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Neutrino astronomy
based on a lecture by Francis Halzen
(given at the International School of Cosmic-Ray Astrophysics, Erice)



IceCube:

       Building a New Window on the Universe


francis halzen


• IceCube

• cosmic neutrinos: two independent 

observations

       ! muon neutrinos through the Earth

       ! starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• what next?

icecube.wisc.edu



• 20% of the Universe is opaque to the EM spectrum

• non-thermal Universe powered by cosmic accelerators

• probed by gravity waves, neutrinos and cosmic rays



γ

The opaque Universe
p

e+

e-

γ + γCMB ! e+ + e-

PeV photons interact with microwave photons (411/

cm3) before reaching our telescopes

enter: neutrinos




p

ν

Neutrinos?  Perfect Messenger

e+

e-• electrically neutral

• essentially massless

• essentially unabsorbed

• tracks nuclear processes

• reveal the sources of cosmic rays

        

• … but difficult to detect: how large a detector?



cosmic rays interact with the 
microwave background

0ππγ ++→+ + pandnp

TeV102E 6×≥υ

cosmic rays disappear, neutrinos with

EeV (106 TeV) energy appear

π → µ +υµ → {e+υµ +υe}+υµ

  1 event per cubic kilometer per year

        ...but it points at its source!



blazar geometry



radiation

and dust

black hole

neutron star

                ! p + π0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + γ ! n + π+

~ cosmic ray + neutrino 

ν and γ beams : heaven and earth
accelerator is powered by

large gravitational energy



above 100 TeV


• cosmic 

  neutrinos

  

• atmospheric

  background

  disappears

atmospheric      neutrino cosmic

100 TeV 

dN/dE ~ E−2

10—100 events

per year for fully

efficient detector

Neutrino

2012



atmospheric neutrinos

(… and muons!)



atmospheric neutrino spectrum (energy measurement) well understood

< 1 atmospheric

neutrino event


per

cubic kilometer


per year



IceCube


francis halzen


• IceCube

• cosmic neutrinos: two independent 

observations

       ! muon neutrinos through the Earth

       ! starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• what next?


iceCube.wisc.edu



M. Markov

1960

M.Markov :

we propose to install detectors 

deep in a lake or in the sea and 


to determine the direction of 

charged particles with the help 


of Cherenkov radiation.



muon

• lattice of photomultipliers

•   speed of light in water < c

•   muon travels from 50 m

    to 50 km through the

    water at the speed of light

    emitting blue light along

    its track


neutrino

interaction



 ultra-transparent ice below 1.5 km



instrument 1 cubic kilometer of natural ice below 1.45 km



IceCube

5160 PMs

in 1 km3



photomultiplier

tube -10 inch



main 
board

LED 
flasher 
board

HV board

architecture of independent DOMs 
 

	 	 	 	 10 inch pmt



… each Digital Optical Module independently collects 
light signals like this, digitizes them,


…time stamps them with 2 nanoseconds precision, and 
sends them to a computer that sorts them events…









muon track: color is time; number of photons is energy



neutrinos are detected by looking for Cherenkov radiation 
from secondary particles (muons, particle showers)





93 TeV muon: light ~ energy



energy measurement ( > 1 TeV ) 

convert the amount of light emitted

to a measurement of the muon

energy (number of optical modules,

number of photons, dE/dx, …)



         1.1 km

limited angular and energy resolution: computing ! ice properties



energy reconstruction of electromagnetic showers



radius ~ number of photons
time    ~ red ! purple

89 TeV

time



…K, charm





… you looked at 10msec of data !


muons detected per year:


• atmospheric*    µ                ~ 1011


• atmospheric**   ν ! µ          ∼ 105


• cosmic              ν ! µ         ∼  10


* 3000 per second	               ** 1 every 6 minutes



• rejecting atmospheric muons

• rejecting atmospheric neutrinos
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total energy measurement

 all flavors, all sky

isolated neutrinos interacting 

inside the detector (HESE)

up-going muon tracks

(UPMU) 

astronomy: angular resolution

superior (<0.5o)



IceCube


francis halzen


• IceCube

• cosmic neutrinos: two independent 

observations

       ! muon neutrinos through the Earth

       ! starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• what next?

IceCube.wisc.edu





muon

• lattice of photomultipliers neutrino

interaction



2.6 ± 0.3 PeV

inside detector



distribution of the parent neutrino energy corresponding to

 the energy deposited by the secondary muon inside IceCube



~ 550 cosmic neutrinos in a background of ~340,000 atmospheric
atmospheric background: less than one event/deg2/year

E-2.19

spectral slope
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after 7 years ! 6.4 sigma          120 cosmic neutrinos/year/flavor

2.16

0.97+.27-.25

0.11



above 100 TeV


• cosmic 

  neutrinos

  

• atmospheric

  background

  disappears

atmospheric      neutrino cosmic

100 TeV 

dN/dE ~ E−2

10—100 events

per year for fully

efficient detector

Neutrino

2012



 430 TeV inside

detector

PeV νµ


no air shower


all cosmic

neutrinos  are 


isolated by

self-veto



cosmic rays interact with the 
microwave background

0ππγ ++→+ + pandnp

TeV102E 6×≥υ

cosmic rays disappear, neutrinos with

EeV (106 TeV) energy appear

π → µ +υµ → {e+υµ +υe}+υµ

  1 event per cubic kilometer per year

        ...but it points at its source!



GZK neutrino search: two neutrinos with > 1,000 TeV 



electron showers versus muon tracks 

PeV νe and ντ 
showers:


• 10 m long

• volume ~ 5 m3

• isotropic after       

25~50 m



size = energy & color = time = direction



• > 300 sensors

• > 100,000 pe reconstructed to 2 nsec



✓  select events interacting

      inside the detector only


✓ no light in the veto region


✓ veto for atmospheric

    muons and neutrinos

    (which are typically accom-

    panied by muons)


✓ energy measurement: to-

     tal absorption calorimetry




no 
accompanying


muon(s)



data: 86 strings one year

…and then there 

were 26 more…



data: 86 strings one year

…and then there 

were 26 more…
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2000 TeV event in year 3

2 old + 26 new events



high-energy starting events – 7.5 yr

oscillations of PeV neutrinos over cosmic

distances to 1:1:1



tau decay length:

50m per PeV



 event topologies



high-energy starting events (starting) – 7.5 yr

Double cascade Event #1  Double cascade Event #2

“Bright” DOMs not used in reconstruction 
Direction and two reconstructed cascades shown in dark 
gray



new physics ?


if not…

 


every model

ends up in

the triangle



the first Glashow resonance event:

anti-νe + atomic electron ! real W at 6.3 PeV



Partially contained event with energy ~ 6 PeV



• partially-contained PeV search

• deposited energy: 5.9±0.18 PeV

• typical visible energy is 93%


• ! resonance: Eν = 6.3 PeV 

work on-going

Glashow resonance: anti-νe + atomic electron ! real W



total energy measurement

 all flavors, all sky

are the two observations consistent?

astronomy: angular resolution

superior (<0.4o)
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after 6 years: 3.7! 6.0 sigma



high-energy starting events – 7.5 yr

starting

upgoing

• two methods are consistent

• excess cosmic flux < 100 TeV?





• cosmic neutrinos below 100 TeV ?





ANTARES





charm limited by atmospheric electrons



IceCube


francis halzen


• IceCube

• cosmic neutrinos: two independent 

observations

       ! muon neutrinos through the Earth

       ! starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• what next?

iceCube.wisc.edu





• we observe a diffuse flux of neutrinos from extragalactic 
sources


• a subdominant Galactic component cannot be excluded (no 
evidence reaches 3σ level)


• [decay of halo dark matter particles?]



IceCube


francis halzen


• IceCube

• cosmic neutrinos: two independent 

observations

       ! muon neutrinos through the Earth

       ! starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• cosmic neutrinos below 100 TeV?

iceCube.wisc.edu



radiation

and dust

black hole

neutron star

                ! p + π0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + γ ! n + π+

~ cosmic ray + neutrino 

ν and γ beams : heaven and earth
accelerator is powered by

large gravitational energy



νµ  µ+ν    µ-

µ+

π+ π-

e+ νe

e+    e-

e+

γ

π0

γ

γ e-

e+ γ

νµ

neutral pions    


are observed as 


gamma rays


charged pions


are observed as 


neutrinos


γγνν µµ +=+



multimessenger

astronomy

o



γ

p

ν

gamma rays accompanying IceCube neutrinos interact

with interstellar photons and fragment into multiple lower


energy gamma rays that reach earth

e+

e-
γ



e+

e-

γ

GeV

PeV

γ + γCMB ! e+ + e-



cosmic

neutrinos

Fermi

gammas

E-2.15

π + = π − = π 0



• energy density of neutrinos in the non-thermal 
Universe is the same as that in gamma-rays



dark sources: a “problem” ?

 gamma rays cascade in the source to < GeV energy



energy in the Universe in gamma rays, neutrinos and cosmic rays



cosmic

neutrinos

Fermi

gammas

E-2.15

π + = π − = π 0





π + = π − = π 0

more than 80%

blazars

less than 6%

Fermi balzars



note that the gammas rays accompanying < 100 TeV 
neutrinos are not seen suggesting a hidden source(s)



Fermi sources

are mostly


blazars


common sources?


!

multimessenger


astronomyo



Fermi sky: mostly bazars



IceCube


francis halzen


• IceCube

• cosmic neutrinos: two independent 

observations

       ! muon neutrinos through the Earth

       ! starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• what next?

iceCube.wisc.edu
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IceCube Trigger

43 seconds after trigger, GCN notice was sent





IceCube 170922 



• neutrino: time 22.09.17, 20:54:31 UTC

                   energy 290 TeV

                   direction RA 77.43o Dec 5.72o


• Fermi-LAT: flaring blazar within 0.1o (6x steady flux) 


• MAGIC: TeV source in follow-up observations


• follow-up by 12 more telescopes


• ! IceCube archival data (without look-elsewhere effect)


• ! Fermi-LAT archival data

multiwavelength campaign launched by 
IC 170922
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IceCube 170922 

Fermi

detects a flaring

blazar within 0.1o

MAGIC

detects emission of

> 100 GeV gammas



build-up over several months followed by rapid daily variability



Neutrino points within 0.06o of 
a known Fermi blazar


MAGIC detects emission of 

>100 GeV gammas



MAGIC atmposheric Cherenkov telescope







• neutrino: time 22.09.17, 20:54:31 UTC

                   energy 290 TeV

                   direction RA 77.43o Dec 5.72o


• Fermi-LAT: flaring blazar within 0.1o (6x steady flux) 


• MAGIC: TeV source in follow-up observations


• follow-up by 12 more telescopes


• ! IceCube archival data (without look-elsewhere effect)


• ! Fermi-LAT archival data

multiwavelength campaign launched by 
IC 170922









MAGIC finds variability on a 1-day scale

	 	 	 	 ! compact emission region







• neutrino: time 22.09.17, 20:54:31 UTC

                   energy 290 TeV

                   direction RA 77.43o Dec 5.72o


• Fermi-LAT: flaring blazar within 0.1o (7x steady flux) 


• MAGIC: TeV source in follow-up observations


• follow-up by 12 more telescopes


• ! IceCube archival data (without look-elsewhere effect)


• ! Fermi-LAT archival data

multiwavelength campaign launched by 
IC 170922



search in archival 
IceCube data:


• ~100 day flare in 
December 2014


• accompanied by 
hardest Fermi 
spectrum in 10 yrs 
(E-1.7)



19 events on a background < 6 in 150 days



we identified a source of high energy cosmic rays:


the active galaxy (blazar) TXS 0506+056 at a 
redshift of 0.33


extensive multiwavelength campaign will allow us

to study the first cosmic accelerator









Victor Hess 1912


