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Advantages	
  
•  Excellent	
  m/e	
  separa3on	
  and	
  inherent	
  track	
  
direc3onality	
  

•  	
  Light	
  nucleus	
  and	
  11%	
  free	
  protons	
  by	
  mass	
  

•  Highly	
  versa3le:	
  low	
  background,	
  low	
  energy	
  
threshold,	
  and	
  very	
  fast	
  –	
  everything	
  from	
  
reactor	
  neutrinos	
  to	
  accelerator	
  and	
  UHE	
  
neutrinos	
  

•  	
  Photosensor	
  R&D	
  has	
  direct	
  social	
  benefits	
  due	
  
to	
  widespread	
  applica3on	
  in	
  medicine	
  and	
  
industry	
  

•  	
  Many	
  new	
  experiments	
  proposed	
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CHIPS	


Hyper-Kamiokande



WATCHMAN 



Hyper-­‐Kamiokande	
  Megaton	
  Scale	
  
Water	
  Cherenkov	
  Detector	
  	
  

M.Shiozawa	
  



100kton	
  detector	
  deployed	
  in	
  
NuMI	
  and/or	
  LBNE	
  beam	
  in	
  
shallow	
  water	
  site.	
  See	
  recent	
  
FNAL	
  PAC	
  presentaRon	
  for	
  
full	
  physics	
  case	
  





WATer	
  CHernkov	
  Monitoring	
  
of	
  AnR-­‐Neutrinos	
  

Proposed	
  1kton	
  detector	
  
	
  to	
  demonstrate	
  detecRon	
  
of	
  reactor	
  anR-­‐neutrinos	
  
with	
  gadolinium-­‐doped	
  water	
  



Watchman	
  Detector	
  •  	
  3	
  kiloton	
  (1	
  kiloton	
  fiducial)	
  
free-­‐standing	
  water	
  tank	
  
mounted	
  on	
  concrete	
  
foundaRon	
  in	
  exisRng	
  IMB	
  
cavern.	
  

•  	
  6000	
  11"	
  or	
  5000	
  12"	
  HQE	
  
PMT's	
  mounted	
  around	
  the	
  
surface,	
  giving	
  about	
  50%	
  
more	
  light	
  collecRon	
  than	
  
Super-­‐Kamiokande	
  

•  	
  AcRve	
  Veto	
  	
  
•  	
  CompaRble	
  with	
  pure	
  water,	
  

water+Gd,	
  or	
  WbLS	
  fill	
  



ExisRng	
  underground	
  lab	
  only	
  13	
  km	
  from	
  commercial	
  
nuclear	
  reactor	
  

9	
  

	
  Reactor	
  Loca3on	
   Perry	
  Ohio	
  
Thermal	
  Power	
   3875	
  MWt	
  

Detector	
  Loca3on	
  	
   Morton	
  Salt/IMB	
  mine	
  (!)	
  
	
  Painesville,	
  Ohio	
  

Standoff	
  	
   13	
  km	
  -­‐	
  the	
  only	
  reactor	
  in	
  the	
  
US	
  at	
  a	
  suitable	
  distance	
  from	
  

a	
  deep	
  mine	
  	
  
Overburden	
   1670	
  mwe	
  
Approval	
  status	
   Morton	
  Salt	
  has	
  approved	
  

installaRon	
  –	
  assuming	
  cost-­‐
neutral	
  and	
  no	
  disrupRon	
  to	
  

mining	
  acRviRes	
  

IMB	
  detector	
  was	
  world's	
  first	
  large	
  water	
  
Cherenkov	
  detector	
  (8	
  ktons).	
  

Detector	
  removed	
  in	
  1992	
  but	
  underground	
  
site	
  is	
  sRll	
  in	
  good	
  condiRon.	
  EssenRally	
  	
  
ready	
  for	
  immediate	
  use.	
  



WATCHMAN	
  is	
  also	
  a	
  potenRal	
  site	
  for	
  ISODAR,	
  an	
  experiment	
  
that	
  would	
  use	
  a	
  60	
  MeV	
  compact	
  cyclotron	
  to	
  produce	
  a	
  8-­‐Li	
  
beta	
  source.	
  See	
  arXiv:1245.4419	
  for	
  full	
  physics	
  case	
  



R&D	
  OpportuniRes	
  



Atmospheric Neutrino Neutron 
Interaction Experiment 

By	
  coincidence,	
  the	
  Booster	
  beam	
  
	
  has	
  an	
  energy	
  spectrum	
  very	
  similar	
  
to	
  atmospheric	
  neutrinos.	
  This	
  can	
  
be	
  used	
  to	
  study	
  backgrounds	
  for	
  
proton	
  decay.	
  ANNIE	
  Hall	
  



M.Wetstein	
  and	
  M.Sanchez	
  



See	
  Mal	
  Wetstein's	
  PAC	
  talk	
  for	
  complete	
  physics	
  case	
  









Other	
  Photosensor	
  R&D	
  

•  	
  Ultra-­‐high	
  quantum	
  efficiency	
  PMT's	
  
•  	
  Low-­‐cost	
  11-­‐inch	
  PMT's	
  

•  	
  Hybrid	
  Phototubes	
  
•  	
  Light	
  collectors	
  



New	
  PMT's	
  
•  	
  Ultra-­‐High	
  Quantum	
  Efficiency	
  tubes	
  now	
  a	
  
reality.	
  For	
  Cherenkov	
  spectra,	
  these	
  are	
  a	
  
factor	
  of	
  1.6	
  beQer	
  per	
  cm2	
  than	
  the	
  exisRng	
  
Super-­‐K	
  20	
  inch	
  PMTs	
  

•  	
  Hamamatsu	
  markets	
  10	
  inch	
  and	
  12	
  inch	
  
versions	
  for	
  LBNE	
  and	
  HK.	
  Developing	
  20-­‐inch	
  
version	
  

•  	
  ADIT/ETEL	
  developing	
  11-­‐inch	
  version	
  with	
  first	
  
prototypes	
  delivered	
  this	
  summer	
  for	
  
WATCHMAN	
  and	
  HK.	
  Goal	
  is	
  semi-­‐automated	
  
mass	
  producRon	
  leading	
  to	
  lower	
  costs.	
  



Nakayama,	
  4th	
  HK	
  Workshop	
  



Nakayama,	
  4th	
  HK	
  Workshop	
  



Nakayama,	
  4th	
  HK	
  Workshop	
  



Nakayama,	
  4th	
  HK	
  Workshop	
  



X.Li,	
  Cygnus2013	
  



J.M.PouRssou,	
  4th	
  HK	
  Workshop	
  





New	
  Large	
  ScinRllator	
  
Experiments	
  

JUNO	
   RENO-­‐50	
   WATCHMAN	
  
Wb-­‐LS	
  



Water-­‐based	
  Liquid	
  ScinRllator	
  
(WbLS)	
  

•  	
  Development	
  of	
  a	
  
stable,	
  opRcally	
  clear	
  
soluRon	
  of	
  LAB	
  based	
  LS	
  
and	
  water	
  at	
  
Brookhaven	
  is	
  ready	
  for	
  
larger	
  scale	
  test	
  

•  	
  WATCHMAN	
  may	
  do	
  
this	
  aoer	
  iniRal	
  reactor	
  
measurement	
  

•  	
  Impact	
  on	
  proton	
  decay	
  
with	
  kaons	
  



•  Čerenkov	
  dominates	
  at	
  2GeV	
  while	
  scin6lla6on	
  takes	
  over	
  at	
  475MeV	
  and	
  below	
  	
  

•  Minimal	
  Čerenkov	
  contribu6on	
  at	
  475MeV	
  –	
  can	
  use	
  the	
  data	
  at	
  this	
  energy	
  for	
  
WbLS	
  to	
  LS	
  comparison	
  

•  Note	
  that	
  LS	
  sample	
  response	
  is	
  divided	
  by	
  30	
  to	
  fit	
  on	
  the	
  same	
  scale	
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  PE/MeV	
  

Minfang	
  for	
  MLF	
  

0%	
  WbLS	
  
0.1	
  %	
  WbLS	
  
1%	
  WbLS	
  
LS	
   Even	
  with	
  1%	
  WbLS	
  

kaons	
  from	
  proton	
  
decay	
  would	
  be	
  
easily	
  visible	
  



WbLS	
  can	
  improve	
  sensiRvity	
  to	
  p-­‐>νK+	
  by	
  factor	
  of	
  four!	
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Kaon: 105 MeV -> 213 PE


Muon: 152 MeV -> 753 PE




Tanks!	
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  Slides	
  



ANNIE	
  Goal:	
  Measure	
  neutron	
  yield	
  as	
  a	
  funcRon	
  of	
  Q2	
  in	
  
the	
  energy	
  range	
  of	
  atmospheric	
  neutrinos.	
  

R.Svoboda,	
  P5,	
  3	
  November,	
  2013	
  

-­‐	
  Can	
  neutron	
  tagging	
  be	
  used	
  to	
  reject	
  backgrounds	
  for	
  proton	
  
decay	
  and	
  detecRon	
  of	
  cosmological	
  supernova	
  neutrinos?	
  

Rate/ton/1020	
  POT	
  at	
  ANNIE	
  
~	
  50	
  events/day	
  in	
  the	
  4	
  ton	
  
	
  	
  target.	
  



WATCHMAN	
  Science	
  
! SensiRvity	
  to	
  Galac3c	
  Supernova.	
  Would	
  have	
  neutron	
  
tagging	
  capability.	
  

! 	
  PotenRal	
  site	
  for	
  IsoDAR	
  Sterile	
  Neutrino	
  search	
  and	
  
Electroweak	
  measurements	
  

! SensiRve	
  to	
  direct,	
  unambiguous	
  detecRon	
  of	
  kaons	
  
from	
  SUSY	
  Proton	
  Decay	
  p!νK+.	
  	
  (Needs	
  WbLS	
  fill)	
  

34	
  



Georg	
  Raffelt,	
  MPI	
  Physics,	
  Munich	
   ISOUPS,	
  Asilomar,	
  24–27	
  May	
  2013	
  

Underground	
  Detectors	
  for	
  Supernova	
  Neutrinos	
  

In	
  brackets	
  events	
  
for	
  a	
  “fiducial	
  SN”	
  
at	
  distance	
  10	
  kpc	
  

~50%	
  chance	
  of	
  Type-­‐II	
  SN	
  occurring	
  in	
  next	
  15	
  years.	
  
	
  WATCHMAN	
  could	
  be	
  a	
  water	
  detector	
  with	
  neutron	
  
	
  tagging	
  capability.	
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E.Kearns,	
  ISOUP	
  2013	
  

KAON	
  IS	
  INVISIBLE!	
  

Hyper-­‐K	
  PMT	
  coverage	
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Technique	
  first	
  invented	
  
by	
  R.Svoboda	
  (TAUP	
  2003)	
  

Only	
  a	
  small	
  
amount	
  of	
  WbLS	
  
is	
  needed	
  to	
  see	
  
the	
  105	
  MeV	
  K+	
  	
  



p!νK+	
  in	
  WATCHMAN	
  

•  	
  This	
  technique	
  can	
  be	
  tried	
  in	
  the	
  WbLS	
  
phase.	
  If	
  successful,	
  it	
  could	
  be	
  used	
  in	
  Super-­‐
Kamiokande	
  –	
  making	
  it	
  ~5	
  Rmes	
  more	
  
efficient	
  for	
  this	
  SUSY	
  mode,	
  equivalent	
  to	
  that	
  
expected	
  for	
  LAR	
  TPC's	
  

•  	
  By	
  itself,	
  aoer	
  five	
  years	
  in	
  WbLS	
  phase,	
  
WATCHMAN	
  would	
  achieve	
  ~5x1032	
  years	
  
using	
  direct	
  K+	
  detec6on.	
  Only	
  Frejus	
  and	
  
Soudan	
  II	
  had	
  this	
  capability.	
  

R.Svoboda,	
  21	
  October	
  2013	
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WATCHMAN	
  compe33ve	
  with	
  other	
  direct	
  K+	
  detec3on	
  experiments	
  

WATCHMAN	
  



P"	
  e+π0	
  in	
  Water	
  Cherenkov	
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0.260	
  	
  Mton-­‐years	
  exposure	
  (M.Shiozawa,	
  TAUP2013)	
  

…but	
  expected	
  atmospheric	
  neutrino	
  background	
  is	
  0.7	
  events	
  
	
  measurements	
  done	
  by	
  the	
  K2K	
  experiment.	
  	
  
This	
  mode	
  will	
  be	
  background	
  limited	
  in	
  future	
  detectors.	
  

Atmospheric	
  	
  
Neutrino	
  
Background	
  

SIGNAL	
  



Note:	
  Proton	
  Decay	
  in	
  water	
  makes	
  No	
  Neutrons	
  

•  	
  2/10	
  of	
  protons	
  are	
  free	
  protons.	
  No	
  neutrons.	
  
•  	
  2/10	
  of	
  protons	
  are	
  in	
  P1/2	
  shell.	
  If	
  they	
  decay	
  nucleus	
  is	
  
already	
  in	
  the	
  ground	
  state.	
  No	
  neutrons	
  	
  

•  	
  4/10	
  of	
  protons	
  are	
  in	
  P3/2	
  shell.	
  If	
  they	
  decay	
  then	
  a	
  
P1/2	
  proton	
  will	
  drop	
  down,	
  giving	
  a	
  6	
  MeV	
  gamma.	
  No	
  
neutrons.	
  	
  

•  	
  ~80%	
  of	
  proton	
  decays	
  should	
  give	
  neutrons	
  only	
  
indirectly	
  from	
  FSI.	
  Detailed	
  calculaRon	
  gives	
  81%	
  (Eijiri,	
  
PRC	
  48,	
  1993)	
  

•  	
  ATMOSPHERIC	
  NEUTRINO	
  EVENTS	
  THAT	
  MIMIC	
  
PROTON	
  DECAY	
  CAN	
  BE	
  REJECTED	
  BY	
  NEUTRON	
  
TAGGING	
  



	
  How	
  many	
  atmospheric	
  
neutrino	
  background	
  events	
  
will	
  have	
  one	
  or	
  more	
  
neutrons,	
  either	
  from	
  iniRal	
  
interacRon,	
  FSI	
  in	
  nucleus,	
  
or	
  nuclear	
  de-­‐excitaRon?	
  

•  WATCHMAN	
  will	
  have	
  
80-­‐100%	
  capture	
  efficiency	
  
and	
  significant	
  atmospheric	
  
neutrino	
  rate	
  (~100/year)	
  
and	
  can	
  be	
  used	
  to	
  validate	
  
this	
  background	
  rejec3on	
  
method.	
  	
  

Atmospheric	
  neutrinos	
  do	
  
make	
  neutrons!	
  

SK	
  has	
  ~20%	
  efficiency	
  for	
  detecRng	
  
neutron	
  capture	
  in	
  pure	
  water.	
  NOT	
  GOOD	
  
ENOUGH	
  FOR	
  PROTON	
  DECAY	
  SEARCH	
  



Effects	
  of	
  Atmospheric	
  Neutrino	
  
Background	
  Rejec3on	
  on	
  p!e+π0	
  sensi3vity	
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Super-­‐K	
  
with	
  background	
  

0.5	
  Megaton	
  
with	
  background	
  

0.5	
  Megaton	
  
with	
  neutron	
  tagging	
  
(rejects	
  90%	
  of	
  atmospheric	
  
	
  neutrinos)	
  

year	
  


