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• introduction 

 

• we built a km3 neutrino detector  3 challenges: 

 

• drilling 

• optics of ice 

• atmospheric muons 

 

• search for the sources of the Galactic cosmic rays 

 

• search for the extragalactic cosmic rays 

   

• gamma ray bursts 

• active galaxies 
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In the Universe 



cosmic ray spectrum 

 

Galactic 

 

extragalactic 

 

 

solar 



cosmic rays interact with the 

microwave background 

0g   pandnp

TeV102E 6

cosmic rays disappear, neutrinos appear 
 

 

     {e   e} 

~ 1 GZK event per kilometer cube per year 



neutrino sky 

requires a km2 

neutrino telescope 



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. 



photomultiplier 

tube 
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• lattice of photomultipliers 

•   shielded and optically 

    transparent medium 
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IceCube event display 

 

time = color (red  purple) 

size = number of photons 









energy measurement ( > 1 TeV ) 
 

 

 

 

 

 

e+e- 

 

g 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 



n + p   + … 

 

but analog photo-

multipler after 

2 km… not pretty 

 

neutrino interaction 

 creates muon track 

AMANDA event: 

muon neutrino 



analog transient wave recorder  
 

IceCube 



main 
board 

LED 
flasher 
board 

HV board 

architecture of independent DOMs 
 

    10 inch pmt 



each DOM is an autonomous unit 

Digitized Waveform 



each DOM is 

independent: 

continuously 

sends time- 

stamped 

wave forms 



IceCube / Deep Core 

 Digital Optical Module (DOM) 

• 5320 optical modules on 
86 strings ( + IceTop) 

• detects ~220 neutrinos 
and 1.7x108 muons per 
day 

• threshold 10 GeV 

• angular resolution 

     < 1 degree 

 

 



completed December 18, 2010 
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89 TeV 



IC79 DATA, DeepCore event downgoing neutrino 
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IceCube Site 

5 megawatt power plant 



drill and install 

60 DOMs in less 

than 2 days 

drilling and deployment 

33 



absorption length            220m  



 scattering length         47m  



36 M. Santander - TeV cosmic ray anisotropy in IceCube (Prelim exam) - 03/07/2011 

Muon event in IceCube 

downgoing cosmic ray muon 

~ 2700 per second 





muons detected per year: 

 

• atmospheric*                    7x1010 

 

• atmospheric**   n        >  8x104 

 

• cosmic              n        ~  10 

 

 

 
* > 2000 per second               ** 1 every 6 minutes  



 

within trigger time window 

down down down 

up 



(not) final performance 



  IceCube neutrino area (0902.1176) 
 
      predicted performance (blue) 
Astroparticle Physics 20, 507 (2004) 
 
 
 

present (!) 

IceCube 
performance 

 
then 
and 
now 

 
PeV: x2 
EeV: x3 

 
neutrino 
“mirror” 

area 
 
 

Gonzalez-Garcia et al. 



moon shadow 

 > 16  

 ~ 0.1 deg 





improved angular and energy resolution 

soon 



… on to 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. 



IceCube-40 atmospheric 

neutrino spectrum 



cosmic  

neutrinos: 

 

energy: 

>> 100 TeV 

atmospheric neutrino spectrum to >100 TeV 



zenith angle 

two analyses 

matter effect 

of eV sterile n’s ? 



3 

3+1 



50 

systematics !!! 

• K/ ratio 

• zenith acceptance of 

modules 

• ice 

• CR composition 

zenith angle 

two analyses 



neutrino flavors 

 

 

 

 

 

 

(also ne appearance) 



electron neutrino 



seen:         14 events 

predicted: 3 atmospheric and 4 background 





 directions of ~ 600 neutrinos 

early 

astronomy 

 

AMANDA  

2000 



IceCube 40 strings 

operated 375.5 days 
northern sky: 14139 neutrinos 

southern sky: 23151 muons 

search for 

• clustering  

• high energy (>> 100 TeV) 





• nothing seen yet (ongoing) 

• nothing expected (next) 



ANTARES SUPER-K 

AMANDA 

IC40 
next unblinding IC40+59 

KM3: 2X3km3 detectors– 1-year sensitivity 

limits (symbols) / sensitivies (lines) to point sources 

southern hemisphere    northern hemisphere 
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… often wrong, but never in doubt … 

 

Galactic: 

supernova  

remnants? 

 

extragalactic: 

gamma ray 

bursts? 

active 

galaxies? 

 

 

solar cosmic 

rays 



particle acceleration in solar flare  

coronal 

mass 

ejection 

 

10 GeV 

particles 

flows of charged particles result in large B-fields 



cassiopeia A supernova remnant in X-rays 

gravitational energy 

released is trans- 

formed into 

acceleration 

        

acceleration when 

particles cross 

high B-fields 



Galactic 

cosmic rays : 

 

must produce 

pionic g-rays 

in interactions 

with hydrogen 

in Galactic plane 

(1 proton cm-3) 

 

cr + p  pions 

0  gg 

 

trace cosmic 

rays 

Galactic    extragalactic 

produce 100 TeV 

gamma rays 



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

Southern  
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milagro 



neutrinos 

from 

supernova 

remnants : 

 

molecular 

clouds as 

beam 

dumps 
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neutral pions     

are observed as  

gamma rays 

 

charged pions 

are observed as  

neutrinos 

 

nn = g  g 

 
 



cygnus region : Milagro   
 

translation of 

TeV gamma rays 

into 

TeV neutrinos : 
 

3 ± 1 n per year in IceCube per source 



5 in 5 years of IceCube … 

IceCube image of our Galaxy > 10 TeV 



                                              IC59            IC40 

 

J2019+37                              -                   0.28 

J1908+06                              0.33             -  

J2031+41 (cyg ob2)             -                   0.18  

J2043+36  (C1)                     0.44             0.28  

J2032+37  (C2)                     -                    

J1852+01                              -                   0.035 





first surprise 



IC59 

IC22 and IC40 : muon astronomy (!) 

IC40 

IC22 

Different geometries, same 

structure 



cosmic rays 

in IceCube 
10 TeV 

to several 

100 TeV 

10 TeV 

2 KHz 

3 deg resolution 

• we map the highest 

  energy Galactic 

  cosmic rays, but… 

 

• their gyroradius is 

  < 1 pc in microgauss 

  magnetic field 

 

• closest sources 

                 > 100 pc 

 

should not point! 
    that’s why we  

   detect neutrinos! 



32 billion muons/ 59 strings 









  Vela 

• closest supernova remnant 

• strongest gamma ray source 
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radiation 
and dust 

black hole 

                 p + 0 
 

~ cosmic ray + gamma 
 

NEUTRINO BEAMS: HEAVEN & EARTH 
Neutrino Beams: Heaven & Earth 

 
p + g  n + + 

 
~ cosmic ray + neutrino  

n and g beams : heaven and earth 



collide cosmic rays of 

GRB 

origin with fireball and 

microwave photons 

 

 

0g   pandnp

cosmic rays from n-decay 



GRB origin of cosmic 

rays challenged 

0 gamma rays after 

cascading in the 

microwave background 
+ neutrinos 



 

NOT a GRB 

 

 

neutrino(?) 

within 40 s 

duration of 

the burst 

 

azimuth of 

burst 

87.11 deg 

 

observed 

87.97+/- 0.3 

 

we keep 

looking !!! 



1~1.5 events/yr 



250,086 photons 

10 PeV in detector 

probablity atmospheric: 

10-3 
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c 

WIMP Capture and Annihilation 

DETECTOR 

n 

n 

 c + c  W + W  n + n 

     b + b   n + n 









Galactic Center 

in 

neutrinos and 

muons 



~20σ 

without 

oscillations 

with 

oscillations 

3+1 neutrinos? 

IceCube science 



Conclusions 

 

• 5 years to depression, 10 to despair 

 

• Hess 1912…. and still no conclusion 

 

• the instrumentation is in place … 

 

• … supernova remnants and GRB are in 

  close range ! 

 

• dark matter ? 

 




