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Neutrino	
  oscilla>on	
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Neutrino	
  Mixing	
  

•  θ13	
  is	
  now	
  precisely	
  known,	
  and	
  rela>vely	
  large	
  
•  Long-­‐baseline	
  experiments	
  (T2K	
  &	
  NOνA)	
  can	
  constrain	
  δCP	
  

•  However,	
  the	
  large	
  uncertainty	
  on	
  θ23	
  is	
  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/reactor	
  ν”	
  
sin22θ12	
  =	
  0.857±0.024	
  

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

Majorana	
  phases;	
  
Not	
  yet	
  observed	
  

Flavor	
  States	
   Mass	
  States	
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Unknown	
  sign	
  of	
  Δm2
32	
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•  Can	
  be	
  determined	
  from	
  mader	
  effects,	
  as	
  is	
  our	
  
knowledge	
  that	
  Δm2

21	
  >0	
  from	
  solar	
  neutrinos	
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νµ	
  disappearance	
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•  νµ	
  disappearance	
  probability	
  	


T2K:	
  L	
  =	
  295	
  km,	
  Eν	
  peaks	
  at	
  ~	
  0.6	
  GeV	
  	
  -­‐>	
  sin2Δsolar	
  ~	
  0,	
  sin2Δatm	
  ~	
  0	


P νµ →νµ( ) ~1− cos4θ13 ⋅sin2 2θ23 + sin2 2θ13 ⋅sin2θ23( ) ⋅sin2 Δm32
2 ⋅L
4E

Leading-­‐term	
 Next-­‐to-­‐leading	
  

Probability	
  depends	
  on	
  sin22θ13	
  	
  sin2θ23	
  to	
  second	
  order	
  	
  
-­‐>	
  Therefore	
  now	
  fit	
  for	
  sin2θ23	
  
-­‐>	
  Can	
  be	
  used	
  to	
  resolve	
  the	
  θ23	
  octant	
  with	
  known	
  sin22θ13	
  	
  
	




νe	
  appearance	
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CP 非対称性の測定

• P(νμ→νe) と P(νμ→νe)の比較
•最大~25%の変化
• PMNS以外のCP非保存にも感度

P(νμ→νe) 振動確率
(normal hierarchy)
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ニュートリノ 反ニュートリノ
±25%	


	
  	
  an>-­‐ν    	
ν	


Comparison	
  of	
  ν/an>-­‐ν run	
  enhances	
  sensi>vity	
  to	
  δ.	


(T2K	
  will	
  have	
  an>-­‐ν	
  test	
  run	
  in	
  early	
  2014.)	
  

•  νe	
  appearance	
  probability	
  	

δCP	
  can	
  be	
  determined	
  only	
  from	
  only	
  ν	
  run	
  if	
  θ13	
  is	
  known	
  
from	
  the	
  reactor	
  experiments.	


•  νe	
  disappearance	
  probability	
  (Reactor	
  exp.:	
  Baseline	
  ~1km,	
  Eν	
  ~	
  3MeV)	
  	


+
¹Ôħp��m�rRĴ$7�13?ĤÛ�

! ¹Ôħ@ð´=p��m�rĶĳĥ 

! t�~�h?ŏū=0>�13?ĹÿĤÛ)¾Œ 

sin22�13 = 0.1 
|�m31

2| = 2.5x10-3eV2�

P ν
e
→ν

e





≅1− sin

2
2θ

13
sin

2 Δm
31

2
L

4E











L~1km:@¸Ň=Ɖ��ý·?
î)ùNŃ8�

¹Ôħp��m�r?ĳÕĿŃ�

�13�

�12�

Simple	
  2	
  flavor	
  oscilla>on	
  formula	
  is	
  
valid	
  at	
  L~1km	
  w/	
  no	
  mader	
  effect	


sin22θ13=0.1	
sin22θ13=0.1	


π/2	


-π/2	

π	


π/2	


-π/2	

π	




The	
  T2K	
  experiment	
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The	
  T2K	
  Collabora>on	
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The	
  T2K	
  Experiment	
  

•  Searches	
  for	
  neutrino	
  oscilla>ons	
  in	
  a	
  high	
  purity	
  νμ	
  beam	
  
–  Intrinsic	
  beam	
  νe	
  from	
  µ,	
  K	
  decays	
  ~1%	
  

•  The	
  neutrinos	
  travel	
  295	
  km	
  to	
  the	
  Super-­‐K	
  detector	
  
–  νe	
  appearance	
  (sensi>ve	
  to	
  θ13	
  &	
  δCP)	
  
–  νμ	
  disappearance	
  (sensi>ve	
  to	
  θ23	
  &	
  Δm232)	
  

295	
  km	
  

Super-­‐K	
  Detector	
  
J-­‐PARC	
  Accelerator	
  

ν	
  

30	
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30	
  GeV	
  Synchrotron	
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The T2K beam

�

� 
� 

Horns   3,          2,      1 

Beam dump 

Muon  

monitor 

Decay volume 

Target 

‣ Intense proton beam striking 90 cm graphite 
target
➡up to 1.1×1014 p extracted every 2.5 to 3 s

‣ Three magnetic horns focus positively charged 
hadrons
➡νμ from pion decay
➡ (small) νe contamination from μ and K decay

‣ 2.5 degree off-axis beam
➡ narrow band in energy
➡ peaks at νμ oscillation maximum

8

charged hadron production is studied on data from the 
CERN NA61 experiment, using a T2K replica target
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•  30	
  GeV	
  protons	
  hit	
  90	
  cm	
  graphite	
  target	
  
–  Profile/Intensity	
  from	
  SSEMs*1+OTR*2/CTs*3	
  

•  Three	
  magne>c	
  horns	
  focus	
  posi>ve	
  hadrons	
  
–  νµ	
  from	
  π+	
  decay	
  
–  (small)	
  νe	
  contamina>on	
  from	
  µ	
  and	
  K	
  decay	
  

•  2.5	
  degree	
  off-­‐axis	
  beam	
  
–  Intense,	
  low	
  energy	
  narrow-­‐band	
  beam	
  
–  Peak	
  Eν	
  tuned	
  for	
  oscilla>on	
  max.	
  (~0.6	
  GeV)	
  
–  Reduce	
  BG	
  from	
  high	
  energy	
  tail	
  
–  First	
  applica>on	
  to	
  LBL	
  experiment	
  

T2K	
  Neutrino	
  Beam	


(96	
  m)	


*1	
  SSEM:	
  Segmented	
  Secondary	
  Emission	
  Profile	
  Monitor,	
  	
  
*2	
  OTR:	
  Op>cal	
  Transi>on	
  Radia>on	
  monitor	
  *3	
  CT:	
  Current	
  Transformer	




Near	
  Detectors	

•  Located	
  280	
  m	
  downstream	
  of	
  the	
  target	
  	
  
•  Measure	
  unoscillated	
  neutrinos	
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  off-­‐axis	


•  16	
  iden>cal	
  modules	
  (14	
  in	
  cross)	
  
•  Iron/scin>llator	
  layers	
  
• Monitor	
  ν	
  beam	
  profile/rate	


•  Tracker	
  (FGDs*1	
  +	
  TPCs*2)	
  in	
  a	
  0.2	
  T	
  magnet	
  
•  Principal	
  ν	
  target	
  is	
  plas>c	
  scin>.	
  in	
  FGDs	
  
• Measures	
  ν	
  flux/spectrum	


*1	
  FGD:	
  Fine-­‐Grained	
  Detector,	
  *2	
  TPC:	
  Time	
  Projec>on	
  Chamber	




Super-­‐K	
  (Far)	
  Detector	

•  50	
  kton	
  Water	
  Cherenkov	
  detector	
  

–  22.5	
  kton	
  Fiducial	
  volume	
  

•  Good	
  performance	
  for	
  sub-­‐GeV	
  neutrinos	
  
–  Good	
  e/µ	
  separa>on	
  from	
  ring	
  shape	
  topology	
  

•  T2K	
  recorded	
  events	
  
–  All	
  interac>ons	
  in	
  ±500µsec	
  around	
  ν	
  arrival	
  >me	
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ID	

OD	


PID likelihood sub-GeV 1ring 
-10 -8 -6 -4 -2 0 2 4 6 8 100

100

200

300

400

500
e-like 3128 muon-like 3066

CCQE 
electron

CCQE muon

●	
  Data	
  
−	
  	
  MC	
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T2K	
  measurement	
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T2K	
  Data	
  Set	
  (un>l	
  May	
  8,	
  2013)	


•  Total	
  delivered	
  beam:	
  6.57x1020	
  Proton	
  on	
  Target	
  (POT)	
  
–  	
  ~8%	
  of	
  T2K	
  goal	
  

•  Dead	
  >me	
  frac>on	
  in	
  T2K	
  Run-­‐4	
  due	
  to	
  T2K	
  beam	
  line	
  failure	
  ~	
  3%	
  	
  
•  Super-­‐K	
  running	
  efficiency	
  >	
  99%	
  over	
  run	
  period	
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Beam	
  stability	


•  Neutrino	
  rate	
  per	
  POT	
  is	
  stable	
  to	
  0.7%	
  over	
  run	
  period	
  
•  Neutrino	
  beam	
  direc>on	
  is	
  stable	
  <	
  1mrad	
  over	
  run	
  period	
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Stability	
  of	
  ν	
  interac>on	
  rate	
  normalized	
  by	
  #	
  of	
  protons	
  (INGRID)	
  

Stability	
  of	
  ν	
  beam	
  direc>on	
  (INGRID)	
  

Note:	
  Dataset	
  includes	
  0.21x1020	
  POT	
  with	
  250	
  -­‐>	
  205kA	
  horn	
  opera>on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (13%	
  flux	
  reduc>on	
  at	
  peak)	

	




What’s	
  new?	


•  νµ	
  disappearance	
  analysis	
  	
  
– Results	
  using	
  a	
  data	
  set	
  of	
  6.57×1020	
  POT	
  

•  νe	
  appearance	
  analysis	
  	
  
– Constraint	
  on	
  the	
  CP	
  viola>ng	
  phase	
  δCP	
  by	
  
combining	
  our	
  νe	
  appearance	
  results	
  with	
  θ13	
  
measurements	
  by	
  reactor	
  experiments	
  

•  T2K	
  future	
  sensi>vity	
  study	
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Neutrino	
  oscilla>on	
  analysis	
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Neutrino	
  oscilla>on	
  analysis	
  principle	
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Super-­‐K	
  predicLon	
  
with	
  systema>cs	
  

ν	
  flux	
  predicLon	
  
•  Hadron	
  produc>on	
  (NA61@CERN,…)	
  
•  Systema>cs	
  

•  Hadron	
  produc>on	
  
•  Proton/ν	
  beam	
  monitoring	
  

ν	
  cross	
  secLon	
  
•  Generator:	
  NEUT	
  
•  Systema>cs	
  

•  External	
  data	
  (MiniBooNE,	
  	
  
	
  	
  	
  	
  	
  	
  π	
  scadering	
  exp.,	
  …)	
  

Super-­‐K	
  performance	

•  Systema>cs	
  

•  Atmospheric	
  ν	


•  Cosmic	
  ray	
  µ	



ND280	
  measurement	
  
•  Constrain	
  strongly-­‐correlated	
  
	
  	
  	
  	
  	
  systema>cs	
  between	
  ND280/SK	
  
	
  	
  	
  	
  (Reduce	
  abs.	
  “flux	
  ×	
  XSEC”	
  error)	
  	
  

Super-­‐K	
  measurement	
  

Compare	




ν	
  flux	
  predic>on	
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Flux	
  predic>on	

•  External	
  hadron	
  produc>on	
  measurement	
  
–  CERN-­‐NA61:	
  Same	
  proton	
  beam	
  energy/target	
  material	
  as	
  T2K	
  

•  T2K	
  
–  Proton	
  beam	
  monitoring	
  

•  Profile	
  on	
  target	
  from	
  SSEMs*1,	
  OTR*2	
  

•  Intensity	
  from	
  CTs*3	
  

–  Alignment	
  of	
  and	
  current	
  in	
  horns	
  
–  The	
  neutrino	
  beam	
  direc>on	
  

•  1	
  mrad	
  direc>on	
  shi�	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐>	
  ~3%	
  energy	
  shi�	
  at	
  peak	
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Figure 40: BMPT fit to the NA61 ⇡+ data.

Figure 41: Data/FLUKA weights for the pion production including BMPT extrapolation of the
NA61 data.

38

*1	
  SSEM:	
  Segmented	
  Secondary	
  Emission	
  Profile	
  Monitor,	
  	
  
*2	
  OTR:	
  Op>cal	
  Transi>on	
  Radia>on	
  monitor	
  
*3	
  CT:	
  Current	
  Transformer,	
  *4	
  FLUKA:	
  Hadron	
  produc>on	
  simulator	
  

NA61/FLUKA*4	


π+	
  produc>on	


Pπ	
  (GeV/c)	




Flux	
  and	
  Uncertain>es	
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Beam flux prediction

Beam flux is predicted based on NA61/SHINE π, K production measurements
and T2K proton beam measurements
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Beam flux prediction

Beam flux is predicted based on NA61/SHINE π, K production measurements
and T2K proton beam measurements
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Super-­‐K	
  flux	


ND280	
  flux	


overlaid	
  (not	
  stacked)	
  	


Super-­‐K	
  νµ	
  uncertainty	


•  Super-­‐K	
  flux	
  has	
  10-­‐15%	
  uncertain>es	
  from	
  
0.1	
  to	
  5	
  GeV	
  

•  Near	
  (ND280)	
  and	
  Far	
  (Super-­‐K)	
  fluxes	
  are	
  
not	
  iden>cal,	
  but	
  highly	
  correlated	
  

overlaid	
  (not	
  stacked)	
  	




ν	
  cross	
  sec>on	
  	
  
and	
  its	
  uncertainty	
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Neutrino	
  Interac>ons	
  in	
  T2K	


•  CC(Charged-­‐Current)	
  quasi	
  elas>c	
  (CCQE)	
  
–  ν	
  +	
  n	
  -­‐>	
  µ-­‐	
  +	
  p	
  

•  CC	
  (resonance)	
  single	
  π	
  (CC-­‐1π)	
  
–  ν	
  +	
  n(p)	
  -­‐>	
  µ-­‐	
  +	
  π+	
  +	
  n(p)	
  	
  

•  DIS(Deep	
  Inelas>c	
  Scadering)	
  
–  ν	
  +	
  N	
  -­‐>	
  µ-­‐	
  +	
  mπ+/-­‐/0	
  +	
  N’	
  

•  CC	
  coherent	
  π	
  	
  
–  ν	
  +	
  A	
  -­‐>	
  µ-­‐	
  +	
  π+	
  +	
  A	
  

•  NC	
  (Neutral-­‐Current)	
  	
  
–  copious	
  process	
  (NC-­‐1π0,	
  …)	
  

•  +	
  Nuclear	
  Effects	
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σ/
E(
10

-­‐3
8 c
m

2 /
Ge

V)
	
  

Eν(GeV)	
  

NEUT	
  model	
  

a	
  main	
  BG	
  for	
  νe	
  appearance	
  analysis	


T2K:	
  Eν	
  peak	
  at	
  	
  ~	
  0.6	
  GeV	




Cross-­‐sec>on	
  Model:	
  CCQE	
  
•  Signal	
  reac>on	
  for	
  T2K	
  energies	
  
–  Elas>c	
  kinema>cs	
  allow	
  us	
  to	
  
measure	
  neutrino	
  energy	
  from	
  e/µ	



•  T2K	
  is	
  currently	
  using	
  a	
  very	
  simple	
  model	
  
–  Nucleon	
  form	
  factors	
  from	
  e-­‐	
  	
  
scadering	
  	
  and	
  νD	
  scadering	
  

– Model	
  of	
  nucleus	
  is	
  Fermi	
  gas	
  

•  ~20%	
  diff.	
  between	
  Data/Model	
  
–  Approach:	
  add	
  effec>ve	
  parameters	
  
(MA,	
  normaliza>on)	
  with	
  uncertain>es	
  

	
  	
  	
  	
  based	
  on	
  external	
  data	
  sets	
  	
  
	
  	
  	
  	
  (MiniBooNE,…)	
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(Phys.	
  Rev.	
  D81	
  092005,	
  2010)	
  

Data/Model(MA=1.03)	
  
(MiniBooNE	
  νµ	
  CCQE	
  sample)	




ND280	
  measurement/fit	
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ND280	
  Event	
  Categories	
  

26	
  

•  Exclusive	
  samples	
  based	
  on	
  #	
  of	
  final	
  state	
  charged	
  πs	
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Charged	
  current	
  (CC)	
  0π	


(CCQE	
  64%)	
  

CCQE	
 CCRES	
 CCDIS	

FGD	
  	
  	
  TPC	
  	
  	
  	
  FGD	
  	
  	
  	
  TPC	
 FGD	
  	
  TPC	
  	
  	
  	
  	
  FGD	
  	
  	
  	
  TPC	
 FGD	
  	
  	
  TPC	
  	
  	
  	
  	
  FGD	
  	
  	
  	
  TPC	


μ-­‐	

μ-­‐	


π+	

μ-­‐	


CC	
  1π+	



(CCRES	
  40%)	
  
CC	
  Other	
  	
  
(CCDIS	
  68%)	
  



ND280	
  measurement/fit	
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27	
  

fit	
 fit	
 fit	


CC	
  1π+	

CC	
  0π	

 CC	
  Other	



•  Fit	
  pµ-­‐cosθµ	
  distribu>ons	
  
•  Constrain	
  strongly-­‐correlated	
  syst.	
  between	
  ND280/SK	
  	
  

	
  	
  	
  	
  	
  	
  MC	
  nominal	
  
	
  	
  	
  	
  	
  	
  MC	
  fit	
  
	
  	
  	
  	
  	
  	
  Data	


	
  	
  	
  	
  	
  	
  MC	
  nominal	
  
	
  	
  	
  	
  	
  	
  MC	
  fit	
  
	
  	
  	
  	
  	
  	
  Data	


	
  	
  	
  	
  	
  	
  MC	
  nominal	
  
	
  	
  	
  	
  	
  	
  MC	
  fit	
  
	
  	
  	
  	
  	
  	
  Data	




Flux/Cross-­‐Sec>on	
  uncertain>es	
  	
  
a�er	
  ND280	
  constraint	
  

•  ND280	
  constraint	
  reduces	
  both	
  flux	
  and	
  cross-­‐
sec>on	
  model	
  uncertain>es	
  individually	
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Cross-­‐sec>on	
  parameters	


 (GeV)νE
1 10

Fi
tte

d 
N

or
m

al
iz

at
io

n

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5
 FluxµνSK 

Prior to ND280 Constraint

After ND280 Constraint 

 FluxµνSK Super-­‐K	
  νµ	
  flux	

Parameter Prior to ND280 

Constraint
After ND280 
Constraint

M
A

QE (GeV) 1.21 ± 0.45 1.223 ± 0.072

M
A

RES (GeV) 1.41 ± 0.22 0.963 ± 0.063

CCQE Norm.* 1.00 ± 0.11 0.961 ± 0.076

CC1π Norm.** 1.15 ± 0.32 1.22 ± 0.16

NC1π0 Norm. 0.96 ± 0.33 1.10 ± 0.25

*For E
ν
<1.5 GeV      **For E

ν
<2.5 GeV



Uncertainty	
  of	
  #	
  of	
  SK	
  νe	
  events	
  	
  
before/a�er	
  ND280	
  constraint	
  

•  Flux	
  and	
  cross-­‐sec>on	
  parameters	
  are	
  an>-­‐correlated	
  a�er	
  
ND280	
  constraint	
  becauseND280	
  constrains	
  only	
  the	
  observable	
  
event	
  rate	
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sin22θ13	
  =	
  0.1	


w/o	
  ND280	
  
constraint	


w/	
  ND280	
  
constraint	


Flux/XSEC	
  	
  
(ND280	
  constraint)	


25.9%	
   2.9%	


Other	
  XSEC	
 7.5%	
 7.5%	


Super-­‐K	
  +FSI	
 3.5%	
 3.5%	


Total	
 27.2%	
 8.8%	


Systema>c	
  uncertain>es	
  on	
  
	
  #	
  of	
  νe	
  candidate	
  events	


Flux Parameter 2013 BANFF Fit MaCh3 Fit 2012 BANFF Fit (v8)

M

QE
A (GeV) 1.24026± 0.0716353 1.26456± 0.064049 1.26871± 0.193749

M

RES
A (GeV) 0.964567± 0.067505 0.949663± 0.0596592 1.22308± 0.127026

CC Other Shape 0.225331± 0.285095 0.173463± 0.293487 �0.0460754± 0.347782

Spectral Function 0.240036± 0.128747 0.266925± 0.128784 0.221095± 0.207943

Binding Energy (MeV) 30.9073± 5.22589 33.174± 5.75602 30.5842± 7.03574

Fermi Momentum (MeV/c) 266.31± 10.6198 267.593± 10.6241 250.137± 20.8591

Pionless � Decay Frac. 0.206063± 0.0847385 0.207189± 0.077723

CCQE Norm E0 0.966208± 0.0762314 0.969211± 0.0750235 0.950923± 0.0856916

CCQE Norm E1 0.930577± 0.103206 0.949358± 0.105147 0.708409± 0.209477

CCQE Norm E2 0.852389± 0.11364 0.864545± 0.113692 1.3466± 0.224904

CC1⇡ Norm E0 1.26485± 0.162989 1.28869± 0.156114 1.36972± 0.204051

CC1⇡ Norm E1 1.12189± 0.171703 1.31894± 0.175816 1.01577± 0.281786

NC1⇡0 Norm 1.13532± 0.247975 1.15895± 0.24369 1.15318± 0.267436

CC Coh. Norm 0.449186± 0.164 0.437032± 0.162015

NC Other Norm 1.41038± 0.218257 1.33863± 0.22003

Table 11: The fitted cross section parameters.
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Figure 18: The parameter correlations prior to (left) and after (right) the BANFFv2 fit. The pa-

rameters are 0-24 SK flux parameters, 25 M

QE
A , 26 M

RES
A , 27-29 CCQE normalization, 30-31 CC1⇡

normalization, 32 NC1⇡0 normalization.
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SK	
  flux	
  	
  
(νµ,	
  νµ,	
  νe,	
  νe)	


XSEC	


Correla>on	
  matrix	
  of	
  systema>cs	




CC0π	
  	
  
sample	
  

ND280	
  νe	
  Measurement	
  
•  Interac>ons	
  in	
  FGD	
  and	
  par>cle	
  ID	
  in	
  TPC	
  
•  Major	
  background:	
  photons	
  from	
  π0	
  decays	
  
•  Fit	
  CC0π,	
  CC1π+CCother	
  and	
  γ	
  sideband	
  

30	
  

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

= ± ±

Intrinsic	
  beam	
  νe	
  background	
  predic>on	
  is	
  validated!	




νµ	
  disappearance	
  analysis	
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Par>cle	
  Iden>fica>on	
  at	
  SK	
  
µ	



•  scadering	
  is	
  
minimal	
  

•  Rings	
  with	
  sharp	
  
edges	
  

π0	
  	
  
•  γ	
  from	
  π0	
  decays	
  

shower	
  and	
  look	
  
like	
  electrons	
  

•  Mul>ple	
  fuzzy	
  rings	
  

32	
  

MC MC MC 

e	
  
•  Electromagne>c

shower	
  
•  Rings	
  are	
  

“fuzzy”	
  



νµ	
  event	
  selec>on	

•  Fully-­‐contained	
  fiducial	
  volume	
  (FCFV)	
  event	
  
•  Single-­‐ring	
  µ-­‐like	
  event	
  
•  Reconstructed	
  momentum	
  >	
  200	
  MeV/c	
  
•  #	
  of	
  decay	
  electron	
  ≤	
  1	
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Number of rings
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100 RUN1-4 data
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 CC non-QEµν+µν
 CCeν+eν

NC
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µ-­‐like	
e-­‐like	


120	
  events	
  
	
  	
  	
  	
  	
  in	
  6.57x1020	
  POT	




Systema>cs	
 Uncertain>es	


Flux/XSEC	
  (ND280	
  constraint)	
 2.7%	


Other	
  XSEC	
 4.9%	


Super-­‐K	
  +FSI	
 5.6%	


Total	
 8.1%	


Event	
  category	
 #	
  of	
  events	


νµ	
  CCQE	
 77.93	


νµ	
  CCnonQE	
 40.78	


νe	
  CC	
 0.35	


NC	
  All	
 6.78	


Total	
 125.85	


Predicted	
  #	
  of	
  events	
  &	
  syst.	
  errors	
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Systema>c	
  uncertain>es	
  of	
  #	
  of	
  events*	
  
(sin2θ23,	
  Δm2

32)=(0.5,	
  2.4×10-­‐3	
  eV2)	


Predicted	
  #	
  of	
  events	
  
(sin2θ23,	
  Δm2

32)=(0.5,	
  2.4×10-­‐3	
  eV2)	


4 SYSTEMATIC PARAMETERS

As previously described, there is a significant correlation between flux systematic parameters461

and some neutrino interaction systematic parameters which are constrained by ND280 mea-462

surements. To estimate the e↵ect of the systematic uncertainties including their correlations,463

many fake data sets (10000) of the systematic parameters following the multivariate normal464

distribution and the covariance matrix are generated. For each fake data set, N rec

i

and NSK

exp

465

is calculated. The central values of systematic parameters in multivariate normal distribution466

is set to the values after ND280 fit. Two types of the fake data sets are prepared using total467

covariance matrix with and without the ND280 constraint. Figure 12 shows the NSK

exp

and N rec

i

468

distribution for the 10000 fake data sets. These uncertainties are reduced significantly by the469

ND280 constrain.470

SK
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Figure 12: Fluctuation of the NSK

exp

and N rec

i

at (sin2 ✓
23

,�m2

32

) = (0.5, 2.4 ⇥ 10�3). The left

plot shows the distribution of the NSK

exp

based on 10000 fake data sets. The right plot shows the
N rec

i

with errors which correspond to the r.m.s. from 10000 fake data sets.

Table 13 shows the contribution of each systematic group for the uncertainty on the NSK

exp

.471

Fig. 13 shows the fractional uncertainties of the NSK

exp

and the N rec

i

for each systematic group.472

The dominant error sources around the oscillation maximum region are the SK detection ef-473

ficiencies (especially for CC nonQE and NC event). The next ones are neutrino interaction474

errors not refined by the ND280 fit. The systematic uncertainties of the flux normalizations475

and interaction parameters refined by the ND280 fit are small. The e↵ects of FSI-SI errors are476

smallest.477
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NSK	
  per	
  bin	
  w/	
  error	


Reconst.	
  E	
  (GeV)	


	
  
w/o	
  ND280	
  constraint	
  
w/	
  	
  	
  ND280	
  constraint	


(sin2θ23,	
  Δm2
32)=(0.5,	
  2.4×10-­‐3	
  eV2)	


*	
  Binding	
  energy/SK	
  energy	
  scale	
  are	
  
some	
  of	
  the	
  dominant	
  uncertain>es	
  
affec>ng	
  T2K	
  Δm2

32	
  precision,	
  
but	
  they	
  don’t	
  appear	
  in	
  the	
  le�	
  table	
  
of	
  #	
  of	
  events	
  since	
  they	
  don’t	
  affect	
  
overall	
  normaliza>on.	
  	




Mul>-­‐Nucleon	
  Systema>c	
  Uncertainty	

•  Lively	
  discussion	
  mo>vated	
  by	
  CCQE	
  cross	
  sec>on	
  inconsistency	
  

between	
  MiniBooNE/other	
  experiment	
  
•  Not	
  incorporated	
  directly	
  into	
  analysis	
  

–  But	
  we	
  have	
  a	
  large	
  systema>c	
  uncertainty	
  (100%)	
  on	
  decays	
  of	
  Δ	
  
resonances	
  w/	
  prompt	
  π	
  absorp>on	
  (“π-­‐less	
  Δ-­‐decay”).	
  It	
  has	
  similar	
  
impact	
  on	
  neutrino	
  energy	
  reconstruc>on	
  as	
  a	
  100%	
  uncertainty	
  in	
  the	
  
mul>-­‐nucleon	
  interac>on	
  model	
  (Nieves	
  model)	
  

–  Dedicated	
  MC	
  study	
  shows	
  the	
  impact	
  on	
  oscilla>on	
  analysis	
  is	
  small	
  
rela>ve	
  to	
  our	
  current	
  sta>s>cal	
  error.	
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 (GeV)true - EQE

recoE
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5)×-decay (Δpionless 



Oscilla>on	
  Likelihood	
  Fits	

•  Search	
  for	
  Oscilla>on	
  parameters	
  which	
  maximize	
  L	
  
–  Observables:	
  #	
  of	
  events,	
  Eνrec	
  distribu>on	
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#	
  of	
  events	
 Eνrec	
  dist.	
 Syst.	
 Osci.	
  param.	


Neutrino	
  energy	
  from	
  elas>c	
  kinema>cs	


Muon Spectrum 

• Selected far detector ʆʅ CCQE candidates 

– Fully contained and fiducial single muon-like ring 

– pʅ>200 MeV, no more than one decay e- 

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

 

• Neutrino energy  

from elastic  

kinematics 

 

 

– Eb is mean binding 

energy 

23 August 2013 K. McFarland: Oscillations @ T2K 43 

*	
  Eb	
  is	
  mean	
  binding	
  energy.	


	
  L	
  =	
  Lnorm	
  ×	
  Lshape	
  ×	
  Lsyst	
  ×	
  Losci	


µ	


(Pµ,	
  θµ)	


µ	
 µ	


θµ	


Note:	
  sin2θ13,	
  sin2θ12,	
  	
  Δm2
21	
  	
  are	
  constrained	
  by	
  PDG2012.	
  δCP	
  is	
  unconstrained.	
  



sin2θ23	
  [NH]	
  
([IH])	


0.514	
  	
  
(0.511)	


Δm2
32	
  [NH]	
  

(Δm2
13	
  [IH])	


2.51	
  	
  
(2.48)	


Nexp	
  [NH]	
  
([IH])	


121.41	
  
(121.39)	
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Results	
  of	
  νµ	
  disappearance	
  analysis	
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  Nobs	
  =	
  120	
  events	


Data	

Best	
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No	
  oscilla>on	


Data	

Best	
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Depth:	
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Δm32

2 ⋅L
4E

2	
  flavor	
  approxima>on	
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PRL	
  111,	
  211803	
  (2013)	


Feldman-­‐Cousins	
  2D	
  confidence	
  regions	


T2K	
  new	
  	
  	
  	
  	
  	


Results	
  of	
  νµ	
  disappearance	
  analysis	


[NH]	


Great	
  improvement	
  from	
  the	
  previous	
  T2K	
  result!	
  
T2K	
  favors	
  maximal	
  mixing	


[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


68% CL 90% CL

sin2(θ23) [NH] [0.458,0.568] [0.428,0.598]

Δm232 (x10-3) [NH] [2.41,2.61] [2.34,2.68]

sin2(θ23) [IH] [0.456,0.566] [0.427,0.596]

Δm213 (x10-3) [IH] [2.38,2.58] [2.31,2.64]

Feldman-Cousins 1D 
Confidence IntervalsF&C	
  1D	
  intervals	


θ23	
  [NH]	
 [42.6°,	
  48.9°]	
 [40.9°,	
  50.7°]	


θ23	
  [IH]	
 [42.5°,	
  48.8°]	
 [40.8°,	
  50.5°]	
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T2K	
  measures	
  θ23	
  with	
  the	
  world-­‐leading	
  precision!	


Comparison	
  w/	
  other	
  experiments	
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νe	
  appearance	
  analysis	
  
	
  

T2K	
  collabora>on,	
  PRL	
  112,	
  061802	
  (2014)	
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νe	
  event	
  selec>on	

•  Fully-­‐contained	
  fiducial	
  volume	
  (FCFV)	
  event	
  
•  Single-­‐ring	
  e-­‐like	
  event	
  
•  Evisible	
  >	
  100	
  MeV	
  
•  #	
  of	
  decay	
  electron	
  =	
  0	
  
•  0	
  <	
  Eνrec	
  <	
  1250	
  MeV	
  
•  π0	
  cut	
  

28	
  events	
  
	
  	
  	
  	
  	
  	
  	
  in	
  6.57x1020	
  POT	
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Oscilla>on	
  Likelihood	
  Fits	

•  Search	
  for	
  Oscilla>on	
  parameters	
  which	
  maximize	
  L	
  
–  Observables:	
  #	
  of	
  events,	
  (pe,	
  θe)	
  distribu>on	
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  L	
  =	
  Lnorm	
  ×	
  Lshape	
  ×	
  Lsyst	
  ×	
  Losci	

#	
  of	
  events	
 (pe,	
  θe)	
  dist.	
 Syst.	
 Osci.	
  param.	


Table 2: Predicted number of events for each event category in SK MC simulation using fiTQun
selection cut for 6.570× 1020 POT, and values of the oscillation parameters shown in Table 1. Those
predictions do not take into account the effects of systematic parameters.

# of pre-calculated events
Event category sin2 2θ13 = 0.0 sin2 2θ13 = 0.1
Total 5.07 22.26
νe signal 0.41 17.85
νe background 3.37 3.12
νµ background 1.08 1.08
νµ background 0.06 0.06
νe background 0.16 0.15
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Figure 2: The predicted (pe, θe) PDF for sin2 2θ13 = 0.0 (left) and 0.1 (right). These distributions are
calculated without taking into account the effect of any of the systematic parameters.

9

(pe,	
  θe)	
  distribu>on	


sin22θ13=0.0	
  
(BG	
  only)	


sin22θ13=0.1	
  
(νe	
  CCQE	
  
	
  	
  	
  dominant)	
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Results	
  of	
  νe	
  appearance	
  analysis	

[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


Note:	
  sin2θ23,	
  Δm2
32	
  	
  are	
  constrained	
  by	
  previous	
  T2KRun	
  1-­‐3	
  	
  νµ	
  result	
  (PRL	
  111,	
  211803	
  (2013))	
  

Best	
  fit	
  for	
  [NH]	
  ([IH])	
  
	
  (Assuming	
  δCP=0)	


sin22θ13	
  =	
  0.136	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (0.166	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	


+0.044	

-­‐0.033	

+0.051	

-­‐0.042	


Significance	
  of	
  non-­‐zero	
  θ13	
  yields	
  7.3σ	


Discovery	
  of	
  νe	
  appearance!	


Electron	
  p-­‐θ	
  distribu>on	
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Results	
  of	
  νe	
  appearance	
  analysis	


[NH]	

Reactor 1σ range 
(PDG2012)	


[IH]	


[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


Reactor 1σ range 
(PDG2012)	


Allowed	
  region	
  of	
  sin22θ13	
  for	
  each	
  value	
  of	
  δCP	


Note	
  
•  These	
  are	
  1D	
  contours	
  for	
  values	
  of	
  δCP,	
  not	
  2D	
  contours	
  in	
  δCP-­‐θ13	
  space	
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Results	
  of	
  νe	
  appearance	
  analysis	

Combina>on	
  of	
  T2K	
  +	
  Reactor	
  (sin22θ13=0.098±0.013	
  from	
  PDG2012)	


90%	
  C.L.	
  limits	
  by	
  Feldman-­‐Cousins	
  

90%	
  C.L.	
  excluded	
  region	
  
	
  [NH]:	
  0.19π	
  ~	
  0.80π	


	
  [IH]:	
  	
  -­‐0.04π	
  ~	
  1.03π	


[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


•  Best	
  fit	
  is	
  found	
  at	
  very	
  interes>ng	
  point,	
  δCP	
  ~	
  -­‐π/2.	
  
•  If	
  it	
  is	
  true,	
  severe	
  compe>>on	
  w/	
  NOνA.	
  	
  
	
  	
  	
  	
  	
  	
  Very	
  important	
  to	
  increase	
  sta>s>cs	
  ASAP.	
  

[NH]	

[IH]	
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Our	
  paper	
  on	
  the	
  νe	
  appearance	
  analyses	
  (PRL	
  112,	
  061802	
  (2014))	
  
was	
  selected	
  for	
  a	
  “Viewpoint	
  in	
  Physics”	
  of	
  APS.	




Future	
  sensi>vity	
  study	
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•  νe	
  appearance	
  and	
  νµ	
  disappearance	
  combined	
  fit	
  
•  Realis>c	
  (shape-­‐dependent)	
  systema>c	
  errors	
  
•  Errors	
  are	
  assumed	
  to	
  be	
  fully	
  correlated	
  between	
  ν/an>-­‐ν	
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Koseki-­‐san’s	
  slides	
  @	
  T2K	
  collabora>on	
  mee>ng,	
  Sep,	
  2013	


Expected	
  POT	
  is	
  es>mated	
  based	
  on	
  the	
  informa>on.	




sin2θ23/Δm2
32	
  1σ	
  Precision	
  vs.	
  POT	
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T2K sin2
θ23 1σ Precision vs. POT

Solid Lines: no sys. err.
Black Dashed: with 2012 sys. err. (∼10% νe , ∼13% νµ)
Red Dashed: with conservative projected sys. err. (∼7% ν, ∼14% ν̄)
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9 / 22

T2K ∆m
2
32 1σ Precision vs. POT

Solid Lines: no sys. err.
Black Dashed: with 2012 sys. err. (∼10% νe , ∼13% νµ)
Red Dashed: with conservative projected sys. err. (∼7% ν, ∼14% ν̄)
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50%	
  POT	
  ν	
  +	
  50%	
  POT	
  an>-­‐ν	

Solid	
  Lines:	
  no	
  sys.	
  err.	
  
Red	
  Dashed:	
  with	
  conserva>ve	
  projected	
  sys.	
  err.	
  (~7%	
  ν,	
  ~14%	
  an>-­‐ν)	


Sta>s>cal	
  limit	
  of	
  1σ	
  precision	
  at	
  full	
  POT	
  	
  
•  sin2θ23	
  (θ23):	
  ~0.045	
  (~2.6°)	
  
•  Δm2

32:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~4×10-­‐5	
  eV2	


Assuming	
  true:	
  sin22θ13=0.1,	
  δCP=0°,	
  sin2θ23=0.5,	
  Δm2
32=2.4×10-­‐3	
  eV2,	
  [NH]	
  

θ13	
  constrained	
  by	
  δ(sin22θ13)	
  =	
  0.005	


[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


now	


~2016	


now	


~2016	


Precisions	
  	
  
are	
  increased	
  	
  
dras>cally	
  	
  
over	
  the	
  next	
  few	
  years.	




Appearance	
  90%	
  C.L.	
  Sensi>vity	
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(c) 100% ν-running, with ultimate reactor con-
straint.
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(d) 50% ν-, 50% ν̄-running, with ultimate reac-
tor constraint.

Figure 15: δCP vs. sin2 2θ13 90% C.L. intervals for 7.8 × 1021 POT. Contours are plotted for the
case true δCP = 0◦ and NH. The blue curves are fit assuming the correct MH, while the red are
fit assuming the incorrect MH. The solid contours are with statistical error only, while the dashed
contours include the 2012 systematic errors fully correlated between ν and ν̄.
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Figure 16: δCP vs. sin2 2θ13 90% C.L. intervals for 7.8 × 1021 POT. Contours are plotted for the
case true δCP = −90◦ and NH. The blue curves are fit assuming the correct MH, while the red are
fit assuming the incorrect MH. The solid contours are with statistical error only, while the dashed
contours include the 2012 systematic errors fully correlated between ν and ν̄.
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Figure 15: δCP vs. sin2 2θ13 90% C.L. intervals for 7.8 × 1021 POT. Contours are plotted for the
case true δCP = 0◦ and NH. The blue curves are fit assuming the correct MH, while the red are
fit assuming the incorrect MH. The solid contours are with statistical error only, while the dashed
contours include the 2012 systematic errors fully correlated between ν and ν̄.
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Figure 16: δCP vs. sin2 2θ13 90% C.L. intervals for 7.8 × 1021 POT. Contours are plotted for the
case true δCP = −90◦ and NH. The blue curves are fit assuming the correct MH, while the red are
fit assuming the incorrect MH. The solid contours are with statistical error only, while the dashed
contours include the 2012 systematic errors fully correlated between ν and ν̄.
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[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


7.8×1021	
  POT	
  (50%	
  POT	
  ν	
  +	
  50%	
  POT	
  an>-­‐ν)	

Solid	
  Lines:	
  no	
  sys.	
  err.,	
  Dashed:	
  with	
  2012	
  sys.	
  err.	
  (~10%	
  νe,	
  ~13%	
  νµ)	


Case	
  study	
  (1):	
  True	
  δCP	
  =	
  0°	
 Case	
  study	
  (2):	
  True	
  δCP	
  =	
  -­‐90°	


Assuming	
  true:	
  sin22θ13=0.1,	
  sin2θ23=0.5,	
  Δm2
32=2.4×10-­‐3	
  eV2,	
  [NH]	
  

T2K	
  
w/	
  Reactor	
  
δ(sin22θ13)	
  	
  
=	
  0.005	


T2K	
  only	
  



Sensi>vity	
  for	
  Resolving	
  sinδCP≠0	
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7.8×1021	
  POT	
  (50%	
  POT	
  ν	
  +	
  50%	
  POT	
  an>-­‐ν)	
T2K Sensitivity for Resolving sin δCP != 0
7.8 × 1021 POT; Without systematic error
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T2K Sensitivity for Resolving sin δCP != 0
7.8× 1021 POT; With 2012 systematic errors
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Assuming true: sin2 2θ13 = 0.1, ∆m2
32 = 2.4× 10−3 eV2

θ13 constrained by δ(sin2 2θ13) = 0.005
15 / 22

True	
  
[NH]	


True	
  
[NH]	


True	
  
[IH]	


True	
  
[IH]	


No	
  sys.	
  err.	
   w/	
  2012	
  sys.	
  err.	
  (~10%	
  νe,	
  ~13%	
  νµ)	


Assuming	
  true:	
  sin22θ13=0.1,	
  Δm2
32=2.4×10-­‐3	
  eV2	
  

θ13	
  constrained	
  by	
  δ(sin22θ13)	
  =	
  0.005	


[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	
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T2K	
  +	
  NOνA	
  Sensi>vity	
  for	
  Resolving	
  sinδCP≠0	


Assuming	
  5%	
  (10%)	
  normaliza>on	
  uncertainty	
  on	
  signal	
  (background)	
  
Assuming	
  true:	
  sin22θ13=0.1,	
  Δm2

32=2.4×10-­‐3	
  eV2,	
  θ13	
  constrained	
  by	
  δ(sin22θ13)	
  =	
  0.005	


[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


Region	
  where	
  sinδ=0	
  can	
  be	
  
excluded	
  by	
  90%	
  C.L.	


solid(dash):	
  w/o	
  (w/)	
  systema>cs	
  

NOνA	


T2K	


Both	
  T2K/NOνA	
  -­‐>	
  full	
  POT	
  (50%	
  POT	
  ν	
  +	
  50%	
  POT	
  an>-­‐ν)	
  
Shown	
  in	
  [NH]	
  case.	


Sensi>vity	
  to	
  resolve	
  sinδ=0	
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T2K	
  +	
  NOνA	
  Sensi>vity	
  to	
  Mass	
  Hierarchy	

Both	
  T2K/NOνA	
  -­‐>	
  full	
  POT	
  (50%	
  POT	
  ν	
  +	
  50%	
  POT	
  an>-­‐ν)	
  
Shown	
  in	
  [NH]	
  case.	


Assuming	
  true:	
  sin22θ13=0.1,	
  Δm2
32=2.4×10-­‐3	
  eV2,	
  θ13	
  constrained	
  by	
  δ(sin22θ13)	
  =	
  0.005	


Red:	
  T2K	
  alone,	
  Blue:	
  NOνA	
  alone,	
  Black:	
  T2K	
  +	
  NOνA	


[NH]	
  Normal	
  hierarchy,	
  [IH]	
  Inverted	
  hierarchy	


Region	
  where	
  MH	
  can	
  be	
  
dis>nguished	
  by	
  90%	
  C.L.	


Sensi>vity	
  to	
  resolve	
  MH	


solid(dash):	
  	
  
w/o	
  (w/)	
  syst.	
  

NOνA	




Summary	

•  νµ	
  disappearance	
  results	
  
– We	
  have	
  measured	
  θ23	
  with	
  the	
  world-­‐leading	
  precision	
  
–  New	
  result	
  favors	
  maximal	
  mixing	
  

•  νe	
  appearance	
  results	
  
– We	
  have	
  constrain	
  the	
  CP	
  viola>ng	
  phase	
  δCP	
  by	
  combining	
  
our	
  νe	
  appearance	
  results	
  with	
  the	
  reactor	
  measurements	
  

–  Best	
  fit	
  is	
  found	
  at	
  very	
  interes>ng	
  point,	
  δCP	
  ~	
  -­‐π/2.	
  If	
  it	
  is	
  
true,	
  severe	
  compe>>on	
  w/	
  NOνA.	
  Very	
  important	
  to	
  
increase	
  sta>s>cs	
  ASAP.	
  

•  Future	
  sensi>vity	
  study	
  
–  T2K	
  can	
  constrain	
  δCP	
  	
  
–  Combined	
  analysis	
  w/	
  NOνA	
  enhances	
  the	
  sensi>vi>es	
  to	
  δCP	
  
and	
  the	
  mass	
  hierarchy	
  

–  Achievement	
  of	
  750	
  kW	
  beam	
  opera>on	
  is	
  essen>al	
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