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Outline	  
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The	  Neutrino	  Mixing	  Matrix	  
•  The	  MNS	  matrix	  relates	  the	  mass	  eigenstates	  (ν1,	  ν2,	  ν3)	  to	  
the	  Rlavor	  eigenstates	  (νe,	  νµ,	  ντ)	  
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Phases	  

Last	  unknown	  	  
matrix	  element	  

• 	  	  	  It	  can	  be	  described	  by	  three	  2D	  rotations	  	  
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Measurement	  of	  the	  last	  unknown	  mixing	  angle	  is	  going	  to	  have	  a	  substantial	  	  
impact	  on	  the	  future	  of	  neutrino	  physics.	  



Recent	  Experimental	  Results	  (2011):	  
	  θ13	  may	  be	  large	  	  	  
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PRL	  107,	  041801	  (2011)	  	  
0.03(0.04)<sin22θ13<0.28(0.34)	  at	  90%	  CL	  

T2K	  

PRL107, 181802 (2011) arXiv:1112.6353v2	  
sin22θ13=0.086±0.041(stat)±0.030(sys)	  

(0.015<sin22θ13<0.16	  at	  90%	  CL)	  

Accelerator	  based	  appearance	  expts	   Reactor	  based	  disappearance	  expt	  	  



Combined	  Analysis	  
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Combined	  measurements	  exclude	  0	  at	  greater	  than	  3	  sigma.	  	  
But	  no	  single	  experiment	  has	  this	  sensitivity.	  	  



Reactor	  Based	  θ13	  Experiments	  
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Daya	  Bay	  Design	  Principle	  
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•  Identical	  near	  and	  far	  detectors	  cancel	  many	  systematic	  errors	  
•  Multiple	  modules	  boost	  statistics	  while	  reducing	  systematic	  errors	  with	  

multiple	  independent	  measurements	  
•  Three	  zone	  detector	  design	  eliminates	  the	  need	  for	  spatial	  cuts	  which	  can	  

introduce	  systematic	  uncertainties	  
•  Shielding	  from	  cosmic	  rays	  and	  natural	  radioactivity	  reduces	  background	  rates	  
•  Movable	  detectors	  allow	  possible	  cross	  calibration	  between	  near	  and	  far	  

detectors	  to	  further	  reduce	  systematic	  errors.	  	  

Experimental	  Layout	  

mwe	  	  	  	  	  	  	  	  	  	  	  	  	  	  m	  	  	  	  	  	  	  	  	  	  	  	  m	  	  	  	  	  	  	  	  	  	  	  	  m	  



Antineutrino	  Detection	  
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Simulation	  

Simulation	  

Savannah	  River	  Experiment	  



8	  Identical	  Antineutrino	  Detectors	  
•  Three-‐zone	  cylindrical	  design	  

ü  	  	  Target:	  20	  t	  (0.1%	  Gd	  based	  Liquid	  Scintillator)	  
ü 	  Gamma	  catcher:	  20	  t	  	  LS	  
ü 	  Buffer	  :	  40	  t	  (mineral	  oil)	  
ü 	  Detector	  Mass	  ~	  110	  ton	  

•  192	  low-‐background	  	  8”	  PMTs	  	  
•  ReRlectors	  at	  top	  and	  bottom	  
•  ADs	  sit	  in	  a	  pool	  of	  water	  

3.1m	  acrylic	  tank	  

PMT	  

4.0m	  acrylic	  tank	  

Steel	  tank	  Calibration	  
system	  

20-‐t	  Gd-‐LS	  

Liquid	  Scint.	  

Mineral	  oil	  	  	  	  	  	  	  	  	  

5m	  

5m	  
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AD	  Calibration	  System	  
Automated	  calibration	  system	  
→	  routine	  weekly	  deployment	  of	  sources	  
	  

LED	  light	  sources	  	  	  
→	  monitoring	  optical	  properties	  
	  

e+	  and	  n	  radioactive	  sources	  (=Rixed	  energy)	  
→	  energy	  calibration	  

• 	  	  68Ge	  source	  
• 	  	  Am-‐13C	  +	  60Co	  source	  
• 	  	  LED	  diffuser	  ball	  

11	  

automated	  calibration	  system	  	  



Anti	  Detector	  Assembly	  
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Detector	  Filling	  and	  Target	  Mass	  
Measurement	  
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Detectors	  are	  Rilled	  from	  same	  
reservoirs	  “in-‐pairs” within	  <	  
2	  weeks.	  

ISO	  tank	  on	  
load	  cells	  

coriolis	  Rlow	  
meters	  

detector	  in	  
scintillator	  hall	  

Target	  mass	  determination	  error	  
±	  3kg	  out	  of	  20,000	  or	  <0.02%.	  

Gd-‐LS	   MO	  LS	  



The	  Muon	  Tagging	  System	  
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•  EfRiciency	  >	  99.5%	  with	  
uncertainty	  <0.25%	  

Dual	  tagging	  systems:	  2.5	  meter	  thick	  two-‐section	  water	  shield	  and	  RPCs	  
	  



Water	  Shield	  Suppresses	  the	  
Radioactive	  background	  
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	  	  in	  air	  

in	  water	  

Singles	  events	  verses	  height	  in	  the	  partially	  Rilled	  pool	  show	  
the	  suppression	  of	  radioactive	  backgrounds	  by	  water.	  



Near	  Site	  Data	  Taking	  since	  August	  2011	  
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Live	  Time	  of	  First	  Two	  Detectors	  
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preliminary 

We	  have	  used	  this	  3	  months	  of	  data	  for	  side-‐by-‐side	  comparison	  of	  Rirst	  two	  detectors.	  



Muon	  Rates	  at	  the	  Daya	  Bay	  
Near	  Site	  

•  Measured	  rates	  are	  consistent	  with	  expected	  
~20hz	  for	  each	  AD	  at	  the	  Daya	  Bay	  near	  site	  
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Bryce Littlejohn: UW-MadisonJanuary 3, 2012

AD1, AD2 Near Site Commissioning

20

• Started commissioning data-taking August 15, 2011

• Calibrate front-end electronics with waveform generators

• Calibrate FEE, PMTs using single PE peaks from LED sources

• Demonstrate detector stability

Preliminary: 1-day period Preliminary: 1-day period

Wednesday, December 28, 11
Bryce Littlejohn: UW-MadisonJanuary 3, 2012
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Energy	  Response	  with	  Calibration	  
Sources:	  68Ge	  and	  60Co	  

•  Weekly	  automatic	  detector	  calibration	  
•  Energy	  responses	  of	  the	  detectors	  are	  studied	  
with	  68Ge,	  60Co	  and	  Am-‐13C	  

19	  

60Co	  difference	  

68Ge	  Energy	  Spectrum	   60Co	  	  Energy	  Spectrum	  	  
Preliminary	   Preliminary	  



Energy	  Spectrum	  with	  Am-‐13C/
60Co	  Source	  
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Preliminary	  

	  NAD1,2	  is	  the	  bin	  content	  
for	  AD1	  or	  2	  	  



Calibration	  with	  Am-‐13C	  Source	  
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•  Two	  ADs	  with	  similar	  energy	  responses	  (~0.5%)	  	  
•  Consistent	  response	  in	  capture	  time	  measurements	  

Prompt	  signal	  from	  proton	  recoil	  
Preliminary	   Preliminary	  



Spallation	  Neutron	  Energy	  
Spectrum	  

•  Run-‐by-‐run	  calibration	  of	  detectors	  using	  spallation	  neutrons	  
–  ~168	  p.e/MeV	  for	  AD1	  	  
–  ~169	  p.e/MeV	  for	  AD2	  
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Preliminary	  

Preliminary	  
Flasher	  PMTs	  	  
are	  turned	  off	  



Energy	  Spectrum	  of	  AD	  Triggers	  	  

•  The	  difference	  in	  AD1	  and	  AD2	  triggers	  is	  
mostly	  due	  to	  nuisance	  triggers	  immediately	  
following	  a	  Muon	  event.	  
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Selection	  of	  IBD	  Candidates	  

With	  Flasher	  cut,	  Muon	  veto,	  Prompt	  Energy,	  Delayed	  
Energy,	  Time	  correlation	  and	  Multiplicity	  cut	  
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IBD	  Candidate	  Rate	  
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Systematics	  
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Detector Uncertainty SourcesDetector Uncertainty Sources Baseline Design Goal Preliminary 
Results

Number of protonsNumber of protons 0.3% 0.1% 0.02%

Detector 
Efficiency

Energy cut 0.2% 0.1%
Understanding 

the 1st two

Detector 
Efficiency

H/Gd ratio 0.1% 0.1%
Understanding 

the 1st two

Detector 
Efficiency

Time cut 0.1% 0.03%
Understanding 

the 1st twoDetector 
Efficiency Neutron 

Multiplicity 0.05% 0.05%
Understanding 

the 1st two

Detector 
Efficiency

Trigger 0.01% 0.01%
Understanding 

the 1st two

Detector 
Efficiency

Live time <0.01% <0.01%
Understanding 

the 1st two

Total uncertaintyTotal uncertainty 0.38% 0.18% Stay Tuned!

Preliminary
Design Budget

(relative)	  



Summary	  

•  We	  have	  demonstrated	  the	  identicalness	  of	  the	  Rirst	  two	  
detectors	  at	  Daya	  Bay	  near	  site	  

•  With	  all	  8	  detectors	  running	  by	  summer	  2012,	  Daya	  Bay	  
is	  going	  to	  provide	  the	  most	  precise	  measurement	  of	  θ13.	  
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Backup	  Slides	  
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IBD	  Selection	  Cut	  Details	  
•  Flasher	  rejection:	  based	  on	  geometrical	  charge	  pattern	  
•  Positron	  energy:	  0.7	  MeV	  <	  Eprompt	  <	  12.0	  MeV	  	  
•  Neutron	  energy:	  6.0	  MeV	  <	  Edelay	  <	  12.0	  MeV	  
•  Time	  coincidence:	  1	  μs	  <	  ∆tprompt,delayed	  <	  200	  μs	  	  
•  Muon	  veto:	  

–  Delayed	  signal	  is	  within	  600	  μs	  after	  water	  pool	  muon	  trigger	  
–  Delayed	  signal	  is	  within	  1000	  μs	  after	  AD	  muon	  trigger	  (AD	  energy	  
deposit	  >	  20	  MeV)	  

–  Delayed	  signal	  is	  within	  1	  sec	  after	  AD	  muon	  with	  AD	  energy	  
deposit	  >	  2.5	  GeV	  

•  Multiplicity	  cut:	  	  No	  other	  >0.7	  MeV	  trigger	  200	  μs	  before	  
the	  prompt	  signal	  and	  200	  μs	  after	  the	  delayed	  signal	  	  
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Delayed	  Energy	  of	  IBD	  Candidates	  
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IBD	  Neutron	  Capture	  Time	  
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Detector	  Related	  Uncertainty	  
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Target	  Mass	  Variation	  

•  Nominal	  target	  mass:	  20	  ton	  
•  Target	  mass	  determination	  error	  ±	  3kg	  out	  of	  
20,000	  or	  <0.02%.	  
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