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 
 

How to detect high energy neutrinos 

                   The 
             traditional  
   method: 
 charged current  



Detection Modes 

 Muon track from CC muon 
neutrino interactions 

Angular resolution   0.1° -  0.5°   

dE/dx resolution factor 2-3 

 Cascade from CC electron and NC 
all flavor interactions 

Angular resolution 2° -  15 ° 

Energy resolution ~ 15%  
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The devices 

Baikal 

Antares 

AMANDA 
IceCube 



V
. 

B
e

rt
in

 -
 C

P
P

M
 -

 

A
R

E
N

A
'0

8
 @

 

R
o
m

a
 

70 m 

450 m 

2500m 
•  885 PMTs  

• 12 strings 

• Operating in final  

   configuration     

   since  2008 

  ANTARES 



IceCube Neutrino Observatory 

 
 ~220 /day 
 Threshold 

     - IceCube    ~ 100 GeV 

     - DeepCore    ~10 GeV 
 

 

IceTop air shower detector 
81 pairs of water Cherenkov tanks 

 
 
 
 

IceCube  
86 strings including 8 Deep Core strings 
60 PMT per string 
 

DeepCore 
8 closely spaced strings 

1450m 

2450m 

2820m 

Operating in final configuration (IC86) since Dec. 2010 

                             2008     2009      2010     >2010 
 

IC1  IC9  IC22   IC40  IC59  IC-79  IC86   



Brand New: Lake Baikal, first cluster of GVD 

 Old NT200: ~ 0.0001 km³ 

 

 DUBNA cluster: 0.004 km³ 

     (Antares 0.015 km³) 

 

 GVD-1:  

     12 clusters ~ 0.4 km³ 

     (~2020) 

 GVD-2:  

     27 clusters ~ 1.5 km³ 

 

 





Atmospheric neutrinos in IceCube 
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Atmospheric neutrinos in IceCube 

.. and ANTARES 
 
 
 
 
 
 

            arXiv:1308.1599 

 



Oscillations of atmospheric neutrinos 

  Muon neutrino survival probability 

Vertically upward 

Horizontal 
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PL B714 (2012) 

 

ANTARES 

K2K 

MINOS 

SuperK 

1σ 2σ 

Oscillations underwater and ice: from ANTARES … 



3 years 

Oscillations underwater and ice: to 3 yrs DeepCore… 

1 year 
(3 analyses) 



3 years DeepCore 

 arXiv:1410.7227 

 accepted by PRD 

 New results with even 
better constraints in 
Summer 2015 

 Good basis                              
for P I N G U   and O R C A 



Oscillations of atmospheric neutrinos 

  Muon neutrino survival probability 

Vertically upward 

Horizontal 

Non-standard 
oscillations due 
to VLI 

Standard 
oscillations  

Oscillations 
to sterile   

VLI 

AMANDA 

90%, 95%, 99% 

SK + K2K 

         90% 

 IceCube           

        10y, 90% 

 

δc/c = 10-27 





Pre-trial significance skymap, IC40+59+79+86 (4 years) 

North 

 

 

 

 

 

 

South 



ANTARES point source search     



Upper limits and 5 discovery potential  

100 TeV cut-off 



Combining ANTARES + IC 40/59/79 

 For different 
spectral indices 

 

 

 For spectral 
indices > 2.5  
small effect                   
of combination 

Icecube 
ANTARES 

Combined 



ANTARES scrutinizes IceCube‘s warm spot 

Single source with                                                    

E²· = 8 × 10-8 GeV/(cm²s)                               

and 0.5° width                                           

is  discarded as reason for 
IceCube‘s  „warm spot“.  



IceCube 4 years:  upper limits and predictions 

Crab Nebula 

model excluded 

 model  

  almost 

   excluded 

The most realistic model: 

can be tested with 2 x  

present sensitivity (2016) 



2 examples for stacked-source limits 





t ~  

-10 -100s 
t ~ 0   t90 

t ~ t90  ? 

Neutrinos from GRB 

Energy 

b 

Energy  

Flux 
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Neutrinos from GRB 

Energy 

AMANDA limit from 408 bursts 
 

                                   1997-2003 

Waxman-Bahcall 

GRB prediction 
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t ~  

-10 -100s 
t ~ 0   t90 

t ~ t90  ? 

Neutrinos from GRB 

Energy 

 

 IceCube, 225 GRB                            
Nature 484 (2012):                                
WB & Guetta ruled out   
with > 3 

 New calculation of Hümmer 
et al. gives about one order 
of magnitude lower  fluxes 

 Also ANTARES (2007 and 
2013, A&A 2013): no 
coincidence 

 New IceCube analysis with 
506 GRB and meanwhile full 
detector: see next slide 

 



 506 GRB 

 One single low-significance 
coincidence, consistent with 
atmospheric background 

 IceCube has ruled out 
neutron escape models 

distant GRB 

γ, ν 

  Neutrinos from GRB                  arXiv:1412:6510 



Follow-up observations  all-sky devices  pointing devices 

      ANTARES 
 

IceCube 





Galactic plane            

IC40+59, preliminary 





IC79/IC86                                                       2.8   
 

 Ernie                   Bert 

 

 

 

 
   

~1.04 PeV            ~ 1.14 PeV 

Special search for neutrinos with E > 500 TeV     



Follow-up Analysis: HESE  (High Energy Starting Event) 

Muon Veto 

  Qtot > 6000 
photoelectrons 

 

     400 Mton eff.  

                   Volume 

 



HESE analysis 

 Effective target mass for various interactions 

100 TeV         1 PeV 



Rejection of atmospheric  and  by „selfveto“ 
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 Dotted lines: without self-veto 

 Full lines: with self-veto 



Rejection of atmospheric  and  by „selfveto“ 
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LHC 
 

 
• zenith distrib. ~  isotropic astrophysical flux 
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    first evidence for an extra-terrestrial flux 
    shown at IPA2013 [IceCube, Science 342 (2013)] 

 [IceCube, Phys.Rev.Lett. 113:101101 (2014)] 

• 3 yrs: 37 events in 988 days 
• bkg. 8.4±4.2 atm. µ and 6.6+5.9 atm. 
  
      mostly e CC and NC cascades 

”Bert” 
1.04 PeV 
Aug. 2011 

”Ernie” 
1.14 PeV 
Jan. 2012 

”Big Bird” 
2 PeV 

Dec. 2012 

5.7 
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    first evidence for an extra-terrestrial flux 
    shown at IPA2013 [IceCube, Science 342 (2013)] 

 [IceCube, Phys.Rev.Lett. 113:101101 (2014)] 

• 3 yrs: 37 events in 988 days 
• bkg. 8.4±4.2 atm. µ and 6.6+5.9 atm.  
• 4 years: 54 events 
      mostly e CC and NC cascades 

”Bert” 
1.04 PeV 
Aug. 2011 

”Ernie” 
1.14 PeV 
Jan. 2012 

”Big Bird” 
2 PeV 

Dec. 2012 

5.7 

~7 



 HESE skyplot, 3 years    



 HESE skyplot 4 years 

 Significance of the warm spot has decreased (p-value from 7% to 18%) 

 No significant correlation to know sources, neither spatial nor temporal 

 Need more events to irdentify sources 

cascade events only 
p-value = 18 % 



MESE (Medium Energy Starting Events) 

 Reduce threshold by further cuts down to ~ 1 TeV 

 

 arXiv:1410.1749 

 



Throughgoing muons,  IC-79/86 

0.5 PeV 

 muon ~1 PeV  

neutrino 

Highest energy event 

   Examples of muons found in 

IC79/86 upgoing diffuse analysis 

Also found in HESE 



More muons,  IC-79/86 

Highest energy event 



3.9 

Through-going muons, IC-79/86 



Putting (all) together:  Global fit 

T1 = tracks (IC59)     T2 = tracks (IC79),   S1 = showers (IC40),  S2 = showers (IC59) 
H1 = HESE (IC79/86/86)      H2 = MESE (IC79/86) 



Putting all together 

Global fit 

Flux: 

 

at 100 TeV 

Spectral index: 
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New: 3 years through-going muons 
 
The highest energy muon in 2009-12  
                                                       (IC 59+79+86) 

4.3 



T3 

Putting all together 

https://wiki.icecube.wisc.edu/index.php/File:Global_fit_results_single_fits.png
https://wiki.icecube.wisc.edu/index.php/File:Global_fit_results_single_fits.png


Comparison to analysis dominated by shower-like events 

CCµ 3 years                 HESE 



Flavor composition 



Flavor composition: a complicated issue 

 O. Mena, S. Palomares-Ruiz, A. Vincent, Composition of the High-
Energy Neutrino Events in IceCube Phys. Rev. Lett. 113 (2014) 091103  

 



Flavor composition: own IceCube analyses 

1) 
cascade-dominated  
sample 



Flavor composition: own IceCube analyses 

the best fit flavor 
composition 
disfavors 1:0:0        
at source at 3.6  

 

 

2) 
Including muon 
Sample 
(„global fit“) 



 6 different data samples based on data from 2008 – 2012  
 different strategies to suppress the atm. muon background 
 Large samples of track-like and cascade-like events 

 assume isotropic astrophysical flux and e : µ :   = 1:1:1 at Earth , then 

   can fit  with unbroken power-law between 25 TeV and 2.8 PeV  

   spectral index   – 2.5  0.09   (-2.0 disfavoured at 3.8) 

   flux at 100 TeV  (6.7  1.2)x10-18 (GeV  cm2  s  sr)-1 

 

 

…and once more the spectrum 





Φdiffuse∝ L・ρ 
 

1% 

Resolving the sources of the diffuse flux 

Marek Kowalski 

arXiv:1411.4385 



Galaxy Clusters 

Resolving the sources of the diffuse flux 




