
   IceCube‘s high energy neutrinos:   

    atmospheric and cosmic fluxes 

  
 

 
 
 
 
 

 

Christian Spiering 
ISCRA Workshop 

Moscow, June 2017 



 

        46 institutions from 12 countries 



 

      46 institutions from 11 countries 



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 



 
 

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°   

Energy resolution from dE/dx: 
factor 2-3 

 Cascade from CC electron and NC 
all flavor interactions 

Angular resolution 2° -  15 ° 

Energy resolution ~ 15%  
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IceCube: Spectrum of atmospheric neutrinos 









IC79/IC86                                                       2.8   
 

 Ernie                   Bert 

 

 

 

 
   

~1.04 PeV            ~ 1.14 PeV 

Special search for neutrinos with E > 500 TeV     





4 different approaches      (note the overlap of the event samples!) 

 Through-going muons 

 

 Cascades 

 

 High-energy starting events  
(HESE) 

 

 Extremely high energy events  
(EHE) 

Tracks from below  
or around horizon 

Events start inside,  
                   not in veto region 

> 10 PeV events, mostly  
from horizon or above.  
Discrimation against atm µ: energy 

              early light 

 
 

late light 

E > 30 TeV, meanwhile lowered) 

Spherical light propagation 



Muon Veto 

  Qtot > 6000 
photoelectrons 

 

     400 Mton eff.  

                   Volume 

 

HESE analysis 



Muon Veto 

  Qtot > 6000 
photoelectrons 

 

     400 Mton eff.  

                   Volume 

 
µ 

Veto is also good for rejecting large part of atmospheric  !! 

 

HESE analysis 



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“ 

atm. 
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HESE  (High Energy Starting Event) 

First evidence for an extra-terrestrial h.e. neutrino flux   
                                                                                                        2 yrs data, 28 evts      4.1 
                                                                                                                           Science 342 (2013) 
 

                                                                                                        3 yrs data, 37 evts      5.9 
                                                                                                                                     Phys.Rev.Lett. 113:101101 (2014) 

 
                                                                                                        4 yrs data, 54 evts     ~ 7 
 
 

                                                                                                        Threshold ~ 30 TeV 



HESE  (High Energy Starting Event) 

First evidence for an extra-terrestrial h.e. neutrino flux   
                                                                                                        2 yrs data, 28 evts      4.1 
                                                                                                                           Science 342 (2013) 
 

                                                                                                        3 yrs data, 37 evts      5.9 
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”Bert” 
1.04 PeV 
Aug. 2011 

”Ernie” 
1.14 PeV 
Jan. 2012 

”Big Bird” 
2 PeV 

Dec. 2012 



HESE  (High Energy Starting Event) 

First evidence for an extra-terrestrial h.e. neutrino flux   
                                                                                                        2 yrs data, 28 evts      4.1 
                                                                                                                           Science 342 (2013) 
 

                                                                                                        3 yrs data, 37 evts      5.9 
                                                                                                                                     Phys.Rev.Lett. 113:101101 (2014) 

 
                                                                                                        4 yrs data, 54 evts     ~ 7 

Analysis has been extended down to ~ 10TeV threshold: Phys.Rev. D91 (2015) 022001  

 Results from a 6-year sample to be released at ICRC 2017 

















Model-independent proof of astrophysical origin: 



Through-going muons 
 
Highest energy muon in 2009-12  
                                                       (IC 59+79+86) 



Through-going muons, six years (2009-15) 
   Astrophys. J. 833 (2016) 3  



Through-going muons, six years (2009-15) 
 

The highest-energy event 
 

Deposited energy  2.60.3 PeV 

 

 

 

 

 

 

     Most probable  energy ~7 PeV      
.    (for E-2 assumption) 



Through-going muons, six years (2009-15) 

Spectrum: 
 

Fit parameters: 

 



Broken Spectrum?                      = 0  E
 

                               Right figure 

 Red band:  combined analysis, power-law spectrum hypothesis 

 Dots: fit of flux in different energy bands 

 Green band: through-going muons, power-law spectrum hypothesis 



Flavor composition: what do we expect? 



Flavor composition: what do we measure? 

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

 

 





 xx 

IceCube 7 years       pre-trial significance skymap 

422 791  upward  from  interactions 

 
 

289 078 downward µ from CR showers 

         961 starting tracks from  interactions 

North 

 

 

 

 

 

South 

No significant excesses 



Limits vs. Models for selected sources 

Crab Nebula 



Limits vs. Models for selected sources 

Blazars  (Petropolou et al. 2015) 



Also no source in HESE skyplot (4 years) 

ANTARES (looking from the North at 
lower energies and with better angular 
resolution): 

Single source with                                                    

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

and < 0.5° width                                           

Is discarded as reason for this „hot spot“.  

                
       18 %                         

             



Contribution of Fermi-2Lac Blazars to the diffuse TeV-PeV flux 

                                                                                                    ApJ vol. 835, no. 1, p. 45 (2017) 

 Search for cumulative neutrino emission from blazars in the 2nd Fermi-LAT AGN 
catalogue (862 blazars) 

 Data from 2009-2012      
                                                                                                                                                   

 No significant excess  
 

 Contribution of 2LAC blazars                                                                                                                                          
to IceCube’s astrophysical                                                                                                                           
  flux  27%  (0.01- 2 PeV),                                                                                                                                           
for equipartition  of flavors                                                                                                                                       
at Earth and spectral index 2.5.  

 < 50% for spectral index 2.2 

 

 Constrains recent models for neutrino emission by blazars 

 

 

 

 



Galactic Plane emission (from CR interactions with dust) 



Summary 

Cosmic high-energy  discovered 
 Opened new window, but landscape not yet 

charted: no point sources identified up to now 

 Also: remaining uncertainties on spectrum and 
flavor composition. 

 Some individual sources in reach! 

 Excluded GRB, Blazars, …. as sole source of HESE 
events 

  Need detectors in the North with different  syste-  
.matics and better angular resolution (KM3NeT, GVD) 





BACKUPS 



HESE analysis 

 Effective target mass for various interactions 

100 TeV         1 PeV 



IceCube 7 years       Sensitivities and upper limits 



Influence of a cut-off    (shown for 4-year sample) 

Astrophys. Journal Letters, Vol. 824, Nb.2, L28 (2016) 

HE through-going tracks 

Starting tracks 





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 





t ~  

-100 -10s 
t ~ 0   t90 

t ~ t90  ? 

Neutrinos from GRB 

Energy 

b 

Energy  

Flux 



 1172 GRB 

 Neutron escape models 
à la Ahlers ruled out.  

 Waxman Bahcall model 
almost ruled out. 

  Neutrinos from GRB   subm. to  ApJ  & arXiv:1702:6510 

b 

Energy  

Note that we assume roughly  uniform                                                                                                               
production across all GRB. Should a rare subclass of GRB produce a significant neutrino signal, 
it may still be discoverable  by IceCube and with MWL observations! 



Follow-up observations  all-sky devices  pointing devices 

      ANTARES 
 

IceCube 





 
~ 400 scientists 

 
~50 institutions in 12 countries 

(lead Institutions U. Wisconsin, DESY) 
  



IceCube Gen2 

• PINGU :   GeV scale,   mass hierarchy 

• High Energy Array:  PeV scale ,   astronomy  

• Surface array:  Veto array for HEA , cosmic ray physics  

• Radio Array:             > 100 PeV,  BZ (GZK) neutrinos 

  



Gen2/HEA 

Gen2/HEA Parameters 

# Strings 120 

DOMs / String 80 

String Length 1.3 km 



Gen2:  Tentative time scale 



Gen2: Example for point source sensitivity 

Mrk 421 



Multi-wavelength follow-up of a rare  multiplet 

 2/17, 2016: 3 -induced tracks within                                                                              
100 s, consistent with point source.  

 Expected once every  13.7 years as                                                                              
random coincidence of BG events.                                                                                                              
  Detection of 0.38 BG events was                                                                      
expected at the time of the alert.  
 

 

Location of the 3 events with their 50% error circles.                                                                                               
+  is combined direction, the shaded circle :combined                                                                                              
50% error circle. Solid and dashed circles : results of                                                                                                   
the standard (solid) and an alternative (dashed) reconstruction.   

 

 Follow-up observations by Swift’s X-ray telescope, by ASAS-SN, LCO and 
MASTER at optical wavelengths, and by VERITAS in the very high energy 
gamma-ray regime, plus analysis of Fermi LAT and HAWC.  

arXiv: 1702.06131, subm. to A&A 




