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Our breakthroughs in Neutrino Physics 
were enabled by the invention of large 

optical detectors �
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Large	  size	  for	  cost,	  fast	  <ming	  for	  background	  reduc<on,	  
low	  threshold,	  reconfigurable	  as	  the	  field	  progressed	  



The New Challenges 

•  	  Determina2on	  of	  the	  mass	  ordering	  
•  	  0νββ	  sensi2vity	  well	  into	  NH	  region	  
•  	  Resolu2on	  of	  the	  "new"	  solar	  neutrino	  problem	  

•  	  Detec2on	  of	  CNO	  neutrinos	  from	  the	  sun	  

•  	  Detec2on	  of	  diffuse	  supernova	  neutrinos	  
•  	  Precision	  measurement	  of	  CP	  viola2on	  

•  	  Geo-‐ν	  in	  both	  oceanic	  and	  con2nental	  loca2ons	  
•  	  Explore	  new	  ideas	  on	  baryon	  number	  viola2on	  
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Water	  Cherenkov	  

Liquid	  Scin4llator	  

• 	  Excellent	  Transparency	  
• 	  large	  size	  

• 	  Direc<onality	  
• 	  Par<cle	  ID	  
• 	  Poten<al	  for	  large	  Isotopic	  Loading	  

• 	  High	  Light	  Yield	  
• 	  low	  threshold	  
• 	  good	  energy	  resolu<on	  

• 	  Can	  be	  radiologically	  very	  clean	  



Could	  we	  make	  a	  Hybrid	  Detector?	  

•  	  Use	  LS	  mixed	  with	  oil	  or	  Water-‐based	  Liquid	  	  	  	  	  
Scin<llator	  (WbLS)	  to	  adjust	  light	  yield	  and	  
transparency	  

•  	  Direc<onality	  via	  fast	  <ming	  to	  separate	  
Cherenkov	  and	  Scin<lla<on	  light	  

•  	  Deep	  loca<on	  to	  enable	  a	  broad	  program	  
•  	  Reconfigurable	  design:	  "follow	  the	  physics"	  
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Advanced Scintillation Detector 
Concept (ASDC) 
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arXiv:1409.5864	  

Fast timing and high 
efficiency photosensors 

New methods for loading 
liquid scintillator and for 
mixing with water 



Advanced Scintillation Detector 
Concept (ASDC) 
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arXiv:1409.5864	  

Neutron tagging 
 by gadolinium 
 capture 

Neutrino sign  
selection via neutron 
tagging and precision 
reconstruction 

EGADS	  
ANNIE	  
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THEIA	  Concept	  

46	  m	  

46
	  m

	  

arXiv:1409.5864	  

• 	  50	  kilotons	  fiducial	  
• 	  Deep	  depth	  (>4000	  mwe)	  
• 	  Fast	  2ming,	  high	  efficiency	  

photosensors,	  high	  coverage	  
• 	  Isotopic	  loading,	  possibly	  with	  

a	  balloon	  to	  avoid	  "was<ng"	  
isotope	  and	  to	  achieve	  long	  
abenua<on	  lengths	  

• 	  Reconfigurable,	  capable	  of	  
economically	  for	  long	  periods	  
to	  have	  a	  broad	  program	  

possible	  mul<-‐kiloton	  
scale	  inner	  vessel	  



Micelle	  sequestering	  of	  LS	  in	  water	  
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~1
0	  
nm

	  

LS	  

surfactant	  
molecules	  

Liquid	  Scin<llator	  (LS)	  forms	  small	  
(~10	  nm	  scale)	  droplets	  called	  
micelles	  in	  water	  that	  are	  stabilized	  by	  
surfactant	  molecules	  with	  a	  hydrophilic	  
head	  and	  hydrophobic	  tail.	  Micelles	  
form	  under	  controlled	  chemical	  
condi<ons	  and	  are	  shown	  to	  be	  stable	  
over	  year	  <me	  scales.	  

Can	  adjust	  scin<lla<on	  yield	  by	  
changing	  micelle	  concentra<on.	  

see	  M.Yeh	  talk	  Parallel	  1	  session	  



Dilu<on	  of	  WbLS	  in	  
water	  allows	  	  for	  

tuning	  light	  yield	  to	  
match	  the	  physics.	  

WbLS	  cocktail	  in	  water	  
(violet)	  and	  cyclohexane	  
(blue)	  	  

(see	  M.Yeh	  talk	  Parallel	  1	  
session)	  
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WbLS	  Concentra<on	  Tuned	  to	  
Physics	  Needs	  

Double	  Beta	  Decay	  

	  Prot
on	  D

ecay
	  

Galac<c	  SN	  burst	  

           WbLS 
Concentration 

Geo-‐
neutr

inos	  

A	  single	  facility	  could	  have	  a	  high	  discovery	  poten<al	  and	  
	  a	  very	  long	  useful	  life	  due	  to	  flexibility	  and	  broad	  program	  

Sterile	  Neutrinos	  

Note:	  an	  es<mate	  only!	  
11	  
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0νββ	  Sensi<vity	  
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SNO+	  5	  years	  0.5%	  natTe	  
mββ	  =	  200	  meV	  

Solar	  neutrinos	  are	  expected	  
to	  be	  the	  dominant	  background	  

THEIA:	  	  
• 	  3	  %	  natTe	  loading	  
• 	  5.5	  m	  FV	  cut	  (300	  tons	  130Te)	  
• 	  50%	  of	  8-‐B	  solar	  ν	  removed	  by	  a	  
direc<onal	  cut	  	  

arXiv:1409.5864	  

Use	  of	  balloon,	  enrichment,	  
and	  higher	  loadings	  under	  study	  

SNO+	  



Solar	  Neutrino	  Sensi<vity	  	  

R.Svoboda,	  NNN	  2016	   15	  courtesy	  G.	  Orebi	  Gann	  



Nucleon	  Decay:	  n!3ν	  
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Type	  of	  decay	  associated	  with	  Large	  
Extra	  Dimension	  (LED)	  theories.	  
These	  postulate	  100-‐1000	  TeV	  
scale	  gravity	  rather	  than	  Mplanck	  

CURRENT:	  
KamLAND:	  5.8x1029	  years	  
SNO:	  2x1029	  years	  

FUTURE:	  
SNO+:	  4-‐8x1029	  years	  

16O	  has	  1p	  decay,	  12C	  does	  not	  

Deep	  depth	  and	  WbLS	  would	  
allow	  THEIA	  to	  improve	  these	  
by	  3	  orders	  of	  magnitude	  



CP	  Viola<on	  
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In	  that	  case	  50	  kton	  THEIA	  gives	  
	  similar	  sensi2vity	  to	  20	  ktons	  
	  of	  DUNE	  

SK	  has	  improved	  their	  analysis	  
such	  that	  the	  NC	  background	  in	  
T2K	  beam	  is	  reduced	  to	  31%	  of	  
previous	  value.	  

LBNF	  has	  also	  made	  significant	  
progress	  in	  making	  the	  on-‐axis	  
beam	  have	  higher	  flux	  at	  lower	  
energy.	  

Assume	  that	  with	  improved	  <ming	  
and	  light	  collec<on	  NC	  could	  be	  
reduced	  to	  the	  25%	  level.	  
E.Worcester,	  FroST-‐I,	  FNAL	  2016	  
M.Wilking,	  FroST-‐II,	  Mainz	  2016	  



CP	  Viola<on	  
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Need	  more	  work	  to	  show	  that	  
WbLS	  does	  not	  diminish	  NC	  
suppression	  and	  also	  to	  look	  
at	  nu/ant-‐nu	  tagging	  

SK	  has	  improved	  their	  analysis	  
such	  that	  the	  NC	  background	  in	  
T2K	  beam	  is	  reduced	  to	  31%	  of	  
previous	  value.	  

LBNF	  has	  also	  made	  significant	  
progress	  in	  making	  the	  on-‐axis	  
beam	  have	  higher	  flux	  at	  lower	  
energy.	  

Assume	  that	  with	  improved	  <ming	  
and	  light	  collec<on	  NC	  could	  be	  
reduced	  to	  the	  25%	  level.	  
E.Worcester,	  FroST-‐I,	  FNAL	  2016	  
M.Wilking,	  FroST-‐II,	  Mainz	  2016	  

Effects	  of	  NC	  reduc<on	  
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Recent	  Progress	  	  
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•  	  See	  parallel	  session	  talk	  	  	  	  
	  on	  WbLS	  and	  LAPPD	  	  
development	  

•  WbLS	  purifica<on	  progress	  

•  	  Cherenkov/Scin<lla<on	  
light	  separa<on	  

•  	  ANNIE	  experiment	  

•  	  Possible	  site	  at	  LBNF	  
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Experience	  with	  SK	  is	  
that	  water	  must	  be	  
recirculated	  to	  maintain	  
transparency.	  

This	  is	  likely	  due	  to	  SS	  tank	  

How	  to	  recirculate	  WbLS?	  	  

Cannot	  use	  EGADS	  system	  
on	  WbLS	  as	  the	  molecules	  
of	  the	  organic	  component	  
are	  non-‐polar	  and	  do	  not	  
pass	  through.	  	  

*	  W.	  Coleman,	  A.	  Bernstein,	  S.	  Dazeley,	  
	  R.	  Svoboda,	  NIM	  A	  595	  339	  (2008)	  
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Nanofiltra2on	  is	  used	  by	  the	  food	  industry	  and	  
by	  industries	  concerned	  with	  environmental	  
pollu<on	  caused	  by	  trace	  amounts	  of	  oil	  in	  water	  
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Using	  NF	  one	  could	  try	  and	  	  separate	  the	  
organic	  and	  water	  stream,	  purify	  the	  water	  
stream,	  then	  remix.	  

THEIA	  recircula<on	  concept	  
R.Svoboda,	  NNN	  2016	  



There	  are	  many	  considera2ons	  
•  	  Iden<fica<on	  of	  appropriate	  Molecular	  
Weight	  CutOff	  (MWCO)	  hydrophilic	  materials	  
to	  use	  for	  filters	  to	  avoid	  surface	  fouling	  and	  
concentra2on	  satura2on	  effects	  

•  	  Op2mal	  temperature	  and	  pressure	  to	  yield	  
sufficient	  flow	  rate	  but	  significant	  rejec<on	  

•  	  Passage	  of	  ionic	  contaminants	  through	  the	  
system	  for	  later	  removal	  by	  deioniza<on	  

•  	  Micelle	  forma<on	  and	  disrup2on	  effects	  
25	  R.Svoboda,	  NNN	  2016	  
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	  	  	  	  	  1%	  WbLS	  before	  NF	  	  	  	  	  

	  	  	  	  	  1%	  WbLS	  aser	  re-‐mix	  	  	  	  	  

New!	  Test	  Results	  for	  Snyder	  NFW	  Polymide	  	  	  	  
	   	  	   	  (300-‐500	  MWCO).	  	  

Free	  surfactant.	  Need	  2nd	  stage?	  

Flow	  rate	  
sufficient	  	  
for	  THEIA	  
using	  a	  
commercial	  
system.	  



G.	  Orebi	  Gann,	  FroST-‐II	  	  2016	  
27	  
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Data	  well	  fit	  
by	  RAT-‐PAC	  MC	  

TIME	  

TIME	  

CHARGE	  

CHARGE	  
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Note	  the	  
wider	  ring	  
for	  LAB	  as	  
compared	  	  
to	  water	  

TIME	  

TIME	  

CHARGE	  

CHARGE	  
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TIME	   TIME	  



Successful	  C/LS	  separa2on!	  	  

R.Svoboda,	  NNN	  2016	   32	  

arXiv:1610.02011	  
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• 	  Neutron	  yield	  as	  a	  func<on	  of	  q2	  
• 	  Test	  of	  fast	  <ming	  vertex	  

	  reconstruc<on	  
• 	  Neutrino	  sign	  selec<on?	  (new	  idea)	  	  

ANNIE	  
Accelerator	  Neutrino	  Neutron	  	  
	  	  	  Interac<on	  Experiment	  



ANNIE	  Run	  1	  in	  progress	  
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ANNIE	  Status	  

•  	  Run	  1a	  complete	  
(neutron	  background)	  

•  	  Run	  1b	  star2ng	  (fast	  
2ming	  test).	  	  

•  	  Run	  2	  addi<onal	  PMT's	  
(in	  hand),	  refurbished	  
MRD,	  ~10	  LAPPD	  

R.Svoboda,	  NNN	  2016	   35	  

See	  talks	  at	  FroST-‐II	  Mainz,	  October	  2016	  
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Two	  proposed	  
sites	  at	  LBNF	  
4200	  m.w.e.	  



THEIA	  proto-‐collabora2on	  

38	  

Decided	  to	  form	  proto-‐collabora<on	  to	  
coordinate	  R&D	  on	  interna<onal	  scale:	  
Canada,	  China,	  Finland,	  Germany,	  Portugal,	  
UK,	  USA	  thus	  far	  

March	  2016	  

October	  2016	  

Next	  mee<ng	  mid-‐March	  2017	  at	  DESY	  
	  	  All	  are	  welcome!	  	  



Summary	  
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•  	  Advances	  in	  LS	  technology	  and	  
photosensors	  make	  possible	  a	  hybrid	  
WC/LS	  detector	  that	  could	  be	  located	  
deep	  underground	  at	  the	  LBNF,	  now	  
being	  built	  

•  	  Very	  broad	  and	  flexible	  physics	  program	  
at	  deep	  (4200	  mwe)	  and	  remote	  (from	  
reactors)	  site	  that	  will	  also	  have	  a	  
powerful	  neutrino	  beam.	  

•  	  Very	  ac<ve	  and	  ambi<ous	  R&D	  program	  

•  Interna<onal	  collabora<on	  forming	  now,	  
new	  members	  welcome	  



Backup	  
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Can	  one	  tell	  neutrinos	  from	  an2-‐neutrinos	  
by	  looking	  at	  neutrons?	  

R.Svoboda,	  NNN	  2016	   41	  
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Can	  one	  tell	  neutrinos	  from	  an2-‐neutrinos	  
by	  looking	  at	  neutrons?	  
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Can	  one	  tell	  neutrinos	  from	  an2-‐neutrinos	  
by	  looking	  at	  neutrons?	  
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captures	  10's	  
	  of	  cm	  away	  
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"Op<mism	  and	  
Stupidity	  are	  nearly	  

synonymous"	  

Hyman	  Rickover	  



R.Svoboda,	  NNN	  2016	   47	  



wavelength (nm)
200 300 400 500 600 700

ab
so

rp
tio

n

0

0.5

1

1.5

2

2.5

3

3.5

4

PRS calibration

permeate
1% PRS
0.1% PRS
0.01% PRS

R.Svoboda,	  NNN	  2016	   48	  

What	  is	  making	  it	  through	  the	  NF?	  

Thus	  indica<ons	  are	  that	  some	  free	  
	  surfactant	  (~0.1%)	  can	  get	  through	  
	  Snyder	  NFW	  

Need	  Second	  Stage?	  

=Linear	  Alkyl	  Sulfonate	  



Adding	  ppb	  levels	  of	  FeCl3	  reproduces	  this	  effect	  

Cannot	  use	  EGADS	  system	  on	  WbLS	  as	  the	  molecules	  of	  
the	  organic	  component	  are	  non-‐polar	  and	  do	  not	  pass	  
through.	  	  

49	  R.Svoboda,	  NNN	  2016	  
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Scale	  up	  to	  commercially	  available	  facility	  would	  
mean	  about	  1	  kton	  per	  day.	  This	  is	  feasible	  	  
for	  THEIA!	  



Next	  Steps	  

•  	  Try	  second	  stage	  "<ght"	  filter	  on	  permeate	  to	  
remove	  free	  surfactant	  

•  	  Test	  with	  ionic	  contaminants	  (E.g.	  iron	  ions)	  to	  
see	  that	  they	  make	  it	  through	  both	  stages	  

•  	  Test	  that	  light	  yield	  if	  not	  affected	  by	  this	  
process	  

•  	  Temperature	  and	  pressure	  op<miza<on	  

•  	  Scale	  up	  to	  prototype	  (ANNIE?)	  
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Material	  Compa<bility	  
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Feed	  flow	  rates	  and	  
rejec<on	  depend	  on	  	  
temperature	  and	  flow	  
rates.	  We	  want	  high	  flow	  
rate	  but	  also	  high	  rejec<on	  
of	  organics	  



This	  type	  of	  decay	  has	  been	  associated	  with	  
theories	  with	  Large	  Extra	  Dimensions	  (LED)	  

Such	  theories	  postulate	  that	  the	  fundamental	  energy	  
scale	  of	  gravity	  is	  not	  MPlanck	  but	  rather	  is	  quite	  small	  
(M*),	  and	  the	  reason	  that	  gravity	  is	  so	  weak	  is	  due	  
to	  propaga<on	  in	  the	  "folded	  up"	  extra	  dimensions.	  

A	  challenge	  is	  to	  suppress	  proton	  decay	  by	  other	  than	  
the	  gauge	  energy	  scale	  –	  need	  to	  invoke	  	  other	  
mechanisms	  to	  do	  this	  and	  there	  are	  many	  sugges<ons,	  
some	  of	  which	  lead	  to	  this	  decay	  mode	  being	  important.	  
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This	  would	  look	  like	  an	  "invisible"	  nucleon	  decay	  inside	  
a	  nucleus	  which	  would	  leave	  an	  excited	  daughter	  and	  nothing	  
else.	  How	  to	  look	  for	  such	  decays?	  

An	  Example...	  

R.Svoboda,	  FroST,	  March	  2016	  



57	  E.Worcester,	  FroST-‐I,	  FNAL	  2016	  



R.Svoboda,	  NNN	  2016	   58	  

E.Worcester,	  FroST-‐I,	  FNAL	  2016	  



Assump<ons	  
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