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MoAvaAon	
  and	
  Contents	
  

•  DeterminaAon	
  of	
  neutrino	
  oscillaAon	
  parameters	
  requires	
  
knowledge	
  of	
  neutrino	
  energy	
  
	
  

•  Modern	
  experiments	
  use	
  complicated	
  nuclear	
  targets:	
  from	
  
Carbon	
  to	
  Argon	
  

•  Nuclear	
  effects	
  affect	
  everything:	
  
–  event	
  cross	
  secAon	
  measurements	
  
–  event	
  idenAficaAon	
  
–  final	
  state	
  parAcles	
  
–  neutrino	
  energy	
  reconstrucAon	
  
–  determinaAon	
  of	
  oscillaAon	
  parameters	
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Neutrino	
  OscillaAons	
  

ITT	
  SeaMle,	
  2013	
  

•  2-­‐Flavor	
  OscillaAon:	
  
	
  
	
  
	
  
Know:	
  L,	
  need	
  Eν	
  to	
  determine	
  Δm2,	
  θ	
  	
  
	
  

	
  
•  3-­‐Flavor	
  OscillaAon:	
  allows	
  for	
  CP	
  violaAon	
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Observable	
  OscillaAon	
  Parameters	
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•  OscillaAon	
  probability	
  complicated	
  and	
  dependent	
  not	
  only	
  on	
  θ13	
  but	
  also:	
  
1.  CP	
  violaAon	
  	
  

parameter	
  (δ)	
  
2.  Mass	
  hierarchy	
  	
  

(sign	
  of	
  Δm31
2)	
  

3.  Size	
  of	
  sin2θ23	



Long-­‐Baseline	
  Accelerator	
  Appearance	
  Experiments	
  

Reactor	
  Disappearance	
  Experiments	
  

•  Reactor	
  disappearance	
  measurements	
  provide	
  a	
  straight	
  forward	
  method	
  to	
  
measure	
  θ13 with	
  no	
  dependence	
  on	
  maMer	
  effects	
  and	
  CP	
  violaAon	
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⇒  These extra dependencies are both a “curse” and a “blessing” 

Oscillation  probability 
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LBNE,	
  δCP	
  SensiAvity	
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From:	
  	
  
Bishai	
  et	
  al	
  
arXiv:1203.409	
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Need	
  energy	
  to	
  disAnguish	
  between	
  different	
  δCP	
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Oscillation Signal  
Dependence on Hierarchy and Mixing Angle 

ITT	
  SeaMle,	
  2013	
  

D.J.	
  Ernst	
  et	
  al.,	
  arXiv:1303.4790	
  [nucl-­‐th]	
  

Energy has to be known better than 50 
MeV 
 
Shape sensitive to hierarchy and sign of  
mixing angle 

T2K	
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Appearance experiment 

•  Near	
  detector:	
  
– Neutrino	
  Flux	
  
– Background	
  
–  Intrinsic	
  νe	
  
– Neutrino	
  energy	
  
	
  

•  Far	
  detector:	
  
– Extrapolate	
  Flux	
  
– Background	
  
– Neutrino	
  energy	
  
	
  
	
  

P νµ →νe( ) =1− sin2 2θ sin2 1.27Δm
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Neutrino	
  Beams	
  

ITT	
  SeaMle,	
  2013	
  

•  Neutrinos	
  do	
  not	
  have	
  fixed	
  energy	
  nor	
  just	
  one	
  reacAon	
  mechanism	
  

Have	
  to	
  reconstruct	
  energy	
  from	
  final	
  state	
  of	
  reacAon	
  
Different	
  processes	
  are	
  entangled	
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Neutrino Cross-Sections 

Upcoming	
  experiments	
  will	
  conAnue	
  to	
  work	
  in	
  an	
  “interesAng”	
  region:	
  
•  Large	
  contribuAons	
  from	
  QE,	
  Resonances	
  and	
  DIS	
  regions	
  
•  Are	
  these	
  categories	
  even	
  sufficient	
  ?	
  

C.	
  Mariani,	
  CNP-­‐VT	
   ITT	
  SeaMle,	
  2013	
   10	
  



Neutrino Interactions 
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Energy reconstruction 
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Background: Nuclear re-interactions 

C.	
  Mariani,	
  CNP-­‐VT	
   ITT	
  SeaMle,	
  2013	
   13	
  



ITT	
  SeaMle,	
  2013	
  

Nuclear	
  Targets	
  (K2K,	
  MiniBooNE,	
  T2K,	
  MINOS,	
  Minerva,	
  ….)	
  

„stuck	
  pion	
  event“	
  

ComplicaAon	
  to	
  idenAfy	
  QE,	
  entangled	
  with	
  π	
  producAon	
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MiniBooNE QE puzzle 

ITT	
  SeaMle,	
  2013	
  

MiniBooNE	
  use	
  mineral	
  oil	
  (Cerenkov	
  rings):	
  idenAfies	
  QE	
  by	
  muon	
  and	
  zero	
  pion,	
  
corrects	
  for	
  ‚stuck	
  pions‘	
  

Can	
  the	
  nuclear	
  effects	
  be	
  responsible	
  for	
  a	
  higher	
  axial	
  mass	
  value	
  ?	
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World	
  average	
  axial	
  mass:	
  
MA	
  =	
  1.03	
  GeV	
  



Consider only events with no pion in 
final state: Cerenkov Experiments 

•  Experimental	
  oscillaAon	
  analyses	
  requires	
  QE	
  idenAficaAon	
  (QE-­‐like)	
  
with	
  no	
  pions	
  in	
  final	
  state.	
  This	
  is	
  why	
  we	
  care	
  about	
  QE.	
  

•  0-­‐pion	
  events	
  can	
  involve	
  pion	
  producAon	
  with	
  subsequent	
  pion	
  
absorpAon	
  à	
  ‚stuck	
  pion	
  events‘	
  

	
  
•  Experiments	
  remove	
  the	
  contribuAon	
  of	
  pionless	
  events	
  due	
  to	
  

absorpAon	
  according	
  to	
  MC	
  models	
  

•  DefiniAon	
  of	
  QE	
  cannot	
  disAnguish	
  between	
  true	
  QE	
  (1p-­‐1h),	
  N*	
  and	
  
2p-­‐2h	
  interacAons	
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OscillaAon	
  analysis	
  	
  
and	
  	
  

Energy	
  ReconstrucAon	
  	
  
in	
  an	
  ideal	
  Long	
  Baseline	
  Experiment	
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Experimental Setup 

•  Ideal	
  and	
  perfect	
  near	
  detector	
  (12C	
  or	
  16O),	
  1	
  km,	
  1kton	
  
•  Far	
  detector	
  at	
  295	
  km,	
  22.5	
  kton	
  
–  Oxigen	
  
–  Carbon	
  

•  Use	
  T2K	
  flux,	
  peak	
  at	
  0.6	
  GeV,	
  750kW,	
  5	
  years	
  running	
  
•  Use	
  SK	
  reconstrucAon	
  efficiency	
  as	
  funcAon	
  of	
  energy	
  
•  Use	
  migraAon	
  matrices	
  produced	
  by	
  GiBUU(1.6)	
  and	
  
GENIE(2.8.0)	
  

•  Muon	
  neutrino	
  disappearance	
  only	
  -­‐>	
  fit	
  to	
  atmospheric	
  
parameters	
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Go	
  beyond	
  simple	
  case	
  (arxiv:1311.4506)	
  

•  Use	
  one	
  neutrino	
  generator	
  (GiBUU)	
  to	
  simulate	
  the	
  
nuclear	
  effects	
  and	
  use	
  another	
  neutrino	
  generator	
  
(GENIE)	
  to	
  extract	
  the	
  oscillaAon	
  parameters	
  

•  In	
  a	
  real	
  experiment	
  the	
  “real”	
  effects	
  from	
  data	
  will	
  be	
  
used	
  in	
  the	
  oscillaAon	
  analysis	
  together	
  with	
  “some”	
  
simulaAon	
  of	
  nuclear	
  effects	
  

•  Neutrino	
  generators	
  are	
  “enough”	
  different	
  to	
  help	
  
understanding	
  what	
  will	
  be	
  the	
  effect	
  of	
  different	
  
nuclear	
  models	
  on	
  neutrino	
  oscillaAon	
  analyses	
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Migration matrices: GiBUU (16O) 
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Migration matrices: GENIE (16O) 



Cross-sections 
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Event distributions 
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QE	
  	
  	
  	
  	
  	
  	
  	
  RES	
  	
  	
  	
  non-­‐RES	
  	
  	
  	
  	
  	
  	
  MEC/2p2h	
  	
  	
  	
  	
  	
  	
  Total	
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non-­‐RES	
  



A surprise … 
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Number	
  of	
  events	
  predicted	
  as	
  funcAon	
  of	
  neutrino	
  energy	
  shixed	
  by	
  10%	
  for	
  pure	
  QE	
  and	
  17%	
  
for	
  all	
  the	
  QE-­‐like	
  events	
  
	
  
•  Due	
  to	
  FSI	
  –	
  difference	
  is	
  in	
  the	
  migraAon	
  matrices	
  
•  Intrinsic	
  model	
  differences	
  between	
  GENIE	
  and	
  GiBUU	
  
•  Intrinsic	
  differences	
  in	
  the	
  model	
  implementaAons	
  



How	
  to	
  read	
  the	
  plots	
  

ITT	
  SeaMle,	
  2013	
  

P.	
  Coloma,	
  P.	
  Huber,	
  
	
  arXiv:1307.1243,	
  July	
  2013	
  

Analysis	
  based	
  on	
  GiBUU	
  

true	
  
reconstructed	
  
from	
  naive	
  	
  
QE	
  dynamics	
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1,	
  2	
  and	
  3σ	
  allowed	
  regions	
  



Simulating with GiBUU and extracting 
oscillations with GENIE: with and without 
calibration error 
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Carbon vs Oxygen 
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With and without MEC/2p2h 
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Summary of  results 
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Input “true” Values 

Fitted Values 



Conclusions 

•  Energy	
  reconstrucAon	
  essenAal	
  for	
  precision	
  determinaAon	
  of	
  
neutrino	
  oscillaAon	
  parameters	
  and	
  neutrino-­‐hadron	
  cross	
  
secAons	
  

•  Impact	
  on	
  neutrino	
  oscilalAon	
  experiments	
  due	
  to	
  nuclear	
  models,	
  
what	
  they	
  are	
  and	
  how	
  they	
  are	
  implemented	
  is	
  not	
  negligible	
  
(order	
  10%)	
  
–  comparing	
  systemaAcally	
  generators	
  is	
  important	
  
–  neutrino	
  event	
  generators	
  use	
  almost	
  same	
  data	
  set	
  so	
  there	
  
are	
  correlaAons	
  that	
  are	
  non-­‐negligible	
  

–  using	
  wrong	
  models	
  affect	
  neutrino	
  oscillaAon	
  parameters	
  
determinaAon	
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•  In	
  future	
  extend	
  the	
  case	
  to	
  CP	
  violaAon:	
  
•  neutrino	
  vs	
  anA-­‐neutrino	
  cross-­‐secAon,:	
  do	
  we	
  have	
  reliable	
  

event	
  generators	
  for	
  anA-­‐neutrino	
  ?	
  

•  MEC/2p2h:	
  heavily	
  tuned	
  to	
  MiniBooNE	
  data	
  in	
  both	
  GiBUU	
  and	
  
GENIE.	
  
•  the	
  contribuAon	
  of	
  MEC/2p2h	
  is	
  the	
  same	
  between	
  Carbon	
  and	
  

Oxygen,	
  should	
  it	
  be	
  ?	
  

•  Energy	
  reconstrucAon	
  requires	
  reliable	
  event	
  generators,	
  
of	
  same	
  quality	
  as	
  experimental	
  equipment	
  

•  Precision	
  era	
  of	
  neutrino	
  physics	
  requires	
  much	
  more	
  sophisAcated	
  
generators	
  and	
  a	
  dedicated	
  effort	
  in	
  theory	
  

•  Theorists-­‐phenomenologists	
  and	
  experimentalists	
  need	
  to	
  work	
  
together:	
  NuSTEC	
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millions 

Generators	
  are	
  a	
  crucial	
  part	
  
of	
  any	
  experiment!	
  
Must	
  be	
  of	
  same	
  quality	
  as	
  the	
  
experimental	
  equipment	
  itself!	
  
Needed	
  resources	
  are	
  relaAvely	
  
small,	
  but	
  sAll	
  not	
  available	
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Thanks 

•  Omar:	
  for	
  everything	
  (where	
  should	
  I	
  start	
  ?)	
  
•  Ulrich	
  and	
  Olga:	
  	
  
– very	
  interesAng	
  discussion	
  
– GiBUU	
  support	
  

•  Patrick	
  and	
  Pilar:	
  
– GlOBES	
  
– oscillaAon	
  analysis	
  
– great	
  discussions	
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Neutrino	
  generators	
  and	
  oscillaAon	
  
analyses:	
  discussion	
  and	
  quesAons	
  

•  SystemaAc	
  errors	
  
–  UncertainAes	
  in	
  input	
  cross	
  secAons	
  
–  Mis-­‐idenAficaAon	
  of	
  reacAon	
  mechanisms	
  
–  Generator-­‐specific	
  numerical	
  implementaAon	
  

•  What	
  to	
  do	
  next	
  

•  SystemaAcal	
  comparison	
  of	
  generators	
  

•  Could	
  and	
  should	
  we	
  extend	
  these	
  studies	
  and	
  the	
  
nuclear	
  theories	
  to	
  heavier	
  targets	
  (Ar)	
  ?	
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Backup	
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Energy	
  shix	
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Modify	
  the	
  number	
  of	
  events	
  as	
  funcAon	
  of	
  energy	
  introducing	
  a	
  calibraAon	
  error	
  “a”	
  
and	
  addiAonal	
  pull	
  tem	
  is	
  added	
  to	
  the	
  chi2	
  of	
  the	
  fit.	
  


