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The	
  observa7on	
  of	
  a	
  neutrinos	
  from	
  a	
  galac7c	
  supernova	
  will	
  allow	
  us	
  to	
  monitor	
  the	
  first	
  
instants	
  of	
  the	
  explosion	
  and	
  the	
  forma7on	
  of	
  the	
  compact	
  remnant.	
  Are	
  we	
  ready	
  for	
  this	
  
epoch-­‐making	
  event?	
  What	
  can	
  we	
  observe?	
  What	
  could	
  we	
  miss?	
  In	
  the	
  hope	
  to	
  trigger	
  a	
  
discussion,	
  we	
  present	
  in	
  this	
  talk	
  a	
  few	
  selected	
  topics	
  emphasizing:	
  specific	
  issues	
  of	
  
supernova	
  neutrino	
  astronomy,	
  expecta7ons	
  and	
  uncertain7es	
  on	
  7me	
  and	
  energy	
  

distribu7ons,	
  descrip7on	
  of	
  oscilla7ons,	
  physics	
  with	
  scin7llators,	
  role	
  of	
  neutral	
  current	
  events	
  
	
  



Many	
  points	
  of	
  view:	
  
•  astronomy	
  
•  astrophysics	
  
•  par7cle	
  physics	
  (exp)	
  
•  par7cle	
  physics	
  (theo)	
  
•  nuclear	
  physics	
  

	
  
here,	
  aspects	
  relevant	
  to	
  neutrino	
  
telescopes	
  are	
  emphasized.	
  



The	
  typical	
  galac<c	
  distance:	
  10	
  ±	
  5	
  kpc	
  
Assume	
   that	
   supernovae	
   track	
   Milky	
   Way’s	
   maQer	
   distribu7on.	
   Addi7onal	
  
contribu7on	
  of	
  a	
  `bar’	
  in	
  the	
  Galaxy	
  or	
  conversely	
  lack	
  of	
  contribu7on	
  from	
  the	
  
region	
   around	
   the	
   galac7c	
   center	
   does	
   not	
   change	
   much	
   the	
   expecta7on	
  
(Costan7ni,	
  FV	
  et	
  al,	
  NPB	
  PrSup	
  139,	
  2005;	
  Mirizzi,	
  Raffelt	
  et	
  al,	
  JCAP	
  2006)	
  



τ=50	
  yr	
  agrees	
  with	
  Cappellaro	
  et	
  al	
  0310859	
  and	
  Diehl	
  etal	
  0601015.	
  
Predic7ons	
  are	
  uncertain	
  (Bodcella	
  1111.1692)	
  but	
  null	
  search	
  plays	
  
some	
  role	
  (Agafonova	
  et	
  a	
  1411.1709;	
  FV	
  et	
  al,	
  NCim	
  C32,	
  2009).	
  



The	
  electron	
  an7neutrino	
  reac7on	
  on	
  protons	
  (IBD)	
   is	
  by	
  far	
  the	
  
largest.	
   High	
   energy	
   electron	
   neutrinos	
   interact	
   with	
   oxygen	
  
nuclei.	
  The	
  elas7c	
  scaQering	
  on	
  electrons	
  (ES)	
  is	
  direc7onal.	
  



Distribu<on	
  of	
  the	
  direc<ons	
  -­‐	
  simula<on	
  
We	
   consider	
   a	
   supernova	
   event	
   at	
   10	
   kpc	
   in	
   32	
   kton	
   of	
   water	
   (Super-­‐
Kamiokande).	
  Most	
  events	
  about	
  5,000	
   	
  are	
  due	
  to	
  IBD;	
  a	
  cluster	
  iof	
  300	
  ES	
  in	
  
the	
  center	
  of	
  the	
  figure	
  is	
  also	
  visible	
  (Tomas	
  et	
  al	
  PRD	
  2003;	
  FV	
  et	
  al	
  2009)	
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Needs	
  numerical	
  calcula7ons,	
  
but	
  there	
  are	
  several	
  stable	
  
features:	
  
	
  

•  neutroniza7on	
  
•  accre7on	
  	
  
•  cooling	
  
	
  
The	
  2nd	
  one	
  is	
  thought	
  to	
  be	
  
important	
  for	
  explosion	
  but	
  
poorly	
  understood.	
  
	
  

	
  

Totani,	
  Sato,	
  Dalhed,	
  W
ilson,	
  1998	
  



Only	
   few	
   works	
   on	
   this	
   subject.	
  
Something	
  was	
  aQempted	
  for	
  an7-­‐
νe	
   in	
   connec7on	
  with	
   SN1987A	
   as	
  
AbboQ,	
   De	
   Rujula,	
   Walker	
   NPB	
  
1988;	
   Loredo,	
   Lamb,	
   PRD	
   2002;	
  
Pagliaroli,	
  FV,	
  2009.	
  	
  
	
  

Parameterized	
  flux	
  
will	
  be	
  needed	
  for	
  
data	
  analyses	
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…	
   but	
  we	
   have	
   few	
   sigma	
  hint	
   for	
   a	
   luminous	
   ini7al	
   emission	
   phase.	
   Surely	
  
7me-­‐distribu7on	
  studies	
  will	
  be	
  a	
  major	
  goal	
  of	
  mul7-­‐kton	
  detectors	
  



•  Neutrinos	
  carry	
  away	
  (2-­‐3)	
  ×	
  1053	
  erg	
  
•  Approximate	
  energy	
  equipar77on	
  among	
  6	
  species	
  
•  Quasi-­‐thermal	
  spectra	
  with	
  <E>≈12	
  MeV	
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The	
  picture	
  is	
  validated	
  by	
  SN1987A	
  observa<ons	
  
Stable	
   indica7ons	
   for	
   values	
   close	
   to	
   those	
   suggested	
   by	
   most	
   recent	
  
numerical	
   calcula7ons:	
   total	
   energy	
   3×1053	
   erg,	
   assuming	
   equipar77on,	
   and	
  	
  
<E>=12	
  MeV.	
  Errors	
  can	
  be	
  es7mated.	
  From	
  my	
  review	
  on	
  JPG,	
  2015.	
  



But	
  all	
  we	
  have	
  seen	
  are	
  electron	
  an<neutrinos!	
  
It	
   is	
  doubtul	
   that	
  we	
  have	
  seen	
  any	
  other	
   reac7on	
  besides	
   this	
  one,	
   in	
  
contrast	
  with	
  what	
  was	
  thought	
  just	
  auer	
  SN1987A	
  (see	
  again	
  my	
  review	
  
on	
  JPG).	
  Most	
  of	
  the	
  energy	
  radiated	
  went	
  unmeasured.	
  



Oscilla7ons	
  [1/2]	
  

•  	
  We	
  are	
  sure	
  that	
  3-­‐flavor	
  neutrino	
  oscilla7ons	
  occur	
  
•  	
  We	
  have	
  reliable	
  formulae	
  for	
  maQer	
  effect	
  on	
  electrons	
  (MSW)	
  
(Dighe	
  &	
  Smirnov	
  PRD	
  2000)	
  

•  	
  But	
  very	
  tough	
  to	
  account	
  for	
  neutrino-­‐neutrino	
  refrac7on	
  
(Pantaleone	
  PLB	
  1992	
  ...)	
  



Oscilla7ons	
  [2/2]	
  

	
  

•  	
  Oscilla7ons	
  seem	
  beQer	
  understood	
  in	
  the	
  first	
  emission	
  stages	
  
(Chakraborty	
  et	
  al	
  PRL	
  2011)	
  

	
  
•  Perhaps	
  we	
  have	
  the	
  chance	
  to	
  see	
  them	
  during	
  accre7on?	
  
(Pagliaroli	
  et	
  al	
  0705.4032	
  and	
  ApPh	
  2009;	
  Serpico	
  et	
  al	
  PRD	
  2012)	
  	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  

Depend	
  on	
  the	
  difference	
  between	
  fluxes/fluences.	
  Large	
  in	
  early	
  
calcula7ons	
  of	
  the	
  fluence,	
  small	
  in	
  modern	
  ones	
  (e.g.	
  Mueller	
  et	
  al,	
  ApJ	
  2014)	
  

Effect	
   of	
   usual	
   MSW	
  
oscilla7ons	
   assuming	
  
20%	
  difference	
  between	
  
the	
   an7-­‐νe	
   and	
   an7-­‐νµ	
  
average	
  energies.	
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Pinching	
  is	
  expected	
  and	
  barely	
  probed.	
  	
  
	
  
Here,	
  we	
  use	
  Keil	
  et	
  al.	
  parameteriza7on	
  	
  
of	
  the	
  fluence,	
  	
  Eα	
  e-­‐E/T	
  
	
  
(FV,	
  JPG	
  2015;	
  compare	
  Janka	
  &	
  Hillebrandt	
  89;	
  Mirizzi	
  &	
  Raffelt	
  05)	
  

3ν	
  oscilla7ons	
  are	
  expected	
  but	
  not	
  	
  
significantly	
  probed	
  from	
  SN1987A.	
  	
  
	
  
Here,	
  we	
  suppose	
  P(surv.)=0.67,	
  equi-­‐	
  	
  
par77on	
  and	
  T(bar-­‐νe)=(1+ζ)	
  T(bar-­‐νx)	
  
	
  
(FV,	
  JPG	
  2015;	
  compare	
  Smirnov	
  et	
  al.	
  94;	
  Lunardini	
  06)	
  

	
  

Uncertain7es,	
  uncertain7es,	
  and	
  more	
  uncertain7es	
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Ultrapure	
  scin7llators	
  will	
  measure	
  neutral	
  
current	
  events	
  from	
  supernovae	
  with:	
  	
  
15.1	
  MeV	
  gamma	
  line	
  from	
  C,	
  and	
  	
  

nu-­‐P	
  elas7c	
  scaQering	
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In	
  certain	
  models,	
  such	
  as	
  

•  Mirror	
  neutrinos	
  (Berezinsky	
  et	
  al,	
  NPB	
  2003)	
  
•  Pseudo-­‐Dirac	
  neutrinos	
  (Beacom	
  et	
  al,	
  PRL	
  2004)	
  
	
  

only	
  half	
  of	
  the	
  neutrino	
  flux	
  reach	
  us	
  due	
  to	
  new	
  oscilla7ons:	
  



p(H0)	
   p(H1)	
   p(H1)/p(H0)	
  

without	
  
uncertain7es	
  

9	
  %	
   0.3	
  %	
   0.04	
  

with	
  
uncertain7es	
  

4.2	
  %	
   1.8	
  %	
   0.42	
  

With	
  SN1987A	
  wide	
  ranges	
  of	
  oscilla7on	
  parameters	
  are	
  tested	
  
10-­‐20	
  eV2	
  <	
  	
  Δm2	
  	
  <	
  10-­‐12	
  eV2	
  	
  

The	
  8+11	
  events	
  seen	
  in	
  IMB+Kamiokande-­‐II	
  favor	
  the	
  absence	
  
of	
  new	
  oscilla7ons,	
  but	
  the	
  inference	
  depends	
  crucially	
  on	
  what	
  

we	
  know	
  on	
  supernova	
  neutrino	
  emission:	
  
	
  

The	
  conclusion	
  is	
  that	
  we	
  need	
  beQer	
  theory.	
  This	
  could	
  be	
  par7ally	
  
replaced	
  by	
  beQer	
  measurements	
  –	
  including	
  neutral	
  currents.	
  



•  We	
  have	
  carbon	
  excita7on	
  in	
  scin7llator;	
  
reac7ons	
  on	
  argon;	
  oxygen	
  reac7ons	
  in	
  water	
  
Cherenkov;	
  …	
  does	
  not	
  seem	
  so	
  difficult.	
  

•  But	
  the	
  ques7on	
  is	
  to	
  observe	
  the	
  original	
  
electron	
  neutrinos,	
  not	
  those	
  auer	
  oscilla7ons.	
  

•  Neutroniza7on	
  is	
  well-­‐characterized	
  in	
  7me,	
  but	
  
if	
  oscilla7ons	
  transform	
  νe	
  →νx,	
  gives	
  only	
  O(1)	
  
event	
  in	
  SK	
  at	
  10	
  kpc.	
  (What	
  about	
  accre7on?)	
  

	
  	
  
•  Elas7c	
  scaQering	
  offers	
  us	
  one	
  of	
  the	
  best	
  

chances	
  (Beacom	
  et	
  al	
  2014)	
  

•  Wih	
  full	
  νe	
  →νx	
  swap,	
  O(1)	
  events/kton	
  from	
  the	
  
original	
  fluxes	
  (entangled	
  with	
  the	
  other	
  ones)	
  
in	
  water	
  Cherenkov	
  or	
  scin7llators	
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100	
  m	
  of	
  rock	
  

source	
  of	
  pions	
  at	
  rest	
   ultrapure	
  scin7llator	
  

Pagliaroli	
  et	
  al	
  PRL	
  2013	
  

Possible	
   to	
   study	
   elas7c	
  
neutrino-­‐proton	
   scaQering,	
   as	
  
originally	
  planned	
  by	
  LSND.	
  	
  
	
  
[In	
  Borexino,	
  quenching	
   is	
  such	
  
that	
   Ed=250	
   keV	
   means	
   Ep=1.3	
  
MeV,	
  that	
  implies	
  	
  Eν=25	
  MeV.]	
  



•  The	
  general	
  picture	
  of	
  supernova	
  neutrino	
  emission	
  seems	
  reliable	
  but	
  the	
  
uncertain7es	
  are	
  considerable	
  and	
  not	
  precisely	
  quan7fied.	
  	
  

•  Important	
  discussions	
  do	
  not	
  converge	
  yet;	
  conversely,	
  not	
  all	
  relevant	
  
issues	
  are	
  ac7vely	
  discussed.	
  	
  

•  It	
  would	
  be	
  useful	
  to	
  have	
  reliable	
  predic7ons	
  and	
  error	
  bars	
  and	
  probably	
  
we	
  can	
  improve	
  on	
  that.	
  

	
  
•  One	
  risk	
  is	
  that	
  we	
  observe	
  a	
  signal	
  but	
  we	
  aren’t	
  ready	
  to	
  understand	
  it.	
  

E.g.	
  it	
  would	
  be	
  shocking	
  to	
  realize	
  that	
  our	
  detectors	
  were	
  not	
  sufficient.	
  

•  Surprises	
  are	
  possible	
  but	
  we	
  should	
  avoid	
  was7ng	
  a	
  unique	
  opportunity.	
  







Quenching	
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IMB	
  was	
  only	
  partly	
  opera7ve:	
  the	
  
blue	
  walls	
  of	
  the	
  sketch	
  are	
  off.	
  
This	
  causes	
  a	
  bias	
  toward	
  higher	
  
energies	
  	
  and	
  somewhat	
  favors	
  
forward	
  events,	
  dP/dc=(1+0.1	
  c)/2.	
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The	
  data	
  are	
  compa<ble	
  
Here	
  shown	
  the	
  68.3%	
  regions	
  for	
  Kamiokande-­‐II	
  (contnuous	
  lines)	
  IMB	
  
(doQed	
  line)	
  and	
  Baksan	
  (yellow	
  region).	
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The	
  probability	
  a	
  posteriori	
  that	
  
one	
  event,	
  the	
  first	
  of	
  
Kamiokande-­‐II,	
  was	
  due	
  to	
  
elas7c	
  scaQering	
  is	
  about	
  1/3,	
  
since	
  its	
  direc7on	
  is	
  not	
  really	
  
forward	
  and	
  its	
  energy	
  is	
  large.	
  	
  	
  
This	
  is	
  about	
  the	
  same	
  as	
  the	
  a	
  
priori	
  probability	
  to	
  find	
  one	
  
elas7c	
  scaQering	
  event	
  in	
  
Kamiokande-­‐II	
  whereas	
  the	
  
expecta7on	
  in	
  IMB	
  is	
  much	
  less.	
  
	
  

1.  Missing neutron star 
2.  LSD (Mont Blanc) events 
3.  Excess of directionality of the events 




