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An	  Older	  News	  	  
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(Two	  years	  ago)	  “This	  is	  
the	  first	  indicaPon	  of	  
very	  high-‐energy	  
neutrinos	  coming	  from	  
outside	  our	  solar	  
system,	  with	  energies	  
more	  than	  one	  million	  
Pmes	  those	  observed	  in	  
1987	  in	  connecPon	  with	  
a	  supernova	  seen	  in	  the	  
Large	  Magellanic	  Cloud,”	  
-‐	  Francis	  Halzen	  
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Abell	  2744	  galaxy	  cluster	  	  

RadiaPons	  &	  Astronomy:	  Thermal	  	  



5	  

Supernova	  	  	  	  	  	  	  	  Blazars 	  	   	  	  	  Radio	  Galaxies	  	  	  	  	  GRBs,	  Pulsars	  

IntergalacPc	  	  	  	  	  	  	  	  	  	  Dark	  Maaer	  	  	  	  	  	  	  	  	  Something	  else	  
Shocks	   	  	  	  	  	  	  	  	  	  	  	  	  	  AnnihilaPon	  	  

More	  violent/large	  scale	  phenomena	  &	  processes	  	  

FNAL	  

CERN	  
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ü  Cosmic	  ray	  par8cles	  are	  mainly	  
ions.	  	  	  

ü  Cover	  huge	  energy	  range.	  
ü  Power	  law	  spectrum,	  more	  or	  less	  
ü  Structure:	  Knee,	  Ankle,	  cut-‐off	  at	  

the	  highest	  energy	  	  

Ø  The	  origin	  (source/mechanism)	  of	  
high	  energy	  CRs:	  Where	  do	  they	  
come	  from	  and	  how	  they	  obtain	  
such	  high	  energies?	  

Ø  ComposiPon	  at	  high	  energies?	  
Ø  PropagaPon	  in	  space	  
Ø  Long	  term	  correlaPon	  with	  

astrophysical	  phenomena?	  	  

Puzzle	  of	  high	  energy	  cosmic	  rays	  
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Three++	  messengers	  

Gravitational waves?  

Dark matter particles? 
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InteracPons	  

Gamma/electrons	  
without	  neutrino	  

producPon	  	  

Neutrinos	  are	  a	  diagnos8c	  
for	  hadronic	  interacPons	  

CRs	  propagaPon	  
through	  radiaPons	  

Gamma/electrons	  soon	  become	  	  
low	  energy	  EM	  cascades	  
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Neutrino	  sky	  is	  complicated	  and	  rich	   PRD	  91(2015)122004	  



The	  IceCube	  Neutrino	  Observatory	  	  	  
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Construc8on	  History	  	  
2002:	   	   	  proposal	  	  
2003-‐04:	   	  staging	  	  

2004-‐05:	   	  1	  in-‐ice	   	   	  4	  IceTop	  	  
2005-‐06:	   	  9	  in-‐ice	   	   	  16	  IceTop	  	  
2006-‐07:	   	  22	  in-‐ice	   	  26	  IceTop	  	  
2007-‐08:	   	  40	  in-‐ice	   	  40	  IceTop	  	  
2008-‐09:	   	  59	  in-‐ice	   	  59	  IceTop	  	  
2009-‐10:	   	  79	  in-‐ice	   	  73	  IceTop	  	  
2010-‐11:	   	  86	  in-‐ice	   	  81	  IceTop	  	  

	  
Data	  taking	  con8nued	  during	  the	  construc8on.	  En8re	  detector	  
completed	  in	  December	  2010-‐2011.	  	  
	  
Excellent	  reliability:	  	  98.5%	  of	  all	  channels	  are	  ac8ve.	  	  

	   	   	   	   	  	  	  Typical	  up-‐8me	  is	  99%.	  	  	  
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2015	  
•  ~300	  scien8sts	  
•  	  45	  ins8tu8ons	  	  
•  12	  countries	  

CollaboraPon	  
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IceCube	  data	  
Ø  ~280	  million	  cosmic	  rays	  events	  per	  day	  

•  Energy	  from	  tens	  of	  TeV	  up	  to	  about	  one	  EeV	  	  	  

Ø  ~500	  neutrinos	  per	  day	  	  	  
•  Energy	  from	  ~10	  GeV	  (DeepCore)/~100	  GeV	  

(upper	  strings)	  to	  PeV.	  	  
•  Most	  are	  atmospheric	  neutrinos.	  	  	  

Ø  About	  1	  TB	  of	  unfiltered	  raw	  data	  per	  day	  	  	  
Ø  About	  100	  GB	  filtered	  data	  are	  sent	  out	  from	  the	  

South	  Pole	  over	  satellite	  for	  analysis	  every	  day.	  	  

H.E.	  Neutrino	  
astronomy	  

Muon	  
physics	  

	  

Dark	  
ma9er	  

	  

Cosmic	  rays	  
	  

Atmosphere	  
science	  

	  

…	  
	  

Neutrino	  
physics	  

	  

Interac8ons	  
At	  H.E.s	  

	  



Neutrinos	  in	  IceCube:	  New	  cosmic	  component	  
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•  First	  evidence	  for	  an	  extra-‐
terrestrial	  flux:	  28	  events,	  
Science	  342	  (2013)	  	  

•  3	  yrs:	  37	  events	  in	  988	  days,	  
with	  expected	  bkg.	  8.4±4.2	  
atm.	  μ	  &	  6.6+5.9	  atm.	  ν.	  Phys.	  
Rev.	  Le9.	  113:101101	  (2014)	  à	  
5.7σ	  	  

•  4	  yrs:	  54	  eventsà	  ~7σ,	  all	  
flavor	  (two	  more	  plots)	  



Flavor	  and	  declinaPon	  vs	  energy	  
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Arrival	  direcPons	  
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No	  significant	  correlaPons	  –	  spaPal	  or	  temporal	  	  



High	  energy	  events	  
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The	  most	  recent	  high	  energy	  νμ	  event	  
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06/11/2014	  

•  Up-‐going	  (Decl=	  11.5°)	  νμ	  
•  Eν	  >	  Eμ~2.6×1015	  eV	  
1.  No	  hot	  spot	  in	  published	  4-‐

year	  point	  source	  map	  within	  
0.5°	  

2.  Closest	  object	  in	  TeVCat	  ~8°	  
away	  

3.  Closest	  object	  in	  Fermi‘s	  
2FGL	  &	  3FGL	  is	  3°	  away	  

4.  ~11°	  off	  the	  GalacPc	  plane	  
5.  No	  coincident	  GRB	  

h9ps://wiki.icecube.wisc.edu/index.php/MulH_PeV_Track_IC2014_Plots	  

stay	  tuned	  for	  new	  surprise.	  	  



•  Pierre	  Auger:	  231	  events,	  E>52	  EeV,	  zenith	  
<80°,	  ang.	  res.	  ≤0.9°.	  	  
–  ICRC2015-‐310,	  APJ	  804(2015)	  1	  

•  Telescope	  Array:	  87	  events	  (E>57	  EeV,	  zenith	  
<55°,	  ang.	  res.	  ≤1.5°)	  between	  11/05/2008	  to	  
01/05/2014.	  	  
–  APJL	  790(2014)L21	  	  	  

•  IceCube:	  4	  yr	  (>	  30	  TeV):	  39	  cascades	  (ang.	  res.	  
∼20°)	  +	  7	  tracks	  (ang.	  res.	  ∼1°).	  9	  νμ	  induced	  
upgoing	  muons	  with	  E>	  100	  TeV.	  	  
–  ICRC2015-‐1081,	  PRL	  113	  (2014)	  101101,	  PRL	  115	  (2015)	  081102	  	  
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CorrelaPon	  with	  other	  UHECR	  events	  	  
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CorrelaPon	  with	  other	  UHECR	  events	  	  
A.	  Christov,	  et	  al.,	  ICRC2015_1082.pdf	  

No	  significant	  correla8on	  has	  been	  found	  in	  any	  of	  the	  analyses.	  
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OpPcal	  follow-‐up	  observaPons	  of	  IceCube	  neutrino	  events.	  	  
A	  coincidental	  discovery	  of	  SN	  IIn	  PTF12csy:	  Palomar	  Transient	  Factory	  
(PTF)	  	  

§  0.2°	  away	  from	  the	  neutrino	  direcPon	  	  
§  z	  =	  0.0684	  	  
§  Dluminosity	  ~300	  Mpc	  	  

-‐  SN	  explosion	  was	  ≥169	  days	  (in	  O.F.)	  
before	  the	  neutrinos.	  (by	  Pan-‐STARRS1	  
survey)	  

-‐  The	  posteriori	  significance	  of	  the	  
neutrino	  doublet	  &	  the	  SN	  coincident	  is	  
2.2σ	  for	  the	  2011/12	  IceCube	  data.	  	  

Conclusion:	  	  
The	  connecPon	  between	  the	  SN	  and	  

the	  ν-‐doublet	  is	  unlikely	  causal.	  

M.	  G.	  Aartsen,	  et	  al.	  The	  Astrophysical	  Journal,	  
811:52	  (17pp),	  2015	  September	  20.	  	  



Astrophysical	  Muon	  Neutrinos	  	  from	  the	  Northern	  Sky	  
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Eν~1	  GeV	  

659.5	  days	  of	  livePme,	  05/	  2010	  –	  05/2012,	  ~	  35,000	  muon	  neutrinos	  from	  the	  
Northern	  sky:	  Reconstructed	  θ>85°,	  ~	  an	  overburden	  >	  12	  km	  of	  water.	  	  

	  
Conclusions:	  	  

•  An	  astrophysical	  flux	  per	  neutrino	  flavor	  is	  Φ(Eν)=	  9.9+3.9-‐3.4×10-‐19	  
GeV-‐1	  cm-‐2	  sr-‐1	  s-‐1	  (Eν/100TeV)-‐2	  .	  	  

•  Consistent	  with	  IceCube’s	  Southern	  hemisphere	  result.	  	  

(to	  be	  published	  PRL,	  arXiv:1507.04005	  )	  



-‐  Data	  collected	  in	  three	  years	  from	  
2010	  to	  2013	  	  

-‐  (129	  shower-‐like	  ν	  events)	  +	  	  
(8	  track-‐like	  ν	  events)	  for	  flavor	  
composiPon	  analysis	  	  
>	  35TeV	  	  

	  
Conclusions	  

•  Consistent	  with	  the	  (1:1:1)earth	  
flavor	  raPo	  at	  the	  Earth.	  	  

•  A	  track-‐like	  composiPon	  of	  
(0:1:0)	  earth	  is	  excluded	  at	  3.3σ.	  	  

•  A	  shower-‐like	  composiPon	  of	  
(1:0:0)	  earth	  is	  excluded	  at	  2.3σ.	  	  
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PRL	  114	  (2015)	  171102	  

Flavor	  raPo	  of	  astrophysical	  neutrinos	  

Fig.	  flavor	  raPo	  at	  Earth	  

(1	  :	  2	  :	  0)S:	  π	  &	  μ	  decay	  
(0	  :	  1	  :	  0)	  S:	  μ-‐suppressed	  π	  decay	  
(1	  :	  0	  :	  0)	  S:	  n	  decay	  
(0	  :	  0.2	  :	  0.8)E	  at	  Earth,	  the	  best-‐fit	  	  

stay	  tuned	  for	  improvements.	  	  



Detec8on	  of	  ντ	  at	  high	  energies	  
ü  (a:b:c≈0)	  at	  sources	  à	  (a’:b’:c’>0)	  at	  the	  Earth	  a~er	  enough	  oscillaPon	  

over	  large	  propagaPon	  lengths.	  	  	  
ü  An	  addi8onal	  confirma8on	  of	  the	  astrophysical	  origin	  of	  the	  high	  energy	  

diffuse	  neutrino	  signal	  	  	  
	  
	  
	  
	  
	  

	  
-‐  914.1	  live	  days	  of	  data	  from	  the	  full	  detector	  between	  May	  13,	  2011	  and	  May	  6,	  

2014.	  	  
-‐  Using	  signals	  from	  individual	  IceCube	  sensors	  to	  resolve	  the	  double-‐bang	  for	  ντ	  in	  

214	  TeV	  -‐	  72	  PeV	  energy	  range.	  	  

Result	  
•  No	  candidate	  events	  were	  observed;	  Much	  improved	  upper	  limit	  on	  

astrophysical	  ντ	  flux	  between	  214	  TeV	  -‐	  72	  PeV.	  	  
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ντ	  flux	  upper	  limits	  and	  comparisons	  

The	  characterisPc	  
high	  energy	  ντ	  signal	  
in	  IceCube	  	  



Neutrino	  flux	  upper	  limits	  and	  models	  as	  a	  
funcPon	  of	  the	  primary	  neutrino	  energy.	  	  

ντ	  differenPal	  upper	  
limit	  derived	  from	  
this	  analysis.	  	  
Submi9ed	  to	  PRD,	  
arxiv:	  1509.06212	  
	  
All-‐flavor	  
astrophysical	  
neutrino	  flux	  	  
PRL.	  113(2014)	  
101101	  
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ντ	  flux	  upper	  limits	  and	  comparisons	  



Indirect search for DM in IceCube 
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Indirect search for DM in IceCube: σSD 

IC86:	  Solar	  WIMP	  Analysis	  Results	  3yr	  



Indirect search for DM in IceCube: σSI 
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IC86:	  Solar	  WIMP	  Analysis	  Results	  3yr	  



IceCube	  has	  
	  

1.  Discovered	  the	  hypothesized	  
flux	  of	  high-‐energy	  cosmic	  
neutrinos	  	  	  

2.  Provided	  compelling	  sensiPvity	  
to	  dark	  maaer	  annihilaPons	  	  

3.  New	  results	  about	  cosmic	  rays,	  
GRBs,	  neutrino	  physics,	  …	  

4.   Demonstrated	  that	  an	  ice-‐
based	  detector	  can	  pursue	  	  
o  neutrino	  astronomy	  	  
o  cosmic	  ray	  physics	  	  
o  neutrino	  physics	  	  
o  dark	  maaer	  	  
o  …	  	  
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Where	  we	  stand	   Improvements	  &	  Open	  Ques8ons	  
	  	  

1.  HECR	  origin	  puzzle	  remains	  unsolved	  	  
–  Neutrino	  point	  source	  versus	  diffuse	  	  
–  Mechanism	  of	  UHECR	  producPon:	  

Boaom-‐up	  versus	  top-‐down,	  and	  
how?	  	  

–  UHE	  parPcle	  propagaPon	  	  
2.  UncertainPes	  in	  astrophysical	  

calculaPons	  and	  modeling	  	  
3.  Precise	  spectrum	  of	  astrophysical	  and	  

cosmogenic	  neutrinos	  	  
4.  Lepton	  flavor	  &	  astrophysical	  

processes	  	  
5.  Details	  of	  high	  energy	  astrophysical	  

objects	  and	  processes	  	  	  
6.  “3M”	  observaPons:	  What	  to	  look	  for?	  	  
7.  Dark	  maaer	  	  
8.  Universe	  at	  ultra	  high	  energies	  	  
9.  Universe	  at	  ultra	  large	  distances	  	  
10.  …	  
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Current	  experimental	  uncertain8es:	  	  
•  Ice	  calibraPon	  and	  model	  (5%	  -‐	  15%)	  	  
•  Absolute	  DOM	  efficiency	  (15%	  -‐	  50%)	  

Proposed	  solu8ons:	  	  
•  More	  precise	  &	  finer	  ice	  property	  calibraPon	  	  
•  Higher	  QE	  PMTs:	  25%à40%à~45%?	  
•  Denser	  strings:	  125mà75mà~25m	  
•  Denser	  DOMs:	  17mà7mà~5m	  	  

IceCube-‐Gen2:	  Low	  energy	  extension	  
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•  120 additional strings 
•  Average spacing 240 m 
•  Total volume ~10 km3 

IceCube-‐Gen2:	  High	  energy	  extension	  



High	  energy	  opPon-‐2	  
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cone narrows for higher 
frequencies - analogous to 
single slit diffraction 

neutrino	  

parPcle	  	  
cascade	  

ANITA	  ARIANNA	  

Askaryan	  effect	  	  
The	  Askaryan	  	  

Radio	  Array	  (ARA)	  
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More	  details	  

IceCube-‐Gen2	  
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Blennow	  et	  al.,	  arxiv:1311.1822,	  LBNE-‐doc-‐8087-‐v10,	  Hyper-‐K	  
from	  arXiv:1109.3262	  (2011)	  	  

Widths	  indicate	  
main	  uncertainty	  	  

IceCube-‐Gen2:	  What	  to	  expect,	  mass	  hierachy	  	  

Neutrino	  physics	  	  
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Energy	  spectra	  of	  gamma	  rays	  and	  leptons	  from	  p-‐p	  interacPons	  calculated	  for	  the	  
distribuPon	  of	  protons	  	  

︎νμ(1)	  neutrinos	  from	  the	  direct	  decay	  πàμνμ	  νμ(1)	  neutrinos	  from	  the	  direct	  decay	  πàμνμ	  

Spectrum	  and	  source	  flux	  	  
Hadron-‐nuclear	  interacPons:	  	  
proton	  energy	  spectrum	  

Kelner,	  Aharonian	  &	  Bugayov,	  2006	  	  
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CR	  at	  GZK	  energy	  and	  flavor	  	  

Kelner	  &	  Aharonian,	  2008	  

Cosmic	  neutrinos	  



•  The	  W-‐resonance:	  ν̄e+e−	  →	  W−	  →	  anything,	  at	  Eν	  ≃	  6.3	  PeV,	  the	  Glashow	  
resonance.	  (νe,	  νμ,	  ντ	  ,	  ν̄μ,	  ν̄τ	  +	  electron	  ~	  negligible).	  S. L. Glashow, 1960	  

 
Signal	  for	  ν̄e	  at	  the	  Glashow	  resonance	  can	  be	  used	  to	  differenPate	  among	  the	  main	  
primary	  mechanisms	  for	  neutrino-‐producing	  interacPons	  in	  sources	  of	  cosmic	  rays.	  V. 
Barger, et al. 2013, 2014.  
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The Glashow resonance: flavor filter  

•  Sub-PeV neutrinos of	  other	  flavors	  may	  have	  resonance	  in the Coulomb field of a nucleus. 
I. Alikhanov, 2015. 
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The	  Glashow	  resonance&	  Lepton	  flavor	  and	  sources	  	  

Flavor	  astrophysics?	  V.	  Barger,	  et	  al.,	  2014	  

Small	  difference	  



39	  Eν	  ≃	  6.3	  PeV,	  G.R.	  peak	  

At	  the	  cosmic	  energy	  fronPer	  



IceCube-‐Gen2:	  What	  really	  to	  expect	  



IceCube-‐Gen2:	  What	  really	  to	  expect	  
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IceCube-‐Gen2	  maaers	  for	  us	  

Ø  ~280	  million	  cosmic	  rays	  
events	  per	  day	  

Ø  ~500	  neutrinos	  per	  day	  
Ø  About	  1	  TB	  of	  unfiltered	  raw	  

data	  per	  day	  	  	  
Ø  About	  100	  GB	  filtered	  data	  

are	  sent	  out	  from	  the	  South	  
Pole	  over	  satellite	  for	  analysis	  
every	  day.	  	  

IceCube	  IceCube-‐Gen2	  

Data	  rate	  	  ≈	  10	  ×	  
	  
	  
Tresolving	  ≈	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  /10	  



Summary	  
High	  energy	  astrophysical	  neutrinos	  are	  

discovered	  by	  IceCube.	  	  
	  

Long-‐standing	  high	  energy	  CR	  origin	  puzzle	  
remains	  unsolved.	  	  

	  
ScienPfically,	  IceCube-‐Gen2	  is	  highly	  needed;	  	  

Technically,	  IceCube-‐Gen2	  can	  be	  built.	  	  
	  

IceCube-‐Gen2	  data	  means	  new	  observaPonal	  
astronomy	  &	  astrophysics	  in	  energy	  and	  

cosmic	  fronPers.	  	  
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QuesPons	  
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QuesPons	  
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QuesPons	  
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