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LBNE	  Configura.on.

2

1300 km

Far site is at the former Homestake mine (site of Davis experiment)

Fermilab
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http://lbne.fnal.gov/

arXiv:1307.7335v3	  [hep-‐ex]	  22	  Apr	  2014

LBNE	  Science	  Book	  was	  
started	  for	  Community	  

Study	  (snowmass)	  2013.	  It	  
will	  be	  updated	  regularly.	  	  

The	  recent	  P5	  report	  has	  endorsed	  the	  science	  goals	  and	  configuraBon	  from	  this	  
document.	  

LBNE	  science	  and	  configuraBon	  has	  
been	  through	  mulBple	  internal,	  
external,	  and	  naBonal	  scienBfic	  
reviews	  since	  2003	  with	  extensive	  
documentaBon	  of	  choices	  made	  at	  
each	  step.	  	  

LBNE Science Book
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Long-‐Baseline	  in	  the	  US
• 1998-‐99:	  New	  ini.a.ves	  towards	  next	  genera.on	  

underground	  detectors	  and	  beams	  

• 2001-‐2003:	  Realiza.on	  of	  conven.onal	  approach	  
towards	  neutrino	  CP	  viola.on	  with	  small	  dependence	  
on	  𝛳13	  and	  baseline.	  

• 2004-‐2006:	  NSF	  Development	  of	  a	  plan	  for	  US	  
underground	  laboratories	  and	  infrastructure.	  	  

• 2006-‐2008:	  US	  long-‐baseline	  study	  and	  evalua.on	  by	  	  
NUSAG,	  P5,	  and	  various	  PACs.	  	  

• 2008-‐2011:	  Establishment	  of	  a	  collabora.on	  and	  
thorough	  engineering	  evalua.on	  of	  beam	  and	  
feasibility	  for	  Water	  and	  LAr	  detectors.	  	  	  

• 2012-‐2013:	  	  Detec.on	  of	  𝛳13,	  re-‐evalua.on	  of	  the	  
experimental	  configura.on	  and	  strategy.	  	  

• 2013-‐2014:	  	  US	  community	  endorsement	  of	  the	  full	  
scope	  configura.on	  of	  LBNE.	  
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NNN	  workshops,	  Nufact,	  and	  
other	  workshops.	  

2003	  US-‐HEP	  Facili.es	  list:	  super	  
neutrino	  beam.	  Evalua.on	  at	  BNL	  or	  
FNAL.	  

Scien.fic	  and	  engineering	  evalua.on	  of	  8	  
sites	  and	  establishment	  of	  Sanford	  facility	  
with	  site	  dona.on	  from	  mining	  company.	  

Recommenda.on	  to	  proceed	  with	  a	  
goal	  for	  a	  large	  underground	  detector	  
and	  a	  super	  neutrino	  beam	  at	  FNAL.	  	  

Decision	  to	  proceed	  with	  liquid	  argon	  
with	  full	  support	  from	  	  Fermilab,	  and	  the	  
Department	  of	  Energy.	  

Consensus	  to	  proceed	  with	  the	  FNAL	  
to	  Sanford	  lab.	  configura.on	  in	  
phases.	  	  First	  phase	  ~$900M.

Consistent	  focus	  on	  both	  science	  and	  frugality

Could	  start	  construcBon	  in	  2018	  	  	  

We expect the project to continue to change as new partners bring in important ideas. 



Experimental	  Strategy
• A	  comprehensive	  experiment	  with	  sensiBvity	  to	  CP	  asymmetry,	  mass	  

ordering	  and	  spectral	  shape.	  	  	  

• Our	  experimental	  focus	  is	  on	  νµ➞νe	  and	  anB-‐νµ➞anB-‐νe	  with	  superb	  
parBcle	  idenBficaBon	  and	  energy	  resoluBon,	  as	  this	  channel	  is	  most	  
suitable	  for	  current	  neutrino	  beam	  and	  detector	  technologies.	  	  

• The	  measured	  neutrino	  mixing	  parameters	  in	  the	  3-‐flavor	  framework	  
suggest	  that	  the	  CP	  asymmetry	  will	  be	  <30%	  (first	  max)	  and	  higher	  at	  
lower	  energies	  and	  therefore	  >1000	  events	  are	  needed.	  	  

•World-‐wide	  studies	  have	  concluded	  that	  beams	  with	  1-‐2	  MW	  of	  power	  
at	  high	  energies	  and	  unprecedented	  large	  far	  detector	  fiducial	  mass	  is	  
needed	  regardless	  of	  baseline	  to	  achieve	  above	  staBsBcs.	  	  	  

• A	  baseline	  of	  >1000	  km	  and	  a	  broad-‐band	  beam	  are	  needed	  to	  saBsfy	  
these	  condiBons.	  	  

• Detector	  must	  have	  sufficient	  overburden	  to	  allow	  sensiBvity	  to	  
nucleon	  decay	  and	  supernova.	  
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ScienBfic	  PrioriBes
• LBNE	  design	  follows	  these	  prioriBes	  

➡ CP	  violaBon	  in	  the	  neutrino	  sector	  

➡ CP	  phase	  measurement	  regardless	  of	  its	  value.	  	  	  

➡ Neutrino	  mass	  hierarchy	  determinaBon.	  	  

➡ DeterminaBon	  of	  θ23	  octant	  and	  precision	  parameter	  
measurements.	  

➡ Precision	  tests	  of	  3-‐flavor	  neutrino	  model.	  	  

➡ Atmospheric	  neutrino	  measurements	  (confirmaBon	  of	  mass	  
ordering	  with	  independent	  data)	  

➡ Nucleon	  decay	  	  

➡ Supernova	  burst	  neutrinos	  

➡ As	  a	  very	  capable	  near	  detector	  will	  be	  needed,	  it	  is	  recognized	  
that	  it	  could	  have	  a	  synergisBc	  scienBfic	  program	  of	  precision	  
neutrino	  and	  weak	  interacBon	  physics.	  

}comprehensive 
program with 

beam 
neutrinos

7



• Wide band neutrino beam from FNAL !
• protons: 60-120 GeV, 1.2 MW; upgradable to 2.3 MW!
• 10 µS pulses every 1.0 to 1.33 sec depending on P energy&power. !
• Neutrinos:  sign selected, horn focused, 0.5 - 5 GeV!
• 1300 km thru the Earth to Sanford Underground Research Facility.  !

• Liquid argon TPC parameters!
• 34 kt fiducial (50kt tot) at 4850 ft level.  cosmics ~0.1Hz, beam ~ 9k CC/yr!
• drift ~3.5 m, field: 500 V/cm, 2 mods = (14m(H)X 22m(W)X45m(L))!
• readout: x,u,v, pitch: 5 mm, wrapped wires, 2X108 APAs, 2X(275k ch)!
• Max Yield:  ~9000 e/mm/MIP,  10000 ph/mm/MIP!

• near detector parameters  !
• distance ~450 m, ~3M events/ton/MW/yr!
• Magnetized Fine Grained Tracker (8 ton) with ECAL, and muon id.!
• Supplemented by a small LARTPC (few tons) or gas TPC. 

8

Experimental Parameters 

Scale of project is dictated by physics. Beam and ND and FD detectors require 
high technology. Project can be done in phases with international partners. 



Neutrino	  Asymmetries
1st:	  larger	  maXer	  effectsLarger	  CP	  effects:	  2nd

• At	  1300	  km	  the	  events	  from	  1st	  and	  2nd	  maximum	  (and	  in-‐between)	  measure	  the	  
asymmetries	  from	  both	  maXer	  effects	  and	  CP.	  	  

• With	  sufficient	  staBsBcs	  all	  ambiguiBes	  can	  be	  resolved.	  	  We	  need	  ~1000-‐2000	  
events	  with	  good	  energy	  resoluBon	  and	  parBcle	  ID.	  

• The	  requirement	  for	  staBsBcs	  and	  low	  systemaBcs	  is	  difficult	  and	  is	  required	  of	  any	  
reasonable	  design.	  	  	  

• Event	  rate	  at	  2nd	  is	  limited	  by	  pion	  decay	  kinemaBcs	  and	  X-‐secBon	  indep.	  baseline
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Baseline	  op.miza.on
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• >1000 km is needed to break the degeneracy between CP and matter 
effects.  Statistics at both nodes improve sensitivity. !

• At >2000 km suppression of events in one polarity is very high: nu/anu 
asymmetry measurement a challenge.  



Event	  rate	  and	  spectra	  expectaBon.

• At	  1300	  km	  full	  oscillaBon	  structure	  is	  visible	  in	  the	  energy	  spectrum.	  
A	  combined	  spectral	  fit	  provides	  unambiguous	  parameter	  sensiBvity	  in	  
a	  single	  experiment.	  	  

AssumpBons:	  
34	  kt	  LArTPC	  	  
1.2	  MW	  operaBon	  at	  80	  GeV.	  	  
~3	  yrs	  for	  each	  polarity.	  	  	  
Normal	  Hierarchy	  
δCP=	  0	  
Rest	  of	  the	  parameters	  are	  at	  
best	  fit	  from	  2012	  
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Baseline	  Optimization

● Based	  on	  simulations	  for	  Fermilab	  NuMI	  120-‐GeV,	  1.2	  MW	  proton	  beam	  
● Target-‐1st	  horn	  distance	  tuned	  to	  cover	  1st	  oscillation	  node	  +	  part	  of	  2nd	  
● Decay	  pipe	  length	  tuned	  (280-‐580	  m)	  
● For	  short	  baselines	  (<1000	  km)	  use	  off-‐axis	  beam	  simulation	  to	  produce	  most	  flux	  

● Baselines	  1000-‐1300	  km	  near	  optimal

Mass	  Hierarchy CP	  Violation

arXiv:1311.0212	  



Baseline	  OpBmizaBon

•The	  phase	  resoluBons	  calculated	  as	  a	  funcBon	  of	  exposure	  as	  well	  
as	  baseline	  length.	  An	  opBmum	  is	  obtained	  for	  phase	  resoluBon	  
when	  there	  is	  sufficient	  shape	  informaBon	  and	  staBsBcs.	  	  

NH 350 kt MW yr IH 350 kt MW yr

1	  
σ	  
er
ro
r	  o

n	  
δ

Baseline/km
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SensiBvity

• For	  NH	  versus	  IH	  hypothesis	  tesBng,	  following	  PDG	  two-‐hypothesis	  tesBng	  
formalism,	  we	  find	  that	  α	  =	  β	  <	  0.13%	  	  to	  be	  a	  sufficient	  criteria.	  These	  are	  
probabiliBes	  of	  either	  rejecBng	  the	  correct	  hierarchy	  or	  accepBng	  the	  wrong	  
one,	  respecBvely,	  for	  the	  worst	  case	  assumpBons	  on	  parameters.	  	  

• LBNE	  will	  produce	  two	  independent	  checks	  on	  hierarchy	  (beam	  and	  ATM	  
nus)	  with	  median	  sensiBvity	  	  >	  36	  (beam)	  or	  >9	  (atmospheric).	  	  

Normal	  Hierarchy

 
CP	  ViolaBon	  SensiBvity	  

Exposure	  245	  kt.MW.yr	  
1.2	  MW	  x	  35	  kt	  x(3ν+3ν‾)	  yr	  	  	   Parameter	  sensiBvity	  to	  sin2𝛳23	  =	  0.39	  →	  0.5 

sin2𝛳23	  =	  0.5

median sensitivity to reject IH
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Impact	  of	  NormalizaBon	  UncertainBes
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� <3%	  errors	  appear	  realisBc	  with	  recent	  progress.	  	  
� The	  systemaBc	  precision	  is	  required	  to	  be	  beXer	  than	  the	  expected	  staBsBcs	  at	  
each	  stage	  of	  the	  experiment.	  	  High	  precision	  is	  needed	  ayer	  200kt*MW*yr.	  	  

�MH	  relaBvely	  insensiBve	  to	  systemaBcs;	  but	  further	  study	  needed.	  	  	  
�MINOS	  appearance	  result	  has	  achieved	  beXer	  than	  5%/5%	  systemaBcs.	  

LBNE	  criteria
>300	  kt	  	  Mw	  yr

P5 Goal
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Detector	  Mass/Beam	  Power	  Scenario

� Plausible	  Bmeline	  for	  a	  phased	  internaBonal	  program	  
� 2025-‐2030	    
Detector	  mass:	  15	  kt	  (fid.)  
Proton	  beam	  power:	  1.2	  MW	  	  

� Exposure:	  90	  kt.MW.yr  

� 2030-‐2035 
Add	  20	  kt	  =	  35	  kt	    
Proton	  beam	  power:	  2.3	  MW	  

� Total	  Exposure:	  490	  kt.MW.yr

● P5	  report	  recommends	  the	  following	  feasible	  goal.	  	  	  
● Minimum	  requirements:	  120	  kt*MW*yr	  by	  2035	  ⇒	  10-‐12	  kt	  undergrounds	  	  w/	  1.2	  

MW	  beam	  
● The	  report	  recommends	  to	  plan	  for	  a	  cavern	  to	  accommodate	  40	  kt	  fiducial	  mass	  
and	  set	  as	  a	  goal	  600	  kt*MW*yr	  exposure
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A large theory effort is 
underway to understand 
neutrino related dynamics 
of the supernova. Both 
oscillations, mass, and 
self-interactions have large 
effects on  observables.  !
!
e.g. mass hierarchy could 
have very distinct effects 
on the spectrum.!
!

LAr mainly sensitive to electron neutrinos.  
(water is sensitive to anti-electron-neutrinos) 

Precision astrophysics and 
cosmology needs precise 

laboratory data on neutrinos 
so that correlations can be 

resolved. 

Supernova	  burst

Estimated rate:  ~3000 evts @ 10 kpc for 34 kt LAr TPC
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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	  decaysIcarus

Examination in 2008 concluded that 4850 ft depth 
is sufficient 
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LBNE	  Near	  Detector
• Fine-‐Grained	  Tracker	  –	  460	  m	  

from	  target	  
• Low-‐mass	  straw-‐tube	  tracker	  

with	  pressurized	  gaseous	  	  
	  	  	  	  	  argon	  target	  
• Relative/absolute	  flux	  

measurements	  
• High	  precision	  neutrino	  

interaction	  studies	  	  
	  	  	  	  	  ≈	  107	  interactions/year!	  
• Additional	  target	  materials	  

possible	  
A	  liquid	  argon	  TPC	  or	  pressurized	  
gas	  TPC	  are	  possible	  choices	  also.	  	  

The physics strategy and design of the ND is critical for LBNE.  Simulations, 
reconstruction and R&D work is in initial phase with input from Indian colleagues.   

Open working meeting at FNAL on July 28-29. 



Near	  site	  design
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!
• InnovaBve	  design	  for	  safety	  and	  upgradeability.	  	  
• The	  geotechnical	  work	  has	  started	  and	  hill	  could	  be	  ready	  to	  be	  built	  in	  2016.	  

Horn



Near Neutrino Detector Update
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Soil

Rock

ND Service 
Building with 
Crane

Egress and 
Equipment 
Shafts

ND Hall with 
Crane

Near conceptual design used for civil planning onsite



Far Detector LArTPC Design at 4850 ft depth 
Conceptual design allows progress on civil construction, but not fixed

• Two detectors in a 
common cavern at 4850 
ft. depth!

• Active volume of each 
detector:  
22.4 x 14 x 45.6 m3!

• 34 kt fiducial mass!
• TPC design:!
o3.7 m drift length 500v/cm!
o5 mm wire spacing !
othree stereo views!
o2X108 anode chambers!
o2 X 275k channels!
o S/N ~ 10 
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Beam

Beam

ICARUS	  based	  	  
TPC	  design	  
InnovaBons:	  	  	  
industrial	  cryostat,	  
cold	  electronics	  	  

Challenges	  for	  scale	  up	  are	  under	  control	  :	  	  Purity,	  HV,	  installa.on,	  safety



Short baseline will be coordinated to  
serve as R&D platform 23



View	  Inside	  of	  35	  Ton	  Tank

Cryogenic	  services	  
under	  Plate	  B

Purity	  Monitors	  
(Driy	  Chambers)

Membrane	  tank	  convoluBons	  for	  shrinkage
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View	  On	  Top	  of	  35	  Ton	  Tank
Cryogenic	  services	  
above	  Plate	  B

Manhole	  for	  tank	  entry

Future	  TPC	  
Services

25



Sanford	  Underground	  Research	  Facility

26

Majorana	  (0νββ)

LUX	  (dark	  matter)

Entrance	  to	  Davis	  Cavern

• Experimental Facility at 4300 MWE	

• Two vertical access shafts for safety. 	

• Shaft refurbishment has been on-going and 

has reached 1700’ level 	

• Total investment in underground 

infrastructure is >$100M. 	

• Facility donated to the State for science in 

perpetuity.



Far	  Detector	  in	  Sanford	  Underground	  Facility
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CF	  Far	  Site	  Geotech	  Program

28

• General area where detector(s) could be placed is being explored.!
• This drilling program was recently completed.  The rock is known to be 

quite capable of handling large excavations, but report will contain 
details.  

Examples	  of	  possible	  
detector	  halls.	  	  

This area was examined in 
earlier for huge water detectors 
with 65 m span and cost 
estimates exist. 

Total of ~ km3 of rock is well 
known for huge excavations. 



Financial	  and	  Interna.onal	  Issues

• Working	  with	  US-‐DOE-‐OHEP	  and	  FNAL	  director	  	  to	  develop	  a	  fully	  
internaBonal	  LBNE/F	  at	  all	  levels.	  	  CD1	  approval	  allows	  flexibility.	  	  

• The	  LHC	  collaboraBons	  and	  others	  are	  examples	  to	  be	  studied.	  	  
• The	  collaboraBon	  based	  on	  common	  scienBfic	  goals.	  No	  naBonal	  
boundaries	  are	  recognized	  in	  the	  scienBfic	  governance.	  

• A	  common	  process	  to	  be	  developed	  for	  financial	  and	  project	  
management.	  Could	  be	  based	  on	  agreed	  to	  requirements	  and	  well	  
known	  methods	  of	  change	  control.	  	  
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From the US-P5 committee:  



Conceptual	  design	  costs.	  

30

WBS
Beam+ ND+10kt 

LArTPC 
underground, CF 

Beam+ND+34kt 
LArTPC 

underground, CF

Contin
gency

Total Project cost 1225 1529 41%
Management!

Top down cntg.
91!
62

100!
70

29%!
0

Beamline 169 169 30%

Near Detector 136 136 29%

Far Detector 278 495 44%

Civil Facilities 489 559 31%

Numbers are $M. Indirect costs, escalation, and  contingency is 
included in the numbers.  Estimates are bottoms up and reviewed. It is 
too early to understand international distribution, but US as host will 
need to bear majority of the infrastructure costs.  $US cost ~$900M. 



Plausible	  Technically	  Limited	  Schedule	  for	  internaBonal	  LBNF.	  
Depends	  on	  resources	  and	  internaBonal	  project	  management	  

The exact timeline will depend on partnerships 
host nation funding and review process. 

We expect a review process 
similar to DOE CD (in backup) 

Will need input on far 
detector scope!
This has been 
accelerated. 
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Conclusion
• ScienBfic	  moBvaBon	  and	  scale	  of	  the	  next	  generaBon	  long-‐baseline	  

neutrino	  oscillaBon	  experiment	  is	  well-‐known.	  	  LBNE	  design	  meets	  the	  
requirements	  for	  a	  comprehensive	  experiment	  aimed	  towards	  CP	  
violaBon	  in	  the	  neutrino	  sector.	  	  	  

• The	  US	  has	  unique	  assets	  	  to	  host	  this	  program	  given	  the	  availability	  of	  
high	  intensity	  accelerator	  

-‐ 700	  kW	  upgrade	  in	  commissioning	  

-‐ 1.2	  MW	  by	  the	  Bme	  of	  LBNE	  start	  	  

-‐ Further	  upgrades	  to	  >2.3	  MW	  

• An	  operaBng	  world-‐class	  Sanford	  Underground	  Research	  Facility	  (Dark	  
MaXer	  and	  Double	  Beta	  Decay	  experiments	  have	  started	  at	  4850L)	  	  

• CommiXed	  to	  make	  this	  a	  fully	  internaBonal	  scienBfic	  program.	  	  

•Snowmass	  detailed-‐whitepaper	  	   
	  	  	  	  arXiv:1307.7335  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Backups	  
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The US DOE Critical Decision Process 
This is flexible and an equivalent process will be developed for an 
international project. 

§ CD-0 (“Mission Need”) approves the need for the 
project. 

§ CD-1 (“Alternative Selection and Cost Range”) 
approves overall design, cost and schedule. 

§ CD-2 (“Performance Baseline”) approves the precise 
technical design, cost and schedule. 

§ CD-3A (“Approve Long-Lead Item Procurements”) 
approves early start of selected parts of the project. 

§ CD-3 (“Start of Construction”) approves the start of full 
construction of the rest of the project. 

§ CD-4 (“Project Completion”) approves transition to 
operations.

Jan 2010 

Dec 2012 
(for phase 1)

We	  are	  beyond	  CD1.	  The	  future	  process	  will	  depend	  on	  creaBon	  of	  an	  
internaBonal	  financial	  and	  project	  management	  by	  DOE	  and	  partner	  funding	  
agencies.	  	  
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Some	  pictures

LBNE	  beam	  design

LUX	  @	  Sanford
35



Considered design changes that increase the physics potential
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Change 0.5-2.0 GeV 2.0-5.0 GeV

DK pipe Air à  He  * 1.07 1.11

DK pipe length 200 m à  250 m (4m D) 1.04 1.12

DK pipe diameter 4 m à  6 m (200m L) 1.06 1.02

Horn current 200 kA à 230 kA 1.00 1.12

Proton beam 120 à 80 GeV, 700 kW 1.14 1.05

Target graphite fins à  Be fins   1.03 1.02

Total 1.39 1.52

Ratio of νµàνe CC appearance 
rates at the far detector

* Simplifies the handling of systematics as well


