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Abstract

Chargeless, weakly-interacting neutrinos are ideal astronomical mes-
sengers because they travel through space without scattering, absorption,
or deflection. They provide the only unobstructed view of cosmic acceler-
ators. But this weak interaction also makes them notoriously difficult to
detect, leading to neutrino observatories requiring large-scale detectors.
The IceCube experiment discovered PeV-energy neutrinos originating be-
yond the Sun, with energies bracketed by those of TeV-energy gamma rays
and EeV-energy extragalactic cosmic rays. In this chapter, we discuss the
IceCube neutrino telescope, the status of the observation of cosmic neu-
trinos, and what neutrinos can tell us about the nonthermal Universe.
Besides the search for the sources of Galactic and extragalactic cosmic
rays, the scientific missions of IceCube and similar instruments under
construction in the Mediterranean Sea and Lake Baikal include the obser-
vation of Galactic supernova explosions, the search for dark matter, and
the study of neutrinos themselves.

1 Neutrino Astronomy: a Brief History

Soon after the 1956 observation of the neutrino [1], the idea emerged that it
represented the ideal astronomical messenger. Neutrinos travel from the edge
of the Universe without absorption and with no deflection by magnetic fields.
Having essentially no mass and no electric charge, the neutrino is similar to
the photon, except for one important attribute: its interactions with matter
are extremely feeble. So, high-energy neutrinos may reach us unscathed from
cosmic distances: from the inner neighborhood of black holes and from the nu-
clear furnaces where cosmic rays are born. But, their weak interactions also
make cosmic neutrinos very difficult to detect. Immense particle detectors are
required to collect cosmic neutrinos in statistically significant numbers [2]. By
the 1970s, it was clear that a cubic-kilometer detector was needed to observe
cosmic neutrinos produced in the interactions of cosmic rays with background
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microwave photons [3]. Subsequent estimates for observing potential cosmic
accelerators such as Galactic supernova remnants and gamma-ray bursts unfor-
tunately pointed to the same exigent requirement [4, 5, 6]. Building a neutrino
telescope has been a daunting technical challenge.

Given the detector’s required size, early efforts concentrated on transforming
large volumes of natural water into Cherenkov detectors that collect the light
produced when neutrinos interact with nuclei in or near the detector [7]. After
a two-decade-long effort, building the Deep Underwater Muon and Neutrino
Detector (DUMAND) in the sea off the main island of Hawaii unfortunately
failed [8]. However, DUMAND paved the way for later efforts by pioneering
many of the detector technologies in use today, and by inspiring the deploy-
ment of a smaller instrument in Lake Baikal [9] as well as efforts to commission
neutrino telescopes in the Mediterranean [10, 11, 12]. These efforts in turn have
led towards the construction of KM3NeT. But the first telescope on the scale
envisaged by the DUMAND collaboration was realized instead by transforming
a large volume of transparent natural Antarctic ice into a particle detector, the
Antarctic Muon and Neutrino Detector Array (AMANDA). In operation begin-
ning in 2000, it represented a proof of concept for the kilometer-scale neutrino
observatory, IceCube [13, 14].

Neutrino astronomy has achieved spectacular successes in the past: 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 mass, opening the first crack in the Standard Model
of particle physics, and the latter confirmed the basic nuclear physics of the
death of stars. Fig. 1 illustrates the neutrino energy spectrum covering an enor-
mous range, from microwave energies (10−12 eV) to 1020 eV [15]. The figure is
a mixture of observations and theoretical predictions. At low energy, the neu-
trino sky is dominated by neutrinos produced in the Big Bang. At MeV energy,
neutrinos are produced by supernova explosions; the flux from the 1987 event
is shown. At yet higher energies, the figure displays the measured atmospheric-
neutrino flux, up to energies of 100 TeV by the AMANDA experiment [16].
Atmospheric neutrinos are a main player in our story, because they are the
dominant background for extraterrestrial 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. 1 are the decay products of pions pro-
duced by the interactions of cosmic rays with microwave photons [18]. Above a
threshold of ∼ 4×1019 eV, cosmic rays interact with the microwave background
introducing an absorption feature in the cosmic-ray flux, the Greisen-Zatsepin-
Kuzmin (GZK) cutoff. As a consequence, the mean free path of extragalactic
cosmic rays propagating in the microwave background is limited to roughly 75
megaparsecs, and, therefore, the secondary neutrinos are the only probe of the
still enigmatic sources at longer distances. What they will reveal is a matter
of speculation. The calculation of the neutrino flux associated with the ob-
served flux of extragalactic cosmic rays is straightforward and yields one event
per year in a kilometer-scale detector. The flux, labeled GZK in Fig. 1, shares
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Figure 1: The cosmic-neutrino spectrum. Sources are the Big Bang (CνB),
the Sun, supernovae (SN), atmospheric neutrinos, active galactic nuclei (AGN)
galaxies, and GZK neutrinos. The data points are from detectors at the Frejus
underground laboratory [17] (red) and from AMANDA [16] (blue).

the high-energy neutrino sky with neutrinos anticipated from gamma-ray bursts
and active galactic nuclei [4, 5, 6].

A population of cosmic neutrinos covering the 30 TeV–1 PeV energy region
were revealed by the first two years of IceCube data. Association of cosmic
neutrinos with these, or any other source candidates, is still a work in progress.
The goal of this chapter is to discuss these topics in some detail. Subsequently,
it will briefly cover other uses of neutrino telescopes.

2 Rationale for the Construction of Kilometer-
Scale Neutrino Detectors

The construction of kilometer-scale neutrino detectors was primarily motivated
by the prospect of detecting neutrinos associated with the sources of high-energy
cosmic rays. Cosmic accelerators produce particles with energies in excess of
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Figure 2: At the energies of interest here, the cosmic-ray spectrum follows
a sequence of three power laws. The first two are separated by the “knee,”
the second and third by the “ankle.” Cosmic rays beyond the ankle are a
new population of particles produced in extragalactic sources. Note that the
spectrum F (E)(= dN/dE) has been multiplied by a power E2.7 in order to
visually enhance the structure in the spectrum (data compiled by Particle Data
Group [20]).

100 EeV; we still do not know where or how [19]; see Fig. 21. The bulk of the
cosmic rays are Galactic in origin. Any association with our Galaxy presumably
disappears at EeV energy when the gyroradius of a proton in the Galactic
magnetic field exceeds its size. The cosmic-ray spectrum exhibits a rich structure
above an energy of ∼ 0.1 EeV, but where exactly the transition to extragalactic
cosmic rays occurs is a matter of debate.

2.1 Cosmic-Ray Accelerators

The detailed blueprint for a cosmic-ray accelerator must meet two challenges:
the highest-energy particles in the beam must reach energies beyond 103 TeV
(108 TeV) for Galactic (extragalactic) sources and their luminosities must ac-
commodate the observed flux. Both requirements represent severe constraints
that have guided theoretical speculations. Acceleration of protons (or nuclei) to
TeV energy and above requires massive bulk flows of relativistic charged par-
ticles. The blueprint of the accelerator can be copied from solar flares where

1We will use energy units TeV, PeV and EeV, increasing by factors of 1000 from GeV
energy.
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Figure 3: Opportunities exist near intense charged particle flows, seen as fila-
ments in this X-ray picture of a solar flare, for solar particles to accelerate to
GeV energy.

particles are accelerated to GeV energy by shocks and, possibly, reconnection;
see Fig. 3. Recalling the Hillas formula that states that the gyroradius of the
accelerated particle must be contained within the accelerating B-field region,
E/ZecB ≤ R, or

E ≤ Ze cB R, (1)

reaching GeV energy in solar flares is dimensionally impossible. In a solar flare,
the extent R of the accelerating region and the magnitude of the magnetic fields
B are not large enough to accelerate particles of charge Ze to energies beyond
GeV; their velocity is taken to be the speed of light, c. The leading idea for
accommodating the higher energies of the Galactic and extragalactic cosmic
rays observed is that a fraction of the gravitational energy released in a stellar
collapse is converted into particle acceleration, presumably by shocks.

Baade and Zwicky [21] suggested as early as 1934 that supernova remnants
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Figure 4: This X-ray picture of the supernova remnant CasA reveals strong
particle flows near its periphery. We believe they are the site for accelerating
Galactic cosmic rays to energies reaching the “knee” in the spectrum.

could be sources of the Galactic cosmic rays. It is assumed that, after the col-
lapse, ∼1051 erg of energy is transformed into particle acceleration by diffusive
shocks associated with young (∼1000 year old) supernova remnants expand-
ing into the interstellar medium. Like a snowplow, the shock sweeps up the
∼ 1 proton/cm3 density of hydrogen in the Galactic plane. The accumulation
of dense filaments of particles in the outer reaches of the shock, clearly visible
as sources of intense X-ray emission, are the sites of high magnetic fields; see
Fig. 4. It is theorized that particles crossing these structures multiple times can
be accelerated to high energies following an approximate power-law spectrum
dN/dE ∼E−2. The mechanism copies solar flares where filaments of high mag-
netic fields, visible in Fig. 3, are the sites for accelerating nuclear particles to
tens of GeV. The higher energies reached in supernova remnants are the con-
sequence of particle flows of much larger intensity powered by the gravitational
energy released in the stellar collapse.

This idea has been widely accepted despite the fact that to date no source
has been conclusively identified, neither by cosmic rays nor by accompanying
gamma rays and neutrinos produced when the cosmic rays interact with Galactic
hydrogen. Galactic cosmic rays reach energies of at least several PeV, the “knee”
in the spectrum; therefore, their interactions should generate gamma rays and
neutrinos from the decay of secondary pions reaching hundreds of TeV. Such
sources, referred to as PeVatrons, have not been found; see, however, Ref. [22].
Nevertheless, Zwicky’s suggestion has become the stuff of textbooks, and the
reason is energetics: Three Galactic supernova explosions per century converting
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Figure 5: Colliding shocks in the simulation of a gamma-ray burst
(GRB) fireball may accelerate cosmic rays to the highest ener-
gies observed. The filaments in the particle flow are directed
along the rotation axis of the black hole. Animated view at
http://www.nasa.gov/centers/goddard/news/topstory/2003/0618rosettaburst.html.
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a reasonable fraction of a solar mass into particle acceleration can accommodate
the steady flux of cosmic rays in the Galaxy. It is interesting to note that they
originally assumed that the sources were extragalactic since the most recent
supernova in the Milky Way was in 1572. After diffusion in the interstellar
medium was understood, supernova explosions in the Milky Way became the
source of choice for the origin of Galactic cosmic rays [23], although after more
than 50 years the issue is still debated [24].

Energetics also guides speculations on the origin of extragalactic cosmic
rays. By integrating the cosmic-ray spectrum above the ankle at ∼ 4 EeV,
it is possible to estimate [25] the energy density in extragalactic cosmic rays as
∼ 3× 10−19 erg cm−3. This value is rather uncertain because of our ignorance
of the energy where the transition from Galactic to extragalactic sources occurs.
The power required for a population of sources to generate this energy density
over the Hubble time of 1010 years is 2× 1037 erg s−1 per Mpc3. Long-duration
gamma-ray bursts have been associated with the collapse of massive stars to
black holes, and not to neutron stars, as is the case in a collapse powering a su-
pernova remnant. A gamma-ray-burst fireball converts a fraction of a solar mass
into the acceleration of electrons, seen as synchrotron photons. The observed
energy in extragalactic cosmic rays can be accommodated with the reasonable
assumption that shocks in the expanding gamma-ray burst (GRB) fireball con-
vert roughly equal energy into the acceleration of electrons and cosmic rays [26].
It so happens that 2× 1051 erg per GRB will yield the observed energy density
in cosmic rays after 1010 years, given that their rate is on the order of 300 per
Gpc3 per year. Hundreds of bursts per year over a Hubble time produce the
observed cosmic-ray density, just as three supernovae per century accommodate
the steady flux in the Galaxy.

Problem solved? Not really: it turns out that the same result can be achieved
assuming that active galactic nuclei convert, on average, 2 × 1044 erg s−1 each
into particle acceleration [15]. This is an amount that matches their output in
electromagnetic radiation. We will return to this point further on.

2.2 Neutrinos Associated with Cosmic Rays

Neutrinos will be produced at some level in association with the cosmic-ray
beam. Cosmic rays accelerated in regions of high magnetic fields near black holes
or neutron stars inevitably interact with radiation surrounding them. Thus,
cosmic-ray accelerators are also “beam dumps” producing neutrino beams. The
method is what is used for the production of neutrino beams at accelerator
laboratories: the beam is dumped in a dense target where it produces pions
and kaons that decay into neutrinos. All particles are absorbed in the extended
target except for the neutrinos. Cosmic rays accelerated in supernova shocks
interact with gas in the Galactic disk, producing equal numbers of pions of all
three charges that decay into pionic photons and neutrinos. A larger source
of secondaries is likely to be gas near the sources, for example cosmic rays
interacting with high-density molecular clouds that are ubiquitous in the star-
forming regions where supernovae are more likely to explode. For extragalactic
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Figure 6: Anticipated astrophysical neutrino fluxes compared with measured
and calculated fluxes of atmospheric neutrinos. Measurements of νµ from Super-
K [27], Frejus [28], AMANDA, [29, 30] and IceCube [31, 32] are shown along
with the electron-neutrino spectrum at high energy from Ref. [33] (green open
triangles). Calculations of conventional νe (red line) and νµ (blue line) from
Honda et al. [34], νe (red dotted line) from Bartol, [35] and charm-induced
neutrinos (magenta band) [36] are also shown.

sources, the neutrino-producing target may be electromagnetic, for instance
photons radiated by the accretion disk of an AGN, or synchrotron photons that
coexist with protons in the expanding fireball producing a GRB. In Fig. 6,
estimates of astrophysical neutrino fluxes are compared with measurements of
atmospheric neutrinos. The shaded band indicates the level of model-dependent
expectations for high-energy neutrinos of astrophysical origin. The estimates
that we will discuss in more detail further on optimistically predicted a neutrino
flux at a level of

E2
ν dNν/dEν ' 10−8 GeV cm−2s−1sr−1 (2)

per flavor and formed the rational for building a kilometer-scale detector; this is
indeed the magnitude of the cosmic component of the neutrino spectrum above
100 TeV revealed by IceCube’sdata.
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How many neutrinos and, inevitably, gamma rays are produced in association
with the cosmic-ray beam? Generically, a cosmic-ray source should also be a
beam dump. Cosmic rays accelerated in regions of high magnetic fields near
black holes may interact with radiation surrounding them, e.g., UV photons in
some active galaxies or MeV photons in GRB fireballs. In these interactions,
neutral and charged pion secondaries are produced by the processes

p+ γ → ∆+ → π0 + p and p+ γ → ∆+ → π+ + n. (3)

While secondary protons may remain trapped and lose energy in the high mag-
netic fields, neutrons and the decay products of neutral and charged pions es-
cape with high energy. The energy escaping the source is therefore distributed
among cosmic rays, gamma rays and neutrinos, particles produced by the decay
of neutrons, neutral pions and charged pions, respectively.

Galactic supernova shocks are in contrast an example of a hadronic beam
dump. Cosmic rays mostly interact with the hydrogen in the Galactic disk,
producing equal numbers of pions of all three charges in hadronic collisions
p+ p→ n [π0 + π+ + π−] +X; n is the pion multiplicity.

In a generic cosmic beam dump, accelerated cosmic rays, assumed to be
protons for illustration, interact with a photon target. These may be photons
radiated by the accretion disk in AGNs and synchrotron photons that co-exist
with protons in the exploding fireball producing a GRB. Their interactions
produce charged and neutral pions according to Eq. 3, with probabilities of
2/3 and 1/3, respectively. Subsequently, the pions decay into gamma rays and
neutrinos that carry, on average, 1/2 and 1/4 of the energy of the parent pion.
We further assume that, on average, the four leptons in the decay π+ → νµ +
µ+ → νµ + (e+ + νe + ν̄µ) equally share the charged pion’s energy. The energy
of the pionic leptons relative to the proton is:

xν =
Eν
Ep

=
1

4
〈xp→π〉 '

1

20
(4)

and

xγ =
Eγ
Ep

=
1

2
〈xp→π〉 '

1

10
. (5)

Here,

〈xp→π〉 = 〈Eπ
Ep
〉 ' 0.2 (6)

is the average energy transferred from the proton to the pion.
While both gamma-ray and neutrino fluxes can be calculated knowing the

density of the accelerated protons and the density of the target material, their
relative flux is independent of the details of the production mechanism. The
spectral production rates dN/dEdt of neutrinos and gamma rays are related by

1

3

∑
να

E2
ν

dNν
dEνdt

(Eν) ' Kπ

4
E2
γ

dNγ
dEγdt

(Eγ) . (7)
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Here, N and E denote the number and energy of neutrinos and gamma rays and
ν stands for the neutrino flavor. Note that this relation is solid and depends
only on the charged-to-neutral secondary pion ratio, with Kπ = 1(2) for γ(pp)
neutrino-producing interactions. In deriving the relative number of neutrinos
and gamma rays, one must be aware of the fact that the neutrino flux repre-
sents the sum of the neutrinos and antineutrinos, which cannot be separated by
current experiments.

The production rate of gamma rays described by Eq. 7 is not necessarily
the emission rate observed. For instance, in cosmic accelerators that efficiently
produce neutrinos via pγ interactions, the target photon field can also efficiently
reduce the pionic gamma rays via pair production. This is a calorimetric process
that will, however, conserve the total energy of hadronic gamma rays. The
production of photons in association with cosmic neutrinos is inevitable. The
relation is however calorimetric; unlike neutrinos, photons reach Earth after
propagation in the universal microwave and infrared photon backgrounds to
reach our telescopes with TeV energy, or below. Also, one must be aware of the
fact that inverse-Compton scattering and synchrotron emission by accelerated
electrons in magnetic fields in the source have the potential to produce gamma
rays; not every high-energy gamma ray is pionic.

The estimates in Fig. 6 of the neutrino flux associated with cosmic rays
accelerated in supernova remnants and GRBs are relatively straightforward as
both the beam, identified with the observed cosmic-ray flux, and the targets, ob-
served by astronomers, are known. In the case of supernova remnants, the main
uncertainty is the availability of nearby target material. In the case of GRBs,
the main uncertainty is the fraction of the extragalactic cosmic ray population
that comes from this source. The ongoing search by IceCube for neutrinos in
coincidence with and in the direction of GRB alerts issued by astronomical tele-
scopes has limited the GRB neutrino flux to less that 1% of the diffuse cosmic
neutrino flux actually observed by the experiment [37]. However, this may not
conclusively rule out GRBs as a source of cosmic rays; the events that produce
the spectacular photon displays catalogued by astronomers as GRBs may not
be the stellar collapses that are sources of neutrinos. We will return to this
point further on when we discuss acceleration of cosmic rays in GRB fireballs.
Nevertheless, the failure of IceCube to observe neutrinos from GRBs has lately
promoted AGNs as the best-bet source of the cosmic neutrinos observed.

Active galaxies are complex systems with many possible sites for acceler-
ating cosmic rays and for targets to produce neutrinos. First, if acceleration
occurs mainly at the spectacular termination shocks of the jets in intergalac-
tic space [38], there would be little target material available and few neutrinos
produced. In contrast, production of neutrinos near the black hole [39], or in
collisions with interstellar matter of the accelerated particles diffusing in the
magnetic field of the galaxy hosting the black hole [40], could yield fluxes at the
level observed. We will work through these examples further on.

One generic picture in which the neutrino luminosity is directly related to
the contribution of the sources to extragalactic cosmic rays arises if acceleration
occurs in the jets of AGNs (or GRBs) [41, 42]. High-energy protons interact in
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the intense radiation fields inside the jets. In the pγ → pπ0 channel, the protons
remain in the accelerator. In the pγ → nπ+ channel, however, the neutrons
escape and eventually decay to produce cosmic-ray protons, while the pions
decay to neutrinos. The luminosity of neutrinos from photo-pion production is
then directly related by kinematics to the cosmic-ray protons that come from
decay of the escaping neutrons.
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Figure 7: Limits on the neutrino flux from selected active galaxies derived from
IceCube data taken during construction, when the instrument was operating
with 40 and 59 strings of the total 86 instrumented strings of DOMs [43]. These
are compared with the TeV photon flux for nearby AGNs. Note that energy
units are in ergs, not TeV.

TeV gamma rays are measured from many AGN blazars [44]. Although
the observed gamma rays are likely to be from accelerated electrons, which
radiate more efficiently than protons, the gamma-ray luminosity may give an
indication of the overall cosmic-ray luminosity and hence of the possible level of
neutrino production [45, 46]. In this context, we introduce Fig. 7 [47] showing
IceCube upper limits [43] on the neutrino flux from nearby AGNs as a function
of their distance. The sources at red shifts between 0.03 and 0.2 are Northern
Hemisphere blazars for which distances and intensities are listed in TeVCat [44]
and for which IceCube also has upper limits. In several cases, the muon-neutrino
limits have reached the level of the TeV photon flux. One can sum the sources
shown in the figure into a diffuse flux. The result, after accounting for the
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distances and luminosities, is 3 × 10−9 GeV cm−2 s−1 sr−1, or approximately
10−8 GeV cm−2 s−1 sr−1 for all neutrino flavors. This is at the level of the generic
astrophysical neutrino flux of Eq. 2. At this intensity, neutrinos from theorized
cosmic-ray accelerators will cross the steeply falling atmospheric neutrino flux
above an energy of ∼ 300 TeV; see Fig. 6. The level of events observed in a
cubic-kilometer neutrino detector is 10 ∼ 100 νµ-induced events per year. Such
estimates reinforce the logic for building a cubic kilometer neutrino detector [48].

3 Cosmic Accelerators and Cosmic Beam Dumps:
Estimates of the Neutrino Flux

We will discuss next two generic blueprints for beam dumps producing neutrinos
in association with cosmic-ray accelerators: a beam interacting with nearby gas,
radiation fields, or molecular clouds, and the relativistically expanding fireball
following stellar collapse.

3.1 Extragalactic Neutrino-Producing Beam Dumps

An active galaxy presents multiple opportunities for accelerating particles in
the in- and outflows associated with the supermassive black hole. The high en-
ergy particles may subsequently produce neutrinos in interactions with multiple
targets such as the dense matter near the black hole, the galactic disk of the
galaxy associated with the black hole, photons produced in the jet or radiated
from the accretion disk. It is therefore useful to start by considering a generic
beam dump where a beam of protons an initial flux jp (Ep) interacts with a
target of density n over a distance l. The optical depth target after the proton
travels a distance l′ is given by:

τ ′ =
l′

λ
= nl′σpp. (8)

Each time a proton interacts it deposits KpEp energy into 〈nπ〉 pions of average
energy 〈Eπ〉; here Kp ' 0.2 is the proton inelasticity. Energy conservation
implies that

KpEp = Eπ = 〈nπ〉 〈Eπ〉 . (9)

The flux of pions produced per energy and time interval qπ±(Eπ) is related to
the proton interaction rate in the target qp(Ep, τ) by

qπ± =

∫ ∞
Eth

dEp

∫ l

0

dl′ qp (Ep, τ
′) δ (Eπ − 〈Eπ〉) , (10)

where qp (Ep , τ) = jp (Ep) exp(−τ) and jp (Ep) the incident proton flux enter-
ing the target. The delta function expresses the fact that all pions are produced
with the same average energy 〈Eπ〉.
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Typically, one makes the approximations that the proton cross section is
independent of energy, σpp ≈ 3 · 10−26 cm2, and as a result

qπ± =

∫ ∞
Eth

dEp (1− exp(−τ)) jp(Ep) δ (Eπ − 〈Eπ〉) . (11)

Two limiting cases are often relevant. When all protons interact (1− exp(−τ))→
1. In other cases, the optical depth is small and (1− exp(−τ)) → τ , with
τ ' l n σpp,

qπ± = n l σpp

∫ ∞
Eth

dEp jp (Ep) δ (Eπ − 〈Eπ〉) . (12)

The integral can be performed by rewriting the delta function as

δ

(
Eπ −

Kp

〈nπ〉
Ep

)
=
〈nπ〉
Kp

δ

(
Ep −

〈nπ〉 〈Eπ〉
Kp

)
(13)

using Eq. 9. We thus obtain the result that

qπ± = n l σpp 〈nπ〉
1

fπ
jp (Ep) , (14)

with fπ = Kp = Eπ/Ep, the fraction of the incident proton energy going into
pions, using a more common notation. Note that in the case of a target where
all protons interact, i.e. (1− exp(−τ))→ 1, we obtain the relations that reflect
particle and energy conservation:

Eπ qπ± = 〈nπ〉 Epqp , (15)

and
E2
π qπ± = KpE

2
pqp .

For simple, yet more realistic, calculations we can follow Mannheim [49] who
introduce the fact that the multiplicity of pions grows with the proton energy.
Starting from a pair of pions pp→ pp+π+π− at threshold Eth, the multiplicity
grows as

〈nπ〉 = 2

(
Ep − Eth

GeV

)1/4

, (17)

and

〈Eπ〉 =
1

6
(Ep −mpc

2)3/4 GeV. (18)

The formalism introduced combined with these parametrization, allows us to
reproduce the results of detailed simulations. Finally, given the number of
protons produced by the accelerator per energy and time interval

jp(Ep) = Ap

(
Ep −mpc

2

GeV

)−γ
, (19)
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we obtain a pion rate at the source:

qπ±(Eπ) ≈ 26n l Ap σpp

(
6Eπ
GeV

)− 4
3 (γ− 1

2 )

. (20)

The total neutrino rate at the source is then given by the sum of the emissiv-
ities of the first muon neutrino, directly from the pion, and those of the second
muon neutrino and the electron neutrino from the muon decay:

qν,tot = q(1)
νµ + q(2)

νµ + qνe . (21)

As previously discussed, we will make the approximation that the total en-
ergy of the pions is distributed equally among the four decay leptons (see e.g.,
Ref. [50]),

qνi(Eνi) = qπ(4Eνı)dEπ/dEνi = 4qπ(4Eνi) (22)

for each neutrino, νi = νe/νe, νµ, νµ. As IceCube does not distinguish between
neutrinos and antineutrinos, we will not separate neutrinos from antineutrinos.
Another way of stating the approximation introduced is that the number of
neutrinos produced per flavor in the energy bin dEν arises from the original
pion in the energy bin dEπ = 4dEν ; therefore, qν(Eν) dEν = qπ(4Eν)dEπ.

The final result for the total neutrino emission rate at the source is given by

qν,tot ≈ 3× 102NApσpp

(
24Eν
GeV

)− 4
3γ+ 2

3

. (23)

Eq. 23 provides us with an estimate of the total neutrino flux at the source
in terms of three key quantities: Ap and γ, the normalization and spectral slope
of the flux of the accelerator, and the column density N ∼ ln.

The spectral index is routinely taken to be γ = 2, a value obtained from
diffusive shock acceleration and, in any case, typical of the spectral flux observed
for the spectrum of gamma rays in nonthermal sources. The column density
N = ln is usually taken from astronomical information, with l being the distance
that the cosmic rays travel through a photon target of density n. For instance,
in the case of a galaxy, l could be the diffusion length of the cosmic rays in the
magnetic field of the galaxy. This allows the protons to interact with a typical
density of dust of n = 1 cm−3 over an extended pathlength determined by the
diffusion time. The typical diffusion distance before escape of the galaxy is given
by

ddiff = 2
√
D(Ep) tesc , (24)

where D is the diffusion coefficient and tesc is the escape time. In this case, the
distance in the calculation is identified with l = ctesc. Finally, the normalization
of the cosmic-ray flux Ap is typically determined from the requirement that the
source reproduce the cosmic flux observed at Earth [39, 40].

In the end, the flux of IceCube data can be described by this procedure
with the reasonable assumptions that p = 2 and l = 10 kpc, typical of our own
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Galaxy. Additionally, an extragalactic diffuse photon flux is obtained consistent
with the Fermi measurements in the GeV-TeV energy range [40].

Alternatively, one may determine Ap for individual galaxies, determine their
neutrino flux, and subsequently do the summation over all sources. An example
can be found in Ref. [39] where the cosmic-ray flux is obtained from the following
considerations: The radio luminosity of AGNs, L, provides a measure for the
AGN luminosity in electrons. The electron luminosity is equal to or larger than
the radio luminosity of the source, as the latter is produced when electrons are
accelerated and emit synchrotron radiation: Le = χL with χ ≥ 1. Hadronic
cosmic rays and electrons are connected by a constant fraction fe: Le = feLp,
which is on the order of 0.1 [39]. With

Lp =

∫
jp(Ep) d(Ep) ≈ χL

fe
, (25)

the normalization of the CR spectrum is

Ap = Ap(L, z) =
χ

fe
[ln (Emax/Emin)]

−1
LGeV−2 (26)

for γ = 2; the generalization for γ 6= 2 is straightforward.
Finally, the diffuse neutrino flux at Earth is obtained from the single source

flux of Eq. 23, the cosmic-ray spectrum normalized by Eq. 26, and

Φν =

∫
L

∫
z

qν,tot
4π dL(z)2

dnAGN

dV dL

dV

dz
dz dL . (27)

Here, dL is the luminosity distance, dnAGN/(dV dL) is the radio luminosity func-
tion of the AGN, and dV/dz is the comoving volume at a fixed redshift z. The
radio luminosity function is usually represented by the product of a luminosity-
dependent and a redshift-dependent function, dnAGN/(dV dL) = g(L)f(z). This
framework for producing neutrinos in AGNs can accommodate the diffuse flux
observed by IceCube; more details can be found in Ref. [39].The neutrino pro-
duction happens in the relatively dense matter near the black hole, illustrating
how two very different mechanisms manage to accommodate the IceCube result.
The details may vary, but in general beam dumps producing similar energies in
neutrinos, photons, and cosmic rays match the diffuse neutrino flux observed.
We will return to this point when discussing the IceCube results.

In yet another scenario, Wang and Loeb argue that quasar driven outflows
interact with interstellar protons to produce IceCube’s neutrinos [51]. While the
examples illustrate that AGNs are plausible sources of the neutrinos observed by
IceCube, they do not have the power of proof given the presence of adjustable
parameters. This does not mean that a conclusive association is impossible.
AGNs are episodic sources that burst, increasing their flux by over one order of
magnitude for periods of seconds to days, sometimes even years. A correlation
of the arrival of IceCube neutrinos in coincidence with such bursts can provide
a smoking gun for their origin; for a recent discussion, see Ref. [52].
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3.2 Galactic Neutrino-Producing Beam Dumps

The rationale for kilometer-scale neutrino detectors is that their sensitivity is
sufficient to reveal generic cosmic-ray sources with an energy density in neutrinos
comparable to their energy density in cosmic rays [41] and pionic TeV gamma
rays [45]. Interestingly, this condition may be satisfied by the sources of Galactic
cosmic rays.

The energy density of the cosmic rays in our Galaxy is ρE ∼ 10−12 erg cm−3.
Galactic cosmic rays do not exist forever; they diffuse within microgauss fields
and remain trapped for an average containment time of 3 × 106 years. The
power needed to maintain a steady energy density requires accelerators deliver-
ing 1041 erg/s. This happens to be 10% of the power produced by supernovae
releasing 1051 erg every 30 years (1051 erg correspond to 1% of the binding en-
ergy of a neutron star after 99% is initially lost to neutrinos). This coincidence
is the basis for the idea that shocks produced by supernovae exploding into the
interstellar medium are the accelerators of Galactic cosmic rays.

A generic supernova remnant releasing an energy of W ∼ 1050 erg into the
acceleration of cosmic rays will inevitably generate TeV gamma rays by inter-
acting with the hydrogen in the Galactic disk. The emissivity in pionic gamma
rays is calculated using the formalism previously introduced for the calcula-
tion of the neutrino flux; see Eq. 12. Here every neutral pion in the dump
produces two photons with half its energy. The emissivity Qγ , the number of
photons produced per unit volume and time, is simply proportional to the den-
sity of cosmic rays ncr and to the target density n of hydrogen atoms. Here,
ncr ' 4× 10−14 cm−3 is obtained by integrating the proton spectrum for ener-
gies in excess of 1 TeV. Following the formalism introduced by Eq. 10–Eq. 12,
we obtain the emissivity of gamma rays,

Qγ(> 1 TeV) ' c 2

fπ
σpp nncr(>1 TeV). (28)

The production rate is defined per volume; the relation to qπ is q = dN/dEdAdt =
cdN/dEdAdl = cQ, with cdt = dl and dAdl = dV . Assuming an E−2 spectrum,

Qγ(> 1 TeV) ' 10−29
( n

1 cm−3

)
cm−3 s−1 . (29)

The proportionality factor in Eq. 28 is determined by particle physics; xγ is
the average energy of secondary photons relative to the cosmic-ray protons, and
λpp = (nσpp)

−1 is the proton interaction length (σpp ' 40 mb) in a density n of
hydrogen atoms. The corresponding luminosity is

Lγ(>1 TeV) ' Qγ
W

ρE
(30)

where W/ρE is the volume occupied by the supernova remnant; given the am-
bient density ρE ∼ 10−12 erg cm−3 of Galactic cosmic rays [4], a supernova
with energy W ∼ 1050 erg in cosmic rays occupies the volume W/ρE . We here
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made the approximation that the density of particles in the remnant is not very
different from the ambient energy density.

We thus predict [53, 54] a rate of TeV photons from a supernova remnant
at a nominal distance d on the order of 1 kpc of∫

E>1TeV

dNγ
dEγ

dEγ =
Lγ(> 1TeV)

4πd2

' 10−12 − 10−11

(
photons

cm2 s

)(
W

1050 erg

)( n

1 cm−3

)( d

1 kpc

)−2

. (31)

As discussed in the introduction, the position of the knee in the cosmic ray spec-
trum indicates that some sources accelerate cosmic rays to energies of several
PeV. These PeVatrons therefore produce pionic gamma rays whose spectrum
can extend to several hundred TeV without cutting off. For such sources the
gamma-ray flux in the TeV energy range can be parametrized in terms of a
spectral slope αγ , an energy Ecut,γ where the accelerator cuts off, and a nor-
malization kγ :

dNγ(Eγ)

dEγ
= kγ

(
Eγ

TeV

)−αγ
exp

(
−

√
Eγ

Ecut,γ

)
. (32)

The estimate in Eq. 31 indicates that fluxes as large as dNγ/dEγ ∼ 10−12–10−14

(TeV−1 cm−2 s−1) can be expected at energies of O (10 TeV).
We therefore concentrate on the search for PeVatrons, supernova remnants

with the required energetics to produce cosmic rays, at least up to the knee
in the spectrum. They may have been revealed by the highest energy all-sky
survey in ∼ 10 TeV gamma rays using the Milagro detector [55]. A subset
of sources, located within nearby star-forming regions in Cygnus and in the
vicinity of Galactic latitude l = 40 degrees, are identified; some cannot be readily
associated with known supernova remnants or with nonthermal sources observed
at other wavelengths. Subsequently, directional air Cherenkov telescopes were
pointed at three of the sources, revealing them as PeVatron candidates with
an approximate E−2 energy spectrum that extends to tens of TeV without
evidence for a cutoff [56], in contrast with the best studied supernova remnants
RX J1713-3946 and RX J0852.0-4622 (Vela Junior).

Some Milagro sources may actually be molecular clouds illuminated by the
cosmic-ray beam accelerated in young remnants located within ∼ 100 pc. In-
deed, one expects that multi-PeV cosmic rays are accelerated only over a short
time period when the shock velocity is high, i.e., when the remnant transitions
from free expansion to the beginning of the Sedov phase. The high-energy
particles can produce photons and neutrinos over much longer periods when
they diffuse through the interstellar medium to interact with nearby molecu-
lar clouds [57]. An association of molecular clouds and supernova remnants is
expected, of course, in star-forming regions. In this case, any confusion with
synchrotron photons is unlikely.
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Ground-based and satellite-borne instruments with improved sensitivity are
able to conclusively pinpoint supernova remnants as the sources of cosmic-ray
acceleration by identifying accompanying gamma rays of pion origin. The Fermi
Large Area Telescope has detected pion-decay feature in the gamma-ray spectra
of two supernova remnants, IC 443 and W44 [58]. In contrast, GeV gamma ray
data from Fermi LAT have challenged the hadronic interpretation of the GeV-
TeV radiation from one of the best-studied candidates, RX J1713-3946 [59].
The most promising PeVatron candidate to date is, instead, the center of the
Galaxy, as reported by the HESS Collaboration, see Ref. [22]. Detecting the
accompanying neutrinos from supernova remnants or the Galactic Centre would
provide incontrovertible evidence for cosmic-ray acceleration.

Particle physics dictates the relation between pionic gamma rays and neutri-
nos and basically predicts the production of a νµ+ ν̄µ pair for every two gamma
rays seen by Milagro. This calculation can be performed using the formal-
ism discussed with approximately the same outcome. Operating the complete
IceCube detector for several years should yield confirmation that some of the
Milagro sources produce pionic gamma rays; see Fig. 8.

Figure 8: Simulated sky map of IceCube in Galactic coordinates after five years
of operation of the completed detector. Two Milagro sources are visible with
four events for MGRO J1852+01 and three events for MGRO J1908+06 with
energy in excess of 40 TeV. These, as well as the background events, have been
randomly distributed according to the resolution of the detector and the size of
the sources.

The quantitative statistics can be summarized in the following. For average
values of the parameters describing the flux, we find that the IceCube detector
could confirm sources in the Milagro sky map as sites of cosmic-ray acceleration
at the 3σ level in less than one year and at the 5σ level in three years [53].
We here assume that the source extends to 300 TeV, or 10% of the energy
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of the cosmic rays near the knee in the spectrum. These results agree with
previous estimates [60, 61]. There are intrinsic ambiguities in this estimate of
an astrophysical nature that may reduce or extend the time required for a 5σ
observation [53]. In particular, the poorly known extended nature of some of
the Milagro sources and the value of the cutoff represent a challenge for IceCube
analyses that are optimized for point sources. The absence of any observation
of an accumulation of high energy neutrinos in the direction of these sources
will seriously challenge the concept that gamma ray telescopes are seeing actual
sources of cosmic rays.

These predictions have been stable over the years and have recently been
updated in the context of new gamma ray information, especially from the
HAWC experiment; see reference [56].

3.3 Generic Fireballs

Whereas we have confidence that the electromagnetic radiation in some Galactic
sources is produced by the decay of neutral pions, there is no straightforward
gamma-ray path to the neutrino flux expected from extragalactic cosmic-ray ac-
celerators. We presented model calculations to show that AGNs can plausibly
accommodate the cosmic neutrino flux observed, assuming that they accelerate
protons at the level of the sources of the extragalactic cosmic rays. In fact,
we showed how very different blueprints for the beam dump can fit the diffuse
neutrino flux observed. As already discussed, there is an yet another possi-
bility. Massive stars collapsing to black holes and observed by astronomers as
GRBs have the potential to accelerate protons to 100 EeV energy. Neutrinos of
100 TeV− PeV energy should be produced by pion photoproduction when pro-
tons and photons coexist in the GRB fireball [62]. As previously discussed, the
model is promising because the observed cosmic-ray flux can be accommodated
with the assumption that roughly equal energy is shared by electrons, observed
as synchrotron photons, and protons. Indeed, the IceCube observations indi-
cate equal extragalactic energy densities of photons and neutrinos, as we will
see further on.

The phenomenology that successfully accommodates the astronomical obser-
vations is the creation of a hot fireball of electrons, photons, and protons that
is initially opaque to radiation. The hot plasma therefore expands by radiation
pressure, and particles are accelerated to a Lorentz factor Γ that grows until
the plasma becomes optically thin and produces the GRB display. From this
point on, the fireball coasts with a Lorentz factor that is constant and depends
on its baryonic load. The baryonic component carries the bulk of the fireball’s
kinetic energy. The energetics and rapid time structure of the burst can be
successfully associated with successive shocks (shells), of width ∆R, that de-
velop in the expanding fireball. The rapid temporal variation of the gamma-ray
burst, tv, is on the order of milliseconds and can be interpreted as the collision
of internal shocks with a varying baryonic load leading to differences in the bulk
Lorentz factor. Electrons, accelerated by first-order Fermi acceleration, radiate
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synchrotron gamma rays in the strong internal magnetic field and thus produce
the spikes observed in the burst spectra.

The usual approach followed in the interpretation of routine IceCube GRB
searches [63] has the proton content of the fireball derived from the observed
electromagnetic emission. The basic assumption is that a comparable amount
of energy is dissipated in fireball protons and electrons, where the latter are
observed as synchrotron radiation,

E2 dNν
dE

=

(
εp
εe

)
1

2
xν

[
E2
γ

dNγ
dEγ

(Eγ)

]
syn

, (33)

where εp and εe are the energy fractions in the fireball in protons and elec-
trons [63], respectively. One can then use the data to determine the baryon
loading in the GRB fireball, εp / εe. No predictions are made. The abundance
of protons in the fireball is determined, or, at present, limited by the observa-
tions [37].

Although simulations of GRB fireballs have reached a level of sophistica-
tion [64], a simple energy estimate is sufficient to predict the neutrino flux
associated with GRB fireballs assuming that they are the sources of the cosmic
rays.

Simple relativistic kinematics (see Fig. 9) relates the radius and width R′

and ∆R′ to the observed duration of the photon burst c∆t:

R′ = γ2(c∆t) (34)

∆R′ = γc∆t (35)

From the observed GRB luminosity Lγ , we compute the photon energy density
in the shell:

U ′γ =
(Lγ∆t) /γ

4πR′2∆R′
=

Lγ
4π∆t2c3γ6

(36)

The pion production by shocked protons in this photon field is, as before, cal-
culated from the interaction length:

1

λpγ
= Nγσ∆ 〈xp→π〉 =

U ′γ
E′γ

σ∆ 〈xp→π〉
(
E′γ =

1

γ
Eγ

)
. (37)

Also as before, σ∆ is the cross section for pγ → ∆ → nπ+ and 〈xp→π〉 ' 0.2.
The fraction of energy going into π-production is

fπ ∼=
∆R′

λpγ
(38)

fπ ' 1

4πc2
Lγ
Eγ

1

γ4∆t
σ∆ 〈xp→π〉 (39)

fπ ' 0.14

[
Lγ

1051 ergs−1

] [
1 MeV

Eγ

] [
300

γ

]4 [
1 msec

∆t

]
×
[ σ∆

10−28 cm2

] [ 〈xp→π〉
0.2

]
. (40)
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c

Figure 9: Kinematics of GRB fireballs. Kinematics of a relativistically expand-
ing fireball, and on the right, the resulting shell(s) expanding under radiation
pressure.

The relevant photon energy in the problem is 1 MeV, the energy where the
typical GRB spectrum exhibits a break. The contribution of higher energy
photons is suppressed by the falling spectrum, and lower energy photons are less
efficient at producing pions. Given the large uncertainties associated with the
astrophysics, it is an adequate approximation to neglect the explicit integration
over the GRB photon spectrum. The proton energy for production of pions via
the ∆-resonance is

E′p =
m2

∆ −m2
p

4E′γ
. (41)

Therefore,

Ep = 1.4× 1016 eV
( γ

300

)2
(

1 MeV

Eγ

)
(42)

Eν =
1

4
〈xp→π〉Ep ' 7× 1014 eV. (43)
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We are now ready to calculate the neutrino flux:

dNν
dEν

=
c

4π

U ′ν
E′ν

=
c

4π

Uν
Eν

=
c

4π

1

Eν

[
1

2
fπtHĖ

]
, (44)

where the factor 1/2 accounts for the fact that only 1/2 of the energy in charged
pions is transferred to νµ + ν̄µ. As before, Ė is the injection rate in cosmic rays
beyond the ankle (∼4 × 1044 erg Mpc−3 yr−1) and tH is the Hubble time of
∼1010 Gyr. Numerically,

dNν
dEν

= 2× 10−14 cm−2 s−1 sr−1

[
7× 1014 eV

Eν

] [
fπ

0.125

] [
tH

10 Gyr

]
×

[
Ė

1044 erg Mpc−3 yr−1

]
(45)

The only subtlety here is the γ2 dependence of the shell radius R′; for a sim-
ple derivation, see Ref. [6]. The result is insensitive to beaming. Beaming yields
more energy per burst, but fewer bursts are actually observed. The predicted
rate is also insensitive to the neutrino energy Eν because higher average energy
yields fewer νs, but more are detected. Both effects are approximately linear.
Neutrino telescopes are essentially background free for such high-energy events
and should be able to identify neutrinos at all zenith angles.

For typical choices of the parameters, γ ∼ 300 and tv ∼ 10−2s, about 100
events per year are predicted in IceCube, a flux that was already challenged [65]
by the limit on a diffuse flux of cosmic neutrinos obtained with one-half of
IceCube in one year [66]. As before, the energy density of extragalactic cosmic
rays of ∼ 1044 TeV Mpc−3 yr−1 depends on the unknown transition energy
between the Galactic and extragalactic components of the spectrum. In the
end, the predictions can be stretched, but having failed by now to observe
high-energy neutrinos in spacial and temporal coincidence with over 1000 GRB
observations, IceCube has set a limit that is less than 1% of the PeV cosmic
neutrino flux actually observed.

We have nevertheless discussed fireballs in some detail to illustrate their
potential as cosmic accelerators and to point out that they may produce cosmic
neutrinos without being the sources of cosmic rays. For instance, they may
produce neutrinos of lower energy in events where the boost factor is limited, γ ≤
10. Candidate events have been observed and are referred to as “low luminosity
GRBs.” [67] There is also the possibility that high-energy gamma rays and
neutrinos are produced when the shock expands further into the interstellar
medium. This mechanism has been invoked as the origin of the delayed high-
energy gamma rays. Adapting the previous calculation to the external shock
is straightforward. For instance, following Bottcher et al. [68], we find that
the time scale is changed from milliseconds to seconds and the break in the
spectrum from 1 to 0.1 MeV, and that fπ is reduced by two orders of magnitude.
In the external shocks, higher energies can be reached, possibly a factor of 10
higher than for Bottcher et al. model). This increases the neutrino detection
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efficiency. In the end, the observed rates are an order of magnitude smaller, but
the inherent ambiguities of the estimates are such that it is difficult to establish
with confidence the relative rate in internal and external shocks.

3.4 Dedicated Search for EeV-Energy Neutrinos from GZK
Interactions

Whatever the sources of the extragalactic cosmic rays may be, a cosmogenic
flux of neutrinos, often dubbed GZK flux, originates from the interactions of
cosmic rays with the cosmic microwave background (CMB). Produced by a
source located at a cosmological distance, a GZK neutrino will point back to it
with subdegree precision. The calculation of the GZK neutrino flux is relatively
straightforward, and its magnitude is predominantly determined by the total
energy density of cosmic rays in the universe; as before, the crossover from the
Galactic to the extragalactic component is a critical parameter. A sample calcu-
lation [69] is shown in Fig. 10. It is also important to realize that, among the p γ
final-state products produced via the decay of pions, GZK neutrinos are accom-
panied by a flux of electrons, positrons, and gamma rays that quickly cascades
to lower energies in the CMB and intergalactic magnetic fields. An electromag-
netic cascade develops with a maximum in the GeV-TeV energy region. Here,
the total energy in the electromagnetic cascade is constrained by Fermi-LAT
measurements of the diffuse extragalactic gamma-ray background [70].

For the flux shown in Fig. 10, we anticipate 2.3 events in three years of run-
ning the completed IceCube detector, assuming the best fit from the figure, and
4.8 events for the highest flux consistent with the Fermi constraint. These have
not yet been seen [71]; see Fig. 11. Note however that the anticipated event
rate has been obtained assuming that the highest energy cosmic rays are pro-
tons. Experiments disagree on the composition of particles around 1020 eV [72].
While the cosmic-ray energy density and the other parameters in the calculation
(cosmological evolution, energy dependence of the injected cosmic-ray flux, and
its maximum energy) can still be manipulated to explain the failure by IceCube
to observe GZK neutrinos, the result may hint at a heavy composition for the
highest energy particles. Hopefully, the ongoing upgrades of the TA and Auger
experiments will resolve this issue.

4 Instrumentation: The First Kilometer-Scale
Neutrino Detector

As previously discussed, the rationale for kilometer-scale neutrino detectors is
that their sensitivity is sufficient to reveal generic cosmic-ray sources with an
energy density in neutrinos comparable to their energy density in cosmic and
pionic TeV gamma rays. By the turn of the century, a series of first-generation
experiments [77, 78] demonstrated that high-energy neutrinos with ∼ 10 GeV
energy and above could be detected by observing Cherenkov radiation from
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secondary particles produced in neutrino interactions inside large volumes of
highly transparent ice or water instrumented with a lattice of photomultiplier
tubes. Construction of the first second-generation detector, IceCube, at the
geographic South Pole was completed in December 2010 [79]; see Fig. 12.

4.1 IceCube

IceCube consists of 80 strings, each instrumented with 60 10-inch photomulti-
pliers spaced by 17 m over a total length of 1 kilometer. The deepest module
is located at a depth of 2.450 km so that the instrument is shielded from the
large background of cosmic rays at the surface by approximately 1.5 km of ice.
Strings are arranged at apexes of equilateral triangles that are 125 m on a side.
The instrumented detector volume is a cubic kilometer of dark, highly trans-
parent and sterile Antarctic ice. Radioactive background is dominated by the
instrumentation deployed into this natural ice.

Each optical sensor consists of a glass sphere containing the photomultiplier
and the electronics board that digitizes the signals locally using an on-board
computer. The digitized signals are given a global time stamp with residuals
accurate to less than 3 ns and are subsequently transmitted to the surface. Pro-
cessors at the surface continuously collect these time-stamped signals from the
optical modules, each of which functions independently. The digital messages
are sent to a string processor and a global event trigger. They are subsequently
sorted into the Cherenkov patterns emitted by secondary muon tracks, or elec-
tron and tau showers, that reveal the direction of the parent neutrino [80].

As will be discussed further on, similar detectors are planned for deployment
in deep transparent Mediterranean water [81] and in Lake Baikal.

4.2 Detection Methods

Neutrino telescopes exploit the relatively large neutrino cross section and the
long muon range above TeV energies to achieve a detection efficiency sufficient to
reach the predicted point source and diffuse fluxes previously discussed. At the
same time, detecting νe and ντ neutrinos cannot be ignored; the case has been
made in detail in Ref. [13]. The detection of neutrinos of all flavors is impor-
tant in separating diffuse extraterrestrial neutrinos from atmospheric neutrinos.
Generic cosmic accelerators produce neutrinos from the decay of pions with ad-
mixture νe : νµ : ντ = 1 : 2 : 0. Over cosmic baselines, neutrino oscillations
transform the ratio to 1 : 1 : 1, because approximately one-half of the νµ convert
to ντ .

IceCube detects neutrinos by observing the Cherenkov radiation from the
charged particles produced by neutrino interactions inside or in the vicinity
of the detector. Charge current interactions produce a lepton that carries, on
average, 50% of the neutrino energy for E ≤ 10 GeV, to 80% at high energies;
the remainder of the energy is released in the hadronic shower produced by the
target nucleus. Both the secondary lepton and the hadronic shower produce
Cherenkov radiation. In neutral current interactions, the neutrino transfers a
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fraction of its energy to a nuclear target, producing a hadronic shower. IceCube
can differentiate neutrino flavors on the basis of their topology in the detector,
as illustrated in Fig. 13. There are two basic topologies: tracks from νµ and
cascades from νe, ντ , and the neutral current interactions from all flavors. On
the scale of IceCube, PeV cascades have a length of less than 10 m and are
therefore point sources of Cherenkov light in a detector of kilometer size.

Neutrino telescopes also measure neutrino energy. Muons range out, over
kilometers at TeV energy to tens of kilometers at EeV energy, generating showers
along their track by bremsstrahlung, pair production, and photonuclear interac-
tions. The charged particles produced are the sources of additional Cherenkov
radiation. Because the energy of the muon degrades along its track, the energy
of the secondary showers decreases, which reduces the distance from the track
over which the associated Cherenkov light can trigger a PMT. The geometry
of the light pool surrounding the muon track is therefore a kilometer-long cone
with a gradually decreasing radius. In its first kilometer, a high-energy muon
typically loses energy in a couple of showers having one-tenth of the muon’s
initial energy. So the initial radius of the cone is the radius of a shower with
10% of the muon energy. At lower energies of hundreds of GeV and less, the
muon becomes minimum-ionizing.

Because of the stochastic nature of the muon’s energy loss, the relationship
between the observed energy loss inside the detector and muon energy varies
from muon to muon. Additionally, only the muon energy lost in the detector can
be determined; we do not know its energy loss before entering the instrumented
volume nor how much energy it carries out upon exiting. An unfolding process is
required to determine the neutrino energy based on the observed muon energy;
fortunately, it is based on well-understood Standard Model physics. In contrast,
for νe and ντ , the detector is a total energy calorimeter, and the determination
of their energy is superior.

The different topologies each have advantages and disadvantages. For νµ
interactions, the long lever arm of muon tracks, up to tens of kilometers at
very high energies, allows the muon direction (and the neutrino direction) to
be determined accurately with an angular resolution measured online that is
better than 0.4◦. Superior angular resolution can be reached for selected events.
Sensitivity to point sources is therefore better as well. The disadvantages are
a large background, of atmospheric neutrinos below 100 TeV and cosmic-ray
muons at all energies, and the indirect determination of the neutrino energy that
must be inferred from sampling the energy loss of the muon when it transits the
detector.

Observation of νe and ντ flavors represents significant advantages. They are
detected for both Northern and Southern Hemispheres. (This is also true for νµ
with energy in excess of 1 PeV, where the background from the steeply falling
atmospheric spectrum becomes negligible.) At TeV energies and above, the
background of atmospheric νe is lower by over an order of magnitude, and there
are essentially no atmospheric ντ produced. At higher energies, long-lived pions,
the source of atmospheric νe, no longer decay, and relatively rare K-decays be-
come the dominant source of background νe. Furthermore, because the neutrino
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events are totally, or at least partially, contained inside the instrumented detec-
tor volume, the neutrino energy is determined by total-absorption calorimetry.
One can establish the cosmic origin of a single event by demonstrating that the
energy cannot be reached by muons and neutrinos of atmospheric origin. Fi-
nally, ντ are not absorbed by the Earth [82]: ντ interacting in the Earth produce
secondary ντ of lower energy, either directly in a neutral current interaction or
via the decay of a secondary tau lepton produced in a charged-current inter-
action. High-energy ντ will thus cascade down to energies of hundred of TeV
where the Earth becomes transparent. In other words, they are detected with
a reduced energy but not absorbed.

Although cascades are nearly pointlike and, in practice, spatially isotropic,
the pattern of arrival times of the photons at individual optical modules reveals
the direction of the secondary leptons with 3◦. While a fraction of cascade
events can be reconstructed accurately to within a degree [83], the precision is
inferior to that reached for νµ events and typically not better than 10◦ using
the present techniques.

At energies above about 100 PeV, electromagnetic showers begin to elongate
because of the Landau-Pomeranchuk-Migdal effect [84]. An extended length
scale is associated with the abundant radiation of soft photons that results in
interactions of the shower particles on two target atoms. Negative interference
in this process results in reduced energy loss.

4.3 Detector Performance

Cosmic neutrinos must be separated from the large backgrounds of atmospheric
neutrinos and atmospheric cosmic-ray muons. This is possible for two classes
of events: neutrinos that interact inside the instrumented volume (“starting
events”) and events where a muon enters the detector from below, created by a
neutrino traversing the Earth (throughgoing events), thus pointing back to its
origin. In this latter case, the Earth is used as a filter for cosmic-ray muons.

For starting events, the pathlength l(θ) traversed within the detector volume
by a neutrino with zenith angle θ is determined by the detector’s geometry.
Neutrinos are detected if they interact within the detector volume, i.e., within
the instrumented volume of one cubic kilometer. That probability is

P (Eν) = 1− exp[−l/λν(Eν)] ' l/λν(Eν) , (46)

where λν(Eν) = [ρice NA σνN (Eν)]−1 is the mean free path in ice for a neutrino
of energy Eν . Here, ρice = 0.9 g cm−3 is the density of the ice, NA = 6.022 ×
1023 is Avogadro’s number, and σνN (Eν) is the neutrino-nucleon cross section.
A neutrino flux dN/dEν (neutrinos per GeV per cm2 per second) crossing a
detector with energy threshold and cross sectional area A(Eν) facing the incident
beam will produce

Nev = T

∫
Eth
ν

A(Eν)P (Eν)
dN

dEν
dEν (47)
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events after a time T . The “effective” detector area A(Eν) is also a function
of the zenith angle θ. It isn’t strictly equal to the geometric cross section of
the instrumented volume facing the incoming neutrino, because even neutrinos
interacting outside the instrumented volume may produce enough light inside
the detector to be detected. In practice, A(Eν) is determined as a function of
the incident neutrino direction and zenith angle by a full-detector simulation,
including the trigger.

This formalism applies to contained events. For muon neutrinos, any neu-
trino producing a secondary muon that reaches the detector (and has sufficient
energy to trigger it) will be detected. Because the muon travels kilometers at
TeV energy and tens of kilometers at PeV energy, neutrinos can be detected
outside the instrumented volume; the probability is obtained by substitution in
Eq. 46,

l→ λµ , (48)

thereby giving,
P = λµ/λν . (49)

Here, λµ is the range of the muon determined by its energy losses. Values for
the neutrino nucleon cross section and the range of the muon can be found in
Ref. [20]

The complete expression for the flux of νµ-induced muons at the detector
is given by a convolution of the neutrino spectrum φ (= dN/dEν) with the
probability P to produce a muon reaching the detector [4, 5, 6]:

φµ(Emin
µ , θ) =

∫
Emin
µ

P (Eν , E
min
µ ) exp[−σtot(Eν)NAX(θ)]φ(Eν , θ)dEν . (50)

The additional exponential factor accounts for the absorption of neutrinos along
a chord of the Earth of length X(θ) at zenith angle θ. Absorption becomes
important for σν(Eν) & 10−33 cm2 or Eν & 100 TeV. For back-of-the-envelope
calculations, the P -function can be approximated by

P ' 1.3× 10−6E2.2 for E = 10−3–1 TeV , (51)

' 1.3× 10−6E0.8 for E = 1–103 TeV . (52)

At EeV energy, the increase is reduced to only E0.4. Clearly, high-energy neu-
trinos are more likely to be detected because of the increase with energy of both
the cross section and muon range.

Tau neutrinos interacting outside the detector can be observed provided the
tau lepton they produce reaches the instrumented volume within its lifetime. In
Eq. 46, l is replaced by

l→ γcτ = E/mcτ , (53)

where m, τ , and E are the mass, lifetime, and energy of the tau, respectively.
The tau’s decay length λτ = γcτ ≈ 50 m × (Eτ/106) GeV grows linearly with
energy and actually exceeds the range of the muon near 1 EeV. At yet higher
energies, the tau eventually ranges out by catastrophic interactions, just like
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the muon, despite the reduction of the energy-loss cross sections by a factor of
(mµ/mτ )2.

Tracks and showers produced by tau neutrinos are difficult to distinguish
from those initiated by muon and electron neutrinos, respectively. To be clearly
identified, both the initial neutrino interaction and the subsequent tau decay
must be contained within the detector; for a cubic- kilometer detector, this
happens for neutrinos with energies from a few PeV to a few tens of PeV [85].

For an in-depth discussion of neutrino detection, energy measurement, and
flavor separation, and for detailed references, see the IceCube Preliminary De-
sign Document [13] and Ref. [2].

4.4 Atmospheric Neutrinos

Muons and neutrinos from decay of mesons produced by cosmic-ray interactions
in the atmosphere are the background in the search for neutrinos of extrater-
restrial origin. The 3 kHz trigger rate of IceCube is dominated by atmospheric
muons from decay of pions and kaons produced in the atmosphere above the
detector. The distribution peaks near the zenith and decreases with increas-
ing angle as the muon energy required to reach the deep detector increases.
Most atmospheric muons are easily identified as entering tracks from above and
rejected. Because of the large ratio of muons to neutrinos, however, misrecon-
structed atmospheric muons remain an important source of background for all
searches.

Measurement of the spectrum of atmospheric neutrinos is an important
benchmark for a neutrino telescope. IceCube detects an atmospheric neutrino
every six minutes. The spectrum of atmospheric νµ has been measured by
unfolding the measured rate and energy deposition of neutrino-induced muons
entering the detector from below the horizon [31], as shown in Fig. 6. More
challenging is the measurement of the flux of atmospheric electron neutrinos.
This has been done by making use of DeepCore, the more densely instrumented
subarray in the deep center of IceCube, to identify contained shower events. The
known spectrum of νµ is used to calculate the contribution of neutral current
interactions to the observed rate of showers. Subtracting the neutral current
contribution leads to the measurement of the spectrum of atmospheric electron
neutrinos from 100 GeV to 10 TeV [33], as shown in Fig. 6.

In general, atmospheric neutrinos are indistinguishable from astrophysical
neutrinos. An important exception occurs in the case of muon neutrinos from
above when the neutrino energy is sufficiently high and the zenith angle suf-
ficiently small that the muon produced in the same decay as the neutrino is
guaranteed to reach the detector [86]. This is used to reject atmospheric neu-
trinos in analyses where they are a background. Monte Carlo simulation can be
used to evaluate the atmospheric neutrino passing rate more generally by also
including other high-energy muons produced in the same cosmic-ray shower as
the neutrino. In this way, the method can be extended to electron neutrinos.
In practice, the passing rate is significantly reduced for zenith angles θ < 70◦

and Eν > 100 TeV.
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The spectrum of atmospheric neutrinos becomes one power steeper than
the spectrum of primary nucleons at high energy as the competition between
interaction and decay of pions and kaons increasingly suppresses their decay.
For the dominant kaon channel, the characteristic energy for the steepening is
Eν ∼ 1 TeV/ cos θ. A further steepening occurs above 100 TeV as a conse-
quence of the knee in the primary spectrum. Astrophysical neutrinos should
reflect the cosmic-ray spectrum in the source and are therefore expected to
have a significantly harder spectrum than atmospheric neutrinos. Establish-
ing an astrophysical signal above the steep atmospheric background requires
an understanding of the atmospheric neutrino spectrum around 100 TeV and
above.

Although there is some uncertainty associated with the composition through
the knee region [87], the major uncertainty in the spectrum of atmospheric
neutrinos at high energy is the level of charm production. The short lived
charmed hadrons preferentially decay up to a characteristic energy of 107 GeV,
producing prompt muons and neutrinos with the same spectrum as their parent
cosmic rays. This prompt flux of leptons has not yet been measured. Existing
limits [88, 89] allow a factor of two or three around the level predicted by
a standard calculation [36] (after correction for steepening at the knee). For
reasonable assumptions, the charm contribution is expected to dominate the
conventional spectrum above ∼ 10 TeV for νe, above ∼ 100 TeV for νµ, and
above ∼ 1 PeV for muons [90].

The expected hardening in the spectrum of atmospheric neutrinos due to
prompt neutrinos is partially degenerate with a hard astrophysical component.
However, the spectrum of astrophysical neutrinos should reflect the spectrum of
cosmic rays at their sources, which is expected to be harder than the spectrum
of cosmic rays at Earth. It should eventually be possible with IceCube to mea-
sure the charm contribution by requiring a consistent interpretation of neutrino
flavors and cosmic-ray muons for which there is no astrophysical component. An
additional signature of atmospheric charm is the absence of seasonal variations
for this component [91].

5 Cosmic Neutrinos

There are two primary methods used to identify neutrinos. As previously dis-
cussed, neutrino searches have historically focused on the observation of muon
neutrinos that interact primarily outside the detector, producing kilometer-long
muon tracks that pass through the detection volume. Although this allows ob-
servation of neutrinos that interact outside the detector, it is then necessary to
use the Earth as a filter in order to remove the huge background of cosmic-ray
muons. Even at a depth of 1,450 meters, IceCube detects atmospheric cosmic-
ray muons originating in the Southern Hemisphere at a rate of 3,000 per second.
This method limits the neutrino view to a single flavor and half the sky. An
alternative method exclusively identifies neutrinos interacting inside the detec-
tor. It divides the instrumented volume of ice into an outer veto shield and
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a roughly 500 megaton inner fiducial volume. The advantage of focusing on
neutrinos interacting inside the instrumented volume of ice is that the detec-
tor then functions as a total absorption calorimeter, measuring energy with a
10-15 % resolution. Also, neutrinos from all directions in the sky can be iden-
tified, including both muon tracks, produced in muon-neutrino charged-current
interactions, and secondary showers, produced by electron and tau neutrinos as
well as in neutral-current interactions of neutrinos of all flavors. The Cherenkov
patterns initiated by an electron (or tau) neutrino of 1 PeV, or petaelectron-
volt (1015 eV), energy and by a muon neutrino depositing 2.6 PeV energy while
traversing the detector are contrasted in Fig. 14.

In general, the particle’s trajectory is determined from the arrival times of
photons at the optical sensors [92], while the number of photons is a proxy for the
amount of energy deposited. The two methods for separating neutrinos from the
cosmic-ray muon background have complementary advantages. The long tracks
produced by muon neutrinos can point back to their sources with a 0.4◦ angular
resolution. In contrast, the reconstruction of the direction of secondary showers,
still in the development stage in IceCube [93], can be determined to within
10◦ ∼ 15◦ of the direction of the incident neutrino. Determining the deposited
energy from the observed light pool is, however, relatively straightforward, and
a resolution of better than 15% is possible.

For neutrino astronomy, the first challenge is to select sufficiently pure sam-
ples of neutrinos: roughly 100,000 per year in a background of ten billion cosmic-
ray muons. The second is to identify the small fraction of the sample that are
neutrinos of astrophysical origin, expected at the level of tens of events per year.
Atmospheric neutrinos are an overwhelming background for cosmic neutrinos,
at least at energies below ∼ 100 TeV. Above this energy, however, the atmo-
spheric neutrino flux is too small to produce events even in a kilometer-scale
detector, and every event observed in that range represents the discovery of an
astrophysical neutrino.

By now, IceCube has observed cosmic neutrinos using both methods for
rejecting background, and each analysis has reached a statistical significance
of more than 5σ [94, 95]. Based on different methods for reconstruction and
energy measurement, the results agree, pointing at extragalactic sources whose
flux has equilibrated in the three flavors after propagation over cosmic distances.
Its total energy matches that of extragalactic photons and cosmic rays.

5.1 Evidence for Cosmic Neutrinos

IceCube is sensitive to neutrinos with energies above a threshold of approxi-
mately 0.1 TeV. Using the Earth as a filter, a flux of neutrinos has been identi-
fied that is consistent with atmospheric origin; see Fig. 15. However, in seven
years of data, an excess of events has been observed with 5.6σ significance at
energies beyond 100 TeV [96, 97, 95] that cannot be accommodated by the at-
mospheric flux. Whereas IceCube only measures the energy deposited by the
secondary muon inside the detector, Standard Model physics allows one to infer
the energy spectrum of the parent neutrinos, as illustrated in Fig. 15. For the
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highest energy event, shown in Fig. 14, the most likely energy of the parent
neutrino is almost 10 PeV. The muon energy loss measured in the detector is
2.6 ± 0.3 PeV. The cosmic flux is well described by a power law with a spec-
tral index of 2.13 ± 0.13 and a normalization at 100 TeV neutrino energy of
(0.9 ± 0.3) × 10−18 GeV−1cm−2sr−1. The neutrino energy contributing to this
flux covers the range of 200 TeV to 9 PeV. As will be discussed further on, we
will find that analyses that extend to lower energies reveal an excess of neutrino
events over the atmospheric background in the 30 ∼ 100 TeV energy range, well
above the extrapolation of the cosmic muon neutrino flux to lower energies. The
conclusion to be drawn is that the astrophysical flux measured by IceCube is
not featureless.

The first hint of cosmic neutrinos emerged when two events were found
serendipitously in a search for GZK neutrinos using IceCube data collected be-
tween May 2010 and May 2012 [98]. The energies of these neutrinos, rather
than EeV as expected for GZK neutrinos, were in the PeV range: 1.040 PeV
and 1.140 PeV. The events were particle showers initiated by electron or tau
neutrinos interacting inside the instrumented detector volume. Their light pool
of roughly one hundred thousand photoelectrons extended over more than 500
meters; one of them is shown in Fig. 14. With PeV energy and no trace of
accompanying muons from an atmospheric shower, they are unlikely to be at-
mospheric in origin. It is indeed important to realize that the muon produced
in the same pion or kaon decay as an atmospheric neutrino is guaranteed to
reach the detector provided that the neutrino energy is sufficiently high and the
zenith angle sufficiently small [86, 99]. In this case, the atmospheric neutrino
provides its own self-veto. This self-veto is routinely applied to IceCube cosmic
neutrino candidates that consist exclusively of isolated neutrino events.

The observation of these two neutrinos immediately suggested an analysis
that searched for neutrinos originating inside the detector, their well-measured
energy allowing a clear separation between neutrinos of atmospheric origin and
those of cosmic origin. The geometry of the veto and active signal regions was
optimized to reduce the background of atmospheric muons and neutrinos to a
handful of events per year while keeping 98% of the cosmic signal. In analyzing
the data covering the same time period as the GZK neutrino search, 28 candidate
neutrino events were identified with in-detector deposited energies between 30
and 1140 TeV. Of these, 21 were showers. The remaining seven events were
muon tracks. The 28 events include the two PeV events previously revealed in
the GZK neutrino search.

The energy and zenith angle dependence observed is consistent with expec-
tations for a flux of neutrinos produced by cosmic accelerators; see Fig. 16. The
flavor composition of the flux is, after corrections for the acceptances of the
detector to the different flavors, consistent with νe : νµ : ντ ∼ 1 : 1 : 1, as antici-
pated for a flux originating in cosmic sources. It is also consistent with the flux
of muon neutrinos penetrating the Earth, as shown in Fig. 15. Subsequently,
two additional years of data have been analyzed, doubling the statistics of the
published discovery results [101]. A purely atmospheric explanation can be ex-
cluded at 7σ. The four-year data set contains a total of 54 neutrino events with
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deposited energies ranging from 30 to 2000 TeV. In the fourth year, muon tracks
were found that deposited ∼ 500 TeV energy inside the detector, produced by
PeV-energy parent neutrinos. One of them reconstructs through IceTop, Ice-
Cube’s surface array, with no evidence for an air shower. Combining the absence
of an air shower in IceTop with large deposited muon energy results in a high
significance for astrophysical origin from a single event.

In summary, both methods for selecting cosmic neutrinos harvest about 10 to
15 events per year, more if one tolerates a modest background. With six years of
data from the completed detector, our data sample exceeds one hundred events,
approaching the statistics required to identify their origins by matching arrival
directions with astronomical maps [102].

5.2 Origin of Cosmic Neutrinos

Figure 17 shows in Galactic coordinates the arrival directions of cosmic neu-
trinos for four years of events with interaction vertices inside the detector.
Shower events are labeled (+), track events (×). The color scale indicates
the value of the test statistic of an unbinned maximum likelihood test searching
for anisotropies of the neutrino arrival directions. This measured distribution
corresponds to no significant local excess in the sky; the probability of obtaining
the measured anisotropy in randomized pseudo-experiments is 58%. The corre-
lation of neutrino events with the Galactic plane is not significant. Letting the
width of the plane float freely, the best fit returned a correlation for a value of
±7.5◦ with a posttrial chance probability of 3.3%. Neither probability increased
after doubling the data from two to four years.

In short, the observed neutrino flux is consistent with an isotropic distribu-
tion of arrival directions and equal contributions of all neutrino flavors [103]. A
subdominant Galactic component of the flux cannot be excluded at this time.
Interestingly, a variety of analyses [103, 104] suggest that the cosmic neutrino
flux dominates the atmospheric background above an energy that may be as low
as 30 TeV, with an energy spectrum that cannot described as a single power as
was the case for the muon neutrino flux through the Earth for energies exceeding
220 TeV. This observation is reinforced by the fact that fitting the cosmic neu-
trino flux in different ranges of energy yields values for the power-law exponent
that are statistically inconsistent.

Rather than speculate on their origin, we will focus on the multimessenger
connection of cosmic neutrinos to cosmic rays and gamma rays; this will turn
out to be revealing. Neutrinos are produced in association with the cosmic-ray
beam. It is straightforward to apply the multimessenger relation derived in
section II to the cosmic neutrino flux observed by IceCube. Figure 18 shows the
gamma-ray flux accompanying the observed neutrino flux for two illustrative
descriptions of the data that assume Kπ = 2. The black and red lines show
the neutrino and gamma-ray spectra after accounting for the cascading of the
PeV photons in cosmic radiation backgrounds between source and observation.
The black line shows an E−2.15 neutrino spectrum with an exponential cutoff
around PeV. This scenario actually matches the extragalactic isotropic diffuse
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gamma-ray background measured by Fermi [105].
The exercise indicates that the contribution of gamma rays accompanying

IceCube neutrinos to Fermi’s extragalactic flux is significant, suggesting a com-
mon origin of some of the sources at some level. This is intriguing because a
recent analysis indicates that blazars, active galaxies with the jet pointing at the
observer, dominate the Fermi diffuse flux [102]. Are blazars the final answer?
The good news is that IceCube, by accumulating more events, can eventually
identify blazars by observing multiple neutrinos from the same sources [102].
On the other hand, a search for neutrinos from Fermi’s identified blazars [107]
has come up empty. However, these represent only 50% of the total diffuse back-
ground, allowing for the possibility that a partially different source population
produces the neutrinos. This could be radio galaxies with misaligned jets, as
discussed earlier. Although no definite identification of the sources of cosmic
neutrinos has yet emerged, it is rather clear that a multiwavelength path to
the neutrino sources looks very promising. Not unexpectedly, evidence for an
association has already been claimed by some studies [108, 109, 110, 111].

It is equally remarkable that IceCube’s measured energy density in cosmic
neutrinos also matches the total energy observed in extragalactic cosmic rays.
This is especially interesting because the parents of PeV neutrinos should have
energies in the range of 1017 eV, well below the ankle in the spectrum at 4 ×
1018 eV where traditionally the onset of the extragalactic flux has been theorized.

6 Beyond Astronomy

IceCube was designed as a discovery instrument that covers a range of areas in
multidisciplinary science. Examples include the search for Galactic supernova
explosions and the study of neutrinos themselves. With higher energies and
high-statistics data samples, opportunities for neutrino physics are varied. Also,
neutrino telescopes have been recognized as powerful tools in the search for the
particle nature of dark matter.

6.1 Searching for Dark Matter

Neutrino telescopes are powerful tools in the search for the particle nature of
dark matter. By using the deepest ice and a higher density of optical sensors,
IceCube’s DeepCore subarray lowers the threshold of the detector to ∼ 10 GeV
over a significant fraction of the detector volume; see Fig. 12. It was initially
proposed as a way to enhance IceCube’s capabilities for detecting lower mass
dark matter particles. It is worth noting that the AMANDA detector, the
forerunner and proof of concept for IceCube, received a significant fraction of
its initial funding to search for dark matter. Also, in this context, some have
considered the isotropic arrival directions of cosmic neutrinos to be a clue that
they originate in the Galactic halo as a result of the decay of PeV-energy dark
matter particles, a speculation that at this point is perfectly consistent with
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observations [112, 113, 114, 115, 116, 117, 118, 119].
More traditionally, IceCube searches for dark matter by looking for the an-

nihilation of weakly interacting massive particles (WIMPs) wherever they have
accumulated to a high density: in the Sun [120], in the Milky Way [121, 122],
and in nearby galaxies [123]. For instance, WIMPs are swept up by the Sun
as the solar system moves about the Galactic halo. Though interacting weakly,
they will occasionally scatter elastically with nuclei in the Sun and lose suffi-
cient momentum to become gravitationally bound. Over the lifetime of the Sun,
WIMPs may accumulate to a density where equilibrium is established between
their capture and annihilation. The annihilation of these WIMPs to final states
that can decay to neutrinos represents an indirect signature of halo dark matter.
This WIMP annihilation signal is revealed by the neutrinos that escape the Sun
with minimal absorption. The neutrinos are, for instance, the decay products of
heavy quarks and weak bosons resulting from the annihilation of WIMPs into
χχ → τ τ̄ , bb̄, or W+W−. Neutrino telescopes are sensitive to such neutrinos
because of their relatively high energy, above 20 GeV at this point, reflecting
the mass of the decaying WIMP.

The beauty of the indirect detection technique using neutrinos originating
from the Sun is that the astrophysics of the problem is understood. The source
in the Sun has built up over solar time, sampling the dark matter throughout
the galaxy. Therefore, any possible structure in the halo has been averaged out.
Given a WIMP mass and properties, one can unambiguously predict the signal in
a neutrino telescope; if not observed, the model is ruled out. This is in contrast
to other indirect searches whose sensitivity depends critically on the structure of
halo dark matter; observation requires cuspy structure near the Galactic center
or clustering on appropriate scales elsewhere. Observation necessitates not only
appropriate WIMP properties but also favorable astrophysical circumstances.

IceCube has established world-leading limits on WIMPs with significant
spin-dependent interactions with protons because they result in strong con-
centrations inside the Sun, a nearby and readily identifiable source [124, 125].
An excess of neutrinos, of GeV or higher energy, over the atmospheric neutrino
background in the direction of the Sun is the signature of dark matter. There
is no alternative astrophysical explanation of such a signal, which represents a
smoking gun for dark matter particles. In most WIMP scenarios, the cross sec-
tions for WIMP capture and for WIMP annihilation are large enough so that an
equilibrium between capture and annihilation would have been achieved within
the age of the solar system [126]. In this case, limits on neutrinos from the Sun
can be expressed in terms of the capture cross section. If equilibrium is not
reached, weaker limits can still be derived.

The current IceCube limits [120, 124, 125] are shown in Fig. 19. These are
derived from three years of muon neutrino observations; no excess of neutrinos
over the atmospheric flux has been found in the direction of the Sun. By in-
cluding events that start inside DeepCore, the mass range for the WIMP search
could be extended down to 20 GeV, which overlaps some of the allowed region
from the DAMA experiment [127]. Since the exact branching ratios of WIMP
annihilation into different channels is model-dependent, experiments usually
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choose two annihilation channels that give extreme neutrino spectra to show
their results. Annihilation into bb̄ is chosen as a representative case producing
a soft neutrino spectrum, and annihilation into W+W− or τ τ̄ as a hard spec-
trum. Assuming a 100% branching ratio to each of these channels brackets the
expected neutrino spectrum for any model with branching to more channels.
IceCube and Super-K reach bounds at the 10−40− 10−41cm2 level, covering the
WIMP mass range, between the two experiments, from a few GeV to 100 TeV.
Because of the A2 coherence factor for scattering on heavy nuclei with atomic
number A, the direct detection experiments have an advantage over IceCube for
the case of spin-independent interactions. They thus achieve superior limits to
IceCube.

6.2 Neutrino Oscillations

The first IceCube neutrino oscillation analysis [134] used data from the 79-
string detector from May 2010 to May 2011. The analysis was based entirely on
νµ-induced muons from below the horizon. By taking advantage of the Deep-
Core subarray of IceCube, neutrino oscillations were observed over an energy
range that includes the oscillation minimum of around 25 GeV for propagation
through the diameter of the Earth. Data were divided into two samples, muon
tracks reconstructed using the entire IceCube detector (Eν > 100 GeV) and
events starting in DeepCore (20 < Eν < 100 GeV). The low-energy sample
consisted of 719 events, while the high-energy sample included 39,638 events.
The high-energy sample, in which standard oscillations do not affect the rates,
was used for calibration. A deficit was observed in the low-energy sample,
where approximately 25% more events would have been detected in the absence
of oscillations. Taking systematic uncertainties into account, including ±0.05
in the spectral index of the atmospheric neutrino flux at production, the no-
oscillation hypothesis was rejected at more than 5σ. The fitted values of the
oscillation parameters in a two-flavor fit are |∆m2

32| = 2.3+0.5
−0.6 × 10−3 eV2 and

sin2 2θ23 > 0.93. For comparison, a recent global three-flavor analysis [135] gives
2.4 eV2 and 0.95 respectively, with a range of ±5% at 1σ and a slight depen-
dence on the mass hierarchy. While the measured oscillation parameters agree
with previous experiments, it is important to realize that they have been mea-
sured at a characteristic energy that is higher. The measurement is therefore
also sensitive to any new neutrino physics, an important consideration when the
precision of the IceCube measurements will be significantly improved.

6.3 Supernovae and Solar Flares

In addition to the normal acquisition of events that reconstruct as tracks or
cascades in the deep array of IceCube and as air showers in IceTop, the rates
at which the PMT voltages cross the thresholds of discriminators in the DOMs
are continuously monitored. Typical rates for DOMs in the deep ice are 500 Hz
(including correlated afterpulses), most of which is noise. Typical rates in the
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high-gain DOMs of IceTop are 2-5 kHz, most of which is induced by low-energy
photons, electrons and muons entering the tanks.

A sudden increase in the total summed counting rate of the deep DOMs
would signify a potential supernova explosion in the Galaxy. Supernova neu-
trinos of ∼ 10 MeV interacting within a few meters of a DOM would generate
enough hits to cause a sharp increase in the summed counting rate followed by
a characteristic decline [136]. IceCube records a DC current that tracks the
time evolution of the supernova in microsecond time bins. However, the de-
tector records the time of every photoelectron with nanosecond precision and
the binning can therefore be improved offline. This will improve the capabil-
ity to identify the deleptonization burst. The additional measurement of the
rate of neutrino events producing two photons is sensitive to the energy of the
supernova neutrinos.

In IceTop, sudden changes in rates occur in response to solar events. Forbush
decreases, in which the plasma from a solar flare abruptly reduces the rate
of cosmic rays entering the atmosphere, are frequently detected and can be
analyzed. More rare are sudden increases caused by solar energetic particles
that enter the atmosphere with sufficient energy to generate secondary cosmic
rays that reach the IceTop tanks. The event of December 13, 2006, was measured
with the sixteen tanks (eight stations) then in operation [137]. The flare of May
17, 2012, is currently being analyzed.

6.4 IceCube, the Facility

During its construction phase, IceCube demonstrated a significant potential for
facilitating a range of other research. For example, a dust logger provided mea-
surements with millimeter precision that are valuable for event reconstruction in
IceCube but that also provide a record of surface winds over more than 100,000
years [138].

Already during construction of AMANDA, antennas forming the RICE de-
tector were deployed in some holes to expand the target volume in the search
for cosmogenic neutrinos [139]. An acoustic test setup of receivers in the up-
per portion of four IceCube holes was deployed in 2007 to explore the acoustic
technique for detecting ultra-high-energy neutrinos. A retrievable transmit-
ter (pinger) was submerged briefly in several newly prepared holes at various
depths and distances from the receivers to measure the attenuation of sound
in ice. The attenuation length of 300 m is significantly less than had been ex-
pected [140]. The Askaryan Radio Array (ARA) [141] plans to take advantage
of the kilometer-scale attenuation for radio signals in ice to construct a detector
with a 200 km2 effective area, which should be sufficient to determine the level of
production of cosmogenic neutrinos, which at present is highly uncertain. The
initially deployed ARA detectors send data to computers housed in the ICL for
staging and transmission to the north.

The DM-Ice experiment [142] proposes to repeat the DAMA experiment
in the quiet environment of the Antarctic ice. An interesting feature of the
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observation is the fact that the seasonal modulation of the muon rate has the
opposite phase relative to the motion of the Earth through the gas of dark
matter as compared to a detector in the Northern Hemisphere. A test detector
to explore the noise environment for DM-Ice was deployed at the bottom of an
IceCube string in December 2010. Its computers and data transmission are also
hosted in the ICL.

The enhancement of the low-energy capabilities of IceCube provided by the
DeepCore subarray has led to the PINGU proposal [143] to deploy an additional
40 strings within the existing DeepCore detector. This would lower the threshold
to below 5 GeV (< 25 m muon track length in ice). In this energy range, matter
effects in the Earth lead to resonant oscillations of νµ ↔ νe (ν̄µ ↔ ν̄e) for normal
(inverted) hierarchy [144] that depend on zenith angle. By taking advantage of
the fact that the neutrino cross section is larger than that for antineutrinos,
coupled with the excess of νµ compared to ν̄µ, a measurement sensitive to the
neutrino mass hierarchy is possible on a relatively short time scale. PINGU
would also have sensitivity to νµ disappearance, ντ appearance, and maximal
mixing. The lower energy threshold would also enhance the indirect searches for
dark matter with IceCube as well as the sensitivity to neutrinos from supernova
explosions. In addition, there is the potential for neutrino tomography of the
Earth with PINGU.

The observation of extraterrestrial neutrinos up to the PeV range has stim-
ulated ideas to enhance the discovery potential in that area. One possibility is
to improve the atmospheric neutrino veto by expanding the surface array [145].
Expansion of the existing array with strings deployed at a larger separation is
also possible in the long term.

7 Future Developments

7.1 IceCube-Gen2: from Discovery to Astronomy

By building IceCube, it was possible to map the optical properties of natural
ice over large distances. We made the surprising discovery that the absorption
length of the Cherenkov light to which the photomultipliers are sensitive exceeds
100 m. In fact, in the lower half of the detector, it exceeds 200 m. The absorp-
tion length dictates the distance by which one can space the strings of sensors
without spoiling the uniformity of the detector. Current modeling indicates that
spacings of 250 m, possibly larger, are acceptable. One can therefore instrument
a ten-times-larger volume of ice with the same number of strings used to build
IceCube. The design of such a next-generation instrument using superior light
sensors and data acquisition electronics is in progress [146]. IceCube-Gen2 will
turn a fascinating discovery into an instrument for neutrino astronomy.

The larger spacings do of course result in a higher threshold but this is not
necessarily bad. While the 100,000 or so atmospheric neutrinos that IceCube
collects above a threshold of 100 GeV every year were useful for calibration,
they represent a severe background for isolating the cosmic component of the
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flux. The peak sensitivity to an E−2 spectrum is reached at 40 TeV [60, 61].
While the detector has to be efficient below that energy, a threshold much lower
than this value introduces background without a gain in signal. Designs for a
next-generation instrument are in progress [146].

As discussed in the previous sections, the absence of a strong anisotropy
of neutrino arrival directions raises the possibility that the cosmic neutrinos
originate from a number of relatively weak extragalactic sources. It is indeed
important to keep in mind that the interaction rate of a neutrino is so low
that it travels unattenuated over cosmic distances through the tenuous matter
and radiation backgrounds of the Universe. This makes the identification of
individual point sources contributing to the IceCube flux challenging [147, 148,
149, 102]. Even so, it is also important to realize that IceCube is capable of
localizing the sources by observing multiple neutrinos originating in the same
location. Not having observed neutrino clusters in the present data raises the
question of how many events are required to make such a model-independent
identification possible. The answer to this question suggests the construction
of a next-generation detector that instruments a ten times larger volume of
ice [146].

Following the analysis of Ref. [102], let’s estimate the number of cosmic
neutrinos required to detect a spatial cluster of m, or more, neutrino events
from the same source. The observed cluster will most likely come from a nearby
source and we can hence simplify the calculation by considering Euclidean space.
The number of events n(r) from a local source at a distance r ≤ H−1

0 , i.e.,
smaller than the Hubble radius, is

n(r) ' H0

fsky4πr2ξz
× N

ρ0
(54)

Here, N is the number of events from all sources with a local density ρ0 and, as
before, the cosmological evolution of the sources is parametrized by an effective
parameter ξz. For instance, assuming that the cosmic-ray sources track star
formation, then ξz ' 2.4. The local Hubble constant H0 sets the effective size,
c/H0, of the observable Universe (and in this way solves the neutrino variant of
Olbers’ paradox for infinite homogeneous neutrino source distributions). Finally,
fsky is the sky coverage of the detector in units of 4π.

As a back-of-the-envelope estimate of the total number of events required
for the observation of event multiplets, we consider the contribution of the
closest source expected in the field of view (FoV) within a sphere of volume
V1 = 1/(fskyρ0). The total number of events that we expect from this volume is

given by the integral of Eq. 54 over V1 and yields m = N(V1/VH)
1
3 /ξz where we

introduce the Hubble volume VH = 4π/(3H3
0 ). Note that VH/V1 corresponds

to the effective number of sources in the FoV. In the case of continuous sources,
we arrive then at an expected total for m local events of

N ' 740
(m

2

)
ξz,2.4 (fsky ρ0,−5)

1
3 . (55)

Therefore, to observe a cluster of events from the nearest source requires
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a sample on the order of 1, 000 neutrinos for a local source density of ρ0 =
10−5Mpc−3, the characteristic local density of AGNs. Other source candidates
may have larger or smaller densities, but notice that the dependence of the

number of events required on the density is relatively weak, ∝ ρ
1/3
0 . Still, it

will realistically require a sample of more than a thousand neutrino events with
good angular resolution and little background to identify the sources. This
would take roughly 20 years or so with the present instrument. An instrument
with 5–10 times the sensitivity of IceCube is required to operate as an effective
telescope collecting a thousand events in a few years. Detailed calculations that
take into account ensemble variations of the source distribution as well as the
event statistics of individual sources can be found in Ref. [102].

A higher signal-to-background ratio can be achieved if the observed events
are variable in time, typical for extragalactic sources [102]. In the case of tran-
sient sources, we have to take into account that the number of sources is increas-
ing with observation time Tlive = N/Ṅ . Solving in terms of the total observation
rate Ṅ we arrive at

N ' 637
(m

2

) 3
2

ξ
3
2
z,2.4

(
fskyρ̇0,−6/Ṅ2

) 1
2

, (56)

with an event rate Ṅ = 100Ṅ2/yr. In the case of rare transient sources like long-
duration GRBs with (isotropic equivalent) rate density of ρ̇0 ' 10−9Mpc−3 yr−1 [150],
an identification of the sources with IceCube itself is still likely.

Significantly fewer events are required to identify the source population if
the observed events can be correlated with astronomical catalogues [102]. In
fact, a recent study looking for the combined neutrino emission of Fermi identi-
fied blazars [107] could place upper limits on their contribution to the IceCube
observation at the level of 30%. A related population study has recently been
carried out in Ref. [151]. Also, the contribution of GRBs to the diffuse emission
is limited to less than 10% due to strong IceCube limits on the prompt neutrino
emission of GRBs coincidence with the gamma-ray display [152].

Despite the degraded resolution and the reduced potential for astronomy,
the observation of electron and tau neutrinos should still be a priority. They
complement the sky coverage of muon neutrinos that, at PeV energy, are mostly
detected near the horizon because they are absorbed by the Earth. At high en-
ergies, neutrino production can happen in the production and decay of unstable
nuclei, e.g., neutrons with n → pe−ν̄e or mesons, e.g., π+ → µ+νµ. Note that
the neutrino production from the decay of muons µ+ → e+νeν̄µ can be sup-
pressed relative to the pion decay channel if synchrotron losses are important.
Hence, the flavor composition is likely energy dependent and provides insight
into the relative energy loss of high-energy pions and muons in the magnetic
field of the cosmic accelerator [153].

Various authors have studied the implications of IceCube’s HESE (high-
energy starting event) topologies with astrophysical and/or exotic production
mechanisms [155, 156, 157, 158, 159, 160, 161, 162]. Figure 20 shows the general
neutrino flavor phase space νe:νµ:ντ and the expected intrinsic flavor ratio in
astrophysical sources from neutron decay (triangle), pion+muon decay (circle),
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and muon-damped pion decay (square). The observable neutrino flavor ratio is
expected to be averaged over many oscillations. This leaves only a very narrow
range for the possible flavor composition, which is shown as the line in the center
of Fig. 20. The corresponding observable flavor ratios of the three astrophysical
production mechanisms are also indicated. The final parameter space is very
close to the “tri-bi-maximal” approximation of mixing angles, which predicts
that the final flavor ratio depends only on the initial electron neutrino ratio
x = Nνe/Nνtot

and (2/3 + x):(7/6− x/2):(7/6− x/2).
The precise relation between HESE topologies and flavor composition is non-

trivial, since atmospheric backgrounds and detector effects have to be taken into
account properly. In a recent IceCube analysis [103], it was shown that the ob-
servation of tracks and cascades is consistent with most astrophysical scenarios
within uncertainties. At sub-PeV energies (before ντ events can be distinguished
from single cascades), the observation is mostly degenerate in terms of the total
νe+ντ ratio, except for the contribution of prompt tau decays into muons. The
expected fraction for tracks out of the total number events is about 7/24−x/8,
where we take into account that CC interactions are about three times larger
than neutral current interactions at these energies. The uncertainty of the in-
ferred intrinsic electron-neutrino fraction x is hence about eight times higher
than the uncertainty of the track fraction. The situation becomes even more
challenging if we include backgrounds and systematic uncertainties.

The situation of flavor identification improves at super-PeV neutrino ener-
gies. On one hand, the decay length of the τ produced in CC ντ interactions
becomes resolvable by the detector and can in principle be distinguished from
tracks and cascade events as argued before. On the other hand, electron an-
tineutrinos, ν̄e, can resonantly interact with in-ice electrons via the Glashow
resonance, ν̄ee

− → W−, at neutrino energies of about 6.3 PeV. This could be
observable as a peak in the cascade spectrum, depending on the relative contri-
bution of ν̄e after oscillation. In principle, this will allow us to answer the basic
question of whether the cosmic neutrinos are photo- or hadro-produced in the
source with different neutrino-to-antineutrino ratios [163, 164].

Construction of a next-generation instrument with at least five times higher
sensitivity would likely result in the observation of cosmogenic neutrinos [146].
The rate expected with IceCube currently is only one event per year, assuming
that all cosmic rays are protons (and it is difficult to imagine that a significant
component of the highest energy neutrinos would not be protons). Obviously,
higher sensitivity would also benefit the wide range of measurements performed
with the present detector, from the search for dark matter to the precision limits
on any violation of Lorentz invariance.

7.2 Future Water-Based Detectors: KM3NeT and GVD

Accelerators of cosmic rays produce neutrino fluxes limited in energy to roughly
5% of the maximal energy of the protons or nuclei (see Eq. 4). For Galactic
neutrino sources, even the as yet unidentified PeVatrons, we thus expect neu-
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trino spectra with a cutoff (see Eq. 32) in the range between a few and roughly
100 TeV. Detection of these neutrinos requires optimized sensitivities in the TeV
range. In particular, the atmospheric muon background limits the field of view
of neutrino telescopes to the downward hemisphere at these energies.

With IceCube focusing on high energies, a second, kilometer-scale neutrino
telescope in the Northern Hemisphere is therefore necessary to observe the
Galactic center and the largest part of the Galactic plane—or, more generally
speaking, to grant full-sky coverage for neutrino astronomy. The sky cover-
age in Galactic coordinates of IceCube and a Mediterranean-based telescope is
indicated in Fig. 21.

Following up the pioneering work of DUMAND, several neutrino telescope
projects were initiated in the Mediterranean in the 1990s. In 2008, the construc-
tion of the ANTARES detector off the French coast near Toulon was completed.
With an instrumented volume of a percent of a cubic kilometer, ANTARES [165]
has about the same effective area as AMANDA and is currently the most sen-
sitive observatory for high-energy neutrinos in the Northern Hemisphere. It
has demonstrated the feasibility of neutrino detection in the deep sea and has
provided a wealth of technical experience and design solutions for deep-sea com-
ponents.

The next step will be the construction of a multi-cubic-kilometer neutrino
telescope in the Mediterranean Sea, KM3NeT. Its technical design [166] has
been elaborated in EU-funded projects2. Major progress has been made, in
particular concerning the reliability and the cost-effectiveness of the design.
A prime example of the many new technical developments is the digital opti-
cal module, which incorporates 31 3-inch photomultipliers instead of one large
tube (see Fig. 22). The advantages are a tripling of the photocathode area per
optical module, a segmentation of the photocathode allowing for a clean iden-
tification of coincident Cherenkov photons, some directional sensitivity, and a
reduction of the overall number of penetrators and connectors, which are ex-
pensive and failure-prone. For all photomultiplier signals exceeding the noise
level, time-over-threshold information will be digitized and time-stamped by
electronic modules housed inside the optical modules. This information will be
sent via optical fibers to shore, where the data stream will be filtered online for
event candidates.

KM3NeT in its initial phase will consist of 110 vertical structures (detection
units) carrying more than 10,000 optical modules. The detection units are an-
chored to the seabed with deadweights and kept vertical by submerged buoys.
The vertical distances between optical modules will be about 40 m, the hori-
zontal distances between detection units will be about 100 m, depending on the
outcome of ongoing optimization studies. The detector will be built near Capo
Passero (East of Sicily).

Due to the drag of deep-sea currents, the detection units will deform and
deviate horizontally by up to several tens of meters from their nominal vertical
arrangement. Acoustic triangulation, tiltmeters, and compasses will be used to

2FP6 Design Study and FP7 Preparatory Phase

42



monitor the position and orientation of each optical module with a precision
commensurate with a timing resolution of 1 ns.

A parallel effort is underway in Lake Baikal with the deep underwater neu-
trino telescope Baikal-GVD (Gigaton Volume Detector). The first GVD cluster,
named DUBNA, has been upgraded in March and April 2016 to its final size
(288 optical modules, diameter 120 m, height 525 m, and instrumented volume
of 6 Mt). Each of the eight strings consists of three sections with 12 optical
modules. Deployment of a second cluster is foreseen for spring 2017.
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Figure 10: Comparison of proton, neutrino, and gamma-ray fluxes produced in
interactions on the CMB by cosmic-ray protons, fitted to HiRes data. We repeat
the calculation for four values of the crossover energy, marking the transition
to the extragalactic cosmic-ray flux. We show the best-fit values (solid lines) as
well as neutrino and gamma-ray fluxes within the 99% C.L. with minimal and
maximal energy density (dashed lines). The gamma-ray fluxes are marginally
consistent at the 99% C.L. with the highest energy measurements by Fermi-LAT.
The contribution near 100 GeV is somewhat uncertain, due to uncertainties in
the cosmic infrared background.
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Figure 11: All-flavor-sum of the GZK neutrino flux quasi-differential 90%-CL
upper limit on one energy decade E−1 flux windows (solid line). The limits are
derived using a log-likelihood ratio method. The median null observation limit
(sensitivity) is also shown (dashed line). Cosmogenic-neutrino model predictions
(assuming primary protons) are shown for comparison: Kotera et al. [73], Ahlers
et al. [69], and an astrophysical neutrino model from Murase et al. [74]. Model-
independent differential limits on one energy decade E−1 flux from Auger [75]
and ANITA-II [76] with appropriate normalization are also shown. A model-
dependent upper limit on an unbroken E−2 power-law flux from the current
analysis is shown for reference (dotted line).
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Figure 12: Sketch of the IceCube observatory (left) and the digital optical mod-
ule (right).

Figure 13: Contrasting Cherenkov light patterns produced by muons (left) and
by showers initiated by electron and tau neutrinos (right) and by neutral current
interactions. The patterns are routinely referred to as tracks and cascades (or
showers). Cascades are produced by the radiation of particle showers, whose
dimensions are in the tens of meters, i.e., an approximate point source of light
with respect to the dimensions of the detector.
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Figure 14: Light pools produced in IceCube by neutrino interactions. White
dots represent sensors with no signal. For the colored dots, the color indicates
arrival time, from red (early) to purple (late) following the rainbow, and size
reflects the number of photons detected. Left: A shower initiated by an electron
or a tau neutrino or by the neutral current interaction of a neutrino of any of the
three flavors. The measured energy of the shower is 1.14 PeV, which represents
a lower limit on the energy of the neutrino that initiated the shower. Right: An
upgoing muon track traverses the detector at an angle of 11◦ below the horizon.
The deposited energy inside the detector is 2.6 PeV.
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Figure 15: Spectrum of secondary muons initiated by muon neutrinos that have
traversed the Earth, i.e., with zenith angle less than 5◦ above the horizon, as a
function of the energy they deposit inside the detector. For each reconstructed
muon energy, the median neutrino energy is calculated assuming the best-fit
spectrum. The colored bands (blue/red) show the expectation for the conven-
tional and astrophysical contributions. The black crosses show the measured
data. Additionally, the neutrino energy probability density function for the
highest energy event assuming the best-fit spectrum is shown (dashed line).
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Figure 16: Deposited energies, by neutrinos interacting inside IceCube, observed
in four years of data. The hashed region shows uncertainties on the sum of all
backgrounds. The atmospheric muon flux (red) and its uncertainty is com-
puted from simulation to overcome statistical limitations in our background
measurement and scaled to match the total measured background rate. The
atmospheric neutrino flux is derived from previous measurements of both the
π,K, and charm components of the atmospheric spectrum [100]. Also shown
are two illustrative power-law fits to the spectrum.
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Figure 17: Arrival directions of neutrinos in the four-year starting-event sample
in Galactic coordinates. Shower-like events are shown with “+” and those con-
taining muon tracks with “×.” The color scale indicates the value of the test
statistic (TS) of an unbinned maximum likelihood test searching for anisotropies
of the event arrival directions. The horizontal red lines indicate the minimum
width (and step size) of ±2.5◦ used in the search for extended emission along
the Galactic plane. Note that the track-like event 28 has been omitted following
the discussion in Ref. [101].
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Figure 18: The figure shows that the astrophysical neutrino flux (black line)
observed by IceCube matches the corresponding cascaded gamma-ray flux (red
line) observed by Fermi. We here assume that the decay products of neutral and
charged pions from pp interactions are responsible for the nonthermal emission
in the Universe [106]. The black data points are combined IceCube results,
including the three-year “high-energy starting event” (HESE) analysis [101]
and a subsequent analysis lowering the energy threshold for events starting in
the detector even further [104]. Also shown is the best fit to the flux of high-
energy muon neutrinos penetrating the Earth.
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Figure 19: Upper limits at 90% confidence level on the spin-dependent
neutralino-proton cross section assuming that the neutrinos are produced by
bb̄, τ τ̄ , and W+W− annihilation. Limits from IceCube [120, 124, 125], Super-
K [128], and ANTARES [129] are shown. Full lines refer to limits on the anni-
hilation channel and dashed lines to the bb̄ channel. Direct search results from
PICO [130] and tentative signal regions [131, 132, 133] (green-shaded area) are
included for comparison. The purple-shaded region indicates the allowed pa-
rameter space in MSSM supersymmetric dark matter models that are not ruled
out by other experiments.
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Figure 20: Neutrino flavor phase space after oscillation. We use the best-fit
oscillation parameters sin2 θ12 = 0.304, sin2 θ23 = 0.577, sin2 θ13 = 0.0219, and
δ = 251◦ following Ref. [154] updated after Neutrino 2014. Each position in the
triangle parametrizes a general initial flavor ratio (νe : νµ : ντ ). We also indicate
specific ratios for neutron decay and pion production. The inner triangle is the
corresponding observable phase space after decoherence of the neutrino flavor
state over large times or distances.
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Figure 21: Field of view of IceCube (i.e., the Northern Hemisphere) and of
a Mediterranean-based neutrino telescope in Galactic coordinates. Downward
sensitivity of 2π is assumed. Shades of blue indicate the fraction of time sources
are visible for the northern telescope (light blue: > 25% of the time; dark blue:
> 75% of the time). Also indicated are sources of high-energy gamma rays, i.e.,
candidates for neutrino emission. Figure courtesy of A. Kappes.
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Figure 22: Prototype of a multi-photomultiplier optical module for KM3NeT.
The module incorporates 31 3-inch photomultipliers, their high-voltage bases,
and the electronic modules for signal digitization and communication to shore.
Photograph by KM3NeT Collaboration.
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