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Reactor	
  An5neutrino	
  Oscilla5on	
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2002:	
  KamLAND	
  shows	
  
dominant	
  oscilla5on	
  of	
  
reactor	
  an5neutrinos.	
  
Phys.	
  Rev.	
  Le+.	
  89,	
  011301	
  (2002)	
  
Phys.	
  Rev.	
  Le+.	
  92,	
  181301	
  (2004)	
  

Reference	
  Baseline:	
  
L0	
  =	
  180	
  km	
  
	
  

θ12	
  

Δm21	
  
2	
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A	
  Decade	
  of	
  Progress	
  

9/17/13	
  

θ23	
  ≈	
  45o	
  
Atmospheric	
  ν	
  	
  
Accelerator	
  ν	
  
	
  

θ13	
  ≈	
  9o	
  
Short-­‐Baseline	
  Reactor	
  ν	
  	
  
Accelerator	
  ν	
  
	
  

θ12	
  ≈	
  35o	
  
Solar	
  ν	
  	
  
Long-­‐Baseline	
  Reactor	
  ν	
  
	
  

The	
  neutrino	
  mixing	
  matrix	
  only	
  recently	
  measured.	
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Searching	
  for	
  θ13	
  

9/17/13	
  

θ13	
  

θ12	
  
θ12+θ13	
  

Three-­‐flavor	
  model	
  predicts	
  reactor	
  νe	
  oscilla2on	
  at	
  ~1.8km	
  

Spectral	
  Oscilla5on	
  Measurement	
  at	
  Daya	
  Bay:	
  	
  	
  D.	
  Dwyer	
   4	
  



A	
  Rela5ve	
  Measurement	
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Far/Near	
  νe	
  Ra5o	
  

Detector	
  Target	
  Mass	
  

Distances	
  from	
  	
  
reactor	
  

Detector	
  efficiency	
  

Oscilla5on	
  deficit	
  

Absolute	
  Reactor	
  Flux:	
  
	
  	
  Largest	
  uncertainty	
  in	
  previous	
  measurements	
  
	
  
Rela2ve	
  Measurement:	
  
	
  	
  Mul5ple	
  detectors	
  remove	
  absolute	
  uncertainty	
  
	
  
First	
  proposed	
  by	
  L.	
  A.	
  Mikaelyan	
  and	
  V.V.	
  Sinev,	
  
Phys.	
  Atomic	
  Nucl.	
  63	
  1002	
  (2000)	
  

Near	
  detector(s)	
  
constrain	
  flux	
   Far	
  detector(s)	
  

measure	
  oscilla5on	
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The	
  Daya	
  Bay	
  Collabora5on �

9/17/13	
  

North	
  America	
  (17)	
  
Brookhaven	
  Natl	
  Lab,	
  CalTech,	
  Illinois	
  Ins5tute	
  of	
  Technology,	
  Iowa	
  
State,	
  Lawrence	
  Berkeley	
  Natl	
  Lab,	
  Princeton,	
  Rensselaer	
  Polytechnic,	
  
Siena	
  College,	
  UC	
  Berkeley,	
  UCLA,	
  Univ.	
  of	
  Cincinna5,	
  Univ.	
  of	
  Houston,	
  

UIUC,	
  Univ.	
  of	
  Wisconsin,	
  Virginia	
  Tech,	
  William	
  &	
  Mary,	
  Yale	
  

Europe	
  (2)	
  
Charles	
  University,	
  JINR	
  Dubna	
  

Asia	
  (21)	
  
Beijing	
  Normal	
  Univ.,	
  CGNPG,	
  CIAE,	
  Dongguan	
  Polytechnic,	
  ECUST,	
  IHEP,	
  
Nanjing	
  Univ.,	
  Nankai	
  Univ.,	
  NCEPU,	
  Shandong	
  Univ.,	
  Shanghai	
  Jiao	
  Tong	
  

Univ.,	
  Shenzhen	
  Univ.,	
  Tsinghua	
  Univ.,	
  USTC,	
  Xian	
  Jiaotong	
  Univ.,	
  
Zhongshan	
  Univ.,	
  

Chinese	
  Univ.	
  of	
  Hong	
  Kong,	
  Univ.	
  of	
  Hong	
  Kong,	
  
Na5onal	
  Chiao	
  Tung	
  Univ.,	
  Na5onal	
  Taiwan	
  Univ.,	
  Na5onal	
  United	
  Univ.	
  

~230	
  people	
  from	
  40	
  insEtuEons	
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9/17/13	
  

The	
  Daya	
  Bay	
  Experiment�

Mountains	
  shield	
  detectors	
  
from	
  cosmic	
  ray	
  background �

Ling	
  Ao	
  II	
  NPP	
  
2	
  2.9	
  GWth �

Daya	
  Bay	
  NPP	
  
2	
  2.9	
  GWth �

Ling	
  Ao	
  I	
  NPP	
  
2	
  2.9	
  GWth �

Entrance	
  to	
  Daya	
  Bay	
  
experiment	
  tunnels�
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Daya Bay 
reactors  

Ling Ao 
reactors  

Ling Ao II 
reactors 

Daya Bay Near 
Hall (EH1) 

Ling Ao near 
Hall (EH2) 

Water 
Hall  

Far Hall (EH3)  

LS 
Hall  

Entrance  

Construction  
tunnel  

 
Tunnel  

m	

 Reactor	
  power	
  
6	
  ×	
  2.9	
  GWth	
  

Experiment	
  Layout	
  

Two	
  near	
  halls	
  
constrain	
  reactor	
  flux	
  

Far	
  hall	
  measures	
  
oscilla2on	
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Reactor	
  Experiments�

9/17/13	
  

Baseline	
  Op2miza2on	
  

Go	
  strong,	
  big	
  and	
  deep!	
  

Daya	
  Bay�

RENO �

Double	
  Chooz �

	
   	
   	
   	
  Reactor	
  [GWth] 	
  Target	
  [tons] 	
   	
  Depth	
  [m.w.e]	
  
	
  

Double	
  Chooz	
   	
  	
  	
  8.6	
   	
   	
   	
  	
  	
  16	
  (2	
  ×	
  8) 	
   	
  300,	
  120	
  (far,	
  near)	
  
RENO 	
   	
   	
  16.5	
   	
   	
   	
  	
  	
  32	
  (2	
  ×	
  16) 	
   	
  450,	
  120	
  
Daya	
  Bay	
   	
   	
  17.4	
   	
   	
   	
  160	
  (8	
  ×	
  20) 	
   	
  860,	
  250	
  	
  

Large	
  Signal	
   Low	
  Background	
  

Atmospheric	
  and	
  accelerator	
  ν	
  oscilla5on	
  Δmμμ	
  suggest	
  to	
  search	
  at	
  ~1.8	
  km.	
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Reactor	
  An5neutrinos	
  

9/17/13	
  

Nuclear	
  fission	
  releases:	
  	
  ~6	
  an2neutrinos/fission	
  
Standard	
  electric	
  power	
  reactor:	
  ~1020	
  fissions/second	
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Detec5on	
  Method	
  

9/17/13	
  

Inverse	
  β-­‐decay	
  (IBD):	
  
	
  

€ 

Prompt	
  positron:	
  
	
  Carries	
  an5neutrino	
  energy	
  
	
  	
  	
  	
  Ee+	
  ≈	
  Eν	
  –	
  0.8	
  MeV	
  
	
  
Delayed	
  neutron	
  capture:	
  
	
  	
  Efficiently	
  tags	
  an5neutrino	
  signal	
  	
  	
  
	
  

Prompt	
  +	
  Delayed	
  coincidence	
  provides	
  dis2nc2ve	
  signature	
  

~30μs	
  
~1cm	
  

~8	
  MeV	
  
Gd(n,γ)	
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An5neutrino	
  Detector	
  (AD)	
  Design �

9/17/13	
  

5	
  m	
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Automated	
  Calibra5on	
  System�

R=0	
  R=1.7725	
  m	
   R=1.35m	
   Top	
  view	
  

3 sources in each robot, including: 
•  10 Hz 68Ge (0 KE e+ = 2×0.511 MeV γ’s) 
•  0.75 Hz 241Am-13C neutron source (3.5 MeV n without γ)  
  + 100 Hz 60Co gamma source (1.173+1.332 MeV γ) 
•  LED diffuser ball (500 Hz) for time calibration 

Temporary special calibration sources: 
  γ: 137Cs (0.662 MeV), 54Mn (0.835 MeV), 40K (1.461 MeV) 
  n: 241Am-9Be, 239Pu-13C 
 

Three	
  axes:	
  center,	
  edge	
  of	
  
target,	
  middle	
  of	
  gamma	
  catcher�
9/17/13	
  

3	
  Automa2c	
  calibra2on	
  ‘robots’	
  (ACUs)	
  on	
  each	
  detector	
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Muon	
  Detector	
  System	
  

9/17/13	
  

Two-­‐zone	
  ultrapure	
  water	
  cherenkov	
  detector	
  

•  Outer	
  layer	
  of	
  water	
  veto	
  (on	
  
sides	
  and	
  bosom)	
  is	
  1m	
  thick,	
  
inner	
  layer	
  >1.5m.	
  	
  Water	
  
extends	
  2.5m	
  above	
  ADs	
  
•  288	
  8”	
  PMTs	
  in	
  each	
  near	
  hall	
  
•  384	
  8”	
  PMTs	
  in	
  Far	
  Hall	
  

•  4-­‐layer	
  RPC	
  modules	
  above	
  pool	
  
•  54	
  modules	
  in	
  each	
  near	
  hall	
  
•  81	
  modules	
  in	
  Far	
  Hall	
  

•  Goal	
  efficiency:	
  >	
  99.5%	
  with	
  
uncertainty	
  <0.25%	
  

Dual	
  tagging	
  systems:	
  2.5	
  meter	
  thick	
  two-­‐sec2on	
  water	
  shield	
  and	
  RPCs	
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Interior	
  of	
  An5neutrino	
  Detector	
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Installed	
  Underground	
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Analyzed	
  Data	
  Sets�

9/17/13	
  

Two	
  detector	
  comparison	
  	
  	
  [1202.6181] 	
  	
  
•  90	
  days	
  of	
  data,	
  Daya	
  Bay	
  near	
  only	
  
•  NIM	
  A	
  685	
  (2012),	
  78-­‐97	
  

First	
  oscilla2on	
  analysis	
  	
  	
  	
  	
  	
  [1203:1669]	
  
•  55	
  days	
  of	
  data,	
  6	
  ADs	
  near+far	
  
•  PRL	
  108	
  (2012),	
  171803	
  

Improved	
  oscilla2on	
  analysis	
  [1210.6327]	
  
•  139	
  days	
  of	
  data,	
  6	
  ADs	
  near+far	
  
•  CP	
  C	
  37	
  (2013),	
  011001	
  

Spectral	
  Analysis	
  
•  217	
  days,	
  complete	
  6	
  AD	
  period	
  
•  55%	
  more	
  sta5s5cs	
  than	
  CPC	
  result	
  

This Analysis

Ling Ao Near Hall

Daya Bay Near Hall

Far Hall

Days since August 11 2011
2000 400 600
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DAQ Physics
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Ini5al	
  Results	
  

9/17/13	
  

N
de

te
ct
ed
/N

ex
pe

ct
ed
	
  

Based	
  on	
  55	
  days	
  of	
  data	
  with	
  6	
  ADs,	
  discovered	
  disappearance	
  of	
  reactor	
  νe	
  at	
  
short	
  baseline	
  in	
  March	
  2012.	
  	
  	
  	
  [PRL	
  108,	
  171803]	
  	
  

Obtained	
  the	
  most	
  precise	
  value	
  of	
  θ13	
  in	
  Jun.	
  2012:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  sin22θ13	
  =	
  0.089	
  ±	
  0.010	
  ±	
  0.005	
  	
  	
  [CPC	
  37,	
  011001]	
  	
  

sin22θ13	
  >	
  0	
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Rate	
  vs.	
  Spectral	
  Informa5on	
  

9/17/13	
  

Rate-­‐only	
  Analysis:	
  

Advantages:	
  Fewer	
  systema5c	
  uncertain5es	
  
Disadvantages:	
  Less	
  sensi5ve,	
  Unable	
  to	
  constrain	
  	
  

Far	
  Site	
  
with	
  oscilla5on	
  

Near	
  Sites	
  
give	
  normaliza5on	
  

Integrate	
  
all	
  energies	
  

Previously	
  reported	
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Rate	
  vs.	
  Spectral	
  Informa5on	
  

9/17/13	
  

Spectral	
  Analysis:	
  

Advantages:	
  Each	
  energy	
  bin	
  is	
  an	
  independent	
  oscilla5on	
  measurement,	
  	
  
Disadvantages:	
  Requires	
  detailed	
  understanding	
  of	
  detector	
  energy	
  response.	
  	
  

Far	
  Site	
  
with	
  oscilla5on	
  

Near	
  Sites	
  
give	
  normaliza5on	
  

Compare	
  
each	
  energy	
  

Latest	
  method	
  

θ13	
  

No	
  oscillaEon	
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Wading	
  into	
  the	
  thick…	
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Energy	
  Scale	
  Systema5cs	
  

9/17/13	
  

Far	
  Site	
  

Near	
  Sites	
  

Rela2ve	
  shim	
  in	
  energy	
  between	
  detectors	
  can	
  bias	
  oscilla2on	
  

θ13	
  

Biased	
  

Unbiased	
  

Requires	
  careful	
  detector	
  calibra2on	
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Calibra5on:	
  Performance	
  
Obtain	
  a	
  stable	
  and	
  consistent	
  Energy	
  Response	
  	
  

Spalla5on	
  nGd	
  capture	
  peak	
  vs.	
  
5me	
  (a}er	
  all	
  calibra5on)	
  

Rela5ve	
  energy	
  peaks	
  in	
  all	
  
detectors	
  (a}er	
  calibra5on)	
  

9/17/13	
  

A}er	
  calibra5on,	
  Daya	
  Bay	
  detectors	
  are	
  stable	
  to	
  ~0.1%,	
  	
  with	
  rela2ve	
  uncertainty	
  of	
  0.35%.	
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Energy	
  Scale	
  Systema5cs	
  

9/17/13	
  

Absolute	
  shim	
  in	
  energy	
  common	
  to	
  detectors	
  can	
  bias	
  oscilla2on	
  

θ13	
  

Biased	
  

Unbiased	
  

Requires	
  detailed	
  transla2on	
  between	
  true	
  and	
  detected	
  νe	
  energy	
  

Far	
  Site	
  

Near	
  Sites	
  

Spectral	
  Oscilla5on	
  Measurement	
  at	
  Daya	
  Bay:	
  	
  	
  D.	
  Dwyer	
   24	
  



Modeling	
  the	
  Energy	
  Response�

9/17/13	
  

Model	
  maps	
  true	
  energy	
  Etrue	
  to	
  reconstructed	
  kine5c	
  energy	
  Erec	
  
•  Minimal	
  impact	
  on	
  oscilla5on	
  measurement	
  
•  Crucial	
  for	
  measurement	
  of	
  reactor	
  spectra	
  

Energy Losses in Acrylic 

Charge collection efficiency 
decreases with visible light

Two major sources 
of non-linearity.

Difficult to decouple !

2: Readout ElectronicsEnergy Resolution

Quenching effects

1: Scintillator Response

Cherenkov radiation

Acrylic vessels non-scintillating

Induce shape distortion 

Correction from MC

Light production 

Light collection

PMT/electronics response

Particle 

Energy Etrue

Energy Deposited

in Scintillator Edep

Energy Converted 

to Visible Light Evis

Reconstructed 

Energy Erec
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Modeling	
  the	
  Energy	
  Response	
  

9/17/13	
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Out	
  of	
  the	
  Swamp…	
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An5neutrino	
  (IBD)	
  Selec5on �

9/17/13	
  

① Reject	
  spontaneous	
  PMT	
  light	
  emission	
  
(“flashers")	
  

② Prompt	
  positron:	
  	
  
0.7	
  MeV	
  <	
  Ep	
  <	
  12	
  MeV	
  

③ Delayed	
  neutron:	
  
6.0	
  MeV	
  <	
  Ed	
  <	
  12	
  MeV	
  

④ Neutron	
  capture	
  5me:	
  
1	
  μs	
  <	
  t	
  <	
  200	
  μs	
  

⑤ Muon	
  veto:	
  
•  Water	
  pool	
  muon	
  (>12	
  hit	
  PMTs):	
  

Reject	
  [-­‐2μs;	
  600μs]	
  
•  AD	
  muon	
  (>3000	
  photoelectrons):	
  

Reject	
  [-­‐2	
  μs;	
  1400μs]	
  
•  AD	
  shower	
  muon	
  (>3×105	
  p.e.):	
  

Reject	
  [-­‐2	
  μs;	
  0.4s]	
  
⑥ Mul5plicity:	
  

•  No	
  addi5onal	
  prompt-­‐like	
  signal	
  
400μs	
  before	
  delayed	
  neutron	
  

•  No	
  addi5onal	
  delayed-­‐like	
  signal	
  
200μs	
  a}er	
  delayed	
  neutron �

An2neutrino	
  interac2ons	
  cleanly	
  separated	
  from	
  backgrounds	
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Signal	
  and	
  Background	
  Summary�

9/17/13	
  

Collected	
  more	
  than	
  300k	
  an5neutrino	
  interac5ons	
  
•  Consistent	
  rates	
  for	
  side-­‐by-­‐side	
  detectors	
  
•  Uncertain5es	
  s5ll	
  dominated	
  by	
  sta5s5cs	
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Uncertainty	
  Summary	
  

9/17/13	
  

For	
  near/far	
  rate	
  analysis,	
  	
  
only	
  uncorrelated	
  uncertain2es	
  	
  
impact	
  measurement.	
  

Largest	
  systema5cs	
  are	
  smaller	
  
than	
  far	
  site	
  sta5s5cs	
  (~0.5%)	
  

Influence	
  of	
  uncorrelated	
  reactor	
  
systema5cs	
  reduced	
  by	
  	
  
far	
  vs.	
  near	
  measurement.	
  

Spectral	
  Oscilla5on	
  Measurement	
  at	
  Daya	
  Bay:	
  	
  	
  D.	
  Dwyer	
   30	
  



An5neutrino	
  Rate	
  vs.	
  Time�

9/17/13	
  

Detected	
  rate	
  strongly	
  correlated	
  with	
  reactor	
  flux	
  expecta2ons	
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Rate-­‐Only	
  Oscilla5on	
  Results�

9/17/13	
  

•  Uncertainty	
  reduced	
  by	
  sta5s5cs	
  of	
  complete	
  6	
  AD	
  data	
  period	
  
•  Standard	
  approach:	
  	
  χ2/NDoF	
  =	
  0.48/4	
  
•  |Δm2

ee|	
  constrained	
  by	
  MINOS	
  result	
  for	
  |Δm2
μμ|	
  	
  

•  Far	
  vs.	
  near	
  rela5ve	
  measurement:	
  absolute	
  rate	
  not	
  constrained	
  
•  Consistent	
  results	
  from	
  independent	
  analyses,	
  different	
  reactor	
  flux	
  models�

sin22θ13	
  =	
  0.089	
  ±	
  0.009	
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Prompt	
  IBD	
  Spectra�

9/17/13	
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A	
  Comment	
  on	
  Δm2	
  

9/17/13	
  

Result	
  can	
  be	
  easily	
  related	
  to	
  actual	
  mass	
  spli�ng,	
  based	
  on	
  true	
  hierarchy:	
  	
  

Short-­‐baseline	
  reactor	
  experiments	
  insensi2ve	
  to	
  neutrino	
  mass	
  hierarchy.	
  

Cannot	
  discriminate	
  two	
  frequencies	
  contribu5ng	
  to	
  oscilla5on:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  	
  	
  
	
  

One	
  effec5ve	
  oscilla5on	
  frequency	
  is	
  measured:	
  

+:	
  Normal	
  Hierarchy	
  
-:	
  Inverted	
  Hierarchy	
  

Hierarchy	
  discrimina5on	
  requires	
  ~1%	
  precision	
  on	
  both	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
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Rate+Spectra	
  Oscilla5on	
  Results�

9/17/13	
  

Strong	
  confirma2on	
  of	
  three-­‐flavor	
  oscilla2on	
  model	
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Global	
  Comparison	
  of	
  θ13	
  Measurements�

9/17/13	
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Daya	
  Bay	
  Onsite	
  Progress	
  

9/17/13	
  

Final	
  two	
  detectors	
  installed,	
  
opera2ng	
  since	
  Oct.	
  2012.	
  

EH2	
  

EH3	
  

Full	
  4π	
  detector	
  
calibra2on	
  
in	
  Sep.	
  2012.	
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Sensi5vity	
  Projec5on �

9/17/13	
  

Installation
of AD 7+8
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Precision	
  will	
  soon	
  be	
  dominated	
  by	
  systema2c	
  uncertain2es	
  

Over	
  1	
  million	
  an5neutrinos	
  
detected	
  as	
  of	
  now!	
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Daya	
  Bay	
  Future	
  

9/17/13	
  

Improved	
  precision	
  on	
  oscilla2on	
  parameters	
  
	
  -­‐	
  Constrains	
  non-­‐standard	
  oscilla5on	
  models	
  
	
  -­‐	
  Improves	
  reach	
  of	
  future	
  neutrino	
  experiments	
  
	
  

Measure	
  absolute	
  reactor	
  neutrino	
  flux	
  
	
  -­‐	
  Explore	
  the	
  ‘reactor	
  an5neutrino	
  anomaly’	
  
	
  -­‐	
  Precise	
  spectrum	
  probes	
  reactor	
  models	
  
	
  

Cosmogenic	
  Backgrounds	
  
	
  -­‐	
  Measurement	
  of	
  cosmogenic	
  produc5on	
  vs.	
  depth	
  
	
  

Supernova	
  Neutrinos	
  

PRD	
  83,	
  073006	
  	
  
arXiv:1303.0900	
  

Approximate	
  Daya	
  Bay	
  
near-­‐site	
  precision	
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Summary�

9/17/13


The	
  Daya	
  Bay	
  Experiment	
  has	
  reported	
  the	
  first	
  direct	
  measurement	
  of	
  the	
  	
  
short-­‐distance	
  electron	
  an5neutrino	
  oscilla5on	
  frequency:	
  	
  

The	
  measurement	
  has	
  also	
  produced	
  the	
  most	
  precise	
  es5mate	
  of	
  the	
  mixing	
  angle:	
  

Expect	
  more	
  from	
  Daya	
  Bay:	
  
	
  	
  -­‐	
  Measurement	
  of	
  the	
  absolute	
  reactor	
  flux,	
  addressing	
  the	
  reactor	
  anomaly	
  
	
  	
  -­‐	
  Constraints	
  on	
  non-­‐standard	
  neutrino	
  models	
  
	
  	
  -­‐	
  Significantly	
  increased	
  precision	
  (all	
  8	
  detectors,	
  >2	
  years	
  of	
  opera5on)	
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