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•  Motivation for future short-baseline reactor 
experiments 

•  Experimental requirements 
•  Potential sites for US experiment; other efforts 
•  Comments 
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  7	
  March	
  2013	
   SLAC	
  Intensity	
  Fron9er	
  Neutrino	
  Workshop	
  



Snowmass	
  Whitepapers	
  

•  S.	
  Hans	
  et	
  al.,	
  "Search	
  for	
  Oscilla9ons	
  of	
  
Reactor	
  An9neutrinos	
  at	
  Very	
  Short	
  Baselines"	
  	
  

•  S.	
  Hans	
  et	
  al.,	
  "U.S.	
  Reactors	
  for	
  An9neutrino	
  
Experiments"	
  	
  

•  S.	
  Hans	
  et	
  al.,	
  "Advanced	
  Reactor	
  An9neutrino	
  
Detector	
  Development”	
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  I	
  have	
  relied	
  heavily	
  on	
  Heeger,	
  LiSlejohn,	
  Mumm,	
  and	
  Tobin,	
  
arXiv:1212.2182	
  and	
  recent	
  talk	
  by	
  Heeger	
  at	
  Aspen	
  2013.	
  



Mo9va9on	
  for	
  new,	
  short-­‐baseline	
  (L⪅10m)	
  
reactor	
  experiment	
  

•  Variety	
  of	
  anomalies	
  that	
  could	
  indicate	
  
addi9onal	
  sterile	
  neutrino	
  states	
  with	
  mass	
  
spli]ngs	
  of	
  order	
  1	
  eV2:	
  “reactor	
  
anomaly”,LSND/MiniBooNE,	
  SAGE/GALLEX	
  
calibra9ons	
  +	
  WMAP,SPT,	
  Planck?	
  (see	
  talk	
  by	
  
W.	
  Louis)	
  

•  Nuclear	
  safeguards	
  community	
  (see	
  talk	
  by	
  N.	
  
Bowden)	
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Th.	
  A.	
  Mueller	
  et	
  al.``Improved	
  Predic9ons	
  of	
  Reactor	
  An9neutrino	
  
Spectra,’’	
  accepted	
  for	
  publica9on	
  in	
  Phys.	
  Rev.	
  C,	
  83	
  (2011)	
  054615;	
  
arXiv:1101.2663.	
  	
  
	
  
G.	
  Men9on	
  et	
  al.,	
  ``The	
  Reactor	
  An9neutrino	
  Anomoly,’’	
  Phys.	
  Rev.	
  D,	
  83	
  
(2011)	
  073006;	
  	
  arXiv:1101.2755.	
  
	
  
P.	
  Huber,	
  ``On	
  the	
  determina9on	
  of	
  an9-­‐neutrino	
  spectra	
  from	
  nuclear	
  
reactors;	
  arXiv:1106.06874.	
  

As	
  part	
  of	
  prepara9on	
  for	
  Double	
  Chooz	
  analysis	
  with	
  a	
  single	
  far	
  detector,	
  
Mueller	
  et	
  al.	
  applied	
  an	
  improved	
  procedure	
  to	
  go	
  from	
  measured 235U, 239Pu, 
and 241Pu β− spectra (at ILL) to neutrino spectra. 	
  	
  	
  
	
  
The result is a +3% increase in neutrino flux, on average. 
 
Huber, using a different method to go from β− to ν spectra,  finds a similar shift. 

Reactor Neutrino Flux and the Reactor Antineutrino Anomoly 
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G.	
  Men9on	
  et	
  al.	
  (arXiv:1101.2755)	
  

For L<100m, accounting for correlations, Mention et al. found  
NOBS/NEXP = 0.937±0.027. 
 
Zhang, Qian, and Vogel (arXiv:1303.0900) include Palo 
Verde, Chooz, and Double Chooz using measured sin22θ13 and 
find  NOBS/NEXP = 0.959±0.028. 
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Schwetz,	
  Neutrino	
  2012	
  



Explanations? 
 
§ Statistics 
§ Mistake in flux calculation; perhaps uncertainty in 
flux calculation is larger than estimated 
§ Bias in normalization of ILL experiment (uncertainty 
quoted as 2%) 
§ Common systematic bias in reactor experiments 
§ New physics at short baselines. Results are 
compatible with 4th, non-standard neutrino state with 
Δm2 >~ 1 eV2 and sin22θ ~ 0.1 

à The last possibility motivates a precise short 
baseline experiment 

6	
  



What	
  about	
  near	
  detectors	
  from	
  θ13	
  experiments?	
  

•  Absolute	
  near	
  detector	
  rate	
  measurements	
  from	
  Daya	
  Bay,	
  RENO,	
  and	
  
Double	
  Chooz	
  will	
  check	
  flux	
  level	
  observed	
  at	
  Bugey,	
  etc.	
  	
  Significance	
  of	
  
reactor	
  anomaly	
  will	
  s9ll	
  be	
  limited	
  by	
  uncertainty	
  in	
  flux	
  predic9on.	
  

•  Near	
  detectors	
  do	
  have	
  some	
  sensi9vity	
  to	
  lower	
  Δm2	
  oscilla9ons	
  through	
  
spectral	
  distor9ons.	
  	
  Inves9gated	
  in	
  recent	
  paper	
  by	
  Bergevin,	
  Grant,	
  and	
  
Svoboda	
  (arXiv:1303.0310).	
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Near	
  
Detectors	
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β− decay of neutron 
rich fission fragments 
of U and Pu 

Detection through inverse β Decay:  

e p e nν ++ → +

Eprompt=Eν−0.8 MeV 

  Reactor νe  production

Reactor	
  Neutrino	
  Experiments	
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Oscilla9on	
  Signal:	
  Energy	
  and	
  baseline	
  dependent	
  effect	
  

P(νe →νe ) ≈1− sin
2 2θ sin2

Δm2L
4E

E.g.,  Δm2 = 1.8eV 2,sin2 2θ = 0.5

No	
  oscilla9ons	
   With	
  oscilla9ons	
  



10	
  

Oscilla9on	
  Signal:	
  Energy	
  and	
  baseline	
  dependent	
  effect	
  

P(νe →νe ) ≈1− sin
2 2θ sin2

Δm2L
4E

E.g.,  Δm2 =1.8eV 2, sin2 2θ = 0.1



Important	
  parameters	
  for	
  reactor	
  experiment	
  to	
  study	
  
high	
  Δm2	
  oscilla9ons	
  

•  Reactor	
  core	
  size	
  
•  Baseline	
  
•  Reactor	
  fuel	
  
•  Reactor	
  power,	
  duty	
  cycle	
  
•  Detector	
  mass,	
  E	
  resolu9on,	
  posi9on	
  
resolu9on	
  

•  Background	
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Nominal	
  Experimental	
  Parameters	
  

From	
  Heeger	
  et	
  al.,	
  arXiv:1212.2182	
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Es9mated	
  Sensi9vity	
  for	
  Nominal	
  Experiment	
  

Reactor	
  curves	
  from	
  Men9on	
  et	
  al.;	
  global	
  fit	
  from	
  Giun9	
  and	
  Laveder,	
  	
  
hep-­‐ph/1109.4033.	
  

Sensi9vity	
  based	
  
only	
  on	
  spectral	
  
distor9on	
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Effect	
  of	
  Core	
  Size	
  

Effect	
  of	
  Baseline	
  Core	
  Size	
  and	
  Baseline	
  



Commercial	
  vs.	
  Research	
  Reactors	
  

Commercial	
  
•  High	
  power	
  
•  No	
  reactor	
  off	
  9me	
  
•  Extended	
  core	
  (3-­‐4m	
  
diameter)	
  

•  Limited	
  access	
  near	
  core	
  
•  Few	
  percent	
  235U	
  
enrichment	
  
(contribu9ons	
  from	
  235U, 
238U, 239Pu, and 241Pu)	
  

Research	
  
•  Lower	
  power	
  
•  Reactor	
  off	
  9me	
  
•  Compact	
  core	
  	
  
•  Short	
  detector	
  
baselines	
  possible	
  

•  Highly	
  enriched	
  fuel	
  
(~all	
  	
  	
  	
  from	
  235U	
  fission	
  
products)	
  

BeSer	
  for	
  high	
  Δm2	
  search	
  

νe
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  From	
  N.	
  Bowden	
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Accessible	
  Baselines	
  at	
  US	
  Research	
  Reactors	
  

NIST	
  
4-­‐13m	
  and	
  15	
  to	
  ~20m	
  
	
  
ATR	
  
11-­‐18m	
  and	
  21-­‐27m	
  
	
  
HFIR	
  
6-­‐8m	
  	
  
(possible	
  addi9onal	
  loca9ons)	
  

Shortest	
  baseline	
  defined	
  from	
  center	
  
of	
  core	
  to	
  edge	
  of	
  ac9ve	
  detector	
  
volume	
  	
  

NIST	
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Single	
  vs.	
  Mul9ple	
  Detectors	
  

Advantages	
  of	
  mul9ple	
  detectors:	
  
•  Can	
  span	
  larger	
  range	
  of	
  baselines	
  (unless	
  single	
  detector	
  is	
  very	
  long)	
  
•  Can	
  be	
  moved	
  and	
  swapped	
  for	
  systema9c	
  studies	
  
•  Reduced	
  sensi9vity	
  to	
  predicted	
  reactor	
  spectrum	
  
•  Staging	
  possible	
  

arXiv:1212.2182	
  

Different	
  baseline	
  ranges	
  

baseline	
  range	
  of	
  1	
  detector	
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Backgrounds	
  

It	
  is	
  cri9cal	
  to	
  control	
  
backgrounds	
  and	
  to	
  understand	
  
residual	
  background	
  spectrum	
  

σb2b	
  

S:B	
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•  All	
  previous	
  short-­‐baseline	
  reactor	
  experiments	
  with	
  minimal	
  overburden	
  
have	
  failed	
  to	
  see	
  neutrino	
  signal	
  (S:B	
  osen	
  1:50-­‐100.)	
  	
  	
  See	
  talk	
  by	
  N.	
  
Bowden.	
  

•  In	
  addi9on	
  to	
  high	
  muon-­‐related	
  backgrounds,	
  there	
  are	
  significant	
  
backgrounds	
  correlated	
  with	
  reactor	
  opera9on.	
  

Background	
  	
  measurements	
  
(fast	
  n,	
  muon,	
  gamma)	
  at	
  
poten9al	
  sites	
  underway	
  

E.g.	
  gamma	
  backgrounds	
  
measured	
  with	
  Ge	
  detector	
  
at	
  NIST	
  

•  High	
  background	
  rates	
  will	
  probably	
  require	
  segmented	
  detectors	
  (e.g.,	
  
Bugey-­‐3,	
  Palo	
  Verde)	
  

•  6Li-­‐doped	
  scin9llator	
  with	
  good	
  PSD	
  may	
  be	
  required	
  for	
  opera9on	
  at	
  
reactor	
  with	
  liSle	
  overburden;	
  6Li	
  doped	
  materials	
  under	
  development	
  at	
  
BNL,LLNL,NIST,SNL.	
  



Other	
  short	
  baseline	
  experiments	
  

•  Nucifer	
  at	
  OSIRIS	
  
•  STEREO	
  at	
  ILL	
  
•  NEUTRINO-­‐4	
  in	
  Gatchina	
  
•  Experiment	
  at	
  China	
  Advanced	
  Research	
  
Reactor	
  (arXiv:1303.0607)	
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NUCIFER	
  at	
  Osiris	
  

core:	
  σ~0.3m	
  
baseline:	
  7m	
  

Pre-­‐industrial,	
  unaSended	
  reactor	
  neutrino	
  monitor	
  
May	
  be	
  used	
  to	
  test	
  reactor	
  anomaly	
  with	
  compact	
  core.	
  
PSD	
  R&D	
  for	
  background	
  rejec9on.	
  	
  

Ref:	
  Lhuillier,	
  APP2011	
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Huge	
  unexpected	
  reactor-­‐on	
  background	
  from	
  water	
  
deac9va9on	
  circuit.	
  	
  Lesson	
  for	
  future	
  experiments:	
  
	
  It	
  is	
  cri9cal	
  to	
  measure	
  and	
  understand	
  backgrounds	
  at	
  detector	
  
site.	
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STEREO	
  at	
  ILL	
  

ILL	
  site	
  –	
  Grenoble,	
  France	
  

	
  

Reactor Site  
50 MW compact core 
(φ=40cm, h=80 cm) 
 
Short baseline  
[7-9] m 
 
Pure 235U spectrum 
 

Shape	
  analysis	
  +	
  
3.5	
  %	
  uncertainty	
  on	
  normaliza9on	
  

Background Rejection 
Large passive and active shielding 
15 m.w.e. overburden 
 
Pulse Shape Discrimination 
 
Segmented detector 
 
On-site measurements in progress 

Aim	
  for	
  first	
  data	
  in	
  2015	
  
Funding	
  decision	
  in	
  2013	
  

Ref:	
  Lhuillier	
  



Comments	
  

•  Opportunity	
  for	
  reactor	
  experiments	
  to	
  provide	
  significant	
  
informa9on	
  on	
  possible	
  sterile	
  neutrino	
  states	
  rela9vely	
  
quickly	
  and	
  cheaply	
  (<$5M)	
  

•  Complementary	
  to	
  other	
  approaches	
  (e.g.,	
  sources)	
  
•  Good	
  US	
  sites	
  for	
  such	
  an	
  experiment:	
  short	
  minimum	
  

baseline,	
  rela9vely	
  high-­‐power,	
  compact	
  cores,	
  and	
  
possibility	
  of	
  covering	
  extended	
  baseline	
  with	
  mul9ple	
  
detectors	
  

•  BUT,	
  successful	
  experiment	
  depends	
  on	
  sufficient	
  
reduc9on	
  of	
  background	
  and	
  understanding	
  of	
  residual	
  
background	
  shape.	
  	
  It	
  must	
  be	
  demonstrated	
  that	
  these	
  
challenges	
  can	
  be	
  met	
  at	
  par9cular	
  sites.	
  

•  Excellent	
  synergy	
  between	
  sterile	
  neutrino	
  search	
  and	
  
goals	
  of	
  nuclear	
  safeguards	
  community	
  	
  -­‐-­‐	
  both	
  R&D	
  to	
  
develop	
  detectors	
  and	
  experimental	
  results.	
  (E.g.,	
  
measurement	
  of	
  νe	
  spectrum	
  from	
  pure	
  235U.)	
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BACKUP	
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What	
  are	
  the	
  expected	
  improvements	
  over	
  Bugey-­‐3?	
  

•  smaller	
  core	
  size	
  
–  Bugey	
  ran	
  at	
  a	
  PWR,	
  and	
  to	
  

make	
  maSers	
  worse,	
  the	
  
shortest	
  baselines	
  were	
  
almost	
  below	
  it,	
  looking	
  along	
  
the	
  long	
  axis	
  of	
  that	
  core	
  

•  shorter	
  baseline	
  
–  at	
  US	
  research	
  reactors	
  can	
  get	
  as	
  close	
  as	
  4m	
  (Bugey	
  >	
  15	
  m)	
  

•  beSer	
  scin9llator	
  stability	
  
–  some	
  of	
  the	
  Bugey	
  modules/detectors	
  deteriorated	
  

•  possibly	
  beSer	
  pulse	
  shape	
  discrimina9on	
  (PSD)?	
  



28	
  

How	
  does	
  US	
  reactor	
  experiment	
  compare	
  to	
  STEREO?	
  

•  US	
  sites	
  allows	
  for	
  deployment	
  of	
  mul9ple	
  detectors	
  
•  By	
  using	
  Li,	
  we	
  are	
  likely	
  to	
  have	
  beSer	
  bkgd	
  rejec9on	
  
•  By	
  being	
  closer	
  (at	
  least	
  in	
  principle)	
  we	
  have	
  relaxed	
  requirements	
  for	
  resolu9on	
  at	
  

high	
  Δm2	
  
•  US	
  concept	
  appears	
  to	
  have	
  beSer	
  sensi9vity	
  

STEREO	
  at	
  ILL	
   US	
  reactor	
  exp	
  (different	
  configura9ons)	
  
shape	
  only	
  

0.8	
  MeV	
  threshold	
  
1/E^2	
  bkgd	
  spectrum	
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Example	
  of	
  a	
  Phased,	
  Mul9ple	
  Detector	
  Experiment	
  

det	
  1a	
   det	
  1a+2b	
  det	
  1a+1b	
  

3σ,	
  1	
  year	
  

det	
  1a	
  

det	
  1b	
  

det	
  2b	
  
NIST	
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   Cherwinka,	
  Mumm,	
  LiSlejohn,	
  KMH	
  

3σ,	
  1	
  year	
  

det	
  1a	
  

det	
  1b	
  

det	
  2b	
  

det	
  1a	
  
det	
  1b	
  

det	
  2b	
  

3σ,	
  1	
  year	
  
5σ,	
  3	
  years	
  

Example	
  of	
  a	
  Phased,	
  Mul9ple	
  Detector	
  Experiment	
  

NIST	
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To predict rate and spectrum of neutrinos from reactor, one must consider 
235U, 238U, 239Pu, and 241Pu, account for evolution of the reactor core over 
the fuel cycle, and consider all of the possible β branches. 

Fission rates over single reactor 
fuel cycle 

235U	
  

239Pu	
  

Direct measurements of electron spectra from thin layers of  235U, 239Pu, 
and 241Pu  in a beam of thermal neutrons are used as constraints. 

Total ν flux uncertainty estimated to be about 2-3%	
   31	
  


