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505	  (126	  non-‐US)	  members	  	  
88	  (34	  non-‐US)	  insTtuTons	  	  

8	  countries	  

Since	  DOE	  CD-‐1	  approval	  (December	  2012):	  
�  Increased	  in	  size	  by	  more	  than	  40%	  
�  Non-‐US	  fracTon	  more	  than	  doubled	  	  
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LBNE	  CollaboraTon	  
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hQp://lbne.fnal.gov/	  arXiv:1307.7335v3	  [hep-‐ex]	  22	  Apr	  2014	  

LBNE	  Science	  Book	  
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ScienTfic	  MoTvaTon	  (1)	  

CP	  ViolaTon	  in	  neutrino	  sector	  
	  
•  	  	  	  	  Observe	  violaTon	  of	  a	  fundamental	  symmetry.	  
•  	  	  	  	  Is	  Leptogenesis	  the	  answer	  to	  maeer/anTmaeer	  asymmetry?	  

	  
Neutrino	  Mass	  Hierarchy	  
	  
•  GUTs,	  Dirac	  vs.	  Majorana	  nature,	  implicaTons	  for	  0νββ	  and	  cosmology.	  

	  
TesTng	  the	  Three-‐Flavour	  Paradigm	  
	  

•  Precision	  measurements	  of	  known	  fundamental	  mixing	  parameters	  for	  neutrinos.	  
•  New	  physics	  -‐>	  non-‐standard	  interacTons,	  sterile	  neutrinos…	  	  
•  Precision	  neutrino	  interacTons	  studies	  (Near	  Detector)	  



Status	  Quo	  &	  QuesTons	  
arXiv:1312.2878	   1)  Is	  θ23	  mixing	  maximal	  and	  which	  

	  	  	  	  	  	  	  is	  the	  right	  octant	  ?	  
2)  Is	  the	  mass	  hierarchy	  normal	  or	  	  
	  	  	  	  	  	  	  inverted	  ?	  
3)	  	  	  Is	  the	  CP	  phase	  δCP	  >	  0	  ?	  
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Experimental	  Technique	  

NH	  

•  A	  pure	  νμ	  beam	  is	  generated	  using	  the	  MI	  proton	  beam.	  
•  Energy	  spectrum	  is	  matched	  to	  oscillaTon	  paeern	  at	  the	  

chosen	  distance	  of	  L=1300	  km.	  

≈	  780	  νe	  events	  

≈	  7000	  νμ	  events	  

Measure	  νμ	  and	  νe	  rates	  at	  Far	  Detector.	  
	  



12	  June	  2014	   S.	  Söldner-‐Rembold	  (UoM)	   10	  

Event	  Rates	  at	  the	  Far	  Detector	  

GLoBES	  
simulaTon	  with	  
global	  smearing	  
and	  efficiencies	  
based	  on	  ICARUS.	  
	  
	  
Three	  years	  
of	  running	  each	  
for	  neutrinos	  and	  
anT-‐neutrinos	  

neutrino	  running	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  anT-‐neutrino	  running	  	  

Normal	  
Hierarchy	  
	  
	  
	  
	  
	  
	  
Inverted	  
Hierarchy	  
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Upper	  band:	  
	  
opTmised	  beam	  and	  
systemaTcs	  
	  
Lower	  band:	  
	  
beam	  not	  opTmised	  
and	  poor	  systemaTcs	  
	  
Exposure:	  
	  
34	  kt	  x	  1.2	  MW	  x	  6	  years	  
(half	  ν	  +	  anT-‐ν)	  
	  
Atmospheric	  neutrinos:	  
•  independent	  check	  with	  Δχ2≈4.	  
•  Increase	  sensiTvity	  by	  σ	  ≈	  1.	  

MH	  and	  CP	  SensiTviTes	  
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MH	  and	  CP	  SensiTviTes	  
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Is	  the	  baseline	  opTmal	  ?	  
	  	  	  	  	  	  Mass	  Hierarchy	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  CP	  ViolaTon	  

•  Based	  on	  simulaTons	  for	  Fermilab	  NuMI	  proton	  beam	  (120-‐GeV,	  1.2	  MW).	  
	  	  	  	  	  	  	  	  Beam	  parameters	  (horn	  distance,	  decay	  pipe	  length,	  off-‐axis	  beam)	  opTmised	  
	  	  	  	  	  	  	  	  	  depending	  on	  distance.	  
	  
•  Baselines	  1000-‐1300	  km	  near	  opTmal.	  

•  For	  very	  long	  baselines	  event	  rate	  suppression	  in	  one	  of	  beam	  polariTes	  makes	  
observaTon	  of	  explicit	  CP-‐violaTon	  asymmetry	  difficult.	  
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ScienTfic	  MoTvaTon	  (2)	  

Other	  fundamental	  physics	  enabled	  by	  massive	  	  
underground	  LAr	  detector:	  
	  
Nucleon	  Decay	  

	  
Is	  maeer	  stable?	  
Grand	  UnificaTon	  Theory	  

	  
Astrophysics	  

	  
Supernova	  burst	  –	  evoluTon	  of	  a	  stellar	  collapse	  
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Neutrinos	  from	  Supernovae	  

•  About	  99%	  of	  the	  gravitaTonal	  binding	  energy	  of	  the	  proto-‐neutron	  star	  
goes	  into	  neutrinos.	  

•  SN	  at	  galacTc	  core	  (10	  kpc)	  will	  lead	  to	  several	  thousand	  interacTons	  	  
in	  35	  kt	  LArTPC	  in	  tens	  of	  seconds	  –	  reconstructed	  with	  a	  precision	  <	  ms.	  

300000000000000000	  km	  

ν	  ν	  
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e� + p� n + �e

FIG. 2: Normalized neutrino spectra averaged over time. Left panel: energy spectra in the silicon burning
phase, as derived from [30] with shape parameter α = 4.28 [32]. Right panel: energy spectra associated to
the supernova neutrino burst, averaged in the time interval for shock-wave effects (t > 2), as derived from
[27] with shape parameter α = 3 [32].

Figure 1 shows the main characteristics of our reference supernova emission model. The
upper and lower panels show the neutrino emission rate dNν/dt and the average neutrino
energy ⟨E⟩ for different flavors. The left panels refer to the silicon burning phase from the
OMK calculations [30], while the right panels refer to the supernova neutrino burst from
the LL group simulation [27]. According to the LL simulation, all flavors have comparable
emission rates (within a factor ∼ 2) in the so-called cooling phase (t >∼ 0.5 s). In the
preceding phase the relative νe emission rate is higher, and shows a distinct neutronization
peak at 0.04–0.05 s. For later purposes, we observe that the LL simulations predict limited
variations (< 20%) of the average neutrino energy in the time range (t > 2 s) relevant for
shock-wave effects on neutrino flavor transitions.

Figure 2 shows the normalized neutrino spectra ϕ for each flavor, after a flux-weighted
average over time, for both the silicon burning phase (left panel) and after supernova explo-
sion (right panel). For later purposes, in the right panel we have restricted the integration
interval to t > 2 s, i.e., to the interval where shock-wave effects are relevant for flavor tran-
sitions. Note that, in the silicon burning phase, the spectra are equal for all flavors, and are
peaked at relatively low energy (< 2 MeV) [30]. During the supernova explosion, neutrinos
have an order of magnitude higher average energy, and are peaked at different energy for
each flavor [27]. Of course, the detailed features of the reference emission model in Figs. 1
and 2 must be taken with a grain of salt, since the distribution of the total energy in flavor
and time is currently subject to large uncertainties, which may be reduced in more advanced
future simulations [33].

5

unique	  sensiTvity	  through	  

Neutrinos	  from	  Supernovae	  

Expect	  2-‐3	  core-‐collapse	  
supernovae	  in	  the	  Milky	  
Way	  per	  century	  	  
	  
≈	  3000	  neutrinos	  in	  LBNE	  
for	  SN@10	  kpc	  
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Will	  we	  all	  decay	  ?	  

Kaon	  modes	  in	  LAr	  with	  high	  	  
efficiency	  and	  low	  background,	  
leading	  to	  high	  s/b.	  
	  
Example:	  SUSY	  models	  

Nucleon	  decays	  ICARUS	  
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νμ	  	  
Far	  Detector	  

Near	  Detector	  

Main	  Injector	  

LBNE	  target	  

Linac/Booster	  

LBNE	  Experiment	  

What	  do	  we	  need	  to	  do	  this	  exciTng	  physics	  ?	  	  	  	  Beam	  –	  Near	  Detector	  –	  Far	  Detector	  



•  Replace	  exisTng	  400	  MeV	  linac	  with	  a	  
new	  800	  MeV	  superconducTng	  Linac	  

	  
•  1.2	  MW	  beam	  power	  to	  LBNE	  at	  start-‐up	  

of	  experiment.	  
	  

•  Plan	  is	  based	  on	  well-‐developed	  
superconducTng	  RF	  technology.	  

	  
•  Strong	  support	  from	  DOE	  and	  in	  the	  

recent	  PrioriTzaTon	  Panel	  report.	  

•  Flexible	  design	  -‐	  future	  upgrades	  could	  
provide	  >	  2MW	  to	  LBNE.	  

Proton-‐Improvement-‐Plan	  Phase	  II	  (PIP-‐II)	  
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LBNE	  Near	  Detector	  

•  Fine-‐Grained	  Tracker	  –	  460	  m	  
from	  target	  

	  
•  Low-‐mass	  straw-‐tube	  tracker	  

with	  pressurized	  gaseous	  	  
	  	  	  	  	  argon	  target	  
•  RelaTve/absolute	  flux	  

measurements	  
•  High	  precision	  neutrino	  

interacTon	  studies	  	  
	  	  	  	  	  ≈	  107	  interacTons/year!	  
•  AddiTonal	  target	  materials	  

possible	  
•  Proposal	  pending	  in	  India	  

	  



Sanford	  Underground	  Research	  Facility	  
Homestake	  Mine	  at	  at	  depth	  of	  4300	  m.w.e	  	  	  

Majorana	  (0νββ)	  

LUX	  (dark	  maeer)	  

Entrance	  to	  Davis	  Cavern	  
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Liquid	  Argon	  Time	  ProjecTon	  Chamber	  

slide	  A.	  Szelc,	  Yale	  

muon	  

muon	  

proton	  

proton	  

νe	  interacTon	  

νe	  interacTon	  

charged	  π	  

charged	  π	  

Liquid	  argon	  allows	  for	  a	  
‘bubble	  chamber’-‐like	  	  
reconstrucTon	  
of	  neutrino	  interacTons.	  
	  
-‐  3D	  reconstrucTon	  
-‐  Calorimetry	  
-‐  ParTcle	  IdenTficaTon	  
-‐  Excellent	  posiTon	  resoluTon	  
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Current	  Far	  Detector	  Design	  

≥	  35	  kt	  fiducial	  volume	  
≈	  50kt	  of	  liquid	  argon	  

PANDORA	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Based	  on	  ICARUS	  design	  

Actual detector design will evolve  
with input from new international #
partners, and may involve multiple #
modules of different designs.#
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Far	  Detector	  in	  Sanford	  Mine	  

Geotechnical	  invesTgaTons	  underway	  
Far	  detector	  configuraTon	  under	  development	  matches	  P5	  recommendaTon	  
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R&D	  on	  Far	  Detector	  

TPC	  Anode	  Plane	  

Just	  a	  few	  examples;	  

Photon	  detector	  R&D	  

35kt	  	  prototype	  

Inside	  cryostat	  
	  

R&D	  on	  liquid	  argon	  technology	  essenTal	  for	  designing	  and	  building	  35kt	  detector.	  
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A.	  Rubbia	  
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LBNE	  CollaboraTon	  
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LBNE	  CollaboraTon	  
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InternaTonal	  LBNE	  CollaboraTon	  

Brazil	  (6	  InsTtuTons)	  

•  	  Proposal	  to	  funding	  agencies	  (FAPESP	  and	  CNPq)	  to	  be	  submieed	  this	  year.	  
	  
India	  (5	  insTtuTons)	  
	  
•  Indian	  Near	  Detector	  proposal	  under	  review	  
.	  
•  Work	  is	  proceeding	  to	  update	  the	  scienTfic	  requirements	  on	  the	  Near	  

Detector	  with	  Indian	  scienTfic	  parTcipaTon.	  

•  CollaboraTon	  workshop	  planned	  for	  July	  to	  evaluate	  the	  Near	  Detector	  
design	  and	  potenTal	  improvement.	  
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Italy	  (8	  InsTtuTons)	  
	  
•  ICARUS	  proposal	  to	  bring	  detector	  to	  Fermilab	  
•  More	  groups	  have	  shown	  interest	  to	  join.	  
	  
	  
	  
United	  Kingdom	  (10	  InsTtuTons)	  

•  SoI	  accepted	  by	  funding	  agency	  (STFC),	  proposal	  now	  under	  review.	  	  
•  Proposal	  to	  build	  part	  of	  LArTPC	  for	  LAr1-‐ND.	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  

InternaTonal	  LBNE	  CollaboraTon	  
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PotenTal	  InternaTonal	  Partners	  
Laguna/LBNO	  
	  
•  European	  project	  for	  LBL	  	  
	  	  	  	  	  LAr	  experiment	  from	  CERN	  to	  	  
	  	  	  	  	  Pyhäsalmi	  in	  Finland.	  
	  
•  Common	  LBNE-‐LBNO	  integraTon	  
	  	  	  	  	  	  task	  force	  formed.	  
	  
CERN	  
	  
•  CollaboraTon	  on	  several	  projects	  
	  	  	  	  	  (WA104,WA105,	  beam)	  under	  
	  	  	  	  	  discussion.	  
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	  	  	  	  Future	  InternaTonal	  CollaboraTon	  

LBNE	  will	  conTnue	  to	  aeract	  further	  internaTonal	  parTcipaTon,	  based	  on:	  
	  
	  
	  	  -‐	  An	  exciTng	  world-‐leading	  physics	  programme	  with	  a	  detector	  
	  	  	  	  	  	  	  	  concept	  that	  can	  achieve	  the	  physics	  goals	  (underground,	  >35kt).	  
	  
	  	  -‐	  A	  well-‐defined	  and	  reliable	  Tmeline	  with	  first	  physics	  starTng	  within	  a	  decade.	  
	  
	  	  -‐	  An	  internaTonally	  organized	  Long-‐Baseline	  Experiment	  and	  Facility.	  
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EssenTal	  for	  developing	  large-‐scale	  liquid	  argon	  technology	  
	  
•  LARIAT	  –	  in	  charged	  parTcle	  beam	  at	  FNAL	  
•  CAPTAIN	  –	  LArTPC	  neutron	  flux	  at	  LANL	  -‐>	  FNAL	  
•  LAr1-‐ND	  –	  LArTPC	  short-‐baseline	  in	  FNAL	  Booster	  Neutrino	  Beam	  (US/UK)	  
•  ICARUS	  –	  LArTPC	  short-‐baseline	  in	  FNAL	  Booster	  Neutrino	  Beam	  (Italy)	  
	  	  	  	  	  	  Will	  provide	  crucial	  input	  for	  informing	  design	  of	  LBNE	  

	  
AlternaTve	  approach:	  Megaton-‐scale	  Water	  Cherenkov	  
	  
•  CHIPS	  –	  CHerenkov	  In	  mine	  PitS	  (UK/US	  project)	  
•  Water	  Cherenkov	  in	  NuMI	  beam	  NOvA	  	  -‐-‐	  arXiv:1307.5918	  

	  	  Not	  recommended	  by	  P5,	  but	  R&D	  supported	  by	  DOE.	  
	  	  Prototype	  to	  be	  deployed	  in	  Wentworth	  Pit	  this	  Summer	  

LBNE-‐related	  Projects	  
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•  DOE	  Tmeline	  presented	  by	  Jim	  Siegrist	  at	  this	  meeTng.	  
	  
•  Extension	  of	  Tmeline	  in	  potenTal	  conflict	  with	  internaTonalisaTon.	  	  

Timeline	  
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P5	  Report	  (2014,	  USA)	  	  

European	  Strategy	  (2013)	  

LBL	  neutrino	  physics	  –	  a	  worldwide	  priority	  
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Summary	  
LBNE	  has	  a	  world-‐leading	  physics	  programme	  with	  the	  potenTal	  to	  
make	  fundamental	  discoveries	  in	  the	  areas	  of	  leptonic	  CP	  violaTon,	  
neutrino	  masses,	  proton	  decay,	  and	  supernova	  neutrinos.	  
	  
An	  internaTonal	  Long	  Baseline	  Neutrino	  Experiment	  hosted	  at	  
Fermilab	  will	  deliver	  the	  essenTal	  components	  of	  this	  project:	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  -‐	  A	  high	  intensity	  neutrino	  beam	  
	  	  	  	  	  	  	  	  	  	  	  	  -‐	  A	  high	  resoluTon	  near	  detector	  system	  
	  	  	  	  	  	  	  	  	  	  	  	  -‐	  A	  liquid	  argon	  underground	  Far	  Detector	  with	  >35kt	  mass	  
	  
LBNE	  is	  acTvely	  engaged	  with	  new	  internaTonal	  partners	  (scienTsts	  
and	  government	  agencies)	  with	  the	  goal	  to	  internaTonalize	  the	  
design,	  funding,	  construcTon,	  and	  operaTon	  of	  the	  facility.	  
	  
LBNE	  enthusiasTcally	  welcomes	  the	  creaTon	  of	  an	  internaTonal	  	  
organizaTonal	  	  structure	  and	  will	  be	  engaged	  in	  its	  formulaTon.	  	  	  
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Backup	  
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AssumpTons	  on	  Detector	  Performance	  
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AssumpTons	  for	  Beam	  Parameters	  


