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Two	
  Far	
  Detector	
  OpQons	
  

200	
  kT	
  water	
  Cherenkov	
   34	
  kT	
  liquid	
  argon	
  

Two	
  17	
  kT	
  fiducial	
  LAr	
  detectors	
  
To	
  be	
  located	
  at	
  a	
  new	
  drive-­‐in	
  
site	
  at	
  800	
  foot	
  level.	
  (one	
  detector	
  
shown	
  here)	
  One	
  200	
  kT	
  fiducial	
  WC	
  detector	
  

Located	
  at	
  the	
  4850	
  foot	
  level	
  



Current	
  News	
  
•  This	
  talk	
  will	
  present	
  present	
  state	
  of	
  design	
  of	
  the	
  experiment.	
  

Nothing	
  is	
  yet	
  completely	
  fixed,	
  but	
  opQons	
  have	
  been	
  narrowed	
  
down	
  and	
  work	
  is	
  ongoing	
  to	
  evaluate	
  cost	
  and	
  schedule.	
  	
  

•  NSF	
  had	
  been	
  planning	
  to	
  pay	
  ~10%	
  of	
  LBNE	
  construcQon	
  costs	
  and	
  
operate	
  DUSEL.	
  Now	
  the	
  U.S.	
  Dept	
  of	
  Energy	
  (DOE)	
  is	
  planning	
  to	
  
bear	
  the	
  full	
  construcQon	
  cost	
  and	
  be	
  responsible	
  for	
  facility	
  
operaQons	
  since	
  NSF	
  said	
  they	
  do	
  not	
  want	
  to	
  run	
  a	
  lab.	
  

•  	
  A	
  decision	
  was	
  made	
  by	
  DOE	
  to,	
  at	
  least	
  iniQally,	
  conQnue	
  planning	
  
for	
  only	
  the	
  Homestake	
  site.	
  A	
  formal	
  review	
  was	
  held	
  at	
  SLAC	
  in	
  
March	
  under	
  a	
  "blue	
  ribbon"	
  panel	
  commissioned	
  by	
  the	
  Director	
  of	
  
the	
  Office	
  of	
  Science	
  (all	
  science,	
  not	
  just	
  HEP).	
  Report	
  on	
  his	
  desk	
  
now.	
  

"Things	
  are	
  more	
  like	
  they	
  are	
  now	
  than	
  they	
  ever	
  were	
  before"	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  D.Eisenhower	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Physics	
  Research	
  Goals	
  of	
  LBNE	
  



Physics	
  with	
  the	
  Neutrino	
  Beam	
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•  For	
  beam	
  physics:	
  200	
  kt	
  WCD	
  ≈	
  34	
  kt	
  LAr	
  ≈	
  100	
  kt	
  WCD	
  +	
  17	
  kt	
  LAr	
  
–  Ongoing	
  work	
  to	
  tune	
  efficiency	
  and	
  signal/background	
  may	
  affect	
  this	
  equivalence	
  
–  Will	
  alternate	
  WCD/LAr	
  plots	
  in	
  this	
  talk	
  
–  5+5	
  years	
  turns	
  out	
  to	
  be	
  near	
  opQmal	
  in	
  shallow	
  minimum	
  

•  QuanBtaBve	
  &	
  qualitaBve	
  performance	
  differences	
  for	
  some	
  non-­‐beam	
  physics	
  

34	
  kt	
  LAr	
  TPC	
   200	
  kt	
  WCD	
  



sin22θ13≠0	
  SensiQvity:	
  staQsQcally	
  limited	
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•  sin22θ13	
  3-­‐σ	
  sensiQvity:	
  	
  0.002-­‐-­‐0.008	
  	
  (~0.001-­‐-­‐0.004	
  with	
  2	
  MW	
  beam)	
  

•  	
  While	
  not	
  designed	
  as	
  a	
  primarily	
  θ13	
  experiment,	
  sensiQvity	
  is	
  sQll	
  very	
  
good,	
  especially	
  with	
  Project	
  X	
  

~Daya	
  Bay/T2K/NOvA	
  (EuroNu2009)	
  

200	
  kt	
  x	
  5+5	
  yrs	
  

Project	
  X	
  

Note:	
  3σ	
  



200	
  kt	
  x	
  5+5	
  yrs	
   Project	
  X	
  

1σ	
  resoluQon	
  on	
  δCP	
  measurement	
  

CP	
  SensiQvity:	
  Project	
  X	
  

700	
  kW	
  
2	
  MW	
  

3σ	
  exclusion	
  of	
  CP	
  conserving	
  δCP=0°	
  or	
  180°	
  	
  

•  	
  	
  

50%	
  



MH	
  SensiQvity	
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3σ/5σ	
  exclusion	
  of	
  MH	
  hypothesis	
   3σ	
  exclusion	
  of	
  MH	
  hypothesis	
  

34	
  kt	
  x	
  5+5	
  yrs	
   Project	
  X	
  

  340	
  kt-­‐y	
  LAr	
  exposure	
  can	
  resolve	
  MH	
  at	
  3σ	
  for	
  all	
  δCP	
  down	
  to	
  sin22θ13=	
  0.04	
  
  Shorter	
  baselines	
  (NOvA,	
  T2K)	
  challenged	
  by	
  inherent	
  degeneracies	
  between	
  CP-­‐

violaQng	
  asymmetries	
  and	
  mader	
  effects.	
  	
  



Homestake	
  is	
  at	
  a	
  
good	
  distance	
  

A	
  1300	
  km	
  baseline:	
  
•  Large	
  mader	
  effects	
  
•  Higher	
  energy	
  at	
  oscillaQon	
  peak	
  

with	
  enhanced	
  cross	
  secQon	
  
compare	
  to	
  MINOS	
  

•  	
  Interplay	
  between	
  θ13,	
  	
  	
  mass	
  
hierarchy,	
  and	
  CPV	
  is	
  complex	
  

•  	
  Lower	
  flux	
  due	
  to	
  1/r2	
  is	
  
important	
  

•  	
  FNAL-­‐Homestake	
  distance	
  makes	
  
three	
  important	
  measurements	
  
possible	
  with	
  a	
  single	
  
experimental	
  configuraBon.	
  	
  

•  Possibility	
  of	
  a	
  large	
  θ13?	
  
12	
  

(Beam	
  retuned	
  at	
  each	
  distance)	
  







δCP	
  resoluQon	
  not	
  strongly	
  dependent	
  on	
  θ13	
  	



While	
  resoluQon	
  of	
  	
  
mass	
  hierarchy	
  
improves,	
  CP	
  violaQon	
  
search	
  only	
  requires	
  
sin22θ13	
  >	
  0.01	
  



Other	
  Physics:	
  Supernova	
  
Neutrinos	
  	
  

16	
  

•  When	
  a	
  star's	
  core	
  collapses	
  ~99%	
  of	
  the	
  
gravitaQonal	
  binding	
  energy	
  of	
  the	
  proto-­‐
neutron	
  star	
  goes	
  into	
  ν's	
  

•  SN	
  at	
  galacQc	
  core	
  (10	
  kpc)	
  	
  
 ⇒	
  tens	
  of	
  thousands	
  of	
  interacQons	
  	
  
	
  in	
  tens	
  of	
  seconds	
  

•  Large	
  detectors	
  can	
  discriminate	
  between	
  
core	
  collapse	
  models	
  

Sanduleak	
  -­‐69o	
  202	
  →	
  SN	
  1987A	
  

"You	
  don't	
  have	
  to	
  be	
  lucky,	
  you	
  just	
  have	
  to	
  be	
  paQent."	
  



Constant	
  SN	
  rate	
  (Totani	
  et	
  al.,	
  1996)	
  
Totani	
  et	
  al.,	
  1997	
  
Hartmann,	
  Woosley,	
  1997	
  
Malaney,	
  1997	
  
Kaplinghat	
  et	
  al.,	
  2000	
  	
  
Ando	
  et	
  al.,	
  2005	
  
Lunardini,	
  2006	
  
Fukugita,	
  Kawasaki,	
  2003(dashed)	
  

Solar	
  8B	
  (νe)	



Solar	
  hep	
  (νe)	



 SRN	
  predicBons	
  
(νe	
  fluxes)	
  

Reactor	
  ν (νe)	



Atmospheric νe	
  

Differences	
  due	
  to	
  core	
  
collapse	
  models	
  and	
  assumed	
  
SN	
  rate	
  and	
  luminosity	
  

Large	
  WC	
  detector	
  or	
  LS	
  
detectors	
  are	
  best.	
  

HEP	
  solar	
  neutrinos	
  limits	
  LAr	
  
sensiQvity	
  (νe)	
  –	
  plus	
  need	
  for	
  
large	
  size.	
  

Conclusion:	
  LAr	
  detector	
  too	
  
small	
  to	
  jusQfy	
  added	
  costs	
  of	
  
deep	
  site	
  for	
  this	
  physics	
  

DetecBon	
  of	
  Relic	
  SN	
  



Proton	
  Decay	
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•  e+π0:	
  WC200	
  reach	
  ~1035	
  in	
  20	
  years	
  -­‐-­‐	
  7.5x	
  SK	
  current;	
  5x	
  SK	
  ulQmate	
  

•  νK+:	
  LAr34	
  reach	
  ~7x1034	
  in	
  20	
  years	
  -­‐-­‐	
  23x	
  SK	
  current;	
  10x	
  SK	
  ulQmate	
  

•  Detector	
  mass	
  is	
  the	
  main	
  issue,	
  backgrounds	
  also	
  come	
  into	
  play	
  

WCD	
   LAr	
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The	
  Far	
  Site	
  



Underground	
  Lab	
  Basic	
  Layout	
  	
  

4850	
  campus	
  at	
  4200	
  mwe	
  
	
  	
  Davis	
  Lab	
  (exisQng)	
  
	
  	
  Large	
  Cavity	
  Site	
  	
  
	
  	
  General	
  lab	
  module	
  	
  

800	
  campus	
  at	
  700	
  mwe	
  
	
  	
  	
  LAr	
  detector	
  lab	
  	
  

7400	
  campus	
  at	
  6400	
  mwe	
  
	
  	
  Deep	
  Lab	
  module	
  	
  	
  



Depth	
  Requirements	
  for	
  Proton	
  Decay:	
  
Liquid	
  Argon	
  

•  	
  A	
  unique	
  feature	
  of	
  LAr	
  detectors	
  are	
  their	
  ability	
  to	
  
reconstruct	
  the	
  K+	
  decay	
  from	
  the	
  SUSY-­‐moQvated	
  decay	
  
mode	
  pνK+.	
  This	
  would	
  allow	
  sensiQvity	
  to	
  this	
  mode	
  
five	
  Qmes	
  that	
  of	
  Super-­‐Kamiokande	
  over	
  a	
  10	
  year	
  run.	
  

•  The	
  most	
  significant	
  background	
  expected	
  is	
  from	
  CR	
  
muons	
  that	
  make	
  a	
  KoL	
  that	
  enters	
  the	
  detector	
  from	
  the	
  
outside	
  and	
  then	
  charge	
  exchanges	
  into	
  a	
  K+.	
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Requirement	
  for	
  Muon	
  veto	
  

•  Without	
  a	
  muon	
  veto,	
  a	
  
fiducial	
  volume	
  cut	
  of	
  5-­‐7	
  
meters	
  from	
  the	
  wall	
  is	
  
predicted	
  to	
  be	
  necessary	
  

•  	
  With	
  an	
  effecQve	
  veto	
  this	
  can	
  
be	
  significantly	
  reduced.	
  

•  At	
  800	
  feet,	
  a	
  muon	
  veto	
  is	
  
planned	
  that	
  would	
  retain	
  
roughly	
  80%	
  of	
  the	
  FV.	
  

•  Conclusion:	
  with	
  a	
  sufficiently	
  
well-­‐designed	
  muon	
  veto,	
  800	
  
feet	
  should	
  be	
  sufficient.	
  	
  This	
  
is	
  currently	
  the	
  driving	
  factor	
  
in	
  the	
  depth	
  requirement.	
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K+	
  

µ	



KoL	
  

detector	
  

Muon	
  veto	
  



‒  150kt-200kt cavern at 4850 level#
‒  Space on surface for water fill 

system, underground for water 
recirculation system#

‒  Experimental utilities: power, 
water for tank, drainage of leak & 
native water from the tank, 
drainage for tank maintenance#

WCD	
  ConvenQonal	
  FaciliQes	
  (CF)	
  at	
  Homestake	
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WCD CF based on requirements of experiment#

Why	
  at	
  4850?	
  	
  

PotenBal	
  for	
  broad	
  program	
  and	
  future	
  upgrades	
  



AddiQon	
  of	
  Gadolinium	
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Tests	
  with	
  Super-­‐Kamiokande	
  have	
  shown	
  that	
  neutron	
  tagging	
  via	
  gadolinium	
  
in	
  the	
  water	
  is	
  feasible.LBNE	
  Case	
  Study	
  document	
  details	
  the	
  increased	
  light	
  collecQon	
  
needed	
  for	
  LBNE.	
  Roughly	
  a	
  factor	
  of	
  two	
  is	
  desirable	
  to	
  achieve	
  good	
  efficiency.	
  	
  

Depth	
  requirement	
  for	
  Water	
  Cherenkov	
  driven	
  by	
  desire	
  for	
  a	
  
program	
  in	
  low	
  energy	
  neutrino	
  physics	
  in	
  addiBon	
  to	
  beam:	
  
	
  Cosmological	
  SN,	
  DEADALUS,	
  solar	
  neutrinos,	
  geoneutrinos,	
  	
  
high	
  mass	
  pνK+	
  search	
  



Low	
  Energy	
  Physics:	
  Radiopurity	
  
at	
  Homestake	
  very	
  good	
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For	
  the	
  WC	
  detector	
  opQon,	
  extensive	
  hit-­‐level	
  studies	
  have	
  been	
  done	
  
of	
  the	
  effects	
  of	
  radiopurity	
  on	
  detector	
  energy	
  threshold	
  performance.	
  



Threshold	
  independent	
  of	
  rock	
  with	
  80	
  cm	
  buffer.	
  Nominal	
  threshold	
  with	
  design	
  
coverage	
  is	
  ~6.7	
  MeV.	
  No	
  concrete	
  liner	
  BETTER	
  since	
  Homestake	
  rock	
  has	
  quite	
  

good	
  radiopurity	
  compared	
  to	
  typical	
  concrete.	
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With	
  
concrete	
  
liner	
  

Without	
  
concrete	
  
liner	
  

Design	
  PMT	
  coverage	
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The	
  Far	
  Detectors	
  



CP	
  SensiQvity	
  –	
  Target	
  Mass	
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•  Adding	
  mass	
  an	
  effecQve	
  way	
  to	
  improve	
  sensiQvity	
  –	
  adding	
  later	
  is	
  difficult	
  

•  More	
  mass	
  helps	
  all	
  non-­‐beam	
  physics	
  

Similar	
  results	
  for	
  LAr:	
  17	
  kt,	
  25	
  kt,	
  34	
  kt	
  

Normal	
  Hierarchy	
  



Water	
  Cherenkov	
  Detector	
  Overview	
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Main Detector Components#
• Large Cavern#
• Water Vessel#
• Ultra-pure water system#
• PMTs with Electronics#

• 2 sizes under consideration:  
150 kt or 200 kt fiducial mass 
(7-9 x SuperK)#

• PMT + light collectors give 
photon detection 
efficiency equivalent to 
SuperK II!



•  Text	
  

Water	
  Containment	
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Polymer	
  membrane	
  
on	
  shotcrete	
  protects	
  
the	
  ultra-­‐pure	
  water	
  
and	
  stops	
  leakage	
  

Drainage	
  mat	
  
covered	
  with	
  
shotcrete	
  

Alternate	
  design:	
  	
  
Polymer	
  membrane	
  
against	
  14”	
  poured	
  
concrete	
  vessel.	
  	
  



•  Spans the 65m diameter cavern, suspended from the dome. #
•  Provides a light-tight, air-tight barrier for the detector.#
•  Balcony (8 m wide) provides space to mount electronics.#

Water	
  Cherenkov	
  Detector	
  Deck	
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Gondola	
  under	
  
balcony	
  for	
  
access	
  to	
  
detector	
  wall	
  



•  23,000 (29,000) 12” HQE PMTs 
in 150 kt (200 kt) detector#
–  Will be catalogue item this year#
–  Competing 11” tube also 

available this year#
•  Light collectors will be used#

–  Winston cones or scintillator 
plates #

–  40% increase in light assumed #
–  Both can achieve >50%#

•  HQE PMTs + light collectors give 
photon detection efficiency 
equivalent to SuperK II. #

Phototube	
  System	
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!"# $%%&'()* +!$, -./ 0.%1-))-123.
43.5&61

Wall PMTs would 
use wire rope 
mounting method.

Floor and Deck 
PMTs would be on

Light  collectors not shown

PMTs would be on 
rigid frames.

73.8 9-%&)2.&
:&;1<2.3 =>6&<2'&.1

$6<2) ?@AA BC= BDE=7
F&G2&H

AI

"flying	
  saucer"	
  -­‐	
  one	
  design	
  being	
  considered	
  



•  Alternating Cathode and 
Anode Plane Assemblies 
(CPA, APA).#

•  Foam-insulated cryostat 
inside concrete 
containment vessel 
(membrane cryostat)#

•  Veto system to tag cosmic 
rays passing through the 
adjacent rock.#

•  Photon detectors provide 
t=0 for non-beam physics.#

•  Two detectors, 12-17 kt 
each, in a common cavern 
at the 800 level.#

Liquid	
  Argon	
  TPC	
  Overview	
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Current	
  TPC	
  Design	
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7	
  m	
  

2.5	
  m	
  

•  Modular APA design: 3 views on a  
2.5 m x 7 m frame, mounted 2 high in cryostat#

•  3 or 5 mm wire pitch#
•  3.75 m or 2.5 m drift cell	
  



LAr	
  Detector	
  Size	
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•  Active volume of each detector: 
20-22.5 m wide (depending on drift length) 
14 m high  
33-55 m long (depending on fiducial mass)#

•  Two detectors end-to-end in common cavern	
  



LBNE LAr development builds on world-wide R&D program	
  
LBNE-specific prototyping program includes:#
•  3 x 3 m2 membrane cryostat wall panel – testing in progress#
•  3 x 3 x 3 m3 membrane cryostat prototype  

- #Understand cryostat technology 
- #Verify purity in this cryostat 
- #Preliminary design complete; operational in 2012#

•  kton-scale full engineering prototype  
- #Full engineering prototype of complete detector system 
- #Leverage DZero infrastructure to minimize construction cost  
#and time, and operating cost. 

- #Early planning stage; schedule depends on funding, but could  
#be operational in 2014.#

•  DOE panel estimate – ~five years of R&D required. #
•  It would make sense to have a common international program on this.#

LAr	
  Prototyping	
  Program	
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Detector	
  Mass	
  Requirements	
  

•  	
  The	
  200	
  kT	
  mass	
  selected	
  for	
  a	
  WC	
  detector	
  is	
  
driven	
  by	
  the	
  staQsQcs	
  necessary	
  to	
  address	
  the	
  
physics	
  goals	
  in	
  a	
  ten	
  year	
  run,	
  for	
  sin22θ13	
  in	
  the	
  
range	
  of	
  current	
  experimental	
  sensiQvity.	
  	
  

•  If	
  sin22θ13	
  	
  is	
  outside	
  this	
  range,	
  LBNE	
  has	
  enough	
  
sensiQvity	
  to	
  make	
  the	
  most	
  sensiQve	
  search	
  for	
  
this	
  parameter.	
  

•  	
  The	
  smaller	
  34	
  kT	
  mass	
  for	
  LAr	
  is	
  based	
  on	
  the	
  
ability	
  to	
  use	
  non-­‐QECC	
  events	
  to	
  look	
  for	
  νµνe	
  
oscillaQons	
  due	
  to	
  event	
  ID	
  and	
  NC	
  rejecQon.	
  

•  	
  Why	
  the	
  difference	
  for	
  WC	
  and	
  LAr?	
  
37	
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Event	
  rates	
  for	
  nue	
  and	
  nuebar	
  
events	
  in	
  LAr	
  (bodom)	
  and	
  WC	
  
(top).	
  

Note	
  the	
  difference	
  in	
  the	
  
background	
  components	
  for	
  
the	
  two	
  detector	
  types.	
  

A	
  measurement	
  with	
  two	
  
different	
  detector	
  types	
  would	
  
be	
  complimentary	
  –	
  the	
  
systemaQc	
  uncertainQes	
  in	
  the	
  
background	
  are	
  quite	
  different.	
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The	
  Beam	
  



Beam	
  Reference	
  Design	
  



OVERVIEW:	
  Four	
  opQons	
  for	
  the	
  neutrino	
  beam	
  

41	
  

Two	
  possible	
  extracQon	
  points	
  from	
  the	
  
Main	
  Injector:	
  MI-­‐10	
  and	
  MI-­‐60	
  

Beamline	
  above	
  	
  or	
  below	
  grade	
  

Cost,	
  risk,	
  site	
  condiQons,	
  
interference,	
  space	
  for	
  
decay	
  pipe	
  	
  



Most	
  Cost	
  EffecQve:	
  MI-­‐10,	
  Shallow	
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Under evaluation:#
•  Integration with other uses for MI-10#
•  Radiation issues with target above grade#
•  Stability of beam and target support structure#
No known insurmountable problems, but further study required to prove 
feasibility. #



Most	
  ConservaQve:	
  MI-­‐60,	
  deep	
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•  Longer primary proton beamline#
•  Significant excavation deep underground#
#=> Substantially higher cost#

Conceptually like the successful NuMI design #
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Where	
  to	
  now?	
  

?	
  



•  	
  The	
  "blue	
  ribbon"	
  panel	
  has	
  completed	
  it's	
  report	
  –	
  it	
  is	
  quite	
  
favorable,	
  and	
  we	
  are	
  promised	
  a	
  clear	
  decision	
  by	
  DOE	
  as	
  to	
  what	
  
extent	
  they	
  will	
  use	
  the	
  Homestake	
  site	
  –	
  not	
  only	
  for	
  LBNE	
  but	
  for	
  
all	
  the	
  "underground"	
  science	
  experiments.	
  This	
  decision	
  needs	
  to	
  
be	
  made	
  in	
  Qme	
  for	
  FY13	
  budget	
  request,	
  by	
  end	
  of	
  this	
  summer.	
  

•  	
  A	
  decision	
  on	
  which	
  technology	
  to	
  pursue	
  (water	
  or	
  liquid	
  argon)	
  
will	
  be	
  made	
  as	
  soon	
  as	
  possible	
  –	
  delayed	
  due	
  to	
  NSF	
  and	
  DUSEL	
  
uncertainty.	
  CollaboraBon	
  would	
  like	
  to	
  pursue	
  both	
  –	
  but	
  
probably	
  too	
  expensive	
  without	
  significant	
  internaQonal	
  
parQcipaQon.	
  	
  

•  	
  Next	
  Science	
  CollaboraQon	
  meeQng	
  July	
  13-­‐15	
  at	
  Fermilab.	
  
"Observers"	
  welcome,	
  as	
  are	
  new	
  collaborators!	
  



Backup	
  Slides	
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Baseline	
  and	
  beam	
  
opQons	
  for	
  LAr	
  
show	
  that	
  1300	
  km	
  
is	
  sQll	
  a	
  near	
  
opQmal	
  distance.	
  

Note:	
  possible	
  
shorter	
  baseline	
  
experiments	
  may	
  
not	
  be	
  able	
  to	
  
determine	
  mass	
  
ordering,	
  especially	
  
off-­‐axis.	
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sin22θ23	
  

200	
  kt	
  x	
  5	
  yrs	
  

Project	
  X	
  

  sin22θ23	
  to	
  ~0.6%	
  and	
  Δm31
2	
  to	
  ~0.8%	
  precision	
  in	
  5-­‐year	
  ν	
  run	
  

  “CompeQQve”	
  to	
  NOνA	
  full	
  	
  run	
  
  Clear	
  mulQple	
  oscillaQon	
  padern	
  due	
  to	
  very	
  long	
  baseline	
  
  Resolve	
  θ23	
  octant	
  degeneracy	
  for	
  angles	
  <	
  40°	
  if	
  sin22θ13	
  >	
  0.075	
  	
  

(WCD	
  slightly	
  beder)	
  
  NOvA	
  cannot	
  due	
  to	
  sin22θ23	
  and	
  δCP	
  correlaQons	
  (would	
  combine	
  w/	
  Daya	
  Bay)	
  



Expected	
  Backgrounds	
  for	
  p	
  	
  e+π0	
  

*PRL	
  102:141801	
  (2009)	
  

Calculated:	
  	
  	
  2.1	
  +/-­‐	
  0.9	
  ev/Mton/yr	
  

Measured*	
  
in	
  LE	
  beam:	
  	
  1.63	
  (+0.42/-­‐0.33	
  stat)	
  (+0.45/-­‐0.51	
  syst.)	
  ev/Mton/yr	
  	
  	
  

Higher	
  resoluBon	
  and	
  improved	
  
detector	
  capabiliBes	
  have	
  improved	
  
backgrounds	
  in	
  the	
  past.	
  



Atmospheric	
  νµ	
  →	
  
invisible	
  µ	
  →	
  decay	
  e	
  

Atmospheric	
  νe	
  

90%	
  CL	
  limit	
  
of	
  SRN	
  

Total	
  

background 

Energy (MeV)#Atmospheric	
  νe	
  

Atmospheric	
  νµ	
  →	
  
invisible	
  µ	
  →	
  decay	
  e	
  

SpallaQon	
  background 

SK-­‐I	
  (1496days)	
   SK-­‐II	
  (791	
  days)	
  

Ev
en

ts
/4

M
eV
#

Observed	
  spectra	
  are	
  consistent	
  with	
  esQmated	
  backgrounds.	
  
Searches	
  are	
  limited	
  by	
  the	
  invisible	
  muon	
  background	
  (SK-­‐I)	
  

and	
  the	
  spallaQon	
  background	
  (SK-­‐II).. 
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  13,	
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Si	
  

Hit	
  level	
  simulaQons	
  show	
  
that	
  at	
  12%	
  coverage	
  detecQon	
  
of	
  Gd	
  capture	
  is	
  marginal.	
  Includes	
  
effects	
  of	
  gammas	
  from	
  glass,	
  rock,	
  
and	
  radon,	
  plus	
  dark	
  noise.	
  

Coverage	
  	
  	
  	
  	
  	
  background@70%	
  efficiency	
  
12%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  15%	
  
24%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.5%	
  

Coverage	
  	
  	
  	
  	
  	
  efficiency@	
  5%	
  mid-­‐ID	
  
12%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  55%	
  
24%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  77%	
  

Driver	
  is	
  reducQon	
  of	
  background	
  
from	
  “stealth”	
  muons	
  by	
  tagging	
  
actual	
  IBDK	
  events.	
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  R.J.Wilson/Colorado	
  State	
  University	
  

NOνA	
  

hdp://www-­‐nova.fnal.gov/plots_and_figures/plots_and_figures.html#020_Theta13_Mass_Hierarchy_CP_phase	
  

NH	
   Note:	
  Figure	
  capQon	
  says	
  “2-­‐sigma”	
  





SN	
  Rates	
  and	
  Reach	
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  Larger	
  detector	
  mass	
  -­‐>	
  further	
  reach	
  
  Could	
  potenQally	
  resolve	
  Mass	
  Hierarchy	
  to	
  3-­‐σ	
  out	
  to	
  Galaxy	
  Edge	
  (both	
  LAr	
  &	
  WC)	
  if	
  

"spectral	
  swap"	
  features	
  observed	
  
  In	
  a	
  hybrid	
  WCD+Lar:	
  Good	
  spectral	
  informaQon	
  of	
  νe	
  from	
  LAr	
  will	
  help	
  resolve	
  flavor	
  

content	
  of	
  the	
  primarily	
  νe-­‐bar	
  in	
  WCD	
  

/3
0s
	
  

700 mwe 

cosmic	
  muons/30s	
  

3-­‐σ	
  Mass	
  Hierarchy	
  sensiQvity	
  
WC	
  LAr	
  

Significant	
  difference	
  in	
  model	
  
event	
  rate	
  predicQon	
  -­‐	
  but	
  sQll	
  large	
  	
  



The	
  Homestake	
  muon	
  rate	
  an	
  order	
  of	
  magnitude	
  smaller	
  than	
  Kamioka,	
  	
  
so	
  expect	
  15.5	
  MeV	
  threshold	
  instead	
  of	
  19.3	
  MeV.	
  This	
  enhances	
  signal	
  by	
  40%	
  in	
  
addiBon	
  to	
  just	
  detector	
  mass	
  scaling.	
  

Due	
  to	
  geomagneQc	
  laQtude,	
  atmospheric	
  neutrino	
  rate	
  per	
  kton	
  is	
  50%	
  higher	
  at	
  	
  
Homestake	
  as	
  compared	
  to	
  Kamioka.	
  This	
  enhances	
  background	
  by	
  50%.	
  

Published	
  SK	
  limit	
  
on	
  diffuse	
  SN	
  flux	
  
compared	
  with	
  
several	
  models	
  







24-34kt cavern at 800 
level#

Space on surface for 
cyrogenics system#

Drive-in access for 
experiment 
installation#

Experimental utilities: 
power, ventilation 
for cryogenic safety#

Why 800 level? #
SN detection, 

atmospheric 
neutrinos detection 
improved#

 Critical for proton 
decay #

LAr	
  800	
  level	
  lab	
  at	
  Homestake	
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125 gal/min fill system#
•  takes industrial water#
•  filters and removes minerals#
•  Removes gasses, U/Th and 

sterilizes#
•  4.5 to 6 months to fill#

700-1200 gal/min 
recirculation system#
•  Filters and sterilizes the 

water#
•  Removes U/Th and gasses#
•  Removes heat#
•   Cooling to 13-15 degrees#
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Chapter 4: Detector Reference Design 4–21

!
Figure 4–5: Drawing of 4500 lpm water recirculation system

heat input from the photomultiplier bases. The internal rock temperature prior to excava-
tion at the 4850L is about 33◦C. As the excavation proceeds and increasing cavity surface
area is exposed to air, the near-surface rock will cool with the surface rock approaching the
ventilation air temperature. Reasonable estimates are that by the time the detector is filled
with water, the heat flow from the rock will be between 50 and 100 kW. The photomultiplier
bases are likely to add another 3kW to this heat flow (see Table 4–3). If left uninsulated, a
significant heat flow into the detector will come through the top surface from the room air
contact. Insulation at this surface will be necessary.

4.8 Fiducial volume definition

The photomultiplier-tube-mounting structure will include a black plastic shield at the
equatorial plane of the photomultiplier tubes, that is, at the largest diameter of these tubes.
This light barrier will separate any Cherenkov light generated in the outer annular region
of the detector from light that is generated in the central detector cylinder. The present
plan is to then define the fiducial-volume limit to be 2 meters radially inward from this light
barrier. Since this is a software definition, it can be dynamically varied once the detector is
in operation and events are being reconstructed. It is obviously possible to define different
fiducial volumes for different signals.

LBNE Water Cherenkov Detector

Ultra-­‐Pure	
  Water	
  System	
  



TPC Tracker#
•  0.4 T dipole#
•  Small TPC (13 tons) #
•  Instrumented	
  dipole	
  yoke	
  and	
  
downstream	
  EM	
  and	
  hadron	
  
calorimeters	
  

Near	
  Neutrino	
  Detector	
  OpBons:	
  LAr	
  Far	
  Detector	
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Neutrino	
  Beam 

Neutrino	
  Beam 

LAr Membrane Tracker#
•  0.4 T dipole (central field)#
•  Larger TPC (350 tons)#
•  Full containment of hadrons and 

EM showers#
•  Mimics far detector.	
  



Near	
  Neutrino	
  Detector	
  OpBons:	
  H2O	
  Far	
  Detector	
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Scintillator Tracker#
•  0.4 T dipole#
•  MINERvA(-like) scintillator strips – 

totally active.#
•  Embedded H2O and D2O targets#
•  Instrumented	
  dipole	
  yoke	
  and	
  
downstream	
  EM	
  calorimeter.	
  

Straw Tube Tracker#
•  0.4 T dipole#
•  Low-density straw tube tracker 

(based on NOMAD design)#
•  Embedded H2O and D2O targets#
•  Instrumented	
  dipole	
  yoke	
  and	
  
downstream	
  EM	
  calorimeter.	
  

Neutrino	
  	
  
Beam Neutrino	
  	
  

Beam 
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Event	
  rates	
  for	
  numu	
  and	
  
numubar	
  events	
  in	
  LAr	
  
(bodom)	
  and	
  WC	
  (top).	
  

These	
  tables	
  indicate	
  why	
  
sensiQviQes	
  are	
  similar	
  in	
  
this	
  mode.	
  The	
  wrong-­‐sign	
  
background	
  in	
  LAr	
  is	
  
compensated	
  by	
  the	
  
reduced	
  background	
  from	
  
non-­‐QE/NC	
  


