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•  cosmic ray accelerators 

•  IceCube  

•  the discovery of cosmic neutrinos νµ

•  the discovery of cosmic neutrinos νe,τ  

•  where do they come from? 

•  what next 
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This presentation is based 
on the excellent review of 
neutrino astronomy by 
Halzen & Klein 2010, and 
from one of his Plenary 
presentations in 2015. 



Neutrino Astronomy 

•  Neutrinos are ideal astronomical messengers. They travel from the edge of our 
observable Universe with little absorption and since they have no charge they 
are not deflected by magnetic fields. 

 
•  Unlike photons that are easily absorbed, high-energy neutrinos may reach us 

unscathed from cosmic distances, from the inner neighborhood of black holes. 

•  Because neutrinos are not easily absorbed they are very difficult to detect and 
large detector volumes of the order of a cubic-kilometer are required. 
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Neutrino Spectrum 

ing in the atmosphere, neutrino detectors must be under-
ground. Both experiments used scintillation detectors a few
meters on each side to detect a handful of upward-going
muons from atmospheric neutrinos. By 1967, Davis’
geochemical experiment was detecting a few argon atoms a
day, produced when solar neutrinos interacted in an under-
ground tank filled with perchloroethylene.18

By the late 1980s, scintillation detectors had evolved
into the 78 m long by 12 m wide by 9 m high MACRO
!Monopole, Astrophysics and Cosmic Ray Observatory" de-
tector in the Gran Sasso underground laboratory in Italy.
MACRO consisted of a passive absorber interspersed with
streamer tubes and surrounded by 12 m long tanks contain-
ing liquid scintillator.18,19 MACRO observed over 1000 neu-
trinos over the course of 6 yr.20 In a similar period, the Frejus
experiment measured the atmospheric !" spectrum and set a
limit on TeV extraterrestrial neutrinos.21 However, further
growth required a new technique, first suggested by Markov
in 1960: detecting charged particles by the Cherenkov radia-
tion emitted in water or ice.5

Cherenkov light is radiated by charged particles moving
faster than the speed of light in the medium; in ice, this is
75% of the speed of light in a vacuum. The emission is akin
to a sonic boom. PMTs detect this blue and near-UV light.
With a sufficient density of PMTs, neutrinos with energies of
only a few MeV may be reconstructed. The water Cherenkov
technique was pioneered in kiloton-sized detectors, opti-
mized for relatively low-energy !GeV" neutrinos. The two
most successful first-generation detectors were the
Irvine–Michigan–Brookhaven22 and Kamiokande23 detec-
tors. Both consisted of tanks containing thousands of tons of
purified water, monitored with thousands of PMTs on the top
and sides of the tank. Although optimized for GeV energies,
these detectors were also sensitive to lower energy neutrinos;
IMB !Ref. 22" and Kamiokande23 launched neutrino as-
tronomy by detecting some 20 low-energy !10–50 MeV"
neutrino events from supernova 1987A.

Their success, as well as the accumulating evidence for
the “solar neutrino puzzle,” stimulated the development of
two second-generation detectors. Super-Kamiokande is a
50 000 ton, scaled-up version of Kamiokande,24 and the Sud-
bury Neutrino Observatory !SNO" is a 1000 ton, heavy-water
!D2O"-based detector.25 Together, the two experiments
clearly showed that neutrinos have mass by observing flavor
oscillations !between !", !e, and !#" in the solar and
atmospheric-neutrino beams, thus providing the first evi-
dence for physics beyond the standard model. These experi-
ments showed that at GeV energies, atmospheric neutrinos
were a major background to searches for nonthermal astro-
nomical sources where particles, e.g., the observed cosmic
rays, are accelerated. The spectrum of cosmic neutrinos from
these sources extends to energies beyond those characteris-
tics of atmospheric neutrinos. Future experiments would re-
quire kilometer-scale volumes and would target higher ener-
gies where the background is lower. Although Super-
Kamiokande continues to collect data, there is considerable
interest in building much-larger megaton detectors to pursue
these physics studies with higher sensitivity.

In summary, the field has already achieved spectacular

success: neutrino detectors have “seen” the Sun and detected
a supernova in the Large Magellanic Cloud in 1987. Both
observations were of tremendous importance; the former
showed that neutrinos have a tiny mass, opening the first
crack in the standard model of particle physics, and the latter
confirmed the theory of stellar evolution as well as the basic
nuclear physics of the death of stars. Figure 2 illustrates the
cosmic-neutrino energy spectrum covering an enormous
range, from microwave energies !10−12 eV" to 1020 eV.27

The figure is a mixture of observations and theoretical pre-
dictions. At low energy, the neutrino sky is dominated by
neutrinos produced in the Big Bang. At MeV energy, neutri-
nos are produced by supernova explosions; the flux from the
1987 event is shown. The figure displays the measured
atmospheric-neutrino flux up to energies of 100 TeV by the
AMANDA experiment.26 Atmospheric neutrinos are a key to
our story because they are the dominant background for ex-
traterrestrial searches. The flux of atmospheric neutrinos falls
dramatically with increasing energy; events above 100 TeV
are rare, leaving a clear field of view for extraterrestrial
sources.

The highest-energy neutrinos in Fig. 2 are the decay
products of pions produced by the interactions of cosmic
rays with microwave photons.28 Above a threshold of #4
$1019 eV, cosmic rays interact with the microwave back-
ground, introducing an absorption feature in the cosmic-ray
flux, the Greissen–Zatsepin–Kuzmin !GZK" cutoff. As a con-
sequence, the mean free path of extragalactic cosmic rays
propagating in the microwave background is limited to
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FIG. 2. !Color online" The cosmic-neutrino spectrum. Sources are the Big
Bang !C!B", the Sun, supernovae !SN", atmospheric neutrinos, active ga-
lactic nuclei galaxies, and GZK neutrinos. The data points are from detec-
tors at the Frejus underground laboratory !Ref. 21" to the right at the top of
the figure, and the upper portion of the Atmospheric line at the bottom of the
figure, and from AMANDA !Ref. 26" pp and B at the top and the lower part
of the Atmospheric line.

081101-3 F. Halzen and S. R. Klein Rev. Sci. Instrum. 81, 081101 !2010"

•  Solar neutrinos have energies of about 
0.1 MeV to 10 MeV 

 
•  SN 1987A neutrinos (from the LMC) 

had energies ~100 GeV 

•  AGN and GRB neutrino flux is higher 
than the “background” for neutrinos 
with energies above 100 TeV 

 



GZK Neutrinos 

•  Above a threshold of 4×1019 eV (1 TeV= 1012 eV, 1 PeV = 1015 eV ) cosmic rays 
(energetic charged particles) interact with the cosmic microwave background photons 
introducing an absorption feature in the cosmic-ray flux, the Greissen–Zatsepin–Kuzmin 
cutoff. 

•  Because of the GZK effect cosmic rays with E > 4×1019 eV  can only travel for about 
75 Mpc before they get absorbed in the interaction: 

                            
                      COSMIC ray + CMB photon è pion + neutron 

•  The charged pion will eventually decay into a GZK neutrino with an energy of >106 TeV 

•  The prediction is that the detection rate of GZK neutrinos is one per cubic kilometer per 
year. The direction of these neutrinos point back to the location of the source.  
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can one detect the cosmic 
ray accelerators directly? 

gravitational energy from 
collapsing star converted into 

particle acceleration 

•  Cosmic accelerators can produce 
particles with energies in excess of 
108 TeV 

 
•  The cosmic ray energy spectrum 

follows a sequence of three power 
laws. 

 
•  The first two are separated by a 

feature dubbed the “knee” at an 
energy of approximately 3000 TeV. 

 
•  There is evidence that cosmic rays 

up to this energy are galactic in 
origin. 

 
•  Cosmic rays with energies near 

and above the "ankle" are thought 
to be extragalactic in origin. 

 



Cosmic Ray Accelerators 

•  To produce cosmic rays requires protons to be accelerated to >TeV 
energies 

•  Cosmic Ray accelerators include Black Holes, Gamma Ray Bursts 
and Supernova Remnants  

•  The accelerated protons may interact with a photon to produce 
charged pions that latter decay into cosmic rays + neutrinos 



IceCube 

 ultra-transparent ice below 1.5 km 



IceCube 
•  The few neutrinos that interact with a nucleus in the ice create muons as well as 

electromagnetic and hadronic secondary particle showers. 
 
•  The charged particles that are produced from the interaction of the neutrino with the ice 

produce Cherenkov Light that spreads through the transparent ice. 

•  Cherenkov light is radiated by charged particles moving faster than the speed of light in the 
medium; in ice, this is 75% of the speed of light in a vacuum. 

•  The Cherenkov light is captured by  photomultipliers (that use the photoelectic effect). 
 
•  The absorption length of light in regular tap water is about 1 m. The absorption length of 

light in the south pole ice is > 100m. 
 
•  The direction of the incoming neutrino can be recovered from the track left in the detector 

array. 
 
•  All detected events in the photomultiplier tubes are time-stamped to ~ 2 nanoseconds 

precision. 



IceCube 

IceCube�

5160 PMs 
in 1 km3	



IceCube 

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



IceCube 

radius ~ number of photons 
time    ~ red à purple 

89 TeV 

Eme	



IceCube 

muon 

•  lattice of photomultipliers 

•    shielded and optically 
    transparent medium 
•    muon travels from 50 m 
    to 50 km through the 
    water at the speed of light 
    emitting blue light along 
    its track 
 

neutrino 

 
interaction 



IceCube 

“Noise sources”: Atmospheric Neutrinos and Atmospheric Muons 
 
•  IceCube detects about 100 atmospheric neutrinos per day with energies above 

100 GeV. 

•  Cosmic rays that collide with nitrogen and oxygen in our atmosphere create 
pions and kaons.  The decay of charged pions and kaons produces the 
atmospheric neutrinos. 

•  Cosmic ray showers above IceCube will generate atmospheric muons and 
atmospheric neutrinos 

 
•  Cosmic ray showers in the atmosphere distant from IceCube will produce 

atmospheric neutrinos in IceCube (the muons decay before they get to IceCube 
into e- and 2 neutrinos of different type)n the distant Universe. 



IceCube 

cosmic ray 

…K, charm 



IceCube 

 
muons detected per year: 
 
•  atmospheric*    µ                ~ 1011 
 

•  atmospheric**   ν à µ          ∼ 105 

•  cosmic              ν à µ         ∼  10

* 3000 per second                ** 1 every 6 minutes



Discovery of Cosmic Neutrinos 

20

cosmic neutrinos in 2 years of data at 3.7 sigma 



GZK neutrino search 

GZK neutrinos are produced from the following process: 
 
A cosmic ray (p) with energy above ~4×1019 eV interacts 
with a CMB photon (γ) producing a pion (π). The charged 
pion will decay into a neutrino (ν) and the muon will decay 
into a positron (e+) and neutrinos with ~106 TeV energy! 
 
 
 
  

p+γ→ n+π +  and p+π 0

π + → µ+ +νµ → e+ +νe +νµ{ }+νµ



GZK neutrino search 

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



Origin of Astrophysical Neutrinos 

4 year HESE 

where do they come from? 



Origin of Astrophysical Neutrinos 

•  The 4 year IceCube results confirm the presence of astrophysical 
neutrinos and provide a measurement of the flux of astrophysical 
neutrinos. 

 
•  The sources of these neutrinos are expected to be black holes and 

massive exploding stars (GRBs). These sources are able to accelerate 
protons to > 106 TeV 

•  The map of the detected locations of the astrophysical neutrinos 
indicates that most are of extragalactic origin but a small fraction my 
be from our own galaxy. 

 
•  Neutrinos above 100 TeV cannot be produced in the Earths atmosphere 

indicating that these are astrophysical in origin. 
 
•  The neutrino-induced tracks are used to locate the position of the 

sources to an accuracy of less than a degree in the sky. 
 



Where are the gamma rays that should accompany 
neutrinos?  

p+γ→ n+π +  and p+π 0

π + → µ+ +νµ → e+ +νe +νµ{ }+νµ  

(charged pion decays  → cosmic rays and neutrinos)

π 0 → e− + e+ +γ  
(neutral pion decays  → cosmic rays and gamma rays)



Where are the gamma rays that accompany 
neutrinos?  

hadronic 
gamma rays
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hadronic gamma rays ? 
π+ = π- = π0 



Where are the gamma rays that accompany 
neutrinos?  
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Where are the gamma rays that should accompany 
neutrinos?  Answer: Fermi detects them 

10�3 10�2 0.1 1 10 102 103

E [TeV]

10�9

10�8

10�7

10�6

E
2 J

[G
eV

cm
�

2
s�

1
sr

�
1 ]

pp scenario

SFR evolution

HESE (3yr)

arXiv:1410.1749

Fermi IGRB (2014)

cosmic 
neutrinos 

Fermi 
gammas 

E-2.15 

π + = π − = π 0



Where are the gamma rays that should accompany 
neutrinos?  Produced mostly by Blazars above 50 GeV 

The Astrophysical Journal, 786:129 (12pp), 2014 May 10 Di Mauro et al.

Figure 6. Global view of the diffuse γ -ray predictions (best-fit models and relevant uncertainty band) is displayed for unresolved BL Lacs (dotted green, this work)
and for the sum of misaligned AGNs (Di Mauro et al. 2014), star-forming galaxies (Ackermann et al. 2012b), FSRQs (Ajello et al. 2012), and millisecond pulsars
(Calore et al. 2012; orange dashed line and uncertainty band). IGRB data (Ackermann 2012) are also displayed with black points. The sum of all the predictions is
displayed in a blue curve line and cyan uncertainty band.
(A color version of this figure is available in the online journal.)

background. The importance of strengthening these predictions
in the future, via a consolidation a multi-messenger GeV–TeV
cosmology thanks to instruments such as CTA (see, e.g.,
Reimer & Böttcher 2013; Dubus et al. 2013), should not be
underestimated. In fact, apart from being a “sanity check”
of our current understanding of populations of astrophysical
accelerators, the IGRB has already been suggested to act as a
diagnostic tool for subfields of astroparticle physics as diverse as
ultra-high-energy cosmic rays (see, e.g., Kalashev et al. 2009) or
indirect dark matter searches (as recently in Calore et al. 2012;
Bringmann et al. 2013).

As an intriguing example, we note that for a minority (roughly
20%) of the HSP sources in our sample, the fitting procedure
did not find any indication of cutoff in the spectra. This feature
could be just an artifact of the limited sensitivity at high
energies, or might hint to the existence of a new sub-class
of sources (sometimes dubbed ultra-high-frequency-peaked BL
Lac; Ghisellini 1999; Sentürk et al. 2013). In such a case,
some departure from the baseline flux prediction presented in
Figures 5 and 6 could most easily show up at TeV energies.

In this context, it is worth commenting on the fact that
in recent years several authors have studied an alternative
mechanism for generating hard TeV spectra from distant BL
Lacs: line-of-sight interactions of cosmic rays (“protons”) with
cosmic microwave background radiation and EBL can generate
secondary gamma rays relatively close to the observer and
with hard spectra (see, e.g., Essey & Kusenko 2010; Murase
et al. 2012; Prosekin et al. 2012; Zheng & Kang 2013). This
is certainly an example of a scenario in which both the SED
at VHE (even harder spectra, much higher cutoff energy, . . .)
and the LF (e.g., relatively large detectable population at
large z) could depart from the minimal, two main population
scenario discussed above. Interestingly, this would also open up
a different diagnostic tool of gamma propagation, since cascades

are much more sensitive to “environmental” parameters such as
the EBL and the extra-galactic magnetic fields. Fortunately, it
has been argued that future surveys have the potential to uncover
these populations (see, e.g., Inoue et al. (2013)). No doubt, the
next decade in VHE gamma astrophysics may still reserve some
surprises!

We thank M. Ajello and L. Latronico for useful discussions.
At LAPTh and LAPP, this activity was supported by the Labex
grant ENIGMASS. F.D. further acknowledges support from
AAP-“LeSAdHE” of University of Savoie.

APPENDIX A

MODEL PARAMETERIZATION TESTED
FOR THE LF FITS

We have tested several models to fit the LF, notably the pure
luminosity evolution (PLE), the luminosity-dependent density
evolution (LDDE), and the steep-spectrum radio source (SSRS)
models. For the sake of completeness, we report here their
parameterizations.

Our best fit is obtained for the LDDE model (Ueda et al.
2003), in which the evolution is primarily in density, with a
luminosity-dependent redshift peak. Its parameterization is

ρ(z, Lγ ) = ρ(Lγ ) e(z, Lγ ), (A1)

with

ρ(Lγ ) = A

log (10)Lγ

[(
Lγ

Lc

)γ1

+
(

Lγ

Lc

)γ2
]

, (A2)

e(z, Lγ ) =
[(

1 + z

1 + zc(Lγ )

)p1

+
(

1 + z

1 + zc(Lγ )

)p2
]

, (A3)
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Global view of the diffuse γ -ray predictions is displayed for unresolved BL Lacs 
(dotted green) and for the sum of misaligned AGNs, star-forming galaxies, FSRQs, and 
millisecond pulsars (orange dashed line and uncertainty band). IGRB data are also 
displayed with black points. The sum of all the predictions is displayed in a blue curve 
line and cyan uncertainty band (figure from Di Mauro et al. 2014) 



 
Astro 129: Chapter 1a 

number of muon neutrino events from gamma ray 
sources in 5 years 



 
Astro 129: Chapter 1a 

This image shows one of the highest-energy neutrino events of this study superimposed on 
a view of the IceCube Lab (ICL) at the South Pole. Image: IceCube Collaboration 


