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My	  first	  mee0ng	  in	  this	  series.	  	  	  

I	  have	  aWended	  every	  one	  since.	  	  	  

I	  don’t	  think	  that	  is	  par0cularly	  unusual.	  	  	  

It	  is	  easy	  to	  forget	  how	  much	  progress	  we	  have	  made,	  so	  
let	  me	  remind	  you.	  .	  .	  	  	  
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What	  we	  knew	  then.	  .	  .	  	  

What	  we	  know	  now.	  .	  .	  	  

What	  we	  hope	  to	  learn.	  .	  .	  .	  



High	  Energy	  ν	  Astronomy	  



High	  Energy	  ν	  Astronomy	  

	  
HESE-‐2	  (IC79	  +	  IC86-‐1	  +	  IC86-‐2):	  37	  events	  	  
on	  a	  background	  expecta0on	  of	  15	  
	  

IceCube	  gets	  more	  events!	  



High	  Energy	  ν	  Astronomy	  

No	  Sta0s0cally	  Significant	  
Correla0on	  to	  Anything!	  
Not	  quite	  astronomy	  yet.	  .	  .	  

ANTARES	  agrees.	  
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High	  Energy	  ν	  Astronomy	  

By	  2040	  this	  should	  be	  old	  news	  
and	  ν	  astronomy	  should	  just	  be	  
astronomy	  –	  assuming	  we	  see	  sources!	  



Supernovae	  ν	




Supernovae	  ν	


S0ll	  wai0ng.	  .	  .	  	  

.	  .	  .	  but	  not	  	  
passively.	  

We	  must	  be	  
ready!!!	  
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Supernovae	  ν	


In	  his	  summary	  talk	  to	  Neutrinos	  88,	  
Lev	  Okun	  predicted	  a	  SN	  in	  2003	  ±	  15	  years,	  
so	  in	  2040	  we	  will	  s0ll	  be	  mining	  the	  data	  
from	  SN	  2018a.	  	  	  



Kinema0c	  ν	  Mass	  Measurements	  



Kinema0c	  ν	  Mass	  Measurements	  

+TOF?	  



Kinema0c	  ν	  Mass	  Measurements	  



NEUTRINO	  2040	  
XXXIX	  Interna0onal	  Conference	  on	  	  
Neutrino	  Physics	  and	  Astrophysics	  

June	  4-‐9,	  2040,	  Boston	  U.S.N.A.	  	  

Kinema0c	  ν	  Mass	  Measurements	  

Should	  be	  long	  since	  done	  and	  	  
dusted	  by	  2040,	  but	  who	  knows	  
what	  new	  ideas	  will	  come	  along?	  



Cosmological	  ν	  

Many	  men0ons	  in	  the	  conference	  of	  	  
~25	  eV	  neutrinos	  as	  the	  Dark	  MaWer	  



Cosmological	  ν	  
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Cosmological	  ν	  

Cosmological	  data	  is	  rare	  and	  precious	  stuff	  
for	  determining	  the	  proper0es	  of	  the	  early	  Universe.	  
We	  shouldn’t	  waste	  it	  measuring	  ν	  proper0es.	  
ν	  proper0es	  should	  be	  inputs	  to	  cosmology,	  	  
not	  outputs.	  	  That	  statement	  is	  (to	  me)	  independent	  	  
of	  the	  quality	  of	  the	  cosmological	  data.	  	  	  



ββ	  decay	  



ββ	  decay	  

82Se	  2νββ	  decay	  in	  the	  Irvine	  TPC	  



ββ	  decay	  
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ββ	  decay	  

demonstrate 

0νββ	  decay?	  

Mass	  Hierarchy	  
NH	   IH	  

No	  

Yes	  

✔	  

✔	  ✔✔	  
	  

?	  

We	  would	  need	  a	  bigger	  experiment,	  so	  we	  	  
should	  make	  sure	  we	  do	  the	  R&D	  to	  be	  ready.	  



Solar	  ν	  

Many	  talks:	  Davis,	  Bahcall,	  Smirnov,	  Wolfenstein,	  Gavrin,	  Hampel,.	  .	  .	  



Solar	  ν	  
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Solar	  ν	  

Many	  reasons	  to	  try	  to	  do	  more:	  
•  Map	  out	  MSW	  transi0on.	  
•  Look	  for	  new	  physics.	  
•  See	  all	  solar	  ν	  branches.	  
	  Dedicated	  experiment?:	  



Reactor	  ν	  

The	  keen-‐eyed	  will	  
note	  that	  one	  right	  
answer	  is	  here.	  



Reactor	  ν	  
Daya	  Bay	  with	  8	  detectors,	  many	  improvements.	  .	  .	  



Reactor	  ν	  

Rate	  only	  analysis	  è	   Rate	  +	  shape	  analysis	  è	  

Semi	  -‐	  What	  is	  this?!?	  

The	  field	  benefits	  greatly	  from	  3	  exps!	  
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Reactor	  ν	  



Atmospheric	  ν 	  



Super	  K	  Atmospheric	  ν 	  



Atmospheric	  ν 	  
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Atmospheric	  ν 	  

ORCA	  
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Atmospheric	  ν 	  

ICAL@INO	  



Long	  Baseline	  ν	  Oscilla0ons	  

I	  couldn’t	  find	  a	  word	  about	  	  
doing	  a	  long-‐baseline	  experiment.	  



Long	  Baseline	  ν	  Oscilla0ons	  

The	  NO𝜈A	  Experiment	  

Osc ⌫eCC Beam Bkg Cosmic Bkg
1 yr Nominal Exposure

36.7 965 19M
Containment & quailty 24.7 106 55k
Cosmic Rejection 21.2 82.9 834
⌫e selection 13.9 6.0 0.46

40M/1	  cosmic	  rejec0on!	  



Long	  Baseline	  ν	  Oscilla0ons	  

CNGS	  



The	  T2K	  Experiment	  Long	  Baseline	  ν	  Oscilla0ons	  

νe	  appearance	  

νµ	  disappearance	  
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Long	  Baseline	  ν	  Oscilla0ons	  

The	  physics	  is	  compelling,	  
The	  ques0on	  is	  which	  to	  build?	  
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Long	  Baseline	  ν	  Oscilla0ons	  

If	  we	  want	  to	  reach	  accuracy	  in	  mixing	  parameters	  	  
comparable	  to	  the	  CKM,	  we	  will	  need	  a	  NF,	  and	  if	  
we	  want	  one	  of	  those,	  we	  must	  be	  working	  now.	  



	  ν interac0ons	  and	  hadron	  produc0on	  



ν interac0ons	  and	  hadron	  produc0on	  

We	  need	  νStorm.	  
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ν interac0ons	  and	  hadron	  produc0on	  

•  I	  think	  we	  as	  a	  community	  need	  a	  clearer	  plan	  on	  
how	  we	  are	  going	  to	  make	  progress	  here,	  and	  in	  
par0cular,	  I	  think	  we	  need	  to	  recruit	  more	  
theorists	  into	  this	  area.	  	  	  

	  



Sterile	  ν	  



Sterile	  ν	  

•  Many	  hints,	  which	  you	  just	  heard	  again.	  
•  Apologies	  to	  today’s	  speakers,	  but	  I	  am	  largely	  
going	  to	  punt	  on	  this	  one.	  

•  I	  certainly	  agree	  that	  we	  need	  to	  sort	  this	  out	  one	  
way	  or	  the	  other.	  

•  I	  certainly	  applaud	  the	  large	  degree	  of	  
complementarity	  that	  is	  appearing	  in	  the	  
programme.	  

	  



Sterile	  ν	  



Sterile	  ν	  

•  I	  do	  have	  one	  challenge	  for	  the	  theorists.	  
•  How	  are	  we	  supposed	  to	  compare	  experiments	  
when	  the	  dominant	  model	  (3+1)	  is	  already	  almost	  
ruled	  out	  by	  experiment?	  

•  Is	  there	  some	  more	  model-‐independent	  way	  to	  
compare	  different	  experiments?	  	  
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Sterile	  ν	  

•  I	  don’t	  know	  if	  it	  will	  be	  a	  rou0ne	  bit	  of	  ν	  physics	  
or	  an	  almost-‐forgoWen	  bit	  of	  history,	  I	  just	  hope	  it	  
isn’t	  s0ll	  a	  controversy!	  

	  



A	  couple	  of	  ques0ons:	  
•  How	  should	  we	  measure	  the	  MH?	  
•  Convincingly	  and	  Correctly.	  





These	  are	  99%	  c.l.	  contours!	  

Note	  that	  these	  best	  fits	  would	  
essen0ally	  rule	  out	  CP	  viola0on	  in	  

terrestrial	  experiments.	  

Using	  all	  data	  as	  of	  	  
Neutrinos	  ‘98.	  

Also	  note	  that	  they	  are	  wrong.	  
Be	  careful	  of	  global	  fits	  of	  

systema0cs	  limited	  experiments!	  



A	  couple	  of	  ques0ons:	  
•  How	  should	  we	  measure	  the	  MH?	  
•  Convincingly	  and	  Correctly.	  

•  Which	  project	  should	  we	  back	  to	  measure	  CP?	  
•  More	  than	  one	  of	  them!	  
•  We	  believe	  exis0ng	  oscilla0ons	  measurements	  
because	  of	  mul0ple	  complementary	  techniques	  
–	  we	  can	  do	  this	  again	  (accel.	  vs.	  reactor;	  ν	  vs.	  
an0-‐ν,	  1st	  vs	  2nd	  max.)	  –	  let’s	  make	  the	  case.	  	  



Since	  Neutrino	  88	  we	  have	  convincingly	  
observed	  neutrino	  oscilla0ons	  in	  atmospheric,	  
solar,	  reactor,	  and	  accelerator	  neutrinos,	  and	  
accurately	  measured	  many	  of	  the	  parameters.	  
We	  have	  also	  seen	  the	  first	  high-‐E	  cosmic	  
neutrinos,	  and	  the	  effects	  of	  relic	  neutrinos	  on	  
cosmological	  measurables.	  



We	  s0ll	  have	  wai0ng	  for	  us	  the	  MH,	  the	  octant,	  
CP	  viola0on	  in	  neutrino	  oscilla0ons,	  the	  
absolute	  neutrino	  mass	  scale,	  Dirac	  vs.	  
Majorana,	  supernovae	  neutrinos,	  possible	  
sterile	  neutrinos,	  neutrino	  magne0c	  moments,	  
coherent	  scaWering,	  maybe	  even	  direct	  
detec0on	  of	  relic	  neutrinos,	  and	  who	  knows	  
what	  surprises.	  	  	  
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One	  of	  you	  at	  the	  back	  of	  the	  room	  may	  well	  
give	  the	  summary	  talk	  at	  Neutrino	  2040.	  	  I	  am	  
sure	  you	  will	  have	  even	  more	  progress	  to	  
report,	  but	  only	  if	  as	  a	  field	  we	  work	  together	  
to	  push	  everyone	  forward.	  	  Let’s	  get	  at	  it!	  
Unfortunately	  I	  have	  to	  report	  that	  England	  	  
will	  lose	  the	  2040	  World	  Cup	  to	  Gibraltar.	  
On	  penal0es.	  	  


