


Outline	  

  Decay-‐at-‐rest	  (DAR)	  neutrino	  sources	  

  Experimental	  setup	  for	  π-‐DAR	  beam	  
	  	  	  	  measuring	  CP-‐viola>ng	  phase	  

	  (aka	  DAEδALUS)	  

  Experimental	  setups	  for	  
	  	  	  	  sterile	  neutrino	  search	  

	  (piDAR	  and	  IsoDAR)	  

  Expected	  sensi>vi>es	  



Pion	  Decay-‐at-‐Rest	  (piDAR)	  source	  

  Resonant	  produc>on	  of	  pions	  by	  low-‐energy	  (~1GeV),	  
	  high-‐power	  (~MW)	  proton	  beam	  

  π+	  are	  stopped	  and	  decay	  via 	  	  	  	  	  	  	  	  	  	  (π-‐	  absorbed	  in	  target,	  νe<0.04%)	  

	  Low	  energy	  (10-‐50	  MeV)	  ‘neutrino	  beam‘	  of	  νe,	  νµ	  and	  νµ	


π+ → µ+νµ; µ+ → e+νeν̄µ
_	


spectral	  
shape	  
driven	  by	  
nature	  

_	




Isotope	  Decay-‐at-‐Rest	  (IsoDAR)	  source	  

  Beam-‐induced	  produc>on	  of	  b-‐-‐decaying	  isotopes	  

  Good	  candidate:	  8Li	  

	  Pure	  νe	  ‘neutrino	  beam‘	  at	  several	  MeV	  peak	  energy	

_	


p+ Be → X+ n; 7Li + n → 8Li → 2α+ e− + ν̄e



Proton	  source:	  High-‐power	  cyclotrons	  

Primary	  	  
Cyclotron	  

Injector	  Cyclotron	  

Target/shielding	  

Uses	  Mul>ple	  “Accelerator	  Units”	  	  
constructed	  of	  cyclotrons	  
to	  accelerate	  H2

+	  to	  800	  MeV	  

The	  result	  is	  a	  decay-‐at-‐rest-‐flux	  
That	  can	  be	  used	  for	  	  νµ	  	  νe searches	  

_	   _	  

H2
+	  Ion	  

Source	  



piDAR	  experiment	  for	  δCP	  

DAEδALUS 
@LENA	  



How	  to	  measure	  δCP	  with	  anAneutrinos	  only	  

DAEδALUS	  approach:	  Use	  νµ → νe	  appearance	  
and	  exploit	  the	  L/E	  dependence	  in	  absolute	  rates	  

}	  
terms	  depending	  on	  
mass	  splidngs	  

}	  
terms	  depending	  on	  
mixing	  angles	  

We	  want	  to	  see	  
if	  δ	  is	  nonzero	  

SBNO,	  so	  no	  mager	  effects!	  
	  oscilla>on	  probability	  in	  vacuum	  

_	
 _	




DEAδALUS‘	  three-‐baseline	  design	  



ExtracAon	  of	  oscillaAon	  signature	  

Using	  the	  near	  accelerator	  
measure	  absolute	  flux	  normalizaAon	  with	  ν-‐e	  events	  to	  ~1%,	  

Also,	  measure	  the	  νeC	  event	  rate.	  

At	  far	  and	  mid	  accelerator,	  
Compare	  predicted	  to	  measured	  νeC	  event	  rates	  

to	  get	  the	  relaAve	  flux	  normalizaAons	  between	  3	  accelerators	  

In	  all	  three	  accelerators,	  
given	  the	  known	  flux,	  fit	  for	  the	  νµ	  →	  νe	  signal	  

	  with	  free	  parameters:	  θ13	  and	  δ	


_	
 _	




Pulsing	  of	  the	  beam	  source	  

Oscilla>on	  
maximum	  

Constrains	  rise	  
of	  probability	  

Constrains	  
Ini>al	  flux	  

You	  need	  to	  know	  which	  
One	  is	  providing	  the	  beam.	  
So	  they	  have	  to	  turn	  on/off.	  

The	  duty	  factor	  is	  flexible,	  
But	  beam-‐off	  >me	  is	  needed.	  

1.5 km 
Accelerator 

8 km 
Accelerators 

20 km 
Accelerators 

100µs 

100µs 

100µs 

100µs 

100µs 

100µs 

400µs 400µs 

400µs 400µs 

100µs 100µs 100µs 
400µs 400µs 

Beam Off Beam Off 



LENA	  as	  detector	  for	  DAEδALUS	  

  Original	  proposal	  assumed	  Gd-‐doped	  	  
	  200kt	  water	  Cherenkov	  detector	  (LBNE)	  

  LENA	  is	  smaller	  (50kt),	  but	  features	  beger	  
	  detec>on	  efficiency	  for	  inverse	  β-‐decay	  
	  and	  discrimina>on	  for	  νe,	  ν12C	  channels	  

  First	  es>mate	  from	  INT	  conference	  uses	  

	  detector	  mass: 	   	   	   	  42.5kt	  
	  IBD	  detec>on	  efficiency:	   	  63% 	  low!	  
	  atmospheric	  ν	  background: 	  no	  
	  duty	  cycle	  of	  cyclotrons:	   	  75%	  

	  about	  100	  IBD	  events	  per	  year	  
	  	  for	  each	  baseline	  



Projected	  sensiAvity	  to	  δCP	  

	  Predicted	  coverage	  for	  δCP	  at	  3σ:	  42%	  aper	  10	  years	  

	  Sensi>vity	  is	  dominated	  by	  sta>s>cal	  uncertainty	  



Experimental	  setup	  vs.	  knowledge	  of	  θ13	  

Setup	  assumes	  unknown	  and	  small	  θ13.	  	  could	  be	  adjusted	  



Status	  of	  the	  DAEdALUS	  accelerator	  chain	  

Primary	  	  
Cyclotron	  

Injector	  Cyclotron	  

Target/shielding	  

H2
+	  Ion	  Source	  

working	  
prototype	  

advanced	  
design	  

undergoing	  1st	  
engineering	  design	  

based	  on	  
past	  designs	  

(see	  backup	  slides	  for	  more	  details)	  



Development	  work	  for	  high-‐power	  cyclotrons	  

European	  Universi>es/Ins>tutes	  
European	  industry	  

(Italy)	  

Many	  European	  Accelerator	  Physicists	  are	  involved…	  



Sterile	  neutrino	  searches	  

Primary	  	  
Cyclotron	  

Injector	  Cyclotron	  

Target/shielding	  

AlternaAves	  proposed:	  
 	  Low-‐power	  piDAR	  beam	  (20m)	  
 	  IsoDAR	  beam	  from	  injector	  
 	  Radioac>ve	  sources	  

piDAR:	  νµ	  	  νe appearance	  
	   	  	  νe	  	  νs	  disappearance	  

_	   _	   IsoDAR:	  
νe	  	  νs	  disappearance	  
_	   _	  



Sterile	  neutrinos	  with	  piDAR	  

Beam	  configuraAon	  

 Proton	  beam:	  
	  E	  =	  800	  MeV,	  P	  =	  100	  kW	  	  
 Neutrinos	  (per	  year):	  
	  	  	  	  4x1021	  in	  νe,νµ,νµ	  
	  1.6x1018	  in	  νe	  

 Distance	  from	  LENA: 	  20m	  

_	  
_	  



Sterile	  neutrinos	  with	  piDAR	  

Beam	  configuraAon	  

 Proton	  beam:	  
	  E	  =	  800	  MeV,	  P	  =	  100	  kW	  	  
 Neutrinos	  (per	  year):	  
	  	  	  	  4x1021	  in	  νe,νµ,νµ	  
	  1.6x1018	  in	  νe	  

 Distance	  from	  LENA: 	  20m	  

Sterile	  neutrino	  signal	  
 νµνe	  appearance	  for	  3+2:	  
	  	  >104	  IBD	  events,	  S/B	  10:1	  

 	  νeνs	  disappearance:	  
	  	  ~2x105	  νe12C	  CC	  events	  

_	  
_	  

_	   _	  

piDARLENA	  provides	  capability	  to	  
dis@nguish	  3+1	  and	  3+2	  scenarios	  



SensiAvity	  with	  piDAR	  beam	  

νµ	  	  νe appearance	  
_	   _	  

	  νe	  	  νs	  disappearance	  



Sterile	  neutrinos	  with	  IsoDAR	  

Observa>on	  of	  disappearance	  
pagern	  to	  νs	  in	  >106	  IBD	  events	  

νe	  „beam“	  

16	  m	  

_	  

Injector	  
cyclotron:	  
P	  =	  600	  kW	  
Ep	  =	  60MeV	  

target:	  
produc>on	  of	  8Li,	  
β-‐decay,	  <Eν>=6MeV	  	  

Proton	  energy	  required	  for	  neutron	  
produc>on	  is	  considerably	  lower	  
than	  for	  piDAR	  beam.	  A	  single	  
cyclotron	  (the	  injector)	  is	  sufficient.	  



8Li	  producAon	  target	  

Michael	  Wurm	  (UHH) 	   	   	   	   	  	  	  	  	  	  	  	  	  IsoDAR	  sterile	  neutrino	  search 	  	   	   	  	   	   	  	  	  	  	  	  20	  

9Be	  target	  

 	  cylinder:	  20	  x	  20	  cm	  
 	  neutron	  source	  
 	  surrounded	  by	  5	  cm	  D2O	  
	  	  	  for	  modera>on	  and	  cooling	  

7Li	  sleeve	  

 	  cyl.:	  1.5m	  long,	  2m	  diameter	  
 	  enriched	  to	  99.99%	  from	  
	  	  	  92.4%	  of	  natural	  7Li	  content	  
 	  surrounded	  by	  graphite	  reflector	  
 	  8Li	  from	  n-‐capture:	  
	  	  	  14.6	  8Li	  per	  1000	  pot	  
	  	  	  	  1.3x1023	  8Li	  in	  5	  yrs	  



KamLAND:	  L/E	  osc.	  paYern	  for	  3+1	  scenario	  

Michael	  Wurm	  (UHH) 	   	   	   	   	  	  	  	  	  	  	  	  	  IsoDAR	  sterile	  neutrino	  search 	  	   	   	  	   	   	  	  	  	  	  	  21	  



KamLAND:	  L/E	  osc	  paYern	  for	  3+2	  scenario	  



IsoDAR	  sensiAvity	  for	  sterile	  neutrinos	  

Two	  analyses	  

 	  shape-‐only	  (SO):	  dashed	  line	  
 	  rate+shape	  (RS):	  solid	  line	  
	  	  increases	  reach	  for	  large	  Δm2	  

	  	  requires	  5%	  flux	  normaliza>on	  

Comparison	  

 	  Global	  fit	  allowed	  region:	  
	  	  	  excluded	  at	  5σ	  aper	  0.3	  yrs	  

 	  PBq	  an>neutrino	  source	  
	  	  	  144Ce	  at	  Borexino	  center	  

 	  KATRIN	  β	  decay	  spetral	  shape	  
	  	  	  kink	  close	  to	  the	  endpoint	  

SO+RS	  
SO	  

RS	  

Sensi@vity	  plot	  for	  5yrs	  of	  KamLAND	  



Conclusions	  

  Liquid-‐scin>llator	  detectors	  are	  probably	  	  
	  the	  op>mum	  receptor	  for	  DAR	  beams.	  

  DAEδALUS@LENA:	  first	  (conserva>ve)	  
	  calcula>ons	  show	  a	  compe>>ve	  sensi>vity	  
	  for	  δCP	  measurement.	  Refined	  calcula>ons	  
	  and	  experimental	  layout	  are	  needed.	  

  Sterile	  ν	  experiments	  with	  pi/IsoDAR:	  

–	  	  2nd	  genera>on	  experiments	  featuring	  
	   	  sufficient	  sensi>vity	  to	  dis>nguish	  
	   	  3+1	  and	  3+2	  scenarios	  

– 	  several	  oscilla>on	  modes	  can	  be	  tested	  

	   	  piDAR:	   	  νµ 	  νe,	  νe	  	  νs	  

	   	  IsoDar: 	  νe	  	  νs	  

_	   _	  
_	   _	  



Search	  for	  CP-‐violaAng	  phase	  

 	  DAEδALUS: 	  arXiv:1006.0260	  

Searches	  for	  sterile	  neutrinos	  

 	  piDAR: 	   	  arXiv:1105.4984	  
 	  IsoDAR: 	   	  arXiv:1205.4419	  	  





We employ an “isochronous cyclotron” design 	

where the magnetic field changes with radius.	

This can accelerate many bunches at once.	


Reminder about Cyclotrons	




The big issue…	

If you inject a lot of charge here, it repels	


	
 	
 	
& “blows up”	


As radii get	

closer together	

the bunches	

at different	

radii interact 	




e-	


To reduce the “space charge” at injection…	


p	
 p	


H2+ gives you 2 protons out for 1 unit of +1 charge in!	


Simple to extract!  Just strip the electron w/ a foil	


Why H2+ ???	
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DAEδALUS	

Near Site	


Mid Site	

  (8 km)	


Far Site	

(20 km)	


Injector	

Cyclotron	


Injector	

Cyclotron	


Injector	

Cyclotron	


Injector	

Cyclotron	


Injector	

Cyclotron	


Design Principle: “Plug-and-play”	




Ion Source:	


Built by our collaborators	

At Catania.	


We will be studying 	

Beam extracted from this	

Ion source in the 	

Teststand at Best Cyclotron, Inc.,	

Vancouver, this winter 	




Base Design Injector	

60 MeV/n @ 5 mA of H2

+	


Compact,	

Non-superconducting	

design	


As a step in the development of DAEδALUS	

We are proposing to use this as an isotope decay-at-rest source	




5 mA H2+ beam = 10 mA protons on target	

	
nearly an order of magnitude higher than any 	

	
existing or designed cyclotron	

	
(600 kW on target)	


60 MeV/n   -- typical of many medical isotope machines	


Potentially very useful outside of neutrino physics	


Industry is interested in this injector cyclotron…	




Beam envelope,	

No energy spread,	

     1% spread	


Design work	

By A. Calanna	




carbon	


Light target embedded in a heavy target	


p	


 π+ 	

 µ+ 	


p	


 π- 	


Also,	

no upstream	

targets!!!	


We will use 1 MW targets (we can use muliple targets)	

Design is well understood from past DAR experiments…	




Synergy	  with	  LBNO	  experiments	  

 LBNO	  experiments	  usually	  	  
	  suffer	  from	  low	  ν	  sta>s>cs	  

 Op>mal	  sensi>vity	  can	  be	  
	  reached	  if	  LBNO	  running	  
	  ν-‐only	  are	  combined	  with	  
	  piDAR	  for	  ν	  osc.	  data	  

 δCP	  coverage	  for	  DUSEL	  
	  LBNE+DAEδALUS	  would	  
	  increase	  from	  65%	  to	  85%	  	  

_	


_	


δCP	  sensi@vity	  predic@ons	  for	  
original	  LBNE-‐WCD	  (Homestake)	  
and	  DAEδALUS	  proposals	  


