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Types	
  of	
  neutrino	
  experiments	
  

Direct	
  Mass	
  *	
  Double	
  Beta	
  Decay	
  
Reactor	
  Experiments	
  *	
  Atmospheric	
  and	
  Solar	
  Neutrinos	
  

Accelerator	
  Based	
  Oscilla@on	
  Experiments	
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Today	
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How	
  do	
  they	
  oscillate?	
  
“Flavor”	
  states	
  are	
  mixture	
  of	
  mass	
  states.	
  

�
νµ

ντ

�
=

�
cos θ sin θ
− sin θ cos θ

� �
ν2

ν3

�

��νµ(t)� = eiE1t
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TODAY: OSCILLATION EXPERIMENTS 
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ντ = −ν2 sin θ + ν3 cos θ
νµ = ν2 cos θ + ν3 sin θ



4	
  Chris	
  Walter	
  SLAC-­‐LBL	
  Seminars	
  

Current	
  informa@on	
  on	
  neutrino	
  
oscilla@ons*	
  

Atmos	
  Oscilla@ons	
   Solar	
  Oscilla@ons	
  unknown	
  

Results come from a set of solar, atmospheric,  
accelerator and reactor experiments 

s23 = sin θ23
c23 = cos θ23

arXiv:0808.2016v3 

*ignoring some recent very new odd results from MiniBooNE/Minos 
09/05/11	
  



To	
  address	
  in	
  oscilla@on	
  experiments:	
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The third angle has only an upper limit. 
Unless all of the angles are finite we can’t 
measure CP violation in neutrinos. 

E. Kearns – NuFact09 

In a beam experiment, the signal for non-zero 
θ13 is νe appearance in a pure νµ beam. 

•  What	
  is	
  the	
  paRern	
  of	
  neutrino	
  masses?	
  
•  Is	
  there	
  CP	
  viola@on	
  in	
  the	
  neutrino	
  
sector?	
  	
  Is	
  it	
  big	
  enough	
  to	
  drive	
  lepto-­‐
genesis	
  and	
  is	
  it	
  related	
  to	
  the	
  quark	
  
sector?	
  

•  What	
  is	
  the	
  value	
  of	
  the	
  final	
  unmeasured	
  
mixing	
  angle,	
  and	
  is	
  the	
  atmospheric	
  angle	
  
maximal?	
  

“Normal”	
   “Inverted”	
  

  

! 

"23 = 45!#8!
+8!

"12 = 33.9!#1.2!
+1.2!

"13 < 13!



How	
  do	
  we	
  measure	
  θ13?	
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For appearance three main types of background: 
intrinsic νe ,  misidentified π0,  mis-identified charged µ 

We need a very high intensity beam and a large target.  Make a pure 
neutrino beam and look for electrons to appear. 

Measure	
  the	
  electron	
  appearance	
  
probability	
  on	
  top	
  of	
  a	
  background	
  	
  

Schematic figure 
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P(!µ !!e ) = sin2"23 sin2 2"13 sin2 "m23
2 L

4E!
+ sub-leading terms



How	
  do	
  you	
  build	
  a	
  long-­‐baseline	
  experiment?	
  
(1st	
  example:	
  K2K	
  -­‐>	
  MINOS	
  -­‐>	
  T2K)	
  

Magnetic Horns Decay Pipe 
Near detectors 

Neutrinos Pions 

Protons 

Proton  
Synchrotron 

GPS Satellite 
(broadcasts time) 

Always the same pattern: 
Accelerator -> Target -> Horns -> Decay Pipe -> Near detector -> Far Detector 
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Main	
  Backgrounds	
  in	
  WC	
  detectors	
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Intrinsic νe  
contamination 

Confuse π0→γγ	


with νe 

Confuse νµ	


with νe 

Chris	
  Walter	
  SLAC-­‐LBL	
  Seminars	
  



T2K	
  Collabora@on	
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~500 Collaborators / 59 Institutions / 12 Countries  
(Canada / France / Germany / Italy / Japan / Poland / Russia / S. Korea / Spain / Switzerland / UK / USA) 

30 GeV Tunnel 



Expected	
  sensi@vi@es	
  ader	
  5	
  year	
  run.	
  

T2K’s	
  current	
  exposure	
  is	
  about	
  70	
  kw	
  x	
  107	
  seconds	
  of	
  integrated	
  proton	
  
power	
  on	
  target	
  approximately	
  2%	
  of	
  the	
  final	
  goal.	
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The	
  T2K	
  Experiment	
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νeCC	
  

Far	
  detector:	
  Super-­‐K	
  
On	
  and	
  off-­‐axis	
  	
  
hybrid	
  near	
  	
  
detectors	
  

‣  50 Kton Water Cherenkov 
Detector


‣  >11,000 PMTs read out by QTCs


‣  Image processing for 
reconstruction


BG	
  NC	
  

Super-K water Cherenkov Detector as far detector. 
Uses the new JPARC accelerator complex 
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MR design: 750kw 
150kw before quake 

JPARC	
  Site	
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Muon	
  Monitor	
  
Si	
  +	
  IonizaIon	
  

Beam	
  Dump	
  

Beam	
  Monitors	
  

SC	
  +	
  Normal	
  magnets	
  

Target	
  

3	
  Horns	
  
Decay	
  Volume	
  
94m	
  



Off-Axis Beams 
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High	
  Energy	
  	
  
tail	
  causes	
  	
  
Backgrounds	
  

Peak	
  flux	
  is	
  higher	
  	
  
and	
  energy	
  band	
  	
  	
  
is	
  narrower.	
  

Θ
=2
.5
°	
  

Super-­‐Kamiokande	
  
Off	
  Axis	
  (2.5°)	
  Neutrino	
  Source	
  

π

120m 0m 280m 295 km 

on-axis 
off-axis 

monitor 

Proton	
  Beam	
   Neutrino	
  Beam	
  

The	
  kinemaIcs	
  of	
  pion	
  decay	
  allow	
  	
  
us	
  to	
  make	
  a	
  narrower	
  neutrino	
  	
  
beam.	
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NA61	
  Experiment	
  at	
  CERN	
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§  Large acceptance spectrometer with dE/dx and TOF counters 
§  30 GeV proton beam matches T2K. 
§  Both a “thin” .04λtarget and a replica of the T2K target 
§  Can measure pion and kaon production 

NA61 is used to tune our neutrino flux 

Today: Pions with thin 

30GeV proton cross-sec on C12 
(measure differential production multiplicity)  



280m	
  Complex	
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INGRID: 
•  On-axis 
•  16 Modules of Iron and Scintillator 
•  Measures the beam profile and rate 

ND280 Off-axis detector: 
•  Off-axis 
•  0.2 Tesla UA1 Magnet 
•  FGDs with scintillator and H2O targets 

for mass. 
•  Followed by TPCs for tracking and dE/

dX. 
•  Ecal for shower measurement 
•  Scintillator/Water P0D π0 detector 
•  Side muon detectors in magnet 



INGRID:	
  Beam	
  is	
  stable/well	
  pointed	
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Neutrino	
  rate	
  stable	
  to	
  ≤	
  1%	
  for	
  full	
  run	
  

Beam	
  profiles	
  in	
  X	
  and	
  Y	
  

Direc@on	
  of	
  beam	
  is	
  stable	
  to	
  ±0.3	
  mrad	
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Magnet closed and at 
2.7kA, 0.188T 

Cosmic Event 

Off-­‐axis	
  detector	
  used	
  
for	
  beam	
  normaliza@on	
  



Inner	
  Detector:	
  
11,146	
  50	
  cm	
  PMTs	
  
Outer	
  Detector:	
  
1885	
  20	
  cm	
  PMTs	
  +	
  WS	
  plates	
  

Water	
  PurificaIon	
  

10
00
	
  m

	
  

2700	
  mwe	
  cosmic	
  ray	
  µ	
  ~3	
  Hz	
  

Super	
  Kamiokande	
  Detector:	
  50,000	
  Ton	
  Water	
  Cherenkov	
  Detector	
  

18	
  

“SK-­‐IV”	
  upgraded	
  for	
  T2K	
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Cherenkov	
  Radia@on	
  

Hypersonic	
  Jet	
  	
   Reactor	
  Core	
  

Moving	
  faster	
  than	
  the	
  speed	
  
of	
  sound	
  in	
  air	
  makes	
  a	
  sonic	
  boom.	
  

Electrons	
  moving	
  	
  
faster	
  than	
  c/n	
  in	
  
water	
  make	
  light.	
  

Super-­‐K	
  

Par@cles	
  moving	
  	
  
faster	
  than	
  c/n	
  make	
  	
  
cones	
  of	
  light.	
  

Cherenkov	
  light	
  is	
  emiRed	
  when	
  a	
  charged	
  par@cle,	
  like	
  	
  
a	
  muon	
  or	
  an	
  electron	
  goes	
  faster	
  than	
  the	
  speed	
  of	
  light	
  	
  
in	
  some	
  medium.	
  	
  The	
  Cherenkov	
  light	
  is	
  emiRed	
  like	
  a	
  	
  
shockwave,	
  in	
  a	
  cone	
  along	
  the	
  direc@on	
  of	
  par@cle	
  mo@on.	
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Telling	
  Electrons	
  from	
  Muons	
  

Electrons	
  bremstrahlung	
  
and	
  pair	
  produce	
  making	
  many	
  
par@cles	
  each	
  making	
  light.	
  

Muons	
  move	
  forward	
  
producing	
  a	
  single	
  cone	
  	
  
of	
  light.	
  

Thickness gives momentum 

Compare 
profile of ring 
against a 
shape 
likelihood. 
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Eν Reconstruc@on	
  (assuming	
  QE)	
  	
  

In	
  Water	
  Cherenkov	
  detectors	
  not	
  every	
  	
  
par@cle	
  is	
  above	
  Cherenkov	
  	
  threshold.	
  	
  Luckily,	
  	
  
in	
  a	
  Quasi-­‐Elas@c	
  reac@on,	
  even	
  if	
  only	
  the	
  muon	
  is	
  visible	
  
we	
  can	
  reconstruct	
  the	
  neutrino	
  energy!	
  
	
  [	
  Case	
  for	
  most	
  events	
  in	
  T2K	
  Energies	
  ]	
  
	
  
If	
  the	
  interac@on	
  is	
  non	
  Quasi-­‐Elas@c	
  then	
  the	
  	
  
reconstructed	
  energy	
  will	
  be	
  incorrect.	
  	
  

µ	


νµ	

 θ 

Eν =
mNEµ −m2

µ/2
mN − Eµ + pµ cos(θµ)

mN = Neutron Mass
Eµ = Muon Energy

mµ = Muon mass
pµ = Muon momentum

θµ = Muon angle wrt beam
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PaRern	
  of	
  Light	
  FiRer	
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Optimized to find weak 2nd ring from asymmetric decay 

o  Start	
  from	
  single	
  e-­‐like	
  
ring	
  with	
  no	
  decay	
  
electrons.	
  

o  Assume	
  there	
  is	
  a	
  2nd	
  
ring	
  from	
  a	
  pizero	
  decay	
  
somewhere	
  in	
  the	
  event.	
  	
  

o  Make	
  a	
  e-­‐like	
  paRern	
  
(including	
  scaRered	
  
light)	
  and	
  move	
  it	
  
around	
  un@l	
  you	
  get	
  the	
  
best	
  fit.	
  

o  Check	
  the	
  invariant	
  mass	
  
of	
  the	
  reconstructed	
  
pizero	
  and	
  likelihood	
  and	
  
decide	
  whether	
  there	
  
was	
  a	
  ring	
  or	
  not.	
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§  Run-1 and Run-2 data set contain 1.43 x 1020 POT 
§  Run 1 instantaneous power reached 50 kW 

§  è Increased # bunches/pulse, protons/bunch, repetition rate 

§  Run 2 stable power reached 145 kW 

Analysis	
  Data	
  Set	
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POT	
  1.8%	
  of	
  final	
  design	
  goal	
  

RUN 1 
6 bunches / pulse 
spill / 3.64 sec 

RUN 2 
8 bunches / pulse 
spill / 3.04 sec 



Off-­‐axis	
  normaliza@on	
  measurement	
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NND
obs

NND
MC =1.036± 0.028stat !0.037

+0.044
detector ± 0.038interaction 

model

  
!µ inclusive charged current measurement. 
compares data with normalized MC.  

FGD Vertex + TPC track 

Select nue candidates in TPC using 
PID for electron neutrino cross-check. 

Normalization factor 
from inclusive CC 
analysis will be used in 
oscillation analysis: 



Expected	
  flux	
  at	
  Super-­‐K	
  

09/05/11	
   Chris	
  Walter	
  SLAC-­‐LBL	
  Seminars	
   25	
  

!µ

!e

Bkg dominated  
by pions 

Bkg dominated  
by kaons 



Far	
  detector	
  events!	
  

Pµ = 1061 MeV/c 
 

1 decay-e	


Pµ = 1025 MeV/c 1 decay-e	
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π0 candidate. Minv=104 MeV/c2 	




Arrival	
  Distribu@ons	
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Data	

MC	
  

BG	
  
(12µs	
  

window)	
  No	
  oscilla@on	
  
2-­‐flavor	
  osc.	
  
Δm2	
  =	
  2.4	
  x	
  10-­‐3	
  (eV2)	
  

sin2	
  2θ23	
  =	
  1.0	
  

Fully-­‐Contained	
 121	
 246	
 109	
 0.023	


Fiducial	
  Volume,	
  
Evis	
  >	
  30MeV	
 88	
 166	
   74.1	
   0.0028	


Single-­‐ring	
  µ-­‐like	
  
(Pµ>200MeV/c)	


33	
  
(33)	


112	
  
(111	
  ±	
  16)	


32.0	
  
(31.8	
  ±	
  5.3)	
 -­‐	


Single-­‐ring	
  e-­‐like	
  
(Pe>100MeV/c)	


8	
  
(7)	


8.5	
  
(6.8	
  ±	
  3.0)	


6.7	
  
(5.8	
  	
  ±	
  2.2)	
 -­‐	


Mul@-­‐ring	
 47	
 45.3	
 35.4	
 -­‐	


Number	
  of	
  Super-­‐K	
  events	
  observed	
  in	
  the	
  T2K	
  1.431x1020	
  POT	
  data	
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Vertex	
  distribu@ons	
  for	
  FC	
  events	
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Next we need to select the electron neutrino candidates. 
è These cuts were set before data taking. 
(Need single ring e-like events with no-evidence of other particles) 



Start	
  with	
  the	
  FV	
  contained	
  events	
  in	
  the	
  @me	
  window.	
  
Require	
  no	
  OD	
  ac@vity.	
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Then select single ring events. 

single multi 



Now	
  choose	
  electron	
  like	
  events	
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E-like Mu-like 

SK-IV atmospheric 
neutrino data. 
mis-id ≤~ 1% 



Remove	
  low	
  energy	
  and	
  decay-­‐e	
  events	
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Decay in flight and NC events  
è very low energy 

Sub-threshold pions still have 
decay electrons.  



Remove	
  events	
  with	
  likely	
  π0	
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The polfit cut was 
optimized for 
our current low-
statistics run. 



Choose	
  energy	
  window	
  for	
  final	
  sample	
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Six	
  events	
  
remain	
  in	
  
The	
  final	
  
sample.	
  

Signal	
  ε	
  =	
  66%	
   Expected	
  background	
  
Source	
   Number	
  

	
  NC	
  bkg	
   0.6	
  

	
  Beam	
  νe	
  bkg	
   0.8	
  

	
  Solar	
  Term	
   0.1	
  

	
  νμ	
  CC	
  misid	
  	
  	
   0.03	
  

Total	
   1.5	
  ±	
  0.3	
  

Six	
  events	
  were	
  seen	
  
1.5	
  ±	
  0.3	
  were	
  expected	
  
(error	
  due	
  to	
  systema-cs) 



Number	
  of	
  events	
  at	
  each	
  cut	
  step	
  	
  (MC	
  w/	
  sin22θ13	
  =	
  0.1)	


	
  	
 Data	

BG	
  expecta@on	
 νµà	
  νe	
  	
  

expect
.	
Total	
  νµCC	
 νeCC	
 NC	


Interac@on	
  in	
  FV	
 -­‐	
 141.3	
 67.2	
 3.1	
 71.0	
 6.2	


FCFV	
 88	
 73.6	
 52.4	
 2.9	
 18.3	
 6.0	


Single-­‐ring	
 41	
 38.3	
 30.8	
 1.8	
 5.7	
 5.2	


e-­‐like	
 8	
 6.6	
 1.0	
 1.8	
 3.7	
 5.2	


Evis	
  >	
  100	
  MeV	
 7	
 5.7	
 0.7	
 1.8	
 3.2	
 5.1	


No	
  decay-­‐e	
 6	
 4.4	
 0.1	
 1.5	
 2.8	
 4.6	


Minv	
  <	
  105	
  MeV/c2	
 6	
 1.9	
 0.04	
 1.1	
 0.8	
 4.2	


Eνrec	
  <	
  1250	
  MeV	
 6	
 1.3	
 0.03	
 0.7	
 0.6	
 4.1	


Efficiency	
 -­‐	
 1	
  %	
 <	
  0.1%	
 23	
  %	
 1	
  %	
 66	
  %	


Note: this is only a 
counting experiment. But, 
the candidate samples 
look like good events. 
 
See next slides 
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νe	
  candidate	
  event	
  displays	
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Pe = 318 MeV/c Pe = 1049 MeV/c 

Candidate	
  #1	
   Candidate	
  #4	
  



Candidate	
  proper@es	
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Looks good!  

Residual	
  Ime	
   Arrival	
  distribuIon	
   Angular	
  distribuIon	
  

KinemaIcs	
  



Candidate	
  Vertex	
  Distribu@ons	
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Is this reasonable?  LOTS of checks! 



Fiducial	
  	
  
volume	
  
boundary	
  

SK-­‐IV	
  atmospheric	
  neutrino	
  data	
  
SK-­‐IV	
  atmospheric	
  neutrino	
  MC	
  

Notes	
  about	
  the	
  last	
  bin-­‐	
  closest	
  to	
  the	
  PMT	
  wall:	
  
•  The	
  bin	
  is	
  only	
  18	
  cm	
  wide	
  in	
  R.	
  
•  The	
  SK	
  vertex	
  fiRer	
  is	
  constrained	
  to	
  inside	
  the	
  PMT	
  wall.	
  
•  Visual	
  scan	
  shows	
  events	
  with	
  electronic	
  noise	
  that	
  is	
  not	
  modeled	
  in	
  the	
  MC.	
  

Use	
  atmospheric	
  events	
  to	
  check	
  FV	
  boundary	
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Use	
  KS	
  test	
  to	
  check	
  several	
  distribu@ons	
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The “natural” variables we usually 
Check are R2 and and dwall. We 
undertook a systematic check of 
many others.  But note: be careful of bias!  

KS	
  test	
  is	
  used	
  to	
  	
  
account	
  for	
  distribuIon	
  	
  
shapes.	
  



Use	
  toy	
  MC	
  to	
  study	
  probability	
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Max	
  K-­‐S	
  distance	
   KS	
  prob	
  of	
  max	
  distance	
  

%	
  of	
  events	
  
with	
  P	
  or	
  
more.	
  

FC	
  Fromwall	
  ||	
  beam	
  

USE	
  7	
  

USE	
  6	
  

Wide range of values.  Seems to be a 1-3% effect 



Entering	
  background	
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MC interactions including the rock was used to evaluate background from outside. 

FC	
  

νe	
  FC	
  

νe	
  

.003	
  events	
  expected	
  



Θ13	
  and	
  the	
  expected	
  number	
  of	
  events	
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Line is drawn at six events. This should be the “best fit” of our analysis.    

How likely a point is consistent 
with six events is given by the 
statistics and systematic errors. 

There	
  are	
  errors	
  associated	
  with	
  
Super-­‐K	
  /	
  ND280	
  /	
  ν	
  interac-ons	
  /	
  flux	
  uncertain-es	
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Nexp =
�

all MC evts

Θcuts × γnorm (x)

Θcuts = 1 if νe cuts are passed, 0 otherwise.
γnorm scales MC to expected data based on SK true FV.
x = νµ, νe, νµ, νµ → νe (ν species)

Nexp =
�

all MC evts

�
Θcuts × γnorm × Posc

�
θ13,∆m2, δCP , E

true
ν , x

��

Nexp =

�
Ndata

NDOA1µ

NMC

NDOA1µ

�
�

all MC evts

(Θcuts ×WSKMC)

Nexp =

�
Ndata

NDOA1µ

NMC

NDOA1µ

�
�

all MC evts



Θcuts ×WSKMC ×
�

i=sys error

�
1 + δi

�
Etrue

ν , Erec

ν ,m, x
��




Nexp =



Ndata

NDOA1µ

�
�

m,x,Etrue
ν

�
NMC

NDOA1µ

�
m,x,Etrue

ν

��



�

all MC evts



ΘcutsWSKMC ×
�

i=sys error

(1 + δi)





Nexp =



Ndata

NDOA1µ

�
�

m,x,Etrue
ν



NMC

NDOA1µ

�

j=sys error

(1 + δj)








�

all MC evts



ΘcutsWSKMC

�

i=sys error

(1 + δi)





Nexp =
�
1 + δnear/far

�
�

Ndata

NDOA1µ

NMC

NDOA1µ

�
(1 + δj)

�
�

all MC evts



Θcuts ×WSKMC ×
�

i=sys error

(1 + δi)





Central	
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Incorpora@ng	
  system
a@cs	
  

expN
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Toy MC Output

Nexp (central value)
Nobs no sys
Nobs w/ sys

Expected Nobs Distribution (cartoon)

Nobs



Example	
  ν	
  cross-­‐sec@ons	
  (a	
  topic	
  of	
  their	
  own!)	
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Quasi-­‐Elas@c	
  ScaRering	
  
(E	
  <~	
  GeV)	
  

More energy: More Particles! 

Single	
  Pion	
  Produc@on	
  
E	
  ~	
  GeV	
  

Mul@-­‐Pion	
  Produc@on	
  +	
  
Deep	
  inelas@c	
  scaRering	
  
E	
  >	
  many	
  GeV	
  

W	
  

νe,νμ,ντ	
   e,μ,τ	
  

CC	
  interac@on	
  
nucleon	
  

Chris	
  Walter	
  SLAC-­‐LBL	
  Seminars	
  

Error	
  Source	
   NSK(exp)	
  
CCQE	
  Shape	
   3.1%	
  

CC	
  1π	
   2.2%	
  

CC	
  Coherent	
  π	
   3.1%	
  

CC	
  Other	
   4.4%	
  

NC	
  1π0	
   5.3%	
  

NC	
  Coherent	
  π	
   2.3%	
  

NC	
  Other	
   2.3%	
  

σ(νe	
  )	
   3.4%	
  

FSI	
   10.1%	
  

Total	
   14%	
  

09/05/11	
  



Far	
  detector	
  uncertainty	
  

09/05/11	
   Chris	
  Walter	
  SLAC-­‐LBL	
  Seminars	
   46	
  

Example: detection efficiency of NC 1π0 background  

Data	
  or	
  MC	
  electron	
   MC	
  gamma	
  

Merged	
  event	
  

Compare	
  D/M	
  
with	
  M/M	
  

atm
o

sp
h

eric 



Systema@c	
  errors	
  in	
  the	
  analysis	
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The	
  probability	
  to	
  observe	
  	
  
≥	
  6	
  events	
  is	
  0.66%	
  which	
  	
  
corresponds	
  to	
  a	
  2.5σ	
  	
  
significance.	
  
	
  

Background	
  only	
  

sin22θ13=0.1	
  

S and B have different errors  



Produce	
  allowed	
  region	
  with	
  Feldman-­‐Cousins	
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Values fixed: sin22θ23=1.0 and Δm2
23= 2.4×10-3 eV2 

At these values the 90% CL contours enclose: 
Normal Hierarchy:  0.03 < sin22θ13< 0.28 (best fit = 0.11) 
Inverted Hierarchy: 0.04 < sin22θ13< 0.34 (best fit = 0.14) 



	
  New	
  MINOS	
  results	
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Results are consistent! 

FNAL Wine & Cheese June 24th 
Lisa Whitehead 



New	
  T2K	
  νμ	
  results	
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This	
  result	
  even	
  with	
  limited	
  	
  
sta@s@cs	
  shows	
  the	
  power	
  
of	
  the	
  off-­‐axis	
  technique.	
  



If	
  	
  sin2(2θ13)	
  is	
  found	
  to	
  be	
  >~	
  0.01	
  in	
  the	
  next	
  generaIon	
  of	
  
accelerator	
  and	
  reactor	
  experiments	
  we	
  can	
  try	
  to:	
  

–  Measure	
  the	
  phase	
  of	
  δ	
  and	
  observe	
  CP	
  viola@on	
  
–  Determine	
  the	
  mass	
  hierarchy	
  [if	
  not	
  already	
  done]	
  
–  Make	
  precision	
  measurements	
  of	
  the	
  atmospheric	
  mixing	
  angles.	
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Our	
  Strategy	
  for	
  the	
  future	
  

Now	
  or	
  Soon	
   Glorious	
  Future	
  

J-­‐PARC	
   0.75	
  MW	
  (T2K)	
   1.7	
  MW	
  (JPARC	
  II)	
  

FNAL	
   0.3	
  	
  	
  MW	
  (NuMI)	
   2.1	
  MW	
  (Project-­‐X)	
  

Water	
  Cherenkov	
   22.5	
  kton	
  (SK)	
   200-­‐500	
  kton	
  

Fine	
  Grained	
  	
   15	
  	
  	
  	
  kton	
  (NOνA)	
   20-­‐100	
  kton	
  (LAr)	
  

To do this we need to both increase the intensity of our  
Super-beam sources, and increase the mass of our detectors. 
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Project-­‐X	
  to	
  DUSEL	
  (LBNE)	
  

DUSEL 

Let’s measure CP  
violation! 

WC And/Or Lar at 4850ft. 



•  All	
  collaborators	
  safe,	
  and	
  the	
  tsunami	
  was	
  stopped	
  by	
  sea	
  wall.	
  
•  Lots	
  of	
  road	
  damage	
  but	
  no	
  major	
  equipment	
  damage.	
  
•  Recovery	
  is	
  underway	
  
•  Planning	
  on	
  beam	
  opera@on	
  at	
  the	
  end	
  of	
  2011.	
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Earthquake	
  



Conclusion	
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•  Ader	
  2%	
  of	
  our	
  planned	
  running	
  we	
  observed	
  6	
  electron	
  neutrino	
  
candidates.	
  

•  In	
  the	
  sin22θ13=0	
  scenario	
  we	
  only	
  expected	
  1.5±0.3	
  events.	
  	
  This	
  
chances	
  of	
  a	
  fluctua/on	
  to	
  explain	
  this	
  effect	
  are	
  0.66%	
  or	
  2.5σ.	
  

•  At	
  90%	
  CL	
  we	
  measure	
  an	
  allowed	
  region	
  of	
  0.03	
  <	
  sin22θ13<	
  0.28	
  for	
  
the	
  normal	
  hierarchy.	
  

•  We	
  are	
  working	
  to	
  decrease	
  the	
  systema@c	
  errors	
  in	
  the	
  flux,	
  
interac@ons,	
  near	
  detector	
  and	
  far	
  detector.	
  

•  We	
  hope	
  to	
  start	
  running	
  again	
  in	
  December,	
  so	
  far	
  no	
  major	
  
equipment	
  damage	
  has	
  been	
  found.	
  At	
  least	
  98%	
  of	
  the	
  data	
  yet	
  to	
  
come!	
  


