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In	
  this	
  talk	
  
	
  •  Brief	
  overview	
  of	
  proposed	
  water	
  Cherenkov	
  experiments	
  

–  HYPER-­‐K	
  
–  MEMPHYS	
  
–  LBNE	
  Water	
  opKon	
  (RIP);	
  other	
  USA	
  efforts:	
  ANNIE	
  and	
  WATCHMAN	
  

•  Some	
  of	
  the	
  other	
  science	
  goals	
  
–  Beam/atmospheric	
  neutrino	
  characterizaKon	
  via	
  neutron	
  tagging	
  
–  Super-­‐nova	
  
–  Reactor	
  anK-­‐neutrino	
  measurements	
  
	
  

•  	
  Improvements	
  for	
  Water	
  Cherenkov	
  Detectors	
  
–  Improvement	
  in	
  current	
  PMT	
  technology	
  	
  
–  Improvement	
  in	
  light	
  collecKon	
  devices	
  (LBNE	
  WCD	
  R&D	
  perspecKve)	
  
–  Water-­‐based	
  liquid	
  scinKllaKon	
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Why	
  water?	
  
	
  

•  Many	
  of	
  the	
  unresolved	
  physics	
  (δcp,	
  mass	
  hierarchy,	
  proton	
  decay)	
  require	
  
larger	
  scale	
  detectors,	
  megaton	
  scale	
  would	
  be	
  ideal	
  

•  There	
  are	
  challenges	
  in	
  going	
  megaton	
  scale	
  
	
  

–  Cost	
  

–  Light	
  a`enuaKon	
  concerns	
  
•  Liquid	
  ScinKllator	
  ~20	
  m	
  
•  CH2	
  ~	
  25-­‐40	
  m	
  
•  H2O	
  ~	
  100	
  m	
  

–  Pressure	
  concerns	
  (prevent	
  
	
  	
  	
  	
  Super-­‐K	
  tube	
  implosion	
  risk)	
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Minfang	
  Yeh,	
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HYPER-­‐K	
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Le`er	
  of	
  Intent:	
  

The	
  Hyper-­‐Kamiokande	
  Experiment	
  —	
  Detector	
  Design	
  and	
  Physics	
  
PotenKal	
  —	
  arxiv.1109.3262v1	
  

Sensi&vity	
  to	
  Science	
  Goals	
  

Nakaya,	
  NNN2012	
  



MEgaton	
  Mass	
  PHYSics	
  
MEMPHYS	
  

•  Part	
  of	
  the	
  Laguna	
  Design	
  Study,	
  as	
  a	
  second	
  opKon	
  	
  
•  Rock	
  overburden	
  of	
  4800	
  m.w.e.	
  at	
  Frejus	
  
•  2	
  modules	
  of	
  103m	
  height	
  and	
  65m	
  diameter	
  	
  
•  500	
  kton	
  of	
  fiducial	
  volume	
  
•  81	
  000	
  12”	
  PMTs	
  to	
  reach	
  30%	
  coverage	
  	
  

	
   	
   	
  or	
  	
  
•  40%	
  coverage	
  with	
  20”	
  PMTs	
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LBNE	
  Water	
  Cherenkov	
  Detector	
  (RIP)	
  
	
  

6	
  Long-­‐Baseline	
  Neutrino	
  Experiment	
  (LBNE)	
  Conceptual	
  Design	
  Report	
  -­‐	
  The	
  LBNE	
  Water	
  Cherenkov	
  Detector	
  
April	
  12,	
  2012	
  arXiv:1204.2295v1	
  	
  

More	
  on	
  this	
  later	
  	
  

What	
  was	
  proposed	
  
	
  
•  200	
  kton	
  FV	
  
•  Homestake	
  4850	
  p	
  level	
  	
  	
  	
  
•  Total	
  29,000	
  PMTs,	
  in	
  order	
  to	
  

reduce	
  total	
  cost:	
  	
  
–  Total	
  PMT	
  area	
  of	
  9.8%	
  
–  With	
  HQE	
  PMT	
  increase	
  to	
  15%	
  
–  	
  Light	
  collectors	
  (assumed	
  to	
  increase	
  the	
  

light	
  collecKon	
  by	
  40%)	
  will	
  extend	
  the	
  
coverage	
  to	
  20%.	
  	
  

–  Smaller	
  PMT	
  size	
  relaKve	
  to	
  SK-­‐II	
  would	
  
have	
  resulted	
  in	
  a	
  30%	
  finer	
  granularity.	
  	
  

•  The	
  LAr	
  opKon	
  was	
  chosen	
  (has	
  
should	
  not	
  be	
  news	
  to	
  anyone)	
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7	
  Long-­‐Baseline	
  Neutrino	
  Experiment	
  (LBNE)	
  Conceptual	
  Design	
  Report	
  -­‐	
  The	
  LBNE	
  Water	
  Cherenkov	
  Detector	
  
April	
  12,	
  2012	
  arXiv:1204.2295v1	
  	
  



Some	
  physic	
  topics	
  and	
  new	
  proposed	
  
experiments	
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Ed	
  Kearns,	
  NNN2012
	
  	
  

IsolaKng	
  p	
  decay	
  via	
  neutron	
  tagging	
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Mo&va&on:	
  Proton	
  decay	
  have	
  a	
  low	
  
chance	
  of	
  producing	
  FSI	
  neutron	
  	
  
	
  
gamma	
  modes	
  that	
  can	
  help	
  tag	
  proton	
  
decay	
  candidate	
  

Super-­‐K	
  have	
  started	
  studying	
  
neutron	
  producKon	
  from	
  
atmospheric	
  neutrinos	
  
	
  
They	
  are	
  seeing	
  an	
  average	
  of	
  2	
  
neutrons	
  per	
  neutrino	
  at	
  the	
  proton	
  
decay	
  energy	
  	
  



Atmospheric	
  Neutrino	
  Neutron	
  InteracKon	
  ExploraKon	
  	
  
ANNIE	
  

•  Dedicated	
  experiment	
  to	
  measure	
  neutron	
  yield	
  
from	
  MeV	
  to	
  GeV	
  scale	
  neutrinos	
  

•  Would	
  use	
  exisKng	
  SciBooNE	
  hall	
  in	
  the	
  FNAL	
  
booster	
  beam	
  	
  

•  Gd-­‐doped	
  Water	
  Target	
  possibly	
  upgraded	
  to	
  CH2	
  :	
  
3	
  m	
  x	
  3	
  m	
  and	
  2	
  m	
  thick	
  Muon	
  Range	
  Detector	
  
(MRD)	
  :	
  	
  
–  12	
  2-­‐inch-­‐thick	
  iron	
  plates	
  between	
  13	
  scinKllaKon	
  

panels	
  	
  
–  362	
  two-­‐inch	
  PMTs.	
  	
  

•  LOI	
  to	
  be	
  submi`ed	
  to	
  FNAL	
  PAC	
  before	
  the	
  end	
  
of	
  the	
  year,	
  interested	
  collaborators	
  are	
  
welcomed	
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Capturing	
  the	
  neutron:	
  Challenges	
  of	
  
energy	
  sensiKvity	
  of	
  Cherenkov	
  detector	
  

	
  	
  
•  Coverage	
  important	
  on	
  energy	
  threshold	
  

•  LBNE	
  R&D	
  allow	
  improvement	
  on	
  the	
  energy	
  
sensiKvity	
  	
  

•  EGADS	
  is	
  paving	
  the	
  way	
  for	
  water-­‐soluble	
  Gd-­‐
loading	
  for	
  neutron	
  detecKon	
  

Energy	
  sensiKvity	
  of	
  
current	
  water	
  technology	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

J.F.Beacom,	
  
M.R.Vagins;	
  
PRL93	
  (2004)	
  
171101	
  

nGd→Gdγ’s	
  ~	
  26	
  μs	
  capture	
  Kme	
  

nH→2Hγ	
  ~	
  220	
  μs	
  capture	
  Kme	
  

The	
  Hyper-­‐Kamiokande	
  Experiment	
  —	
  Detector	
  
Design	
  and	
  Physics	
  Poten&al	
  —	
  arxiv.1109.3262v1	
  

nGd	
  Evis	
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2.2	
  MeV	
  γ	
  

7.9	
  MeV	
  γ’s	
  

LBNE	
  WCD	
  arXiv:1204.2295v1	
  	
  



12	
  Mark	
  Vagins,	
  Kavli	
  IPMU,	
  UTokyo/UC	
  Irvine	
  
(PACIFIC	
  2012)	
  

Gd-­‐doped	
  water	
  development	
  at	
  EGADS	
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WATer	
  CHerenkov	
  Monitoring	
  of	
  AnK-­‐Neutrinos	
  
WATCHMAN	
  

Draping	
  proposal	
  to	
  NaKonal	
  Nuclear	
  Security	
  Agency	
  
(DOE):	
  	
  

•  1	
  kiloton	
  water-­‐based	
  Cherenkov	
  detector	
  	
  
•  	
  1	
  to	
  10	
  km	
  standoff	
  at	
  0.1	
  to	
  10	
  GWt	
  reactor	
  
•  Background	
  measurement	
  (fast	
  neutron/radio-­‐nuclide)	
  

underway	
  at	
  KURF	
  which	
  will	
  affect	
  technology	
  and	
  site	
  
selecKon	
  decision	
  	
  

•  Light	
  collecKon	
  choice	
  and	
  detector	
  improvement	
  under	
  
review	
  

•  Science	
  review	
  this	
  Fall,	
  collaborator	
  welcomed	
  
•  Decision	
  late	
  2014	
  to	
  early	
  2015	
  
•  Ocean	
  deployment	
  is	
  also	
  considered	
  

1	
  km	
  

Example:	
  Oakridge	
  NaKonal	
  Laboratory	
  
Duty	
  cycle	
  is	
  about	
  50%	
  (24	
  days	
  on,	
  24	
  
days	
  off)	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Same	
  number	
  of	
  an&-­‐neutrinos	
  
interacKons	
  as	
  Double	
  Chooz	
  
	
  

Site	
  of	
  IMB	
  Water	
  Cerenkov	
  proton	
  decay/
supernova	
  watch	
  experiment	
  	
  
Deployment	
  depth	
  of	
  1500	
  m.w.e.	
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40%	
  coverage	
  

MC	
  

Lawrence	
  Livermore	
  NaKonal	
  
Laboratory	
  

Sandia	
  NaKonal	
  Laboratories	
  

UC	
  Berkeley	
  

UC	
  Davis	
  

University	
  of	
  Hawaii	
  

UC	
  Irvine	
  

Bergevin,	
  NNN2012	
  



Supernova	
  rule	
  of	
  thumbs	
  
	
  

	
  

•  Expect	
  300	
  to	
  470	
  neutrinos	
  	
  per	
  kiloton	
  
from	
  burst	
  

•  AnK-­‐neutrino	
  reacKon	
  dominate	
  

J.F.Beacom,	
  
M.R.Vagins;	
  
PRL93	
  (2004)	
  
171101	
  

HYPER-­‐K	
  1	
  Megaton	
  detector:	
  

Le_er	
  of	
  Intent:	
  

The	
  Hyper-­‐Kamiokande	
  Experiment	
  —	
  
Detector	
  Design	
  and	
  Physics	
  Poten&al	
  —	
  
arxiv.1109.3262v1	
  

100	
  kton	
  of	
  water,	
  for	
  the	
  30%	
  PMT	
  coverage	
  detector	
  configura&on	
  

Kate	
  Scholberg,	
  Journal	
  of	
  Physics:	
  Conference	
  Series	
  309	
  (2011)	
  012028	
   14	
  



How	
  to	
  improve	
  water-­‐based	
  detectors	
  
	
  

•  OpKon	
  I	
  :	
  Light	
  collecKon	
  improvements	
  and	
  what	
  can	
  
be	
  learned	
  from	
  a	
  water	
  R&D	
  perspecKve	
  (which	
  is	
  
wrapping	
  up):	
  
–  High	
  quantum	
  efficiency	
  PMTs	
  
–  Winston	
  cones	
  
–  wavelength	
  shiper	
  plates	
  
–  wavelength	
  shiper	
  films	
  
–  Large	
  Area	
  Picosecond	
  Photo-­‐Detectors	
  	
  
	
  

•  OpKon	
  II	
  :	
  Light	
  output	
  improvements	
  
–  Gd	
  water	
  loading	
  R&D	
  
–  Water-­‐based	
  scinKllator	
  	
  

15	
  



Light	
  collecKon	
  improvements	
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R&D	
  High	
  Quantum	
  Efficiency	
  Tubes	
  
	
  

•  PublicaKon	
  has	
  recently	
  been	
  posted	
  arXiv:
1210.2765v1	
  

•  Hamamatsu	
  12-­‐inch	
  R11780	
  PMT	
  	
  
•  52.4%	
  increase	
  in	
  light	
  collecKon	
  at	
  400	
  nm	
  
•  Excellent	
  candidate	
  PMT	
  for	
  very	
  large-­‐scale	
  

water	
  Cherenkov	
  or	
  scinKllator	
  detectors	
  	
  
•  Charge	
  and	
  Kming	
  response	
  is	
  uniform	
  across	
  

most	
  of	
  the	
  photocathode	
  surface	
  
•  NoKceable	
  Kming	
  ships	
  near	
  the	
  edge	
  of	
  the	
  

PMT(miKgated	
  by	
  Hamamatsu	
  new	
  design)	
  	
  

17	
  Kming	
  ships	
  	
  



R&D	
  Winston	
  Cones	
  
	
  

18	
  

Concerns	
  
•  Risk	
  of	
  DegradaKon	
  in	
  water	
  volume	
  
•  Light	
  Cones	
  limit	
  the	
  PMT	
  field	
  of	
  view	
  
•  Light	
  CollecKon	
  posiKon	
  dependent,	
  may	
  affect	
  the	
  

FV	
  definiKon	
  and	
  	
  event	
  reconstrucKon	
  

Advantages	
  
•  Reduce	
  #	
  PMTs	
  (costs)	
  without	
  reducing	
  

the	
  amount	
  of	
  collected	
  light	
  
•  Winston	
  Cone	
  ~50$	
  PMT	
  ~3000$	
  
•  Already	
  successfully	
  used	
  in	
  other	
  

experiments	
  (SNO,	
  Borexino-­‐CTF),	
  also	
  
being	
  considered	
  for	
  LENA	
  

Winston	
   Winston	
   Ellipsoidal	
  
S.	
  Perasso,	
  J.	
  Maricic,	
  C.	
  Lane	
  	
  
Drexel	
  University,	
  University	
  of	
  Hawaii	
  

40%	
  improvement	
  goal	
  



•  Square	
  plates	
  have	
  been	
  used	
  in	
  
IMB	
  and	
  in	
  the	
  outer-­‐veto	
  of	
  
Super-­‐K	
  

•  R&D	
  at	
  Colorado	
  State	
  University	
  
with	
  the	
  goal	
  of	
  reaching	
  an	
  
increase	
  of	
  40%	
  in	
  light	
  collecKon	
  

•  Thesis	
  and	
  publicaKon	
  are	
  
upcoming	
  

R&D	
  wavelength	
  shiper	
  Plates	
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William	
  Johnston	
  and	
  Norm	
  Buchanan	
  	
  
Colorado	
  State	
  University	
  

40%	
  improvement	
  goal	
  



Large-­‐Area	
  Picosecond	
  Photo-­‐Detectors	
  
On	
  wish-­‐list	
  

•  Fast	
  Kming	
  (in	
  the	
  range	
  of	
  30–100	
  ps	
  
rather	
  than	
  the	
  2	
  ns	
  typical	
  for	
  large	
  
PMTs).	
  	
  

•  High	
  spaKal	
  resoluKon	
  (<	
  5	
  mm	
  versus	
  
25–50	
  cm	
  typical	
  of	
  standard	
  PMTs).	
  

•  Imaging	
  detector	
  rather	
  than	
  single	
  
pixel	
  (PMT)	
  	
  

•  Smaller	
  magneKc	
  field	
  effects.	
  No	
  
magneKc	
  compensaKon	
  system	
  
necessary.	
  	
  

•  Possibility	
  of	
  π0’s	
  background	
  
suppression	
  for	
  GeV	
  scale	
  interacKons	
  
by	
  gamma	
  separaKon	
  in	
  both	
  space	
  and	
  
Kme	
  	
  

•  CommercializaKon	
  efforts	
  are	
  ongoing	
  
20	
  M.	
  Wetstein	
  (UChicago/ANL)	
  

h_p://psec.uchicago.edu/	
  



Light	
  output	
  improvements	
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InvesKgaKng	
  water-­‐based	
  liquid	
  
scinKllaKon	
  wbLS	
  

•  Goals/challenges	
  :	
  	
  
	
  

–  measure	
  below	
  Cherenkov	
  threshold	
  
–  keep	
  track	
  informaKon	
  

–  Improve	
  energy	
  resoluKon	
  
	
  

22	
  

•  Ongoing	
  research	
  in	
  mixing	
  oil	
  and	
  water.	
  	
  
Surfactant	
  is	
  necessary	
  to	
  emulsify	
  (or	
  
aggregate)	
  organic	
  liquid	
  scinKllator	
  into	
  the	
  
water	
  solvent.	
  	
  

	
  

•  Surfactant:	
  Linear	
  Alkylbenzene	
  Sulfonic	
  acid	
  
(LAS)	
  used	
  

•  A	
  stable,	
  first-­‐generaKon,	
  WbLS	
  with	
  
sufficient	
  scinKllaKon	
  light	
  has	
  been	
  
developed	
  at	
  BNL	
  	
  

	
  
	
  
Benefits	
  of	
  and	
  progress	
  towards	
  massive	
  water-­‐based	
  liquid	
  scin9llator	
  detectors,	
  
David	
  E.	
  Jaffe,	
  HYPER-­‐K,	
  22-­‐23	
  August	
  2012	
  	
  



What	
  wbLS	
  can	
  do	
  for	
  proton	
  decay	
  
proton	
  decay	
  K	
  mode	
  tagging	
  

	
  
	
  
Benefits	
  of	
  and	
  progress	
  towards	
  massive	
  water-­‐based	
  liquid	
  
scin9llator	
  detectors,	
  David	
  E.	
  Jaffe,	
  HYPER-­‐K,	
  22-­‐23	
  August	
  2012	
  	
  

	
  
	
  

no	
  Cherenkov	
  ring	
   μ	
  ring	
   e	
  ring	
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Turning	
  on	
  the	
  Water	
  LS	
  	
  
	
  

	
  
	
  
Benefits	
  of	
  and	
  progress	
  towards	
  massive	
  water-­‐based	
  liquid	
  scin9llator	
  detectors,	
  David	
  E.	
  Jaffe,	
  
HYPER-­‐K,	
  22-­‐23	
  August	
  2012	
  	
  

FAST	
  TIME	
  CONSTANT	
  =	
  3.8	
  ns	
  
SLOW	
  TIME	
  CONSTANT	
  =	
  10.0	
  ns	
  
1	
  kton,	
  40%	
  coverage,	
  HQE	
  

90.	
  photons/MeV	
  

no	
  scin&lla&on	
  

H	
  

Gd	
  

WATCHMAN	
  MC	
  

24	
  

•  Impact	
  on	
  proton	
  decay	
  sensiKvity	
  

•  Impact	
  on	
  neutron	
  detecKon	
  
efficiency	
  



Conclusion	
  and	
  Final	
  thoughts	
  	
  
	
  

•  Light	
  a`enuaKon	
  studies	
  and	
  material	
  tesKng	
  are	
  needed	
  for	
  both	
  Gd	
  or	
  
water-­‐base	
  liquid	
  scinKllator,	
  but	
  offer	
  promising	
  iniKal	
  results	
  

•  When/if	
  megaton	
  detectors	
  are	
  built,	
  there	
  a	
  many	
  possible	
  improvements	
  
that	
  should	
  be	
  considered	
  to	
  increase	
  light	
  collecKon	
  and	
  lower	
  overall	
  cost	
  

•  Original	
  water	
  detector	
  were	
  created	
  to	
  measure	
  proton	
  decay,	
  they	
  have	
  
instead	
  had	
  incalculable	
  impacts	
  on	
  neutrino	
  oscillaKons:	
  

–  The	
  future	
  ``interesKng’’	
  physic	
  topics	
  can	
  change,	
  neutron	
  detecKon	
  is	
  
key	
  in	
  increasing	
  discovery	
  potenKal	
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