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(high-energy) Neutrino 

astronomy: 

Motivations, Techniques and 

Observations 



Neutrino)astronomy)

!  Neutrinos:+neutral,+stable,+weakly+interac4ng+
+not+absorbed+by+background+light +" access+to+full+energy+range+

+not+absorbed+by+ma:er + + +"++access+to+dense+environments+

+not+deviated+by+magne4c+fields +" astronomy+over+cosmological+distances+
+

!  Correlated+in+4me/direc4on+with+electromagne4c+and+gravita4onal+waves+
+

!  ‘Smoking+gun’+signature+for+hadronic+processes+

#  trace+cosmic+ray+produc4on/accelera4on/interac4on+sites+
+

…+But+difficult+to+detect:+small+fluxes,+small+crossHsec4on+

#+Instrument+naturally+abundant,+transparent+media:+ice,+water++
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The sources of neutrinos 

Soleil+et+SN+1987A+

Adapted from Xing, Nusky 2011 

ν’s from astro-
physical sources 
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ν’s from astro-
physical sources 

Soleil+et+SN+1987A+
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The+Sun+as+seen+by+the+

SuperKamiokande+experiment+
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50+000+tons+of+water+

24+neutrinos+observed+in+~10s+

(among+the+~1058+emi:ed…)+

about+3+hours+before+the+EM+signal+

Typical+energy+~10+MeV++

Adapted from Xing, Nusky 2011 
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Produced+in+cosmicHray+induced+

air+showers:+
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The sources of neutrinos 

Soleil+et+SN+1987A+
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High2energy)neutrino)astronomy:))
exploring)the)violent)Universe)

&)looking)for)cosmic)ray)
accelera=on/interac=on)sites)

+

…in+the+Galaxy+
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…and+beyond+
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μquasars+
SNR+

AGN+
GRB+

Galac4c++

structures+

Adapted from Xing, Nusky 2011 



High-energy neutrino production mechanisms 

! Hadronuclear+processes+
(e.g.+starburst+galaxies,+galaxy+clusters,++

galac4c+cosmic+rays)+++

! Photohadronic+processes+
(e.g.+gammaHray+bursts,+AGN,+microquasars,…)+++

ν+carries+~3H5%+of+proton+energy:+

TeVHPeV+ν’s+produced+by+protons+with+PeV+–+100+PeV+

Expected+spectral+index+≈+1+–+2+
+

Expected+flavour+ra4o:+

at+Earth+

credits:+U.+Katz+



High-energy neutrino production mechanisms 
! Photohadronic+processes+
(e.g.+gammaHray+bursts,+AGN,+microquasars,…)+++

Photons+can+be+produced+either+by+hadronic++

or+leptonic+processes:++

synchroH+

tron+

+

IC+

+

Ex.+SNR+RXJ1713:++

gammaHray+observa4ons+from++

Fermi,+H.E.S.S.+can+be+accomodated++

by+either+model:+

+

Neutrinos+needed+to+

unambiguously+confirm+

a+hadronic+component+!+



~400 m 

Neutrino detectors: size matters… 

41+m+~40 m 
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IceCube+

KM3NeT/ARCA+

+

+

+

(few)+Gigatons++

of+water/ice+
SuperH+

Kamiokande:+

50+ktons++

water+

+
~ 1 km 

HighHenergy+neutrino++

astronomy+requires+

km3Hscale+detectors+!++

9+

KM3NeT/ORCA+

6+Mton+

~200 m 

Adapted from Xing, Nusky 2011 

ν’s from astro-
physical sources 



Detection principle 

µ

42°+

interac4on+

Earth’s+crust+

Detector:+

3D+array+of+

photomul4pliers+

νµ

time, position & amplitude of hits 
 
 

energy & arrival direction of ν 

“We+propose+gesng+up+an+apparatus+in+an+

underground+lake+or+deep+in+the+ocean+

in+order+to+determine+the+loca4on+of++

charged+par4cles+with+the+help+of++

Cherenkov+radia4on”++M.#Markov,#1960#

Detection 
medium: 
WATER/ICE 
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Detection 
medium: 
WATER/ICE 

+

MUON+(TRACK)+TOPOLOGY:+

Golden+channel+for+astronomy+
+

•  Detec4on+effec4ve+volume+increases+with+Eν
•  Good+angular+resolu4on:+++

+++++++++++0.5°/0.1°+for+ice/water+1km³++



Detection principle 

Bruits de fond physiques 

µ 
µ 

ν 
ν 

Signal: cosmic ν’s 
10-20/yr 

Physical)background:++
CosmicHray+induced+air+showers+
+

 ++atmospheric+muons:+μ
atm

+

~+1010/yr+in+km3+detector++
+

 +atmospheric+neutrinos:+ν
atm

+

~+105/yr+in+km3+detector+

+++

  Detectors buried deep 
  Optimised for upward-going signals 
  use veto (« starting events »)  



13+

InIce: 86 lines, completed 2010 
    ~ 1 km3 instrumented volume   
 

DeepCore: 8 lines, dense infill 
 

IceTop: air shower array 

KM3NeT)

Neutrino telescopes 
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12 lines, completed 2008 
~ 0,02 km3 instrumented volume 
 

Prototype for a km3-sized 
detector in the Mediterranean: 
KM3NeT (ARCA & ORCA) 
under construction with new 
technology (multi-PMT  
optical module) 
 

KM3NeT)

Neutrino telescopes 

First+cluster+of+

Gigaton+Volume+Detector+

(0.4+km3)+being+deployed++



Water vs ice 



Water vs ice 

Complementary++

fields+of+view+

(below+100+TeV)+

Different+

environments+

4me+

Mediterranean:+logis4cally+a:rac4ve+

Op4cal+noise/+40K+(use+for+calibra4on)+

Water:+be:er+tracker!++

Quiet+environment,+low+noise+

Ice:+be:er+calorimeter!+



Event topologies 
TRACKS:)
•  Only+for+ν

μ
+–+induced+muons+

•  Good+angular+resolu4on:+
+++++<+0.1°+H+0.4°+in+water+

+++++<+1°+in+ice+
 

•  interac4on+vertex+can+be+
outside+of+the+detector:+

#+increased+effec4ve+volume+
 

SHOWERS)(or)CASCADES):)
•  Sensi4ve+to+ν

e
,+ν

τ
++flavours++

(and+neutralHcurrent+interac4ons)++
+

•  Mostly+contained+events,+

quasiHspherical+topology+

# Limited+angular+resolu4on+

~+1°+H+3°+in+water+

~+10°+in+ice+

# Good+energy+resolu4on+(~5+%)+++

ChargedHcurrent+

NeutralHcurrent+

Charged+lepton+

++hadronic+shower+

+hadronic+shower+

only+



Analysis principle 

!  Looking+for+excess+at+high+energies+
#  diffuse+flux+analyses+
+

Focus+at+high+energies+where+the+astrophysical+neutrino++

flux+is+expected+to+dominate+over+the+atmospheric+one+
+

H  Requires+good+energy+resolu4on+

H  useful+for+unresolved,+non+localized+source+popula4ons++

(e.g.+extragalac4c+sources)+or+large+regions+of+the+sky+

(Galac4c+Plane,+Fermi+bubbles…)++

!  Looking+for+anisotropies+(clusters+of+events)++
+++++in+the+sky+

#  PointHsource+searches++
+

H  Requires+good+angular++

+++++resolu4on+

!  Looking+for+coinciences+with+other+astrophysical+signals+
# Mul4Hmessenger+searches+
+

H  Requires+spa4oHtemporal+coincidence+with+other+probes+(cosmic+rays,+photons,+grav.+waves)+
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HE neutrino astronomy: the debuts 

20+

2013+
First+detec4on+of+HE+cosmic+neutrinos+

by+IceCube!+

1.0++/H+0.2+PeV+

4me+

1.1++/H+0.2+PeV+

!  2+shower+events+at+PeV:+Ernie+&+Bert+
! +Analysis+reop4mized+to+select+

++++highHenergy+star4ng+events+(HESE):+

+energy+threshold+~30+TeV ++

+++veto+against+μ
atm+

&+
+
ν
atm+

+couverture+4p+sr+

+

2+years+data:+
+

28+observed+events+

(7+tracks+&+21+cascades)+
+

11+background+events++

expected+(µatm &  νatm)+
+

Significance+4.1σ ++



21+

6)years)HESE)analysis)(ICRC2017))
80+(+2)+events+

Northern+&+Southern+hemispheres+

Threshold+energy+60+TeV+

++

Significance:+6.5σ+

Spectrum+fit:++~EH2.92(+0.33+H0.29)+

8)year)upgoing)muon)sample)(ICRC2017))
36+events+

Northern+hemisphere+only++

Energy+range+200+TeV+–+10+PeV+

      ? 

# Indica4on+of+a+break/hardening+in+the+spectrum+?+(different+energy+thresholds)+

# +Indica4on+of+galac4c+and+extraHgalac4c+components+?+(different+hemispheres)+

The IceCube signal(s) today 

Significance:+6.7σ+

Spectrum+fit:++~EH2.19(±0.10)+



ANTARES results 

Astrophys.J.+868+(2018)+no.2,+L20+

Diffuse)flux)searches) Galac=c)diffuse)neutrino)emission)
Combined+analysis+ANTARES+IceCube+
+

Test+of+KRAγ+model:+cosmic+ray+diffusion+

in+the+Galaxy+(Gaggero+et+al.)+

9Hyears+sample+

AllHsky+/+allHflavour+search+

Tracks+++Cascades+

…first+hints+of+a+signal+?+

Hypothesis+of+null+cosmic+flux+

excluded+at+1.6σ…+

50+PeV+CR+cutoff+disfavoured+

diffuse+Galac4c+contribu4on+

to+IceCube+flux+lmited+to+<+8.5%+++



IceCube+skymap+with+7+years+of+data:++

mostly+background!+

Searches for neutrino point sources 



AÇer+selec4on+of+candidate+cosmic+neutrinos:+

Searches for neutrino point sources 



…but+limited+angular+resolu4on,+especially+for+cascade+events…+

Be:er+performance+for++

cascade+reconstruc4on++

in+water:++

Searches for neutrino point sources 



Multi-messenger programs 

HE+Neutrinos++

UltraHhigh+energy+

Cosmic+Rays+

Gravita4onal+

waves+
Op4cal+/++

+XHrays+

Gamma+rays+

GeVHTeV++

Searches+for+spa4al++

correla4ons+with+Auger++

and+TA+UHECR+events+

Target+of+Opportunity+programs+

EM+followHup:+op4cal/XHray+

(TAROT,+ROTSE,+SwiÇ…)++

Searches+for+neutrinos+in++

coincidence+with+GRBs,+blazars,+

microquasars,+XHray+binaires,…+

Correla4ons+with+astrophysical++

catalogues…+

EM+followHup+(Fermi,+MAGIC,…)+

GWHEN:+joint+searches+of+HE+

Neutrinos+and+gravita4onal+waves:+

ANTARES+IceCube++LIGO+Virgo++

!  Increase+in+sensi4vity+(independant+datasets,+4me+constraint)+

!  Be:er+understanding+of+astrophysical+processes+at+play+in+the+sources+
!  Huge+effort+in+the+development+of+realH4me+alert+programs+



Neutrino – EM connection: examples 
!  IceCube)stacked)search)for)neutrinos)from)Fermi2LAT)Blazars)(2LAC)catalogue))

Blazars+contribute+less+than+30%+to++

observed+diffuse+neutrino+flux+

$ ApJ 835 (2017)+

!  IceCube)searches)for)prompt)neutrinos)in)coincidence)with)Gamma2ray)bursts)
AllHsky,+tracks+&+cascades+

1172+GRBs+correlated+

GRBs+contribute+<1%+++

to+observed+diffuse++

neutrino+flux+

Disfavours+GRBs+as+

main+source+of+UHECR+?+



Neutrino – EM connection: examples 
!  IceCube)stacked)search)for)neutrinos)from)Fermi2LAT)Blazars)(2LAC)catalogue))

Blazars+contribute+less+than+30%+to++

Observed+diffuse+neutrino+flux+

$ ApJ 835 (2017)+

!  IceCube)searches)for)prompt)neutrinos)in)coincidence)with)Gamma2ray)bursts)

…CAVEAT:+poten4ally+large+

popula4on+of+lowHluminosity/+

choked+GRBs+not+constrained+!+

Look+for+associa4on+with+SN+

# Trigger+EM+followHup+of+neutrino++

events:+Target+of+Opportunity+programs+

Credit:+A.+Franckowiak+



EM follow-up of neutrino events 
% +extended+sky+coverage,+high+duty+cycle+
% +no+hypothesis+on+the+nature+of+sources+

ANTARES+performance+

Credit:+A.+Coleiro+



EM follow-up of neutrino events 
Mul4Hwavelength+observatories+linked+to+ANTARES+for+realH4me+analysis:+

…similar+for+IceCube+



The Supernovae Early Warning System 

+KM3NeT+++

…neutrino+telescopes+are++

sensi4ve+to+MeV+transients,+too!+



First neutrino-EM correlation: TXS0506+056  

32+

An+IceCube+Extremely+High+Energy+Event+occured+on+22d+September+2017++20:54:30+UTC+

Most+probable+energy:+290+TeV+



First neutrino-EM correlation: TXS0506+056  
Event+occurred:+September+22d,+2017+20:54:30+UTC+

First+GCN+no4ce+sent+43s+later+

Revised+coordinates+sent+4+hours+later++

FollowHup+responses:+
+

•  GCN+21917+–+INTEGRAL+:+no+detec4on+

•  Atel+10971+–+Fermi:+increased+gammaHray+ac4vity+of+TXS0506+056+(RA+77.36°,+Dec++5.69°+)+

+++++Blazar,+among+the+50+brightest+sources+of+3LAC+sources+
+

•  ATel+10817+–+MAGIC:+FirstH4me+detec4on+of+VHE+gammaHrays+(up+to+400+GeV)+
+
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+

•  …and+observa4ons/reports+by+many+more:++
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•  …and+observa4ons/reports+by+many+more:++

Chance probability of 
neutrino-gamma association: 
 
Pre-trials p-value: 4.1σ
Post-trials p-value: 3.0σ  
(10 alerts, 41 archival events) 
 
# Random coincidence  
excluded at 99.73% C.L. 



GWHEN: neutrinos and gravitational waves 
…The+first+mul4Hmessenger+SED+of+a+blazar+&++



First neutrino-EM correlation: TXS0506+056  

++search+for+more+neutrino+flares+

in+archival+data:++

Excess+found+both+with+GaussianHshaped+and+

boxHshaped+sliding+4me+window+

…but+no+associated+

flare+in+Fermi+data…?+



GWHEN: neutrinos and gravitational waves 

Hanford, WA 

Livingston, LA 

First+detec4on+of+gravita4onal+wave+event:+2015+
GW150914)

+

No+EM+counterpart+detected+
+

Neutrino+emission+expected++

if+hadronic+content+in+the+jet+

+

Conserva4ve+4me+window+for++

neutrino+searches+(based+on+long++

GRBs):+±500s)around)GW)trigger)
++

+

+
+

BH+–+BH+merger:++

plausible+(short)++

GRB+progenitor+

 
$  APP 35 (2011) 



Neutrino follow-up of GW150914 
Combined limits IceCube + ANTARES on the neutrino fluence (spectrum E-2 ) 


    IceCube+&+ANTARES+provide+complementary+constraints+below+~100+TeV++

++++fast+observa4on+of+a+neutrino+counterpart+can+reduce+error+box+for+EM+followHup++++

+ +error+for+GW150914+:+590+deg2+++++++++++++ANTARES+resolu4on:+:+<0.5+deg2+
+

…neutrino+telescopes+part+of+the+online+alert+network+of+LIGO/Virgo+since+O2++

Upper limit  on the integrated fluence:  
[100 GeV – 100 PeV] or  
[100 GeV – 100 TeV]: 

IceCube+dominates+

ANTARES++

dominates+

3+neutrino+candidates+IceCube+

0+ANTARES+

 
$  PRD 93 (2016) 



GWHEN: neutrinos and gravitational waves 
First+detec4on+of+gravita4onal+wave+event+with+EM+counterpart:+

GW170817/GRB170817)))))(see+N.+Leroy’s+talk)+2017+

Joint+study+ANTARES+–+IceCube+H+Pierre+Auger+Observatory++

No+candidate+neutrino+found+within+[H500s,+500s]+of+GW+event+



The future: KM3NeT & IceCube Gen2 
Exciting times for multimessenger astronomy: first cosmic neutrinos 2013 

           first gravitational waves 2016 
           first association GW-EM 2017 
           first association neutrino-EM 2017   
  more neutrino sources detected/resolved 
  possible identification of Galactic vs extragalactic components ? 
  performant multi-messenger programs to increase sensitivity 
   high-statistics (few km3-scale), all-flavour neutrino astronomy 

KM3NeT+(ARCA+ORCA)+

under+construc4on+

IceCube+Gen2+

PhaseH1:+7Hline+prototype+

(dense+array+++calibra4on)+

…We need more than  
one of each kind! 


