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Concept of Large Neutrino Telescopes 

Between	
  300-­‐600	
  nm	
  2*	
  104	
  Cherenkov	
  photons/m	
  of	
  a	
  muon	
  track	
  
Good	
  scaling	
  with	
  dE/dx	
  as	
  radiaIve	
  losses	
  increase	
  above	
  10	
  TeV	
  

β∼1	
  and	
  θc∼43o	
  

Natural	
  radiator	
  is	
  low	
  cost	
  and	
  allows	
  
huge	
  instrumented	
  regions	
  
à  Deep	
  sea	
  or	
  lake	
  
à  Deep	
  clear	
  Ice	
  

€ 

θ ≈
1.5deg
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Cosmic	
  Rays	
  and	
  Neutrinos	
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Driving theme: Origin of Cosmic Rays 
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Neutrinos	
  Provide	
  a	
  Unique	
  Window	
  	
  
on	
  the	
  HE	
  Universe	
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Universe	
  opaque	
  to	
  to	
  high	
  energy	
  
(>10’s	
  TeV)	
  photons:	
  
	
  
	
  γ	
  +γEBL+CMB	
  à	
  e+	
  +	
  e-­‐	
  
	
  p+γCMB	
  à	
  Δ+	
  à	
  n+π+	
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  Cosmogenic	
  “GZK”	
  neutrinos	
  	
  

Protons	
  deflected	
  by	
  magneAc	
  field	
  
for	
  E	
  <	
  1019	
  eV	
  
•  Not	
  poin.ng	
  back	
  for	
  distant	
  sources	
  
	
  
1)  Neutrinos	
  are	
  a	
  candidate	
  for	
  

high	
  energy	
  (>10TeV)	
  cosmic	
  
astronomy!	
  

2)  Neutrinos	
  provide	
  unambiguous	
  
evidence	
  of	
  hadronic	
  
accelera.on!	
  



Neutrino	
  Telescopes	
  –	
  A	
  Brief	
  Heritage	
  

Telescopes	
  for	
  TeV	
  energies:	
  	
  
•  First	
  envisioned	
  by	
  Greisen,	
  Markov	
  1960	
  
•  Pioneering	
  effort:	
  DUMAND	
  near	
  Hawaii	
  
•  First	
  and	
  second	
  generaIon	
  telescopes	
  in	
  90’s,	
  proof	
  of	
  

principle	
  :	
  Baikal,	
  AMANDA	
  (S	
  Pole),	
  NESTOR	
  (Greece).	
  	
  
•  Current	
  generaIon	
  experiments	
  and	
  iniIaIves:	
  	
  

–  50000m2	
  scale:	
  ANTARES	
  
–  Auger	
  Detector	
  (tau	
  neutrinos,	
  E	
  >	
  1018	
  eV)	
  
–  IceCube	
  (data	
  from	
  50-­‐75%	
  size)	
  

•  Coming	
  generaIon:	
  km3	
  	
  scale	
  (and	
  larger)	
  
–  IceCube	
  completed	
  construcIon	
  Dec	
  18,	
  2010	
  !	
  

•  Data	
  Taking	
  Began	
  May	
  13,	
  2011	
  
–  Based	
  on	
  NESTOR,	
  NEMO,	
  ANTARES	
  experience's	
  à	
  km3NeT	
  

project,	
  Mediterranean	
  Sea.	
  Mul.-­‐km3	
  scale!	
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BAIKAL	
  

•  4	
  cables	
  x	
  4	
  km	
  to	
  shore.	
  
•  1100m	
  depth	
  	
  

3600	
  m	
  

13
66
	
  m

	
  

NT200+ 



The	
  NT-­‐200	
  Telescope	
  -8 strings:   72m height  
- 192 optical modules 
   = 96 pairs (coincidence) 
- measure T, Charge  
     - σT ~ 1 ns 
     - dyn. range ~ 1000 p.e. 

Effective area:   1 TeV ~2000 
m²  
Eff. shower volume: 10TeV 
~0.2Mt  

Quasar PM: 
d=37cm 

Height x ∅ = 70m x 40m, Vinst=105m3   



The	
  ANTARES	
  detector	
  

~60 m 

100 m 

350 m 

14.5 m 

 Link cable 

Junction 
Box 

Cable to 
shore 

2500m depth 

57	
  m	
  



Mediterranean	
  Projects	
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Future	
  projects	
  at	
  Baikal	
  &	
  Mediterranean	
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KM3Net	
  Imeline	
  
	
  

Possible	
  extension	
  beyond	
  the	
  
NT200	
  detector	
  in	
  lake	
  Baikal	
  

	
  “GVD”	
  
	
  
86	
  strings	
  in	
  12	
  clusters	
  of	
  8	
  
strings	
  over	
  ~1km	
  diameter	
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IceCube	
  Detector	
  
Detector	
  CompleIon	
  Dec	
  2010	
  

   9 strings  (2006)  
 22 strings  (2007)  
 40 strings  (2008)  
 59 strings  (2009)  
 79 strings  (2010)  
 86 strings  (2011)  
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DetecIon	
  Methods	
  
up-going νµ 
→  point  sources  

CR shower 
in IceTop  light	
  collecIon	
  by	
  DOMs	
  

 νe cascade 
→  all  7lavours 

 µ bundle  
νµ


µ


νe


µ


 background 
& 
physics 
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IceCube	
  Site	
  

Thermal	
  power:	
  5	
  MW	
  	
  
Pressure:	
  140	
  bar	
  
Flow:	
  800	
  L/m	
  (90°C)	
  
24	
  h	
  to	
  drill	
  to	
  2500m	
  

Most	
  importantly:	
  
	
  an	
  excellent	
  crew	
  of	
  drillers!	
  

The	
  drill	
  heaIng	
  plant	
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OperaIonal	
  support:	
  	
  
ICL	
  maintenance	
  
~60	
  kW	
  power	
  to	
  electronics	
  
90	
  GB/day	
  filtered	
  out	
  and	
  sent	
  on	
  satellite	
  
2	
  winterovers	
  
summer	
  populaIon	
  (around	
  5-­‐7	
  pop	
  Dec	
  -­‐	
  Jan)	
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DeepCore	
  
8	
  high	
  density	
  plus	
  the	
  12	
  standard	
  strings	
  in	
  clear	
  
ice	
  
	
  
(in	
  IC79	
  equivalently	
  6	
  +	
  7	
  strings)	
  	
  

Energy range: down to 10 GeV  
Extends physics:  

•  atm ν  oscillations,  
•  low mass WIMPS 
•  SN/GRB physics 
•  Downgoing neutrinos 

•  Contained events 
•  4π detector	
  at	
  LE 
	
  



IceCube	
  Detector	
  Status,	
  Rates	
  

•  Detector	
  performance	
  parameters	
  increase	
  faster	
  
than	
  the	
  number	
  of	
  strings	
  	
  
–  Longer	
  muon	
  tracks	
  (km	
  scale)	
  
–  Improved	
  analysis	
  techniques	
  

Strings	

 Data	


(year)	



Livetime	

 μ rate 	


(Hz)	



HE ν rate 	


(per day)	



AMANDAII(19)  	

 2000-2006 	

 3.8 years 	

 100	

 5 / day	



IC40 	

 2008-09	

 375 days	

 1100	

 38 / day	



IC59 	

 2009-10	

 360 days	

 1900	

 129 / day	



IC79 	

 2010-11	

 1 year	

 2250	

 analyzing	



IC86	

 2011- 	

 -	

 2700	

 running 	
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IC86	
  Run	
  Start	
  on	
  May	
  13,	
  2011	
  

DeepCore	
  
Completed	
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Muon	
  Neutrino	
  EffecIve	
  Area	
  

All-­‐sky	
  plot	
  of	
  muons	
  in	
  IceCube-­‐22	
  
from	
  2007	
  (P.	
  Berghaus,	
  IceCube,	
  
ISVHECRI-­‐2008	
  arxiv.org/abs/0902.0021)	
  

atm.	
  ν,µμ	
  spectra	
  	
  
steeper	
  than	
  	
  
expected	
  	
  
astro  ν	
  spectrum	
  	
  

A e
ff	
  (
m

2 )
	
  

Earth	
  becomes	
  	
  
opaque	
  	
  above	
  ~	
  PeV	
  

Eν	
  (GeV)	
  
cos	
  θzen	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

ev
en

ts
	
  p
er
	
  se

co
nd

	
  	
  	
  
	
  	
  

down-going 

up-going 

Atm.	
  ν	
  

Atm.	
  µ	
  



IceCube	
  40	
  string	
  effecIve	
  area	
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νµμ  Angular	
  and	
  Energy	
  ResoluIon	
  	
  

includes:	
  

Moon	
  shadow	
  

νµμ  energy	
  	
  
esImated	
  
from	
  dE/dx	
  
of	
  muon	
  
(bremsstr.)	
  



Antares	
  Run	
  Status	
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Expected	
  Performance	
  (12	
  lines	
  detector)	
  

Neutrino effective area Angular resolution 
For Eν  < 10 TeV, the angular resolution is 
dominated by the ν-µ angle. 
For Eν > 10 TeV, the resolution is limited by 
track reconstruction errors. 

Ndet=Aeff × Time × Flux 

For Eν<10 PeV, Aeff  grows with energy due 
to 
the increase of  σν and the muon range. 
For Eν>10 PeV the Earth becomes opaque 
to neutrinos. 



Antares	
  Neutrinos	
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down-­‐going	
   up-­‐going	
  



Sampling	
  of	
  IceCube	
  Science	
  Topics	
  

•  Search	
  for	
  sources	
  of	
  GalacAc	
  cosmic	
  rays	
  
•  Time	
  integrated	
  All	
  sky	
  point	
  source	
  
•  Time	
  dependent	
  searches	
  

–  Transient	
  All	
  Sky	
  sources	
  
–  Gamma-­‐Ray	
  Bursts	
  

•  Atmospheric	
  neutrino	
  spectrum	
  
•  Search	
  for	
  HE	
  diffuse	
  neutrinos	
  	
  

–  muons	
  
–  Cascades	
  

•  IceCube	
  at	
  low	
  energy	
  with	
  Deep	
  Core	
  	
  
–  Indirect	
  Search	
  for	
  Dark	
  Mazer	
  
–  Low	
  energy	
  cascade	
  events	
  

•  Cosmic	
  Ray	
  anisotropy	
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Southern	
  	
  
Hemisphere	
  
Sky	
  

Standard	
  DeviaIons	
  

30°	
  

210°	
  

90°	
   65°	
  

milagro	
  

galactic plane in 10 TeV gamma rays : 
                                                      supernova remnants in star forming regions 



cygnus region : Milagro 	
  

26	
  3	
  ±	
  1	
  ν per	
  year	
  in	
  IceCube	
  per	
  source	
  

Milagro 
 

translaIon	
  of	
  
TeV	
  gamma	
  rays	
  

into	
  
TeV	
  neutrinos	
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5σ	
  in	
  5	
  years	
  of	
  IceCube	
  	
  
	
  
IceCube	
  image	
  of	
  our	
  
Galaxy	
  >	
  10	
  TeV	
  

time in years 

3σ	



5σ	



M.	
  C.	
  Gonzalez-­‐Garcia,	
  F.	
  Halzen,	
  and	
  S.	
  Mohapatra,	
  Astropart.	
  Phys.	
  31,	
  437	
  2009;	
  e-­‐print	
  
arXiv:0902.1176.	
  



20,000	
  atmospheric	
  neutrinos	
  later	
  …	
  

	
  59-­‐strings	
  
	
  

	
  	
  	
  	
  >50%	
  



Sampling	
  of	
  IceCube	
  Science	
  Topics	
  

•  Search	
  for	
  sources	
  of	
  GalacIc	
  cosmic	
  rays	
  
•  Time	
  integrated	
  All	
  sky	
  point	
  source	
  
•  Time	
  dependent	
  searches	
  

–  Transient	
  All	
  Sky	
  sources	
  
–  Gamma-­‐Ray	
  Bursts	
  

•  Atmospheric	
  neutrino	
  spectrum	
  
•  Search	
  for	
  HE	
  diffuse	
  neutrinos	
  	
  

–  muons	
  
–  Cascades	
  

•  IceCube	
  at	
  low	
  energy	
  with	
  Deep	
  Core	
  	
  
–  Indirect	
  Search	
  for	
  Dark	
  Mazer	
  
–  Low	
  energy	
  cascade	
  events	
  

•  Cosmic	
  Ray	
  anisotropy	
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Antares	
  All-­‐Sky	
  Point	
  Source	
  Search	
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Antares	
  All-­‐sky	
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Antares	
  813	
  day	
  Point	
  Source	
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IceCube	
  IC59	
  search	
  -­‐	
  Improvements	
  

•  Use	
  IceTop	
  as	
  veto	
  to	
  reduce	
  
energy	
  “cut”	
  for	
  down-­‐going	
  

•  Improved	
  sensiIvity	
  using	
  
BDT	
  

•  Improved	
  reconstrucIon	
  	
   33	
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Point	
  Source	
  Search	
  in	
  Skymap	
  (IC40+59)	
  

unbinned	
  likelihood	
  

signal	
  term	
  contains	
  angular	
  and	
  energy	
  pdf	
  

all	
  sky!	
  

test	
  staIsIcs:	
  

43339	
  up-­‐going	
  +	
  64230	
  down-­‐going	
  from	
  723	
  days	
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Significance	
  Skymap	
  (IC40+59)	
  
	
   ra: 75.45     dec: - 18.15	



-log10 p = 4.65	



​𝑛 𝑠	
  = 18.3	

	
  = 18.3	



​γ 	
  = 3.9 	

HoRest	
  spot:	
  

Post-­‐trial	
  	
  
p-­‐value:	
  	
  
~67%	
  

preliminary	
  
but:    𝓞(𝟏𝟎𝟎𝟎𝟎𝟎)  𝐭𝐫𝐢𝐚𝐥𝐬	
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IC40	
  1	
  year	
  ANTARES	
  813	
  
days	
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Neutrino	
  Point	
  Source	
  Upper	
  Limits	
  

SuperK 
ANTARES (304 days) 
 
Antares (813 day) 
(my approximation) 
 
AMANDA 
IceCube 40 
IceCube 80 (predicted) 
IceCube 40+59 
KM3NeT 
(predicted)	
  

90%	
  CL	
  sensiAvity	
  for	
  E-­‐2	
  spectrum	
  

sensiIvity	
  	
  
to	
  models	
  

down-­‐going	
   up-­‐going	
  



Sampling	
  of	
  IceCube	
  Science	
  Topics	
  

•  Search	
  for	
  sources	
  of	
  GalacIc	
  cosmic	
  rays	
  
•  Time	
  integrated	
  All	
  sky	
  point	
  source	
  
•  Time	
  dependent	
  searches	
  

–  Transient	
  All	
  Sky	
  sources	
  
–  Gamma-­‐Ray	
  Bursts	
  

•  Atmospheric	
  neutrino	
  spectrum	
  
•  Search	
  for	
  HE	
  diffuse	
  neutrinos	
  	
  

–  muons	
  
–  Cascades	
  

•  IceCube	
  at	
  low	
  energy	
  with	
  Deep	
  Core	
  	
  
–  Indirect	
  Search	
  for	
  Dark	
  Mazer	
  
–  Low	
  energy	
  cascade	
  events	
  

•  Cosmic	
  Ray	
  anisotropy	
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40	
  

Time	
  Dependent	
  Point	
  Source	
  Searches	
  

Post-­‐trial	
  	
  
p-­‐value:	
  	
  
~1.4%	
  

interesIng	
  fluctuaIon!	
  
however,	
  no	
  known	
  object	
  found	
  
in	
  this	
  region	
  of	
  sky	
  

variable	
  	
  
Ime	
  window	
  



41	
  

Follow-­‐Up	
  Programs	
  

#334	
   #535	
   #445	
  



Gamma	
  Ray	
  Bursts	
  
•  Gamma-­‐Ray	
  Bursts	
  are	
  short	
  bursts	
  of	
  

gamma	
  rays,	
  a	
  few	
  seconds	
  in	
  duraIon	
  
•  Brighter	
  than	
  rest	
  of	
  gamma	
  ray	
  sky	
  
•  A�erglow	
  lasIng	
  much	
  longer	
  
•  First	
  observed	
  in	
  Vela	
  satellites	
  (1960s)	
  
•  Several	
  generaIons	
  of	
  satellite-­‐based	
  

observaIons	
  have	
  shown:	
  
•  Extra-­‐galacIc	
  origin	
  
•  Gamma-­‐ray	
  emission	
  beamed	
  

42	
  

              

•  Internal	
  shocks	
  in	
  GRBs	
  are	
  a	
  compelling	
  
candidate	
  for	
  the	
  source	
  of	
  acceleraIon	
  
for	
  UHECRs.	
  

•  AcceleraIon	
  condiIons	
  required	
  to	
  
produce	
  the	
  observed	
  gamma	
  rays	
  would	
  
also	
  be	
  sufficient	
  for	
  UHECR	
  producIon	
  

•  Observed	
  gamma-­‐ray	
  burst	
  energy	
  
injecIon	
  rate	
  into	
  Universe	
  well	
  matched	
  
to	
  observed	
  UHECR	
  energy	
  

•  	
  Waxman-­‐Bahcall	
  modeled	
  neutrino	
  
producIon	
  from	
  photon-­‐hadron	
  
interacIons	
  in	
  fireball	
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IceCube	
  GRB	
  search	
  

IC40:	
  arXiv:1101.1448	
  

90%	
  c.l.	
  =	
  0.22model	
  

8	
  events	
  expected	
  	
  
0	
  events	
  observed	
  

•  IceCube	
  performs	
  a	
  stacked	
  for	
  a	
  neutrino	
  signal	
  in	
  coincidence	
  with	
  
observed	
  GRB	
  gamma	
  signals	
  
–  All	
  Northern	
  hemisphere	
  GRB	
  bursts	
  are	
  considered.	
  

•  CombinaIon	
  of	
  spaIal	
  and	
  Ime	
  correlaIon	
  yields	
  very	
  low	
  background	
  
(~Background	
  Free	
  Search)	
  

•  Per-­‐burst	
  neutrino	
  fluence	
  and	
  spectra	
  are	
  calculated	
  based	
  on	
  the	
  
measured	
  gamma-­‐ray	
  spectra.	
  ParameterizaIon	
  of	
  Gueza,	
  et	
  al.	
  
(Astropart.Phys.	
  20	
  (2004)	
  429-­‐455)	
  



IceCube	
  GRB	
  Summary	
  

•  Three	
  successive	
  seasons	
  without	
  a	
  GRB	
  neutrino	
  discovery	
  
•  IC40	
  90%	
  CL	
  upper	
  limit:	
  	
  0.82	
  modeled	
  flux	
  
•  IC59	
  90%	
  CL	
  upper	
  limit:	
  	
  0.46	
  modeled	
  flux	
  
•  Combined	
  search	
  results	
  

–  Expect	
  8	
  neutrinos	
  from	
  model,	
  see	
  0	
  
–  Combined	
  limit	
  is	
  0.22	
  modeled	
  flux	
  

•  Where	
  are	
  the	
  neutrinos?	
  	
  
•  Do	
  we	
  already	
  rule	
  out	
  GRB	
  as	
  CR	
  source?	
  
•  Input	
  assumpIons	
  in	
  modeled	
  GRB	
  neutrino	
  flux	
  

–  Bulk	
  Lorentz	
  factor,	
  fracIon	
  of	
  energy	
  in	
  electrons	
  relaIve	
  to	
  
protons,	
  	
  dynamics	
  of	
  Ime	
  structure	
  

•  Ongoing	
  work	
  to	
  place	
  limits	
  on	
  UHECR	
  producIon	
  in	
  GRBs	
  
–  Km3	
  detector	
  gives	
  	
  sensi.vity	
  of	
  Astrophysical	
  Interest!	
  

44	
  



GRB	
  astrophysics	
  in	
  IceCube	
  
Current	
  &	
  Future	
  

45	
  

3	
  years	
  of	
  IceCube	
  will	
  see	
  neutrinos	
  from	
  
GRBs	
  or	
  rule	
  out	
  the	
  fireball	
  model!	
  



Sampling	
  of	
  IceCube	
  Science	
  Topics	
  

•  Search	
  for	
  sources	
  of	
  GalacIc	
  cosmic	
  rays	
  
•  Time	
  integrated	
  All	
  sky	
  point	
  source	
  
•  Time	
  dependent	
  searches	
  	
  

–  Transient	
  All	
  Sky	
  sources	
  
–  Gamma-­‐Ray	
  Bursts	
  

•  Atmospheric	
  neutrino	
  spectrum	
  
•  Search	
  for	
  HE	
  diffuse	
  neutrinos	
  	
  

–  muons	
  
–  Cascades	
  

•  IceCube	
  at	
  low	
  energy	
  with	
  Deep	
  Core	
  	
  
–  Indirect	
  Search	
  for	
  Dark	
  Mazer	
  
–  Low	
  energy	
  cascade	
  events	
  

•  Cosmic	
  Ray	
  anisotropy	
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Atmospheric	
  Neutrino	
  Spectrum	
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~	
  13,000	
  neutrinos	
  in	
  1	
  Yr	
  



Search	
  for	
  Diffuse	
  Neutrino	
  flux	
  with	
  Muon	
  neutrinos	
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IC40	
  muon	
  neutrino	
  diffuse	
  flux	
  limit	
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IceCube	
  40	
  has	
  Reached	
  the	
  Waxman-­‐Bahcall	
  bound!	
  



HE	
  Cascades	
  in	
  IceCube	
  

•  The	
  volume	
  of	
  IceCube	
  is	
  qualitaIvely	
  different	
  then	
  
previous	
  generaIons	
  of	
  detectors	
  
–  Ability	
  to	
  contain	
  high	
  energy	
  cascade	
  events	
  
–  Advantage	
  is	
  that	
  all	
  sky	
  is	
  covered	
  at	
  all	
  energies	
  

•  Muon	
  astronomy	
  constrained	
  to	
  low	
  energy	
  contained	
  events	
  and	
  higher	
  
energy	
  events	
  (above	
  cr	
  induced	
  muon	
  spectrum)	
  

–  Disadvantage	
  is	
  reduced	
  ability	
  to	
  point	
  for	
  astronomy	
  
–  But,	
  for	
  diffuse	
  analysis	
  poinIng	
  not	
  criIcal!	
  

•  IC40	
  is	
  sufficient	
  to	
  start	
  sensiIve	
  searches	
  using	
  
cascades	
  
–  Not	
  yet	
  as	
  mature	
  as	
  muon	
  neutrino,	
  but	
  ge�ng	
  there	
  
–  Preliminary	
  results	
  à	
  work	
  in	
  progress	
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IC40	
  HE	
  cascade	
  event	
  displays	
  

	
  Energy	
  esImate	
  =	
  175	
  TeV	
  

51	
  

Side	
  view	
   Top	
  view	
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All-­‐Flavour	
  Diffuse	
  Flux	
  of	
  Astrophysical	
  Neutrinos	
  	
  

Preliminary	
  

Mumbai, 8/26/2011 Tom Gaisser 36 

IceCube limits on cosmogenic ν"
• GZK search looks for!

–  very bright events!
–  near the horizon!
–  with compact initial 

burst of light!
–  Complementary to 

diffuse νµ search that 
starts by measuring 
atmospheric νµ"

–  Blue lines show results 
that include cascades!

–  Model 6 (Fermi max): 
expect 0.4 events!

IceCube-40 arXiv:1103.4250 

All-flavor limits assuming νµ ~ ντ ~ νe 



Cosmogenic	
  Neutrinos	
  (GZK)	
  

•  Cosmogenic	
  neutrinos	
  “guaranteed”	
  flux	
  
–  InteracIon	
  of	
  cosmic	
  rays	
  with	
  CMB	
  

•  Very	
  high	
  energy	
  events	
  (>10	
  PeV)	
  
–  Very	
  bright	
  events	
  
–  Near	
  the	
  horizon	
  

•  Extension	
  of	
  diffuse	
  (astrophysical)	
  neutrino	
  search	
  
to	
  higher	
  energies	
  

•  Flux	
  predicIons	
  have	
  large	
  uncertainty	
  
–  FracIon	
  of	
  event	
  per	
  year	
  for	
  lower	
  predicIons	
  assuming	
  
protons	
  as	
  highest	
  energy	
  cosmic	
  rays	
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Cosmogenic	
  neutrino	
  signatures	
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Constraints	
  on	
  the	
  Extremely-­‐high	
  Energy	
  Cosmic	
  Neutrino	
  
Flux	
  with	
  the	
  IceCube	
  2008-­‐2009	
  Data	
  

all	
  flavor	
  neutrino	
  fluxes	
  

E-­‐2	
  spectrum	
  	
  
integrated	
  

limits	
  are	
  touching	
  GZK	
  predicIons	
  of	
  “guaranteed”	
  EHE	
  neutrinos	
  	
  

Mumbai, 8/26/2011 Tom Gaisser 36 

IceCube limits on cosmogenic ν"
• GZK search looks for!

–  very bright events!
–  near the horizon!
–  with compact initial 

burst of light!
–  Complementary to 

diffuse νµ search that 
starts by measuring 
atmospheric νµ"

–  Blue lines show results 
that include cascades!

–  Model 6 (Fermi max): 
expect 0.4 events!

IceCube-40 arXiv:1103.4250 

All-flavor limits assuming νµ ~ ντ ~ νe 



IceCube	
  86	
  sensiIvity	
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Several	
  	
  Analyses	
  in	
  progress	
  with	
  IceCube	
  Data	
  
	
  HE	
  atmoshepric	
  neutrino/diffuse,	
  EHE,	
  GZK	
  

Stay	
  tuned!	
  



Sampling	
  of	
  IceCube	
  Science	
  Topics	
  

•  Search	
  for	
  sources	
  of	
  GalacIc	
  cosmic	
  rays	
  
•  Time	
  integrated	
  All	
  sky	
  point	
  source	
  
•  Time	
  dependent	
  searches	
  	
  

–  Transient	
  All	
  Sky	
  sources	
  
–  Gamma-­‐Ray	
  Bursts	
  

•  Atmospheric	
  neutrino	
  spectrum	
  
•  Search	
  for	
  HE	
  diffuse	
  neutrinos	
  	
  

– muons	
  
–  Cascades	
  

•  IceCube	
  at	
  low	
  energy	
  with	
  Deep	
  Core	
  	
  
–  Low	
  energy	
  cascade	
  events	
  

•  Cosmic	
  Ray	
  anisotropy	
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IceCube	
  Deep	
  Core	
  (low	
  energy	
  &	
  contained	
  events)	
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MoIvaIon:	
  
	
  	
  -­‐	
  Low	
  mass	
  WIMP	
  search	
  (indirect	
  DM)	
  
	
  	
  -­‐	
  Neutrino	
  oscillaIon	
  physics	
  	
  
	
  	
  	
  	
  	
  	
  	
  -­‐	
  extend	
  LE,	
  νµ disappearance,	
  ντ	
  
appearance	
  
	
  	
  -­‐	
  southern	
  hemisphere	
  à4π	
  detector	
  



ObservaIon	
  of	
  low	
  energy	
  Neutrino	
  Cascades	
  

•  Disappearing	
  νμ	
  should	
  appear	
  
in	
  IceCube	
  as	
  ντ	
  cascades	
  

–  EffecIvely	
  idenIcal	
  to	
  neutral	
  	
  
current	
  or	
  νe	
  CC	
  events	
  

–  Could	
  observe	
  ντ	
  appearance	
  	
  
as	
  a	
  distorIon	
  of	
  the	
  energy	
  	
  
spectrum,	
  if	
  cascades	
  can	
  be	
  	
  
separated	
  from	
  muon	
  background	
  

cascades	
  

νe	
  

Preliminary	
  



Low	
  energy	
  cascades	
  in	
  IceCube	
  DeepCore	
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First	
  clear	
  observaIon	
  of	
  LE	
  cascades	
  in	
  IceCube	
  	
  
at	
  10-­‐300	
  GeV	
  
è First	
  steps	
  in	
  oscillaIon	
  studies	
  

10

Preliminary

Harsh Cut full data(281d)
-To remove    -BG and reduce      -BG , we placed a set of harsh cuts.
-After the cut, we found 1029 events in 281 days of full data sample. 
-Predicted 59% neutrino-induced cascades, 41%        
-Contamination of    -BG and systematic uncertainties still being evaluated.

⌫CC
µµ

⌫CC
µ

µ

Cascade Detection Cut-Results
After Harsh Cut ( Full data )
Systematic Uncertainties NOT included!

Nobs Csig (C’sig) Cbg(C’bg)

#Events
(281 days) 1029

650.2 
(551.2)

454.0 
(415.4)

Nobs = Number of observed events in real data
Csig = Cascade Signal from Bartol model
Cbg = Remaining Background from Bartol model
(C’sig and C’bg = expected rates from Honda 2006 model)

⌫CC
e + ⌫NC

e + ⌫NC
µ

⌫CC
µ

Preliminary

Chang Hyon Ha                                                                                                                            2011 TAUP Munich

Tuesday, August 30, 2011
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Sampling	
  of	
  IceCube	
  Science	
  Topics	
  

•  Search	
  for	
  sources	
  of	
  GalacIc	
  cosmic	
  rays	
  
•  Time	
  integrated	
  All	
  sky	
  point	
  source	
  
•  Time	
  dependent	
  searches	
  	
  

–  Transient	
  All	
  Sky	
  sources	
  
–  Gamma-­‐Ray	
  Bursts	
  

•  Atmospheric	
  neutrino	
  spectrum	
  
•  Search	
  for	
  HE	
  diffuse	
  neutrinos	
  	
  

–  muons	
  
–  Cascades	
  

•  IceCube	
  at	
  low	
  energy	
  with	
  Deep	
  Core	
  	
  
–  Indirect	
  Search	
  for	
  Dark	
  Mazer	
  
–  Low	
  energy	
  cascade	
  events	
  

•  Cosmic	
  Ray	
  anisotropy	
  	
  
61	
  



CR	
  Muon	
  Astronomy	
  

Use	
  large	
  sample	
  (~2	
  kHz)	
  
of	
  down	
  going	
  cosmic	
  ray	
  
muons	
  to	
  make	
  a	
  map	
  of	
  
the	
  southern	
  hemisphere	
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Recall	
  the	
  Moon	
  Shadow	
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Cosmic	
  Ray	
  Anisotropy	
  	
  
Compared to Northern Sky	
  

the	
  orientaIon	
  of	
  the	
  dipole	
  moment	
  
does	
  not	
  	
  correspond	
  to	
  the	
  relaIve	
  moIon	
  
in	
  the	
  Galaxy	
  (Compton-­‐Ge�ng	
  effect)	
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Cosmic	
  Ray	
  Anisotropy	
  vs	
  Energy	
  in	
  IceCube-­‐59	
  

•  first	
  Ime	
  structure	
  at	
  higher	
  energy	
  observed	
  

•  structures	
  at	
  20	
  TeV	
  and	
  400	
  TeV	
  differ	
  



•  Nearby	
  CR	
  sources?	
  
•  Something	
  Else?	
  

65	
  [submized	
  to	
  ApJ:	
  arXiv:1105.2326]	
  

Equatorial	
  sky	
  maps	
  in	
  HEALPix	
  
with	
  NSide=	
  64,	
  pix	
  resol	
  ~	
  0.9˚	
  



66	
  

ExoIcs:	
  Dark	
  Mazer,	
  Monopoles	
  ....	
  

beyond SM 
GUT: monopoles 

Dark	
  Mazer	
  Searches:	
  SUSY,	
  WIMPS,	
  KK	
  

cosmology	
  constraint	
  for	
  DM:	
  



SensiIvity	
  to	
  MSSM	
  WIMPs	
  

•  Solar	
  WIMP	
  
dark	
  mazer	
  
searches	
  probe	
  
SD	
  scazering	
  
cross	
  secIon	
  

–  SI	
  cross	
  secIon	
  
constrained	
  well	
  
by	
  direct	
  search	
  
experiments	
  	
  

•  DeepCore	
  will	
  	
  
probe	
  large	
  
region	
  of	
  
allowed	
  phase	
  
space	
  

Corresponding σSI within factor�
 103 of current direct limits


Corresponding σSI more than factor �
103 beyond current direct limits


Allowed �
MSSM models


IceCube soft spectrum

Super-K


Direct Detection Experiments
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RelaIvisIc	
  Monopole	
  Search	
  
Monopole	
  flux	
  limits	
  assuming	
  	
  an	
  isotropic	
  flux	
  at	
  the	
  detector	
  

Monopole with  β=10-2 , λ=1mm 

Event time duration~400µs 
challenge for data acquisition 

p	
  catalysis:	
  	
  	
  σ0	
   ∝	
  β2/λ	



future: slow monopoles 	
  

•  O(1000)	
  below	
  bound	
  from	
  existence	
  of	
  
galacIc	
  B-­‐field	
  (Parker	
  )	
  

•  Limits	
  seriously	
  	
  constraint	
  	
  GUT	
  models	
  

existence	
  of	
  	
  
cosmic	
  B-­‐fields	
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HE: radio, acoustics, ... 
 - cosmogenic neutrinos 
 - Under construction 

 
DM-Ice: Dark matter 

 - Bckgrnd measure in IceCube 
 - Proposal 

 
LE: DeepCore + extension 
(PINGU) 

 - oscillations 
 - galactic sources 
 - dark matter 
 - SN neutrinos Pingu-­‐I	
  

18	
  addiIonal	
  strings	
  with	
  
about	
  1000	
  DOMs	
  	
  
in	
  the	
  30	
  MT	
  DeepCore	
  	
  
Cherenkov	
  imaging	
  

Future	
  

Doug Cowen Astrophysics from the South Pole April 4, 2011

PINGU-I:
Possible Geometry

• Could continue to
fill in the DeepCore
volume

• E.g., an additional
18 strings (~1000 DOMs)
in the 30 MTon 
DeepCore volume

• Could get to a few GeV
threshold in inner
10 MTon volume

• Price tag would likely be around $20M
image courtesy of A. Karle

Existing
IceCube
Standard
Strings

Existing 
DeepCore
Strings 
(and Strings)

New 
PINGU-I
Strings 
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Summary	
  
•  Large	
  Neutrino	
  Telescopes	
  now	
  opera.ng	
  in	
  both	
  hemispheres	
  

o  IceCube	
  is	
  complete	
  and	
  has	
  already	
  surpassed	
  expected	
  performance.	
  	
  

The	
  era	
  of	
  km3	
  neutrino	
  telescopes	
  is	
  just	
  beginning!	
  

•  Results	
  from	
  Antares	
  the	
  partly	
  completed	
  IceCube	
  detector	
  (IC22,40,56,79)	
  reached	
  
sensi.vi.es	
  which	
  are	
  star.ng	
  to	
  seriously	
  challenge	
  some	
  	
  models:	
  

o  point	
  source	
  limits	
  	
  all	
  sky,	
  Ime	
  (in)dependent,	
  candidate	
  list,	
  	
  
o  GRB	
  limits	
  challenging	
  the	
  fireball	
  model	
  
o  WIMP	
  limits	
  extended,	
  Monopole	
  limit	
  well	
  below	
  “Parker	
  Bound”	
  
o  Diffuse:	
  factor	
  4	
  below	
  W&B	
  bound;	
  EHE:	
  in	
  the	
  range	
  of	
  GZK	
  predicIons	
  
o  pre-­‐selected	
  candidate	
  sources	
  (single	
  or	
  stacking),	
  transients/Ime	
  dep.:	
  flares,	
  GRB,	
  SN	
  ...	
  
o  follow-­‐up	
  program	
  (opIcal,	
  X-­‐ray,	
  γ-­‐ray)	
  

•  Measurements:	
  
o  atmospheric	
  neutrino	
  and	
  muon	
  spectrum,	
  lorentz	
  invariance,	
  non-­‐standard	
  oscillaIons	
  
o  cosmic	
  ray	
  anisotropy	
  on	
  various	
  angular	
  scales,	
  CR	
  composiIon:	
  IceCube/IceTop	
  has	
  

unique	
  capabiliIes	
  

•  Future:	
  exploit	
  exis.ng	
  facility	
  and	
  infrastructure:	
  
o  DeepCore:	
  low	
  energy	
  extension,	
  atm.	
  	
  OscillaIons,	
  low	
  mass	
  WIMPS	
  
o  high	
  energy	
  extensions:	
  radio,	
  Low	
  energy:	
  Cherenkov	
  imaging?,	
  DM-­‐Ice	
  

70	
  Stay	
  tuned	
  over	
  the	
  next	
  decade!	
  


