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Neutrino	
  Factory	
  

and	
  nuSTORM	
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•  Neutrino	
  Factory	
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  of	
  a	
  staged	
  programme	
  



Standard	
  Neutrino	
  Model:	
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•  Three	
  mass	
  states	
  
linked	
  to	
  three	
  
flavour	
  states	
  via	
  
unitary	
  mixing	
  	
  
matrix;	
  

•  AddiDonal,	
  sterile,	
  states	
  conceivable:	
  
– Would	
  imply:	
  
•  3-­‐neutrino	
  mixing	
  matrix	
  not	
  unitary	
  

B.#Kayser#



Neutrino	
  Factory	
  
Neutrino	
  Factory	
  and	
  nuSTORM:	
  



The	
  SνM	
  measurement	
  programme:	
  
•  Looking	
  beyond	
  MINOS,	
  T2K,	
  	
  

NOνA,	
  DChooz,	
  Daya	
  Bay,	
  Reno,	
  …	
  
–  θ13	
  will	
  be	
  very	
  well	
  known	
  

•  Therefore	
  future	
  programme	
  	
  
must:	
  
–  Complete	
  the	
  “Standard	
  	
  
Neutrino	
  Model”	
  (SνM):	
  
•  Determine	
  the	
  mass	
  hierarchy	
  
•  Search	
  for	
  (and	
  discover?)	
  leptonic	
  	
  
CP-­‐invariance	
  violaDon	
  

–  Establish	
  the	
  SνM	
  as	
  the	
  correct	
  	
  
descripDon	
  of	
  nature:	
  
•  Determine	
  precisely	
  the	
  degree	
  to	
  which	
  θ23	
  differs	
  from	
  π/4	
  
•  Determine	
  θ13	
  precisely	
  
•  Determine	
  θ12	
  precisely	
  

–  Search	
  for	
  deviaDons	
  from	
  the	
  SνM:	
  
•  Test	
  the	
  unitarity	
  of	
  the	
  neutrino	
  mixing	
  matrix	
  
•  Search	
  for	
  sterile	
  neutrinos,	
  non-­‐standard	
  interacDons,	
  …	
  

arXiv:1203.5651	
  



Neutrino	
  Factory:	
  
•  OpDmise	
  discovery	
  potenDal	
  for	
  CP	
  and	
  MH:	
  
– Requirements:	
  
•  Large	
  νe	
  (νe)	
  flux	
  
– Detailed	
  study	
  of	
  	
  
sub-­‐leading	
  effects	
  

•  Unique:	
  
•  (Large)	
  high-­‐energy	
  	
  
νe	
  (νe)	
  flux	
  
– OpDmise	
  event	
  rate	
  at	
  
fixed	
  L/E	
  
– OpDmise	
  MH	
  sensiDvity	
  
– OpDmise	
  CP	
  sensiDvity	
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All	
  channels	
  available	
  
at	
  the	
  Neutrino	
  Factory	
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Discovery	
  reach:	
  P.	
  Coloma,	
  P.	
  Huber	
  et	
  al,	
  IDS-­‐NF#8:	
  	
  
hkps://www.ids-­‐nf.org/wiki/GLA-­‐2012-­‐04-­‐18/Agenda	
  

•  Discovery reach at 3σ: 
•  Neutrino Factory:  85—90% 
•  Beta beam and SPL:  70—80% 
•  Super beam:  60—75% 

Huber	
  et	
  al	
  



Comparison:	
  

•  Benefit of luminosity: 
• Solid blue lines show effect on precision of scaling 
luminosity from baseline 1021 decays per year 
• Potential for definition of staged upgrade programme 

Coloma,	
  Huber,	
  Kopp,	
  Winter	
  
arXiv:1209.5973	
  



•  Proton	
  driver:	
  
–  Development	
  of	
  high-­‐power,	
  pulsed	
  proton	
  source	
  

•  FETS;	
  PIXIE;	
  [R&D	
  programme	
  outlined	
  by	
  Prebys]	
  
–  Large	
  charge,	
  very	
  short	
  bunches	
  

•  Pion-­‐producDon	
  target:	
  
–  MERIT	
  experiment	
  at	
  CERN	
  proved	
  principle	
  of	
  

mercury	
  jet	
  target	
  
•  Need	
  to	
  disDnguish	
  pre-­‐construcDon	
  development	
  from	
  

proof	
  of	
  principle	
  

•  Muon	
  front	
  end:B	
  
–  MuCool	
  programme	
  at	
  FNAL:	
  

•  Study	
  of	
  effect	
  of	
  magneDc	
  field	
  on	
  high-­‐gradient,	
  
warm,	
  copper	
  caviDes;	
  

•  CriDcal	
  programme	
  
–  MICE	
  experiment	
  at	
  RAL:	
  

•  Proof	
  of	
  principle	
  of	
  ionizaDon-­‐cooling	
  technique	
  
•  CriDcal	
  programme	
  

–  RF	
  power	
  sources	
  (e.g.	
  Diacrode)	
  at	
  LANL:	
  
•  Some	
  work	
  at	
  LANL,	
  however,	
  cost	
  driver	
  for	
  the	
  

Neutrino	
  Factory	
  
–  Deserves	
  more	
  akenDon	
  

•  Rapid	
  acceleraDon:	
  
–  EMMA	
  experiment	
  at	
  DL:	
  

•  Proof	
  of	
  principal	
  of	
  non-­‐scaling	
  FFAG	
  technique;	
  
–  Novel	
  technology	
  allows	
  circular	
  acceleraDon	
  

without	
  magnet	
  ramp	
  
–  SuperconducDng,	
  201	
  MHz	
  resonators	
  at	
  Cornell:	
  

•  Some	
  work	
  at	
  Cornell,	
  however,	
  significant	
  part	
  of	
  cost	
  
of	
  muon	
  acceleraDon	
  

–  Deserves	
  more	
  akenDon	
  

•  Proton	
  driver:	
  
–  4	
  MW;	
  5	
  <	
  Ep	
  <	
  15	
  GeV;	
  bunch	
  length	
  1—3	
  ns	
  
–  Linac	
  (CERN,	
  FNAL)	
  and	
  ring	
  (RAL,	
  JPARC)	
  

opDons:	
  Progress:	
  cosDng	
  based	
  on	
  SPL	
  

•  Pion-­‐producDon	
  target:	
  
–  Baseline:	
  liquid	
  mercury	
  jet	
  
–  OpDons:	
  powder	
  jet	
  or	
  solid	
  
–  Progress:	
  parDcle	
  shielding,	
  magneDc	
  lawce	
  

•  Muon	
  front	
  end:	
  
–  Chicane	
  (new)	
  to	
  remove	
  secondary	
  hadrons:	
  

•  Bent	
  solenoid	
  transport	
  &	
  beryllium	
  absorber	
  
–  Buncher	
  &	
  rotator:	
  

•  Progress:	
  lawce	
  revision	
  in	
  response	
  to	
  
engineering	
  study	
  	
  

–  Cooling:	
  
•  Baseline:	
  solenoid	
  transport,	
  LiH	
  absorber	
  
•  OpDons:	
  bucked	
  coils	
  or	
  high-­‐pressure	
  H2	
  
•  Progress:	
  lawce	
  revision	
  in	
  response	
  to	
  

engineering	
  study	
  

•  Rapid	
  acceleraDon:	
  
–  Two	
  opDons	
  considered	
  for	
  acceleraDon	
  to	
  10	
  

GeV:	
  
•  Linac,	
  RLA	
  I	
  and	
  RLA	
  II;	
  
•  Linac,	
  RLA	
  I	
  and	
  FFAG	
  

–  Choice	
  based	
  on	
  cost	
  and	
  performance	
  
esDmates	
  

Accelerator	
  challenges:	
  



•  20#m/s#liquid#Hg#jet#in#15#T#
B#field##

•  Exposed#to#CERN#PS#
proton#beam:#
– Beam#pulse#energy#=#115#kJ#
– Reached#30#tera#protons#at#
24#GeV#

•  ‘DisrupPon#length’:#28#cm#
•  ‘Refill’#Pme:#14#ms#

–  Corresponds#to#70#Hz#
•  Hence:#

–  Demonstrated#operaPon#at:#
•  60#kJ#×#70#Hz#=#8#MW#

Baseline#target:#proof#of#principle:#MERIT:#

Interna'onal*Muon*Ioniza'on*Cooling*Experiment*Electron)Model)of)Muon)Accelera0on)(EMMA))

! RF cavity development

5T solenoid

201MHz cavity

805MHz
waveguide

MuCool (part of US NFMCC)

MuCool:'cavi,es'in'magne,c'field'



nuSTORM	
  
Neutrino	
  Factory	
  and	
  nuSTORM:	
  



What	
  we	
  need	
  to	
  measure:	
  
•  Present,	
  inconclusive,	
  informaDon	
  from	
  νeèνX	
  
and	
  νμèνX	
  transiDons	
  

•  Ideally,	
  study:	
  

	
  and	
  	
  
– Determine	
  neutral	
  current	
  rate	
  
•  oscillaDon	
  to	
  steriles	
  will	
  change	
  neutral	
  current	
  rate	
  

– Study	
  νeN	
  and	
  νμN	
  scakering	
  
•  including	
  hadronic	
  final	
  states	
  to	
  eliminate	
  background	
  
uncertainDes	
  



Concept:	
  •  Entry-­‐level	
  Neutrino	
  Factory:	
  
–  Known	
  technology	
  
	
  

•  100	
  kW	
  Target	
  StaDon	
  
–  FNAL:	
  

•  60	
  GeV	
  protons	
  from	
  MI	
  in	
  PIP	
  era	
  
–  CERN:	
  

•  100	
  GeV	
  protons	
  from	
  SPS	
  post	
  Linac4	
  
•  Target	
  and	
  collecDon:	
  

–  “Heavy	
  metal”	
  
–  OpDmizaDon	
  on-­‐going	
  
–  Horn	
  collecDon	
  baseline	
  

•  Li	
  lens	
  has	
  also	
  been	
  explored	
  
•  CollecDon/transport,	
  two	
  opDons:	
  

–  StochasDc	
  injecDon	
  of	
  π	
  
–  Kicker	
  with	
  π	
  →	
  μ	
  decay	
  channel	
  

•  Decay	
  ring	
  
–  Large	
  aperture	
  FODO	
  
–  Racetrack	
  FFAG	
  

•  InstrumentaDon	
  
–  BCTs,	
  mag-­‐Spec	
  in	
  arc,	
  polarimeter	
  

•  Neutrino	
  detectors:	
  
–  MagneDsed	
  iron	
  calorimeter	
  (SuperBIND);	
  
–  Suite	
  of	
  near	
  detectors	
  for	
  cross-­‐secDon	
  programme	
  





nuSTORM	
  x-­‐secDon	
  measurement	
  potenDal:	
  

•  Above	
  (for	
  stored	
  μ+):	
  
– nuSTORM	
  event	
  rates/100T	
  
at	
  near	
  detector	
  50	
  m	
  from	
  
straight	
  with	
  μ+	
  stored	
  

•  Right:	
  
– State	
  of	
  the	
  art:	
  
•  Almost	
  no	
  νe	
  measurements	
  

νe	
  
νμ	
  



Sterile	
  neutrino	
  search	
  concept:	
  



nuSTORM:	
  performance:	
  
LOI	
  [Bross	
  et	
  al];	
  
Fermilab	
  proposal	
  P-­‐1080	
  &	
  
	
  arXiv:1206.0294	
  

Winter,(disappearance(

Bayes	
  



ImplementaDon,	
  at	
  FNAL:	
  

•  Benefits	
  from	
  exisDng	
  extracDon	
  tunnel;	
  
•  Ideal	
  baseline	
  from	
  storage	
  ring	
  to	
  D0	
  assembly	
  building:	
  
–  Space	
  and	
  infrastructure	
  for	
  SuperBIND	
  and	
  LAr	
  detector;	
  

•  Space	
  and	
  access	
  for	
  near	
  detector	
  



Technology	
  test-­‐bed:	
  



Elements	
  of	
  a	
  programme	
  



Elements	
  of	
  a	
  staged	
  programme:	
  
•  Neutrino	
  Factory:	
  the	
  facility	
  of	
  choice	
  for	
  the	
  study	
  of	
  neutrino	
  

oscillaDons:	
  
–  Best	
  sensiDvity	
  
–  Best	
  precision	
  

•  But,	
  stored	
  muon	
  beams	
  have	
  not	
  yet	
  been	
  demonstrated	
  to	
  be	
  
capable	
  of	
  serving	
  a	
  world-­‐class	
  neutrino	
  programme:	
  
–  Require	
  to:	
  

•  Demonstrate	
  (sustainable)	
  ionizaDon	
  cooling:	
  
–  MICE	
  to	
  Step	
  VI	
  

•  Demonstrate:	
  
–  High-­‐gradient	
  warm	
  RF	
  in	
  presence	
  of	
  magneDc	
  field	
  (MuCOOL)	
  
–  Mastery	
  of	
  201	
  MHz	
  superconducDng	
  RF	
  technology	
  

•  Complete	
  IDS-­‐NF	
  
–  Including	
  arDculaDon	
  of	
  a	
  plausible	
  staging	
  scenario	
  

–  Establish	
  a	
  first,	
  realisDc,	
  scienDfically	
  first-­‐rate	
  neutrino	
  experiment	
  based	
  on	
  
a	
  stored	
  muon	
  beam	
  
•  nuSTORM:	
  

–  Will	
  serve	
  the	
  neutrino	
  programme	
  by	
  making	
  unique	
  νeN	
  and	
  νμN	
  measurements;	
  
–  Will	
  provide	
  decisive	
  informaDon	
  on	
  the	
  existence	
  of	
  sterile	
  neutrinos;	
  and	
  
–  Provide	
  a	
  test-­‐bed	
  for:	
  

»  6D	
  cooling	
  proof	
  of	
  principal	
  
»  Storage-­‐ring	
  diagnosDcs,	
  muon-­‐beam	
  handling,	
  …	
  


