

32

˛̨
= 2.4 ×

10−3 eV2/c4 で振動した場合)．2012 年夏までの 3.01 × 1020 ビーム陽
子数を用いた．ニュートリノ・反ニュートリノは計数時に区別していない．

誤差内訳 δN/N

ν フラックス + ν 反応断面積 4.2 %
(前置検出器による制限前) (21.7 %)

前置検出器で制限しない ν 反応断面積 6.2 %
νµ 選別 ·終状態 11.0 %

計 13.5 %
(前置検出器による制限前) (25.3 %)

表 4 νµ 候補事象数に対する系統誤差 (sin2 θ23 = 0.5 と
˛̨
∆m2

32

˛̨
=

2.4 × 10−3 eV2/c4 で振動した場合)．括弧内は，前置検出器の測定結果
による制限がない場合．

リノエネルギーは，νe候補事象の場合と同様にCCQE反応397

を仮定することで，式 (8)から再構成される．νµのCCQE398

反応をこの方法で再構成すると，エネルギー分解能は，最399

大振動領域 (∼ 0.6 GeV)付近で，∼ 0.1 GeVである．この400

確率密度関数は，振動パラメータ (sin2 θ23と
∣∣∆m2

32

∣∣)と系401

統誤差パラメータの関数である．νµ → νe 振動の解析と同402

様に，以下の 3項から尤度関数を構築した．403

• 事象数を比較する項404

• ニュートリノエネルギー分布の形を比較する項405

• 系統誤差パラメータの変化量を制限する項406

尤度関数が最大となるように，振動パラメータと系統誤差407

パラメータの空間でフィットを行った結果，最尤推定点が，408

sin2 θ23 = 0.514 ± 0.082，
∣∣∆m2

32

∣∣ = 2.44+0.17
−0.15 eV2/c4（誤409

差は 1σ）と求められた．このとき，θ23 と
∣∣∆m2

32

∣∣以外の410

ニュートリノ振動パラメータは一定値5 とし，質量標準階411

層を仮定した．図 6に，観測された事象のニュートリノエ412

ネルギー分布，振動がない場合と尤度関数が最大となる場413

合の予想スペクトラムを示す．振動がない場合の予想事象414

数は 204.7で，最尤推定点での予想事象数は 57.9であった．415

5sin2 2θ13 = 0.098，sin2 2θ12 = 0.857，∆m2
21 = 7.50 ×

10−5 eV2/c4，δCP = 0 とした．

ニュートリノ振動により，事象数が大きく減少しているこ416

とが分かる．図 7に，今回の測定によって得られた最尤推417

定点および 68 %と 90 %の信頼領域を示す．続いて，他418

の実験結果との比較を目的に，上記の結果を θ23 < π/4と419

θ23 > π/4で統合し，sin2 2θ23と
∣∣∆m2

32

∣∣に対しての最尤推420

定点および信頼領域を得た．その結果が図 8で，T2K実験421

は，世界最高レベルの精度で，振動角 θ23と質量差
∣∣∆m2

32

∣∣422

を決定していることが分かる．423
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図 6 上図: スーパーカミオカンデで観測された νµ 候補事象のニュート
リノエネルギー分布（誤差棒付きの点）と，ニュートリノ振動がない場合
（黒線）および尤度関数が最大となる場合（赤線）の予想スペクトラム．下
図: ニュートリノ振動がない場合との比．

)23θ(2sin
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)4
/c2
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2 32
m∆|

0.002

0.0022

0.0024

0.0026
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T2K 90% C.L.

T2K best fit

図 7 νµ 消失モードの観測から得られた，sin2 θ23 と
˛̨
∆m2

32

˛̨
に対して

の，最尤推定点および 68 % と 90 % の信頼領域．

6. 今後の展望424

T2K実験の結果から νe出現現象の存在が確立し，また，425

νµ 消失事象の解析から θ23，∆m2
32 が精度よく分かってき426

た．さらには，原子炉実験の測定から θ13 の値も精度よく427

決まってきた．つい２年程前までは θ13 の値は未知であっ428

たが，現在では約 6 %の精度で分かっており, 短い期間に429

ニュートリノ振動の理解に大きな進展があったと言える．430

今後のニュートリノ物理の課題，特にニュートリノ振動431

実験で探求できる課題は主に 3つある．まず，レプトンセ432

クターにおける CP対称性の破れの発見である．T2K実験433
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νμ	
  →	
  νe	
  RESULTS	
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νe	
  Selec=on	
  Cuts	
  

-­‐	
  #	
  veto	
  hits	
  <	
  16	
  

-­‐	
  Fid.	
  Vol.	
  =	
  200	
  cm	
  

-­‐	
  #	
  of	
  rings	
  =	
  1	
  

-­‐	
  Ring	
  is	
  e-­‐like	
  

-­‐	
  Evisible	
  >	
  100	
  MeV	
  

-­‐	
  no	
  Michel	
  electrons	
  

-­‐	
  new	
  reconstruc;on	
  	
  	
  	
  

	
  	
  algorithm	
  π0	
  cut	
  

-­‐	
  0	
  <	
  Eν	
  <	
  1250	
  MeV	
  

e-like


single ring
 multi-ring


μ-like


T2K	
  νe	
  Event	
  Selec;on	
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e-like
 π0-like




Neutrino	
  Oscilla;on	
  Parameters	
  

• Scan	
  over	
  sin22θ13	
  space	
  to	
  find	
  the	
  maximum	
  likelihood	
  
• Fix	
  the	
  neutrino	
  oscilla;on	
  parameters	
  other	
  than	
  sin22θ13.	
  

ß Was 0.8704  
    in 2012 analysis


Fixed ν oscillation parameters

Electron momentum vs. angle distribution (MC)


θ13=0.0
 θ13=0.1

Npred=4.6
 Npred=20.

4


The	
  analysis	
  method	
  is	
  not	
  changed	
  from	
  2012	
  analysis.	
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Infered	
  number	
  of	
  events	
  and	
  systema;c	
  
uncertain;es	
  

Near detector constraint in 2013 inferes 
smaller number of events compared to 
2012 anaysis.


Errors are reduced from 
2012 mainly due to near 
detector analysis 
improvement.


Systematic uncertainties


Total 


Total (2012) 

  11.1 %                 8.8 %


Beam flux + ν int.

in T2K fit

ν int. (from other exp.)

Far detector  

   4.9 %                  3.0 %   

Error source sin22θ13=0.0       sin22θ13=0.1 

  13.0 %                 9.9 %


   6.7 %                  7.5 %   

   7.3 %                  3.5 %   


Distribution of infered 
number of events
Infered # of events w/ 6.4×1020 POT


Total (w/ 2012 flux & cross 
section parameters)     5.15                   21.77


νe signal

νe background

νµ background (mainly NCπ0)

νµ + νe background

Total 

   4.64                   20.44


   0.38                   16.42

   3.17                     2.93

   0.89                     0.89

   0.20                     0.19


Event category sin22θ13=0.0       sin22θ13=0.1 
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w/o	
  ND280	
  const.	

w/	
  ND280	
  const.	


w/o	
  ND280	
  const.	

w/	
  ND280	
  const.	
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Results	
  Electron p-θ
 Electron angle


Electron momentum


Assuming	
  δCP=0,	
  normal	
  hierarchy,	
  
|Δm2

32|=2.4×10-­‐3	
  eV2,	
  sin22θ23=1	
  	
  

 


Best	
  fit	
  w/	
  68%	
  C.L.	
  error:	
  

90%	
  allowed	
  region:	
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Results	
  
Allowed	
  region	
  of	
  sin22θ13	
  for	
  
each	
  value	
  of	
  δCP	
  

Best	
  fit	
  w/	
  68%	
  C.L.	
  error	
  @	
  δCP=0	
  
normal	
  hierarchy:	
  

	
  	
  
inverted	
  hierarchy:	
  

	
  	
  

√(2ΔlnL)	
  significance	
  
of	
  non-­‐zero	
  θ13	
  yields	
  
7.5σ	
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NOTE:	
  These	
  are	
  1D	
  contours	
  for	
  values	
  of	
  
δCP,	
  not	
  2D	
  contours	
  in	
  	
  δCP-­‐θ13	
  space	
  



δCP	
  vs.	
  sin22θ13	
  contour	
  
depends	
  significantly	
  on	
  the	
  
value	
  of	
  sin2θ23.	
  

δCP	
  vs.	
  sin22θ13	
  	
  
for	
  θ23≠π/4	
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NOTE:	
  These	
  are	
  1D	
  contours	
  for	
  values	
  of	
  
δCP,	
  not	
  2D	
  contours	
  in	
  	
  δCP-­‐θ13	
  space	
  

Pink band represents 
PDG2012 reactor average 
value of 
sin22θ13=(0.098±0.013) 




CONCLUSIONS	
  AND	
  FUTURE	
  
PROSPECTS	
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T2K	
  and	
  J-­‐PARC	
  Run	
  Plans	
  
•  T2K’s	
  neutrino	
  oscilla;on	
  analyses	
  s;ll	
  sta;s;cs	
  limited	
  

–  So	
  far,	
  we	
  have	
  been	
  able	
  to	
  steadily	
  decrease	
  systema;cs	
  
•  T2K	
  will	
  con;nue	
  to	
  run	
  and	
  benefit	
  from	
  planned	
  J-­‐PARC	
  

Main	
  Ring	
  (MR)	
  power	
  improvements	
  
–  220	
  kW	
  opera;on	
  in	
  CY2013.	
  	
  Integrated	
  6.7E20	
  POT	
  to	
  date.	
  
–  Linac	
  upgrade	
  to	
  be	
  completed	
  with	
  a	
  year.	
  	
  Expect	
  range	
  of	
  
steady	
  MR	
  opera;on	
  for	
  neutrino	
  between	
  200-­‐400	
  kW	
  

–  Planned	
  MR	
  upgrade	
  (depends	
  on	
  funding).	
  	
  Up	
  to	
  750	
  kW	
  
–  Possible	
  scenario:	
  

•  Doubling	
  the	
  #	
  of	
  proton	
  per	
  bunch	
  
•  Doubling	
  repe;;on	
  rate	
  

•  T2K	
  beamline	
  designed	
  to	
  easily	
  switch	
  from	
  neutrino	
  to	
  
an;-­‐neutrino	
  beams	
  
–  T2K	
  has	
  made	
  no	
  firm	
  plans	
  for	
  an;-­‐neutrino	
  running	
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Conclusions	
  

•  We	
  have	
  measured	
  non-­‐zero	
  θ13	
  with	
  7σ	
  
significance	
  by	
  observa;on	
  of	
  νμ	
  →	
  νe	
  	
  

•  Also	
  measurement	
  of	
  νμ	
  →	
  νμ	
  which	
  favors	
  
maximal	
  mixing	
  
– A	
  doubling	
  of	
  sta;s;cs	
  soon	
  with	
  Run	
  4	
  data	
  	
  

•  Accelerator	
  based	
  neutrino	
  oscilla;on	
  
research	
  at	
  “atmospheric”	
  baseline	
  are	
  now	
  
precision	
  measurements	
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