
Neutrinos and cosmic rays

Thomas K. Gaisser, Todor Stanev ⇑
Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE, USA

a r t i c l e i n f o

Article history:
Available online 1 September 2012

Keywords:
Cosmic rays
Neutrinos
Sources of extraterrestrial neutrinos

a b s t r a c t

In this paper we review the status of the search for high-energy neutrinos from outside the solar system
and discuss the implications for the origin and propagation of cosmic rays. Connections between neutri-
nos and gamma-rays are also discussed.
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1. Introduction

Observation of high-energy neutrinos of astrophysical origin
would open a new window on origin of cosmic rays. Neutrinos
are expected at some level in association with cosmic rays, both
from interactions of accelerated protons and nuclei in or near their
sources and from interactions of the cosmic rays during propaga-
tion in space. Sources are expected to accelerate some electrons
as well as protons and nuclei. Because electrons radiate efficiently,
it is difficult to discern from observation of photon spectra alone
the extent to which protons are accelerated. Observation of neutri-
nos from gamma-ray sources would directly determine the level of
acceleration of protons. Examples of possible sources are galactic
supernova remnants and extragalactic objects such as gamma-
ray bursts (GRB) and active galactic nuclei (AGN).

In addition, wherever gamma-rays are produced by interactions
of cosmic rays during their propagation, neutrinos will also be pro-
duced. Examples of the latter are neutrinos related to the diffuse
gamma-ray emission from the disk of the Milky Way [1] and cos-
mogenic neutrinos produced when cosmic rays of ultra-high energy
(UHECR) interact with the cosmic background radiation (CMB) [2].
Both processes can be calculated in a straightforward way. For the
Galaxy, the physics is pion production in interactions of cosmic
rays with gas in the interstellar medium, and the neutrino flux fol-
lows directly from the observed diffuse gamma-radiation from the
same source. The calculation of photo-pion production by protons
in the cosmic microwave background (CMB) also follows from
well-known physics, but in this case the level of neutrino produc-
tion is highly uncertain because the ultra-high energy cosmic ray
(UHECR) acceleration spectrum is unknown. Whether there are

sufficient protons above the threshold of 3� 1019 eV is one of
the main unanswered questions of neutrino astronomy.

The discovery of neutrino oscillations [3] has important impli-
cations for neutrino astronomy. One expects only muon and elec-
tron neutrinos to be produced both in interactions with gas and
in photo-pion production. However, the effect of oscillations on
an astronomical baseline is that the initial flavor ratio evolves to-
ward comparable numbers of all flavors for the observer. For exam-
ple, for an initial flavor ratio of me : ml : ms ¼ 1 : 2 : 0 the ratio at
Earth would be 1 : 1 : 1 [4]. Since tau neutrinos are essentially ab-
sent above 100 GeV in the atmospheric neutrino background, iden-
tification of a ms would be strong evidence for astrophysical origin.
For this reason, the ability to distinguish neutrino flavors is
important.

2. Status of searches for neutrino sources

The biggest signal is expected in the muon neutrino channel.
Because of the long range of high energy muons, interactions of
ml outside the detector can produce muons that reach and pass
through the detector. For an instrumented volume even as large
as 10 km3, the external ml events are more numerous than interac-
tions inside the instrumented volume. The most sensitive searches
use the Earth as a filter against the downward background of atmo-
spheric muons by requiring the muon track to be from below the
horizon.

The most basic approach to neutrino astronomy is to look for an
excess of events from a particular direction in the sky. AMANDA,
Baikal, Antares and IceCube all make sky maps. The search can
be binned or unbinned [5]. After accounting for the effective num-
ber of trials, no significant excess has been seen in any detector. A
related approach is to look for an excess of events from a list of ob-
jects selected because they are likely neutrino sources. The source
list for IceCube [6], for example, includes 13 galactic supernova
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remnants (SNR), and 30 extra-galactic objects, mostly AGN. With
its instrumented km3 volume, IceCube is by far the most sensitive
detector at present. Published limits from IceCube during construc-
tion with 40 strings installed (IC-40) on specific point sources of
neutrinos in the Northern sky are less than 10�11 cm�2 s�1 TeV�1.
With the full IceCube the sensitivity is now approaching
10�12 cm�2 s�1 TeV�1, at which level TeV gamma-rays are seen
from some blazars such as Mrk 401 [7].

A related approach is to look for neutrinos correlated in time,
either with each other or with a gamma-ray event [8]. The stron-
gest limit from IceCube in terms of constraining models that relate
cosmic-ray origin with production of neutrinos is the absence of
neutrinos in coincidence with GRB. Recently data sets from two
years of IceCube while the detector was still under construction
(IC-40 and IC-59) have been combined to obtain a significant limit
[9] on models [10,11] in which GRBs are the main source of extra-
galactic cosmic rays. In total 215 GRBs reported by the GRB Coor-
dinated Network between April 5, 2008 and May 31, 2010 in the
Northern sky were included in the search. No neutrino was found
during the intervals of observed gamma-ray emission.

To interpret the limits, the expected neutrino spectrum was cal-
culated for each burst based on parameters derived [11] from fea-
tures in the spectrum of the GRB. In particular, a break in the
observed photon spectrum marks the onset of photo-pion produc-
tion by accelerated protons interacting with intense radiation
fields in the GRB jet. The neutrinos come from the decay of charged
pions. Given a predicted neutrino spectrum, the expected number
of events was calculated for each burst. The normalization of the
calculation is provided from the intensity of photons in each burst
together with an assumption for the ratio of energy in accelerated
protons to energy in the electrons that produce the observed pho-
tons. With this normalization, 8 neutrinos are expected in 215
GRBs and none is observed. One possibility for relating the limit
to the contribution of GRBs to ultra-high energy cosmic rays is to
assume that the UHECR are injected as neutrons from the same
photo-production processes in which the neutrinos are produced
[12].

3. Neutrinos from the whole sky

It is important also to search for an excess of astrophysical neu-
trinos from the whole sky at high energy above the steeply falling
background of atmospheric neutrinos. The Universe is transparent
to neutrinos, so the flux of neutrinos from sources up to the Hubble
radius may be large [29]. A toy model is helpful to illustrate this
point. Assume a distribution of identical sources of neutrino lumi-
nosity Lm (s�1 TeV�1) with a typical separation of order d ¼ 10 Mpc.
The flux from a nearby source is Lm=ð4pd2Þ (s�1 TeV�1 cm�2). Inte-
grating over the whole sky with a cutoff at the Hubble distance DH

the flux from the whole sky is

/ �
Z DH

0

qLmr2

4pr2 dXdr; ð1Þ

where q � 1=d3 is the density of sources. In this case the ratio of the
total flux of neutrinos from all directions to the flux from a nearby
source is � 4pDH=d � 4000 for d ¼ 10 Mpc. Later we will cite exam-
ples of calculations for specific models of AGNs and GRBs, which
take account properly of red shift for distant sources. In some cases
the predicted diffuse fluxes are sufficiently high to constrain the
models more than the point source searches. Before discussing
the models, we first summarize the current status of the limits on
diffuse fluxes of high energy neutrinos.

The limit from IC-40, shown as the solid (blue) line #7 in Fig. 1,
is from an analysis of approximately 14,000 upward neutrino-
induced muons in IC-40 [15]. This analysis proceeds by assuming

a flux of neutrinos with three components: conventional atmo-
spheric neutrinos from decay of kaons and pions; prompt neutri-
nos; and a hard spectrum of astrophysical neutrinos assumed to
have an E�2 differential spectrum. Free parameters in fitting the
data are the normalization of the prompt and astrophysical neutri-
nos. The normalization and slope of the atmospheric neutrinos are
also allowed to vary within a limited range. The result is consistent
with conventional atmospheric neutrinos, with no need for a con-
tribution from prompt neutrinos and no evidence of a hard spec-
trum of astrophysical neutrinos. A limitation of the analysis is
that the atmospheric neutrino background is represented by a sim-
ple power law extrapolation of the calculation of Ref. [19] beyond
10 TeV, and it averages over all angles below the horizon.

Also shown in Fig. 1 are several measurements of the flux of
atmospheric neutrinos. The fit for atmospheric neutrinos from
the IC-40 analysis that gives the diffuse limit is shown as a slightly
curved band extending from 0.33 to 84 TeV. The reason that the
diffuse limit applies at much higher energy (39 TeV to 7 PeV) is
that it assumes a hard, E�2 differential energy spectrum for the
neutrinos, in contrast to the steep (�E�3.7) atmospheric spectrum.
The experimental results on the high-energy flux of atmospheric
ml þ �ml in Fig. 1 are from AMANDA [16,17] and IceCube-40 [18].
All the atmospheric neutrino spectra shown here are averaged over
angle. The unfolding analysis of Ref. [18] extends to Em � 400 TeV.
The atmospheric fluxes shown are averaged over the upward
hemisphere. At high energy atmospheric neutrinos from decay of
charged pions and kaons have a significant angular dependence
(the ‘‘secant theta’’ effect) with the intensity increasing toward
the horizon. This angular dependence will be important in
distinguishing atmospheric background from astrophysical signal
in future analyses.

At the current level of sensitivity in the search for high-energy
astrophysical neutrinos, the energy range where the atmospheric
neutrino background becomes important is at 100 TeV and above,
as illustrated by the crossover of the limits and the atmospheric
fluxes in the Fig. 1. This energy is well beyond the range of detailed
Monte Carlo calculations [19,20], which extend only to 10 TeV. In
addition, this is the energy range where prompt neutrinos from de-
cay of charm and heavier flavors may become important, but the
expected level of this contribution is uncertain. The spectrum of
prompt neutrinos is harder by one power than the spectrum of
conventional atmospheric neutrinos in this energy range, and its
angular distribution if isotropic. These features mimic a diffuse
astrophysical flux to some extent. A possible strategy is to deter-

Fig. 1. Horizontal lines show limits on an E�2 spectrum of astrophysical muon
neutrinos from AMANDA-II [13], Antares [14] and IceCube [15]. The plot is from Ref.
[15] where full references are given. The limits are shown along with measure-
ments of the flux of atmospheric muon neutrinos and anti-neutrinos.
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