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Neutrino Telescopes 

 

Physics Goals 



Physics with neutrino telescopes 

ÁSearch for the sources of high-energy cosmic rays 

ÁDark Matter and Exotic Physics 

Á  WIMPs 

Á  Magnetic Monopoles and other superheavies 

Á  Violation of Lorentz invariance 

ÁNeutrino and Particle Physics 

Á  Neutrino oscillations   

Á  Charm physics 

Á  Cross sections at highest energies 

ÁSupernova Collapse Physics  

Á  MeV neutrinos  in bursts  ­ early SN phase,  neutrino hierarchy, ... 

ÁCosmic Ray Physics 

Á  Spectrum, composition and anisotropies, shadows of moon and Sun 
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Physics with neutrino telescopes 

at source: ne : nm : nt = 1:2:0 

at Earth:   ne : nm : nt = 1:1:1 

 p + target ­ p+ + é.. 

                       ­ m+ + nm 
 

                             ­ e+ + ne + nm 
 



Neutrino Telescopes 

 

Detection Principles 



m 
nm 

How to detect high energy neutrinos  

                   The 
             traditional  
   method: 
nm charged current  



Detection Modes 

ÁMuon track from CC muon 
neutrino interactions 

ÁAngular resolution   0.1° -  0.5°   

ÁEnergy resolution from dE/dx: 
factor 2-3 

ÁCascade from CC electron and NC 
all flavor interactions 

ÁAngular resolution 2° -  15 ° 

ÁEnergy resolution ~ 15%  
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Neutrino Telescopes 

 

The Detectors 



Generation-1 devices  (0.002-0.02 km³) 

Baikal-

NT200 

Antares 

AMANDA terminated 

terminated 



Generation-2 devices  (km³ scale) 

Baikal- 

GVD 
KM3NeT 

IceCube completed 2010 

under construction 
data taking with ~50% detector size 

under construction 



Generation-3 device  (10 km³ scale) 

IceCube-Gen2 Start construction ~ 2026 



Worldwide Common Effort  



Worldwide Common Effort  

ÁExchange knowledge, software, people 

ÁDevelop common strategy 

ÁCombine data  (skymaps, ..) 

ÁCross check of results 

ÁCooperate in multimessenger and alert 
programs 

ÁTopical Workshops 

ÁMonthly Newsletter 



  The pioneer: NT200 in Lake Baikal 

Á8 strings 

Á192 PMTs 

ÁHeight 72 m 

ÁDiameter 42 m 



  1996  

A textbook  underwater  neutrino  event   



70 m 

450 m 

2500m 
Å  885 PMTs  

Å 12 strings 

Å Operating in final  

   configuration     

   since  2008 

  ANTARES 



IceCube Neutrino Observatory 

 
Á~220 n/day 
ÁThreshold 

     - 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 



Cosmic Rays and 

Atmospheric Muons 

 



Cosmic Rays and Atmospheric Muons 

ÁSpectrum of Cosmic Rays  (air showers with IceTop) 

ÁSpectrum, Composition and Anisotropies of Cosmic 
Rays (muons with IceCube, air showers with IceTop) 

 

ÁShadow of moon and  Sun with muons (ANTARES 
and IceCube) 

                     a) detector calibration                                             
.                        (angular resolution and  absolute pointing) 

                     b) solar magnetic fields 

 



Shadow of the moon 

ÁIceCube with the first 59 of the final 86 strings  Phys. Rev. D 89, 102004 (2014)      

 

                                                                                                                          Angular resolution ~ 0.7° 

                                                   .                                                                                                       
.                                                                                                      Angular offset < 0.2° 

 

 
 

 

ÁANTARES   Eur. Phys. Journal C 78 1006 (2018) 

 

                                                 Angular resolution ~ 0.7° 

                                                 Angular offset  < 0.5° 



Shadow of the Sun 

ÁIceCube (2018, 2020) Temporal variation over seven years  

 

    late 2010                                                                   
.   - early 2017 

 
ApJ, 872 (2019) 133 and 

more recently  arXiv:2006.16298 



Shadow of the Sun 

ÁIceCube (2018, 2020) Temporal variation over seven years  

 

     



 Atmospheric Neutrinos 

 



Atmospheric neutrinos in IceCube (2 years) 

proton 

conventional 

ʉʈ 
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Atmospheric neutrinos in IceCube (2 years) 

.. and ANTARES 
 
 
 
 
 
 

            arXiv:1308.1599 

 



Using atmospheric neutrinos to measure ̀  ˄at > TeV 

IceCube Coll.: Measurement of the multi-TeV neutrino cross section 
with IceCube using Earth absorption  Nature 551 (2017) 596 and arXiv:1711.08119 



Using atmospheric neutrinos to measure ̀  ˄at > TeV 

IceCube Coll.: Measurement of the multi-TeV neutrino cross section 
with IceCube using Earth absorption  Nature 551 (2017) 596 and arXiv:1711.08119 



      Phys. Rev. D91, 072004 (2015) 

 

DeepCore: Oscillations for atmopheric neutrinos (E < 30-40 GeV) 

ὖ ’ O  ’  
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      Phys. Rev. D91, 072004 (2015) 

 
                    Neutrino Conference 2020 

DeepCore: Oscillations for atmopheric neutrinos (E < 30-40 GeV) 



The Discovery of a Diffuse 

Cosmic Neutrino Flux 



IC79/IC86                                                       2.8 s  
 

 Ernie                   Bert 

 

 

 

 
   

~1.04 PeV            ~ 1.14 PeV 

Special search for neutrinos with En > 500 TeV     



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

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

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

 
                                                                                                        4 yrs data, 54 evts     ~ 7s 
 
 

                                                                                                        Threshold ~ 30 TeV 



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

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

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

 
                                                                                                        4 yrs data, 54 evts     ~ 7s 

òBertò 
1.04 PeV 

Aug. 2011 

òErnieò 
1.14 PeV 
Jan. 2012 

òBig Birdò 
2 PeV 

Dec. 2012 



Through-going muons, IC-79/86 



The Astrophysical Neutrino Flux 



The Astrophysical Neutrino Flux 

Adding ANTARES 
 
Total: 50 events, Simulation: 36.1 ± 8.7 
 

Best fit F = 1.5±1 10-8 GeV-1 cm-2 sr-1 s-1 

              g  = 2.3 ° 0.4 

 
1.8 s excess  

ANTARES preliminary 
(D. Samtleben Neutrino 2020) 

 

ApJ 853 (2018) L7 
arXiv:1711.07212 

 



The Astrophysical Neutrino Flux 

ÁFlux modeled with simple 
power law: 

 

 

ÁDifferent events samples 
(energy, topology, sky 
hemisphere) favor slightly 
different indices and 
normalisations. 

ÁBroken spectrum? 

ÁĄ Need independent 
measurements with different 
systematics: KM3NeT, GVD ! 

M. Santander, talk at Neutrino 2020 



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 s 

 

 



Individual Sources 

and Source Classes 



IceCube, 10 years           PRL 124, 051103 (2020), arXiv:1910.08488 

Some evidence for non-uniform skymap in 10 years of IceCube data 
(3.3̀ ). Mostly resulting  from 4 extragalactic source candidates.       

No indications for galactic sources. 

 

 

 

 
 
 
Strongest excess  
(2.6 ̀  post trial) close to 
galaxy NGC 1068 (cross) 



Combining ANTARES and IceCube data 

Here: ANTARES and IceCube Combined Search for Neutrino Point-like and  
           Extended Sources in the Southern Sky                 Astrophys. J. 892 (2020) 92 

Similar combined searches exist for galactic diffuse emission and galactic dark matter 



t ~  

-100 Ą-10s 
t ~ 0 Ą  t90 

t ~ t90 Ą ? 

Neutrinos from GRB 

Energy 

eb 

Energy Ą 

Flux 



Constraints on the contribution to the diffuse flux 

Individual ƅǳŜƴŎŜǎ calculated for each of the 784 GRBs  
(thin lines) and the corresponding stacked ƅǳŜƴŎŜ (thick 

line)  

 

Constraining the contribution of 

Gamma-Ray Bursts to the high 

energy di use neutrino þux with  

10 years of ANTARES data  

https://arxiv.org/pdf/2008.02127.pdf 

Example:                               
recent ANTARES result                     
(10 times less sensitive 
than IceCube limit !) 

https://arxiv.org/pdf/2008.02127.pdf
https://arxiv.org/pdf/2008.02127.pdf


Constraints on the contribution to the diffuse flux 

Translation of the stacked fluence to  the corresponding quasi-
ŘƛũǳǎŜ ƴŜǳǘǊƛƴƻ ƅǳȄ  (colored band: min.-to-max. range) 

 



Constraints on the contribution to the diffuse flux 

Quasi-di use þux for 784 GRBs:  

       model: red solid line        ANTARES 90% CL upper limit: dashed red line.   

       IceCube best ýts for ɜÕ tracks and  HESE events: blue and green 
 

GRB cannot contribute more than 10% (ANTARES) / 1% (IceCube)  

to the IceCube diffuse flux  at 100 TeV. 
 

 



Other stacking searches 

Similar stacking searches have been performed for  

ÁGamma-loud blazars 

ÁFlat spectrum radio quasars (FSRQs) 

ÁΧ 

                                      with all IceCube searches resulting in upper limits 

 

ÁSee, however, A. Plavin, Y. Kovalev, Yu. Kovalev, S. Troitsky:               

Directional association of TeV to PeV astrophysical neutrinos 
with active galaxies hosting compact radio jets,                            
arXiv:2009.08914, subm. to ApJ, and yesterday talk of A. Plavin 

 

https://arxiv.org/abs/2009.08914


Two Very Special Events 



The first candidate for the Glashow resonance 



The first candidate for the Glashow resonance 



Partially contained event with E = 6.3 PeV 

First identification of  a   
clear candidate for an  
anti-electronneutrino  
in an underwater detector ! 



First tau-neutrino candidate 
Looking for double-bang events  
(Tau decay length is ~ 50 m at 1 PeV)   Two candidate events in 7.5 years of data 



Multi -Messenger Results 



 

Alerts to optical, radio and gamma-ray telescopes  
and to x-ray detectors on satellites 
 

 (SIMILAR FOR ANTARES) 



The first point source candidate 
 

 
22. September 2017, 20:54 UTC 



Á43 seconds later: first alarm with preliminary direction 

 

ÁSequence of refined reconstruction algorithms  

Á~ 4 hours later: GCN Circular issued   

ÁOnly 0.1° off the position of the known g-ray blazar                              
TXS 0506+056.  

 

ÁMost probable energy of the neutrino ~290 TeV. 
 

 

ÁBroad multi-wavelength campaign 
 

The first point source candidate 



TXS 0506+056 
z = 0.3365°0.0010  



Les Pulsars gamma 

avec GLAST  

David Smith 

Centre d Etudes Nucléaires de 

Bordeaux-Gradignan 

( CENBG - in2p3 - CNRS ) 

28. 9.  Fermi-Satellite: 

- Source: Active Galaxy TXS 0505+056,                      

which is in a flaring state 

 



From  29.8. on 
MAGIC looks longer than the initial 

hour to TXS 05060+056 and  

observes it flaring  

with high significance  

http://www.miguelclaro.com/wp/wp-content/uploads/2013/10/MAGIC-LaPalma_4829-net.jpg



