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•  we built a km3 neutrino detector  3 challenges: 

•  drilling 
•  optics of ice 
•  atmospheric muons 

•  atmospheric neutrino spectrum 

•  atmospheric muon spectrum: first surprise 

•  search for the sources of the Galactic cosmic rays 

•  search for the extragalactic cosmic rays 
   

•  gamma ray bursts 
•  GZK neutrinos 
•  a multi-wavelength story 

•  search for dark matter 

IceCube.wisc.edu 



TeV sources 

cosmic 
   rays 

R
ad

io
 

C
M

B
 

V
is

ib
le

 

G
eV

 γ
-r

ay
s 

 energy (eV) 

 fl
ux

 
ν

particle flux 
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cosmic rays 

Extragalactic 

PDG 2008 



cosmic rays interact with the 
microwave background 

cosmic rays disappear, neutrinos appear 



M. Markov 
1960 

        B. Pontecorvo 

M.Markov : 
we propose to install detectors  
deep in a lake or in the sea and  

to determine the direction of  
charged particles with the help  

of Cherenkov radiation. 



µ

•  lattice of photomultipliers 

•    shielded and optically 
    transparent medium 

ν



photomultiplier 
tube 



energy measurement ( > 1 TeV ) 

e+e- 

π

γ pair-creation 
bremsstrahlung 

photo-nuclear 

convert the amount of light emitted 
to measurement of the muon 
energy (number of optical modules, 
number of photons, dE/dx, …) 

muon track 



 why did it take so long ? 



Amundsen-Scott South Pole station 

South Pole 
Dome 

1500 m 

2000 m 
[not to scale] 

AMANDA 

2000 



IceCube / Deep Core

5320 Digital Optical Modules (DOM)

•  detects Cherenkov light 
from showers and muon 
tracks initiated by 
neutrinos 

•  detects ~220 neutrinos 
and 1.7x108 muons per 
day 

•  threshold 10 GeV 
•  angular resolution 
 0.4~1 degree 





DeepCore 

Dec 2010 

January 20, 2010 



10:39 this morning 





IceCube neutrinos (40 out of 80 strings) 

 operated for 276 days  collected > 18,000 ν’s 





neutrino 
with 

40 strings 

(>18,000 events 
in < 1 year) 



~ 100 TeV 
particle physics! 



21 

89 TeV



250,086 photons 
10 PeV in detector 

probablity atmospheric: 
10-3 



electron neutrino 





•  equivalent detection volume 
  of a 2 megaton SuperK-style 
  detector 

•  1 million events from 10 kpc 

•  time of neutronization to a few 
  milliseconds  

starting points of neutrino showers from supernova 
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IceCube Site 

5 megawatt power plant 



to 2500 m in 
less than 
2 days  

3.5 cm/second 

drilling and deployment 

28 
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absorption length 



 scattering length 
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 one in 106 muon tracks is produced by a neutrino !!! 



muon passing DeepCore 





muons detected per year: 

•  atmospheric   µ                7x1010 

•  atmospheric   ν  µ      >  4x104 

•  cosmic           ν  µ      ∼  10  



muon passing DeepCore 





within trigger time window 

down down down 

up 



5 muons in 40 µs 





  IceCube neutrino area 

      predicted performance (blue) 
Astroparticle Physics 20, 507 (2004) 

IceCube 
performance 

then 
and 
now 

PeV: x2 
EeV: x3 

neutrino 
“mirror” 

area 

Gonzalez-Garcia et al. Gonzalez-Garcia et al. 



moon shadow 

 > 10σ
 < 1 deg 



IceCube science 

we measure the flux of atmospheric muons and  
neutrinos at higher energies and with better 
statistics than previous experiments. Any deviations 
from what is expected is new neutrino physics or 
new astrophysics. We just look for surprises. 
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IceCube 40 atmospheric neutrino spectrum 
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measured atmospheric neutrino spectrum 
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zenith angle 
two analyses 
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systematics ! 

•  K/π ratio 
•  zenith acceptance of 

modules 
•  ice 

zenith angle 
two analyses 



IceCube Deep Core

Digital Optical Module (DOM)

•  extends capabilities of 
IceCube into the 

 ~10 GeV to ~300 GeV 
(νµ) energy range 

•  several ten thousand 
atmospheric neutrinos 

per year 

2009/10"
deployments



10 
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MINOS 

T2K 

CNGS 

NuFac 2800 
0.005 

0.03 
0.10 

T2KK 

Degeneracy 
of parameters 

Large atmospheric  
neutrino detectors 

LAND 

LENF 

Icecube deep core 

Smirnov, Erice 2010 
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IC79 DATA, DeepCore event 



1500 

2500 

low energy core for IceCube�

AMANDA 

Deep Core 

concept: define fiducial volume. 
contained vertex with no hits in 

outer “veto” region is a 
candidate for a downward  

neutrino. 





neutrino oscillations in Deep Core

resonance in effective θ13 angle traversing the Earth diameter at 10 GeV

hierarchy 
(sin2(2θ13)=0.1) 

ντ appearance 

νµ disappearance 



Tyce DeYoung NDM 2009 September 3, 2009

muon neutrino disappearance

~20σ

without oscillations "
with oscillations

Preliminary

full detector simulation 
of 3-flavor oscillations 

•  1 year DC 
•  noo bg assumed 
•  cos(θ) < -0.6 

number of hit DOM 
used as simple 
energy estimator 



numu disappear nutau appear 

hierarchy ? 



hierarchy by statistics? 



~ 10 GeV : hierarchy from matter effects�
 in the Earth near first absorption dip

(mostly) neutrino + antineutrino - 

sign Δ13 : hierarchy ! 



neutrinos with 40 strings 

We have measured the atmospheric neutrino 
spectrum to an energy of 400 TeV. The data is 
consistent with the predicted energy dependence. 
IceCube can therefore search for cosmic neutrinos 
by (high) energy (and not just clustering), i.e. by 
looking for neutrinos with an energy that is not 
compatible with atmospheric origin. 

No evidence for a significant charm component. 
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cosmic rays 
in IceCube 

10 TeV 
to several 
100 TeV 

10 TeV 
2 KHz 
3 deg resolution 

•  galactic 
•  not solar 
•  highest energies 
  approach the “knee” 
•  gyroradius < 1 pc in 
  microgauss field 
•  closest sources 
                 > 100 pc 



dipole anisotropies  

motion of the Earth in the 
frame of the cosmic rays 

•  solar dipole: 
  motion of the Earth 
  around the sun 

•  motion of the Sun 
  relative to the Galaxy 
  (Compton-Getting) 

220 km/s 



Compton-Getting effect 

•  0.35% effect ( if frame of the CR is the Galaxy ) 
•  inclined relative to the equatorial plane 
•  easy ! 
•  not seen  

equatorial coordinates: 
right ascention and declination 



universal (solar) time 

•  will not affect maps in 
  siderial time (RA-dec) 

•  systematics test  
  map in anti-siderial 
  time (unphysical) 



IceCube-22 string result 

relative intensity in equatorial coordinates : 
for each declination belt of width 3 degrees the map shows 
the number of events relative to the average in the belt  

RA 
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not a dipole 

wrong phase for Compton-Getting 



Comparison to Northern Hemisphere 



IceCube skymap 

map is smoothed over 20 degrees (or 4 hours) 
will be tested a priori with 59 strings 
also search for smaller structures 



IceCube with 22 and 24 strings : different detector, different year 



IceCube (20 TeV) and Milagro (10 TeV) 



did we finally detect supernova remnants ? 

•  arrival of 100 TeV CR consistent with the age of Vela 
  and… we do not understand diffusion 
•  something else 



angular power spectrum (red) 

same for anti(!)-siderial map as a check 



muon (!) astronomy 

We have established that the arrival directions of 
the highest energy Galactic cosmic rays are not 
uniformly distributed in the sky. We find a large 
excess in the direction of Vela, the strongest gamma 
ray source in the sky. 

Note: muons with energy in excess of 20 TeV 
have a gyroradius of less than 0.1 pc. The Vela 
pulsar is at ~300 pc. 
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… often wrong, but never in doubt … 

Galactic: 
supernova  
remnants? 

extragalactic: 
gamma ray 

bursts? 



shock acceleration (solar flare)  

coronal 
mass 

ejection 
 

10 GeV 
particles 

flows of charged particles result in large B-fields 



Hillas formula : 

•  dimensional analysis, difficult to satisfy 

•  accelerator must contain the particles 



large magnetic field in 
young supernova remnants 



cassiopeia A supernova remnant in X-rays 

gravitational energy 
released is trans- 
formed into 
acceleration 
        
E-2 spectrum 

acceleration when 
particles cross 
high B-fields 



and if the star collapses to a black hole … 



collapse of massive 
star produces a 

gamma ray 
burst 

           shocks produced in 

          the outflow of the 

              spinning black hole: 

            electrons 

            and 

             protons ? 

spinning black hole 



active galaxy 

particle flows near 
supermassive 

black hole 



radiation 
and dust 

black hole

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth ν and γ beams : heaven and earth 
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ν beams : heaven and earth

Fermi  Acceleration 
Predicts E-2  Spectrum

89



νµ  µ+ ν    µ- 

µ+ 

π+ π- 

e+ νe 

e+    e- 

e+ 

γ

π0 

γ

γ e- 

e+ γ

νµ





IceCube 40 strings 
operated 375.5 days northern sky: 14139 neutrinos 

southern sky: 23151 muons 

search for 
•  clustering  
•  high energy 
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cassiopeia A supernova remnant in X-rays 

10-3 of energy released 
transformed into 
acceleration  
E-2 spectrum 

acceleration when 
particles cross 
high B-fields 



Galactic 
cosmic rays 

Galactic    extragalactic 

produce 100 TeV 
gamma rays 



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

Southern  
Hemisphere 
Sky 

S
tandard D

eviations 

30° 

210° 

90° 65° 

milagro 



time in years 

3σ

5σ

Milagro: Galactic plane > 10 TeV preliminary 



cygnus region : Milagro  

Milagro 

translation of 
TeV gamma rays 

into 
TeV neutrinos 

3 ± 1 ν per year in IceCube per source 



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



20,000 atmospheric neutrinos later … 
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GRB 
protons and 
photons co- 
exist in the 
fireball  
ν production 

•  proton flux = observed cosmic ray flux (WB) 
•  observation of 117 burst with IceCube-40 strings 
•  4 events expected, none seen 





Auger : the sources revealed ? 

correlation of arrival directions with active galaxies 







                         IC-40 results   IC-22 results  
HiRes 4    
events (real/expected)  10 / 6.6 1 / 1.0  
pre-trial p-value   0.13  0.73  
pre-trial sigma   1.12  -  

HiRes 6    
events (real/expected)  21 / 7.7 2 / 1.3  
pre-trial p-value      0.000047 0.36  
pre-trial sigma   3.91  0.36  

PAO 1    
events (real/expected)  1 / 1.2 7 / 2.3  
pre-trial p-value   -      0.009  
pre-trial sigma   -  2.35  

RA 11.07° Dec. 14.99° 
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•  capture 

•  equilibrium 

neutrino flux 

wimp-nucleon cross 
section  
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sensitivity to wimps with 
spin-independent interactions 



arXiv:0906.1615 

<103 SI limit 

>103 SI limit 



arXiv:0906.1615 



conclusions 

•  none yet, but 

•  the instrumentation is in place 

•  or almost in place …. 




