




Detection of νe ,νµ , ντ 

~ 5 m 

Electromagnetic and hadronic cascades O(km) long muon tracks  

direction determination  
by cherenkov light timing 

   ≈ 15 m 









•  Maximum likelihood method 
•  Use expected time profiles of  photon flight 

times 

cascade: e or τ muon 





•  The incoming tau radiates little 
light. 

•  The energy of the second 
cascade can be measured with 
high precision. 

•  Signature: Relatively low energy 
loss incoming track: would be 
much brighter than the tau 
(compare to the PeV muon 
event shown before) 

Photoelectron density 


Timing, realistic spacing


Result: high effective

Volume, only second bang 
needs to be seen in Ice3


10-20 OM early hits measuring the incoming τ-track
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→   above 1 TeV, resolution ~ 0.6 - 0.8 degrees for most zenith angles 

0.8° 
0.6° 

Waveform information not used. Will improve resolution for high energies ! 





diffuse limit cascades  
Effective volume 

80 TeV – 7 PeV  For E2Φ(E) =10-6 GeV cm-2s-1sr-1  

     flux would expect: 

   9.3 νe , 6.2 νµ , 8.0 ντ  events 

2 candidate events total observed 

E2Φall ν (E) < 9·10 - 7 GeV cm-2s-1sr-1            

90% CL limit, assuming νe:νµ:ντ =1:1:1  
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No external geometry file is opened.
Detector: amanda-b-10, 19 strings, 680 modules
Data file: he_deff.f2k
Displaying data event 1425281 from run 336
Recorded yr/dy: 2000/170
  59857.5405130 seconds past midnight.
Before cuts:  264 hits,  264 OMs
After cuts :  264 hits,  264 OMs

200 TeV νe 


Two Events 



Diffuse limit cascades  
Effective volume 

50 TeV – 5 PeV 

E2Φall ν (E) < 8.6 · 10 – 10 TeV cm-2s-1sr-1            

90% CL limit, assuming νe:νµ:ντ =1:1:1 : 



MeV neutrinos at collapse 

TeV neutrinos from inside the star 

PeV neutrinos from internal shock 

PeV-EeV neutrinos from flares 
[Murase & Nagataki 2006] 

EeV neutrinos from external  
shocks [] 

GRBs as sources of high-energy neutrinos 

Fireball model for long GRBs 





420 GRB 
searched 

•  AMANDA starts to 
  exclude models 

•  IceCube will reach 70 
  times the instrumented 
  volume in 2009 



Year 2000 2001 2002 2003 

May June July 

Flux of 
TeV photons  
(arb. units) 
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ν
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gamma-rays detected by 
TeV gamma telescopes  

Arrival time of the neutrinos 
from the direction of 
ES1959+650 detected by 
AMANDA 

need a larger 
detector 



10-16 
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10-14 

10-18 

10-17 

1.00 0.75 0.50 
≈ 8300 

KGF 

Soudan 
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Baikal 
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IceCube 





South Pole 
Dark sector


AMANDA


IceCube


Dome


Skiway


South Pole Air Shower Experiment (SPASE) 

AMANDA-II: 200 x 500 cylinder + 3 1km strings, running since 2000 



AMANDA/IceCube as MeV ν detector 

 PMT noise low (~ 300 Hz) 
  ice uniformly illuminated 
 detect correlated rate increase  
      on top of PMT noise 



SUPERNOVA SEARCH ’97 + ‘98 
AMANDA-B10 with 302 OMs 
Selection of very stable OMs 

215 Days live time; 90% = 9.8 kpc 

70% of Galaxy coverage 

Astropart.Phys. 16 (2002) 345 

 CRUCIAL = LOW NOISE 

Φsn < 4.3  Event yr-1                    

AMANDA-II 
AMANDA-B10 

IceCube 
60 KPC 

  IceCube: < 500Hz/OM 
  1 string = AMANDA 

 Joined SNEWS (SuperNova Early Warning System) 
[with Super-K, SNO, Kamland, LVD, Boone] 

0       5      10  sec 

Count rates 
Simulation 
(IceCube) 

SN Signal proportional 
To number of OMs ! 

AMANDA-II with 677 OMs 



Amanda-II 

Amanda-B10 

IceCube 

B10:  
60% of Galaxy     

A-II: 
95% of Galaxy   

IceCube: 
up to LMC 

0       5      10  sec 

Count rates 

106 events in millisecond bins from 8 kpc 



1 million events with millisecond resolution from 8 kpc 



Simulation Data


Luminosities 

Kitaura, Janka, Hillebrandt (Astron. Astrophys. 450 (2006) 345) 

Garching




Expected IceCube signal  (D=10kpc, M =10M⊙) 
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gamma rays from the Southern sky 

•  for a gamma source spectrum 

•  the number of muons reaching  
   the detector depth from the source is 



IceCube as a gamma ray detector: significance for 1 Crab 



particle physics 



45 m 

25 m 

IceCube 



neutrino “astronomy” 



natural  particle beams 

•  Sun: resolution of solar neutrino puzzle 

    ν’s have mass 
    John Bahcall understands how the sun shines 
•  Supernova 1987A: ∼ 20 events only! 

    confirmed basic scenario for the death of a star 
    set records on neutrino properties 

•  Cosmic neutrinos? Discovery instrument, but also 
              ∼ 106 atmospheric and ∼ 103 supernova neutrinos 

    origin of cosmic rays 
    beam for particle physics 



1 km


AMANDA II 

300 
atmospheric  
neutrinos per 
day 

µ-event in IceCube 



νµ detection in IceCube 

E = 6 TeV E = 6400 TeV 



 energy measurement from MeV to EeV 

100 TeV 9 EeV 

νm detection in IceCube 

νµ detection in IceCube 



Neutrino Detection 

~ km-long muon tracks  
    from νµ


~17 m 

Longer absorption length => larger effective volume 

event reconstruction by Cherenkov light timing 

~10m-long cascades,  
νe ντ  neutral current 



Track-like muons 
νµ  (or VHE µτ) in CC interaction with nucleus will produce 
outgoing µ or τ which radiates Cherenkov photons in conical 
wavefront expanding outward from linear track.  Typically the 
interaction vertex lies outside the fiducial detector volume 
(through-going event) and only track is seen. However, hadronic 
cascade from recoiling target inside contained volume is also 
possible. 

“Double-bang” 
VHE ντ interacting inside the detector produces the primary recoil 
cascade and a τ which radiates as muon tracks until it decays and 
produces a secondary cascade – leaving a very distinct event 
signature. 

neutrino flavor 
The image cannot be displayed. Your computer may not have enough memory to open the image, or 
the image may have been corrupted. Restart your computer, and then open the file again. If the red 
x still appears, you may have to delete the image and then insert it again.

Point-like cascades 
νe CC or νX NC nuclear interactions produce either EM or 
hadronic cascades.  These cascades can produce enormous 
amounts of Cherenkov photons (108 photons per TeV) which are 
radiated over 4π.  The extent of the particle cascade is small; the 
expanding, approximately spherical wavefront appears to come 
from a point. 

Eµ=10 TeV 

~300m for  
     >PeV ντ  



νe and ντ detection in IceCube  

E = 375 TeV 

νe + N→ e- +X  

E = 6000 TeV 

τ- 

ντ + N→ τ- +X  

ντ


τ decays 

 identify ν flavor 



GZK event: cosmic ray + cmb photon  
        10 EeV neutrino 



IceCube : particle physics with 
one million atmospheric neutrinos 



quantized space: matter where the geometry is activated 



quantized space: matter where the geometry is activated 



violation of Lorentz invariance may be a tool to study 
Planck scale physics 

  interaction with Planck mass particles distort 
     spacetime 

  Planck scale vacuum fluctuations probed by 
      high energy neutrinos 

modification to dispersion relation leads to an energy 
dependent speed of light. 



Lorentz violation: ΔE vs Δt 

violation of Lorentz invariance because of Planck scale 
physics can be detected through time delays of high 
energy neutrinos relative to low energy photons 

 from a source at a distance d; for instance a GRB. 



100 x SM 

GZK range 

TeV-scale gravity increases PeV ν-cross section 


atmospheric 
range 



χ

WIMP capture in the sun 

         and annihilation in neutrinos 

DETECTOR


n 
νµ


 χ + χ  W + W  ν + ν




Disfavored by  
direct search 
(CDMS II) 

Limits on muon flux from Earth Limits on muon flux from Sun     

WIMP search 

1km3 (IceCube) 

AMANDA 1y 

Antares 3 years 
SK 

PRELIMINARY 



spin-independent

scattering




spin dependent�
scattering
Direct limits (very approx)




accumulated exposure at 100 TeV 

Antares construction 

KM3Net TDR 

IceCube 



radio detection of neutrinos 





Neutrino enters ice 

Two cones show 3 dB  
signal strength 

• Installed ~15 antennas  
   few hundred m depth with 
   AMANDA strings. 

• Tests and data since 1996. 

• Most events due to local 
   radio noise, few candidates. 

• Continuing to take data,  
   and first limits prepared. 

• Proposal to Piggyback with 
   ICECUBE 

Radio Detection in South Pole Ice 
RICE 



ANITA  
Antarctic Impulsive Transient Antenna Experiment 

searching for GZK neutrinos 
with radio detection in 

Antarctic ice 
neutrino 

Cascade: ~10m length 

air 

solid 

RF Cherenkov 



ICECUBE EXTENSION 
  optical-radio-acoustic detector  

Optical:  
80 IceCube + 13 IceCube-Plus strings  
at a 1 km radius, 1.5-2.5 km depth 

Radio/Acoustic:  
91 holes, 1 km spacing, 1.5 km depth  
5 radio + 300 acoustic receivers per hole 

instrumented volume : 

~(110 +3)  km3 

IceCube Collaboration, ICRC2005 



EVENT  RATES 

Detection option GZK events/year*) 

IceCube 0.7 
Optical 1.2 
Radio 12.3 
Acoustic 16.0 
Optical+Radio 0.2 
Optical+Acoustic 0.3 
Radio+Acoustic     8.0 !!! 
Opt.+Rad.+Acou. 0.1 

TOTAL 21.1 

*Numbers calculated, folding effective volumes 
  with ESS GZK neutrino flux model 

IceCube CoIllaboration, ICRC2005 



2005, 2006, 2007 deployments 
AMANDA 

IceCube string and 
IceTop station 

deployed 12/05 – 
01/06 

IceTop station only 
2006 

• 604 DOMs deployed to 
date 

• Want to achieve steady 
state of 14 strings / 

season. 

IceCube string and 
IceTop station 
deployed 01/05 

IceCube string and 
IceTop station to be 

deployed 12/06 – 
01/07 

a km squared year 
data by 2008 

Data from completed Antares detector KM3NET 



From New Scientist: 

AMANDA discovers  
cosmic neutrinos 6/1 

The Worlds Biggest  
Physics Experiments 
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