
Abstract. Problems in the fields of neutrino astronomy and
ultrahigh-energy astrophysics are reviewed. Neutrino fluxes
produced in various astrophysical sources (bottom-up accelera-
tion scenarios) and resulting from the decay of superheavy
particles (top-down scenarios) are considered. Neutrino oscilla-
tion processes and the absorption and regeneration of neutrinos
inside the earth are analyzed and some other factors affecting
the intensity and flavor composition of astrophysical neutrino
fluxes are discussed. Details of ultrahigh-energy neutrino inter-
actions are discussedwithin theStandardModel, aswell as using
nonstandard scenarios predicting an anomalous increase in the
inelastic neutrino ± nucleon cross section.Ultrahigh-energy neu-
trino detection techniques currently in use in new-generation
neutrino telescopes and cosmic ray detectors are also discussed.

1. Introduction

For many years, the nature of cosmic rays (CRs) has
remained one of the main open issues in astrophysics, while
the uncertainty of their origin increases with their energy [1 ±
3]. The neutrino is regarded as one of the possible candidates
for the primary particle, which might have produced CR
interaction events in Earth's atmosphere, involving ultrahigh-
energy cosmic rays (UHECRs). This assumption pertains to
the sort of hypotheses that, according to H Poincare's
expression, ``are introduced unconsciously, accepted tacitly,
and for this reason we cannot get rid of them'' [4].

There exist serious grounds for assuming the existence of
various astrophysical and cosmological sources of neutrinos,
althoughneutrinos of astrophysical origins have hitherto been
registered only from two sources: the sun and the supernova
SN1987A. All other registered neutrinos are produced
artificially (fluxes from nuclear reactors and beams, formed
at proton accelerators), are products of primary CR interac-
tions in the Earth's atmosphere, or are produced in the decays
of radioactive elements.

On the whole, several dozen UHECR shower events have
been registered in theHaverah Park [5], SUGAR [6], AGASA
[8, 9], Fly's Eye [10] andHiRes [11, 12] experiments at energies
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ECR > 5� 1019 eV (Fig. 1). In several of these, the recon-
structed energy exceeded 1020 eV, which corresponds to an
energy in the center-of-mass system

��
s
p � ������������������

2mNECR

p
5

800 TeV, where mN is the nucleon mass. Interest in the
particles that produced showers of such grandeur in the
atmosphere is not restricted to the desire to reveal the sources
at which they were produced, or the processes in which they
were accelerated to such high energies. Their origin may be
directly related to manifestations of new physics at an energy
scale essentially exceeding the energies of modern accelera-
tors.

From the traditional standpoint of physics, neither
hadrons, nor photons, nor leptons (with the exception of
neutrinos) could reach Earth with energiesECR 57�1019 eV.
This is not only related to the problem of generating particles
of such high energies in an astrophysical source. The main
complication consists in the particle retaining such energy in
traveling through distances of a cosmological scale from the
source where it was produced to Earth. With the exception of
neutrinos, all other known elementary particles have suffi-
ciently large interaction cross sections with the photon
background at energies ECR 5 7� 1019 eV to lose a signifi-
cant part of their energy on their way from extragalactic
sources situated at distances D � 30ÿ50 Mpc.

The propagation of protons of ultrahigh energies is
restricted by pion photoproduction processes in the micro-
wave background. This is the well-known Greisen ±Zatse-
pin ±Kuzmin (GZK) effect, which results in a cutoff of the
primary CR spectrum [13,14]. Protons of energies above the
D�-resonance production threshold lose energy in each
reaction

p� gCMB ! D� ! p� p : �1:1�

If Lorentz invariance is not violated, then the GZK-cutoff
physics is indisputable: the threshold interaction energy of a
proton with a photon from the microwave background in the
`laboratory' system is given by

E th
p �

mp mp

2eCMB
� 7� 1019 eV

eCMB=1 eV
; �1:2�

where eCMB � e2:7K � 10ÿ3 eV is the energy of the relic
microwave photon. The proton interaction length Lint in

reaction (1.1) can be estimated from the pion photoproduc-
tion cross section at energies close to the D�-resonance
production threshold (s�pg� � 135 mb) and the relic photon
density (r � 410 cmÿ3):

Lint�p� gCMB ! D� ! p� p� � ÿs�pg� r�ÿ1
� 1:8� 1025 cm � 6 Mpc: �1:3�

At distancesD, protons lose the energyEp/E0 exp�ÿD=L int�
(Fig. 2) [15]. The microwave radiation spectrum is described
by the Planck distribution with the temperature
T � �1� z� � 2:73 K, where z is the redshift of the source.
Protons of energies Ep 5 1020 eV interact with nearly all
background photons, while protons of lower energies only
with photons at the end of the Planck spectrum. In the range
of energies 5� 1019 4 Ep 4 3� 1020 eV, the proton interac-
tion length decreases rapidly (Fig. 2).

There exist no sources within the limits of our galaxy at
distances � 10 kpc that are capable of generating particles
with energies above the GZK-cutoff of the CR spectrum. Nor
have such sources been observed on greater scales
(D4 50 Mpc), although the possibility of their existence
cannot be excluded in principle [16,17]. Most known
sources, such as gamma-ray bursts (GRBs) or active galactic
nuclei (AGNs), in which the acceleration of protons up to
energies EGZK 5 7� 1019 eV is theoretically possible, are at
distances D5 100 Mpc from Earth [18]. If events with
energies ECR 5 1020 eV are registered by detectors on Earth,
then the primary proton energy inside a source at such a
distance should be at least 2 orders of magnitude greater than
the registered energy.

The universe is also opaque to photons of energies above
10 TeV. Reactions of electron pair production due to the
interaction of a photon of energy Eg with a background
photon of energy eBG,

g� gBG ! e� � eÿ ; �1:4�
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Figure 1. Ultrahigh-energy CR flux, measured in experiments: $ Ð

Haverah Park [5], & Ð SUGAR [6], * ì AGASA [8, 9], ~ì Fly's Eye
(stereo) [10], ! ìHiRes [11, 12].
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Figure 2. Interaction lengths of high-energy protons, Lint�p� gCMB !
D� ! p� p�, and of g-quanta, Lint�g� gIRB ! e� � eÿ�, with microwave

and infrared photon backgrounds, respectively [15]. The vertical lines

show the maximum proton and g-quantum energies observed on Earth.

The horizontal lines (from top down) correspond to distances from the

closest quasars, blasars, the Virgo-cluster, and the Cen A and M31

galaxies, as well as to the dimensions of our galaxy.
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have the threshold

E th
g �

m2
e

eBG
; �1:5�

where me � 0:511 MeV sÿ2 is the electron mass. Hence, it
follows that photons of TeV energies are absorbed by the
infrared background, of PeV energies by the microwave
background, and of EeV energies by the radiobackground.
The interaction length of a photon of energy Eg � 10 TeV is
Lint �g� gBG ! e� � eÿ�4 100 Mpc (see Fig. 2) and, conse-
quently, photons from sources at cosmological distances,
emitted with energies above 10 TeV, cannot reach Earth.
Therefore, together with the UHECR observation, the
observation of photons from the blazar Markarian 501 with
energies above 20 TeV represents one more astrophysical
paradox [19].

Evidently, the electron cannot serve as the particle causing
the observed showers with energies above the GZK-cutoff of
the CR spectrum either, since its energy losses during its
propagation through the universe are great. Moreover, an
electromagnetic cascade rapidly loses its energy owing to
synchrotron radiation during its propagation in intergalactic
magnetic fields.

At present, the only particle known to be capable of
covering cosmological distances with virtually no absorption
is the neutrino. The interaction lengths of neutrinos with TeV
energies amount to 2:5� 1011 g cmÿ2; photons with the same
energy cover distances of only about several hundred g cmÿ2.
In the case of neutrinos propagating in the universe, the
background of relic neutrinos is essentially more important
than the photon background. The UHECR formation
mechanism, due to annihilation of high-energy neutrinos in
the relic neutrino background, termed a `Z-burst' [20, 21],
assumes that the resonance production of the Z0-boson
occurs with its subsequent hadron decay. Characteristic
neutrino energies in the region of the Z0-resonance are

En �M 2
Z

2en
� 4:2� 1021 eV

eV

en
; �1:6�

where ev is the energy of relic neutrinos. The Z0-boson decay
products may contribute to the observed CR spectrum at
energies EGZK 5 7� 1019 eV. Within the Z-burst scenario,
any astrophysical objects generating neutrino fluxes with
energies sufficient for the Z0-boson production can serve as
neutrino sources. The attractiveness of the Z-burst mechan-
ism for the explanation of UHECR consists in the fact that
the weak absorption of neutrinos provides the possibility of
having a neutrino source situated as far away as desired, while
the Z0-bosonmay decay as close to Earth as necessary. On the
other hand, to explain the observed flux of UHECR events in
the framework of the Z-burst mechanism, gigantic neutrino
fluxes emitted from the source are necessary.

Existing models of the formation of ultrahigh-energy
neutrino fluxes are divided into bottom-up and top-down
scenarios (Fig. 3). In astrophysics, the various mechanisms
of particle acceleration from low to ultrahigh energies have
been attributed the common term of `bottom-up'mechanisms
[22, 23]. The source of the acceleration process in such
scenarios is the strong electromagnetic fields present in the
vicinity of compact objects such as magnetized neutron stars
or accretion disks of black holes. The particles receive higher
energies in systems where shock waves are generated, which

propagate through the clouds of magnetized plasma. Pulsars,
supernova remnants [24], and the most powerful sources of
radiation in the universe, GRBs [25] and AGNs [26], may
serve as such `cosmic accelerators.' While protons in such
systems can be accelerated up to energies above 1020 eV,
pp- and pg-interactions lead to the production of charged and
neutral pions, whose decays result in neutrino and g-quantum
fluxes with the respective energies En 4 1019 eV and
Eg 4 10 TeV [27].

An alternative to the accelerationmechanismof ultrahigh-
energy particle production are `top-down' scenarios, in which
no acceleration mechanisms are required. These scenarios
assume the existence of very heavy metastable particles of
mass mX > 1021 eV that originated at the early stages of
development of the universe and may be part of its `dark
matter.' The top-downmechanism implies physics beyond the
Standard Model (SM) of elementary particles and their
interactions. There are two ways of producing supermassive
particles. The first is connected to nonthermal phase transi-
tions in the early universe leading to the formation of
topological defects (TDs): cosmic strings [28], superconduct-
ing strings [29], magnetic monopoles [30], monopoles con-
nected to strings [31], cosmic loops [32], vortons [33], and
bound monopole ± antimonopole states [34]. The other
possibility consists in the gravitational production of super-
massive quasistable particles, first proposed by Zel'dovich
and Starobinsky [35]. The production of such X particles,
having survived until the present day, could be due to vacuum
fluctuations at the inflation stage of the early universe [36, 37].
The decays and/or annihilations of X particles result in the
production of the charged and neutral high-energy pions
whose decays yield neutrino and g-quantum fluxes. The
specific characteristics of any of the top-down scenarios
depend on the mass of the X particle mX and on the
cosmological time t characterizing the moment of their
production [38].

The flavor composition of neutrino fluxes from the
source in which the neutrinos are produced as a result of

Top-down
scenarios

Bottom-up
scenarios

Sources of ultrahigh-
energy neutrinos

Cosmological sources:
topological defects:

Relic X particles

cosmic strings
superconducting
strings

vortons

magnetic monopoles

cosmic loops

monopoles connected
by strings

Decay or annihilation of
superheavy X particles.
The mass of X particles determines
energy KR: mXc

2 5Emax
CR .

Acceleration of protons in the source.
The êux of protons from the source
is described by the power -law
spectrum Fp�E� / Eÿa.

Astrophysical sources:

gamma-ray bursts

active galactic nuclei

remnants of supernovae

neutron stars

microquasars

pp- or pg-reactions!
p� ! m� ! n

X! q�q! p� ! m� ! n
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X�X! q�q! p� ! m� ! n

Figure 3. Scenarios for the production of ultrahigh-energy neutrinos.
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pp- and pg-interactions is independent of the type of the
source itself. In these interactions, approximately equal
amounts of p�, p0, and pÿ are produced, which then decay
into m�nm, gg, and mÿnm, respectively. The further
mÿ ! eÿnm�ne decay adds two more neutrinos for each pion
decay. Thus, the initial mixture of pions p� � p0 � pÿ

becomes a mixture of photons and neutrinos with the relative
compositions 2g� 2nm � 2�nm� 1ne � 1�ne. The resulting flavor
composition of neutrino fluxes normalized to unity is given by

F 0�ne� : F 0�nm� : F 0�nt� � 1 : 2 : 0 : �1:7�

This relation between the fluxes is modified owing to
neutrino oscillations. Along the way from the source to the
detector, the neutrinos cover cosmological distances
L � 100ÿ1000 Mpc, which are much greater than the length
of vacuum oscillations Losc � 4pEn=Dm2

n and, consequently,
they oscillate many times. The neutrino fluxes of flavor i,
registered in the detector, are determined by the elements of
the neutrino mixing matrix jUaij:

F det�ni� �
X
a

F 0�na�jUaij2 : �1:8�

For mixing matrices of different types with jUe3j2 5 1 and
jUm3j � jUt3j, in agreement with the results of experimental
studies of oscillations, the composition of astrophysical
neutrino fluxes on the earth, at a distance L4Losc from the
source, is uniform with respect to flavors [39, 40]:

F det�ne� : F det�nm� : F det�nt� � 1 : 1 : 1 : �1:9�

The observation in detectors of such a flavor composition
(or possibly differing from it) will provide a test of the
neutrino oscillation scenarios and of various neutrino mass
generation schemes. Because neutrinos can be observed
arriving from sources beyond the boundaries of the obser-
vable universe, the level of sensitivity to oscillation para-
meters in experiments with astrophysical neutrinos may
significantly exceed the limits obtained in experiments with
solar, atmospheric, and acceleration neutrinos [41, 42].

The astronomy of cosmic ultrahigh-energy neutrinos
(UHENs) occupies a unique place in modern science Ð at
the meeting point of high-energy astrophysics and particle
physics. On the one hand, measurements of UHEN spectra
are especially important for determining the limit energies
arising both in acceleration processes within superpowerful
`cosmic accelerators,' such as GRB or AGN, and in the
decays of hypothetical supermassive particles. On the other
hand, UHENs represent a natural laboratory for studying the
interactions between elementary particles at energies exceed-
ing those of the existing or even of planned accelerators. The
interactions of cosmic neutrinos of energies En � 1017 eV
permit investigating processes of deep-inelastic nN scattering
at equivalent energies in the center-of-mass system

�������
snN
p �

���������������
2mNEn

p
� 14

�
En

1017 eV

�1=2

TeV ; �1:10�

which are comparable to the expected energy in pp-interac-
tions at the LHC collider,

������
spp
p � 14 TeV.

The deep-inelastic nN-reaction cross sections have been
measured at the FNAL accelerator up to maximum energies
En�400GeV in the NuTeV experiment [43]. For estimation
of the cross sections at higher energies, one must use

calculations requiring the knowledge of the parton distribu-
tion functions (PDFs) depending on the squared transferred
momentum Q2 and of the Bjorken variable x. The higher the
energy of the neutrino interacting with a nucleus, the more
important role is played by contributions to the nN cross
section corresponding to smaller and smaller x values. At
present, record measurements of the PDF down to x � 10ÿ5

for the values Q2
0 � 1 GeV2 have been performed in ep-

interactions at the HERA accelerator [44 ± 46]. Calculations
of the cross sections at high energies are based on different
approaches to the PDF description for large values of
Q2

0 ! Q2 �M 2
W, where MW � 82 GeV is the W-boson

mass, and for small values of x! 10ÿ8. Deep-inelastic nN
cross sections have been calculated for energies up to
1012 GeV in many works [47 ± 55]. It may seem paradoxical,
but in spite of different phenomenological approaches to
accounting for nonlinear QCD effects, the calculated cross
sections reported in all the above references practically
coincide. Thus, at the energy En � 1021 eV, the cross sections
calculated in Refs [48, 51, 53, 55] differ from the value
snN�En � 1021 eV� � 10ÿ4 mb by less than a factor of 2.

If the neutrino is considered a candidate for the primary
particle serving as a source ofUHECRs, then it is necessary to
assume that neutrinos (by analogy with protons) start to
undergo interactions high up in the atmosphere. For this to
happen, cross sections of the order of hadron cross sections
are necessary, snN�En�5 1 mb. The possibility of neutrinos
interacting strongly at high energies was discussed nearly
40 years ago by Berezinsky and Zatsepin [56]. At present, the
idea of strongly interacting neutrinos no longer seems so
exotic. Even within the SM framework, neutrino cross
sections for a certain class of nonperturbative electroweak
processes induced by instantons are predicted to be of the
order of a millibarn [57, 58].

A new wave of interest in neutrino interactions with
anomalously large cross sections arose in connection with
the development of quantum gravity theories involving a TeV
scale of unification of interactions and large (� 1 mm) extra
dimensions of space ± time. Within this approach, all SM
particles and fields exist in the ordinary (3+1)-dimensional
space, while gravity propagates in a space of extra n
dimensions and becomes strong not on the Planck scale
MPl � 1028 eV but on the fundamental scale of unification
M4�n � 1 TeV [59 ± 62]. In all gravitational models with extra
dimensions on the

��
s
p � 1 TeV scale in the center-of-mass

system, the exchange of a massive spin-2 graviton (Kaluza ±
Klein excitations) provides additional contributions to any
two-particle cross section. Therefore, the cross sections of nN
interactions in the vicinity of M4�n �

��
s
p � 1 TeV (which

corresponds to the energyEn � 1015 eV in the nucleon center-
of-mass system) increase by several orders of magnitude
compared to the standard SM calculations. Thus, for
En � 1020 GeV, the nN cross section may amount to 1 ±
100 mb in the case of the asymptotic behavior snN � s1, or
even larger values if snN � s2 [63, 64].

In the case of UHEN interactions in the atmosphere,
with the collision energy

��
s
p �MBH >M4�n, strong gravity

on the TeV scale could manifest itself in the formation of
exotic objects such as microscopic black holes [65]. If En �
1012 GeV, then the additional contributions from black hole
production processes to the total nN cross section may
amount to 10ÿ2 mb [66]. At the same time as the production
of black holes, the production of specific p-dimensional
states, p-branes, is possible on the TeV gravity scale [67].
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The p-brane production cross section may be greater than
the production cross section of black holes of the same mass
and may amount to 100 mb at energies En � 1011 GeV
[67, 68].

Registration of UHENs that may reach us from distant
sources will serve as a valuable instrument of high-energy
astrophysics and will simultaneously permit us to investigate
the physics of the microworld beyond the SM. Even quite
rough estimates of nNcross sections for energies not available
to accelerators will provide a test of the laws of fundamental
physics close to the TeV scale. The number of neutrino events
registered in a detector is proportional to the integral flux
times the cross section,

Nn /
�
Fn�En� snN�En� dEn ; �1:11�

and therefore detectors with volumes exceeding 1 km3 are
needed in order to `feel' the cross section at the SM level
(snN � 10ÿ4 mb). This is related to the neutrino fluxes
generated both in the bottom-up and top-down scenarios
being small.

For estimating the neutrino fluxes reaching Earth, one
first of all uses the flux of so-called cosmogenic, or GZK,
neutrinos as a reference point. Such neutrinos are certain to
originate in the case of propagation of ultrahigh-energy
protons produced in sources of any kind owing to their
interactions with the microwave background. For the most
realistic proton generation spectrum � Eÿ2p in isotropically
distributed sources, the calculated flux of cosmogenic neu-
trinos is given by [69]

E 2
nF

GZK
n �En�4 3� 101 eV cmÿ2 sÿ1 srÿ1 : �1:12�

Large target volumes for neutrino interactions can be
provided for in detectors using natural volumes of pure water
or ice, which simultaneously serve as a radiator for generating
Cherenkov radiation by secondary particles resulting from
neutrino interactions. The idea to use large volumes of
oceanic water for the registration of muons and neutrinos
was proposed byMarkov [70], while the first muons from nN
interactions in a natural water volume were observed with the
aid of optical Cherenkov radiation in Lake Baikal in the
NT-200 detector [71]. At present, the best experimental
bound on the diffuse neutrino flux, obtained in the experi-
ment ALANDA in the range 5� 1013ÿ5� 1015 eV [72],
amounts to

E 2
nF

AMANDA
n �En�4 8:4� 102 eV cmÿ2 sÿ1 srÿ1 ; �1:13�

which is more than an order of magnitude lower than the
sensitivity necessary for revealing the flux of cosmogenic
neutrinos.

It will be possible to achieve the necessary sensitivity to
cosmogenic fluxes in the new generation of underwater
neutrino telescopes, NESTOR [73] and ANTARES [74], and
to essentially surpass it in the IceCube telescope [75], built in
the ice at the South Pole, Antarctica, which will register fluxes
at the level

E 2
nF

IceCube
n �En�4 4� 100 eV cmÿ2 sÿ1 srÿ1 : �1:14�

A very promising line of UHEN studies is based on the
construction of devices capable of registering radiowaves

from showers produced by neutrinos originating in con-
densed media. However, it was not possible to achieve the
required sensitivity to cosmogenic fluxes in the first experi-
ments of this type, RICE [76], FORTE [77], and GLUE [79].
In new ambitious projects using the radiomethod, it will be
possible to investigate neutrino fluxes of EeV energies at a
level significantly inferior to cosmogenic levels. For this, it has
been proposed to probe gigantic rock salt mines using the
SALSA [78] setup, and in the experiment ANITA [80], to
survey a large volume of the antarctic ice shield during a long
flight of an aerostat and to monitor a significant part of the
moon's surface from a satellite orbiting the moon in the
LORD experiment [81, 82].

Besides dedicated neutrino detectors, high-energy neu-
trinos can also be registered by setups used in UHECR
studies. The registration method is based on the observation
of deeply penetrating quasihorizontal showers in the atmo-
sphere and was applied in the AGASA and HiRes setups for
determining the upper bound for the nN cross section. The
new ground-based detectors with large apertures, Telescope
Array [83] and Auger [84], are soon to be commissioned. The
next step in the development of UHECR detectors is
connected with the experiments on satellites, EUSO [85]
and OWL [86], which in the EeV energy range will be
capable of registering UHEN-initiated showers developing
deep in the atmosphere. The sensitivity of these experiments
will be sufficient for a reliable determination of cosmogenic
neutrino fluxes.

One can hope that the information obtained by new
experiments registering UHENs will contribute to the
resolution of numerous mysteries related to the fundamental
laws describing nature in a unique manner.

2. The propagation of neutrinos through
the universe

2.1 The interaction of neutrinos
with the relic photon background
Unlike protons and photons, neutrinos can cover cosmologi-
cal distances in the universe with virtually no absorption.
Their interaction cross sections with the microwave back-
ground are too small to play any significant role in
astrophysics.

At energies
��
s
p � 2me, the elastic scattering reaction cross

section

n� gCMB ! n� g �2:1�

amounts to only [87]

s�n� g! n� g� � 10ÿ66 cm2 : �2:2�

At the same energies, the three-particle inelastic processes

n� gCMB ! n� g� g �2:3�

exhibit cross sections

s�n� g! n� g� g� � 10ÿ52 cm2 : �2:4�

Starting from energies
��
s
p � me, the reactions

n� gCMB ! n� e� � eÿ �2:5�
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may occur, with cross sections exceeding (2.4) by several
orders of magnitude [88]:

s�n� g! n� e� � eÿ� � 10ÿ47 cm2 : �2:6�

At energies in the center-of-mass system above the
W�-boson production threshold, significant contributions to
the cross section of high-energy neutrino absorption on the
microwave g-background are due to the reactions [89]

n� gCMB ! lÿ �W� ; �2:7�

where l � e, m, t. For the electron neutrino, characteristic
cross sections of reactions (2.7) at energies

��
s
p �MW reach

the values

s�ne � gCMB ! eÿ �W�� � 8� 10ÿ34 cm2 �2:8�

and somewhat lower values in the case of reactions nm � gCMB

and nt � gCMB.

2.2 Interactions with the relic neutrino background
UHEN propagation is influenced more significantly by the
cosmological background of relic neutrinos, predicted by Big
Bang cosmology. After relic photons, such neutrinos, being
stable, may be the most abundant particles in the universe.
The mean square energy in the center-of-mass system for a
neutrino of ultrahigh energy En interacting with a relic
neutrino of energy en is given by [90]

hsi � �45 GeV�2
�

en
10ÿ3 eV

��
En

1015 GeV

�
: �2:9�

If the relic neutrino is relativistic, then en �3Tn�1� Z=4�,
where Tn � 1:9�1� z�K � 1:6�10ÿ4�1� z� eV is the tem-
perature of the relic neutrino background for a redshift z,
and Z4 50 is a dimensionless chemical potential. If, on the
contrary, the neutrinos are nonrelativistic, then en �
maxf3Tn;mng. In Eqn (2.9), the quantity

��
s
p

at En <
1015 GeV does not exceed the SM gauge boson masses.
Therefore, in this energy region, the cross sections of
neutrino interaction processes with the relic neutrino back-
ground are determined within the SM framework.

In n�n-interactions at high energies and sufficiently small
masses of the relic neutrinos, direct production of high-energy
g-quanta is possible:

n� �n! g� g : �2:10�

This process, however, proceeds via loop diagrams and is
suppressed owing to the Yang theorem, and therefore its
cross section [91]

s�n� �n! g� g�

� 5:6� 10ÿ42
��

mn

1 eV

��
En

1021 eV

��3
cm2 �2:11�

does not exceed values�10ÿ41 cm2 even at ultrahigh neutrino
energies En � 1021 eV and neutrino masses mn � 1 eV.

References [20, 21, 90, 92] deal with the main interaction
modes of high-energy neutrinos with the relic neutrino
background:
a) the t-channel of a Z0-boson exchange in the reactions

ni � �nj ! ni � �nj ; �2:12�

b) the t-channel of a W�-boson exchange in the reactions

ni � �nj ! l i ��l j ; �2:13�

for example, nm � �nt ! m� t;
c) the s-channel of a Z0-boson exchange in the reactions

ni � �nj ! fi ��fj �2:14�

such as nm � �nt ! hadrons. Here, i and j are neutrino states of
any of the e-, m-, t-flavors, with i 6� j; l i, l j and fi, fj are
respectively any charged leptons and fermions. If these
fermions are quarks, they fragment into hadrons.

Scattering reaction (2.12) does not affect the neutrino
propagation significantly, since no charged particles are
produced in it.

The cross sections of n�n-reactions involving W�-boson
exchange (2.13) increase linearly with energy up to s �M 2

W

[90]:

ds�ni�nj ! l i�l j�
d cos y�

� G 2
Fs

4p
M 2

W�1� cos y��2
�
s

2
�1ÿ cos y�� �M 2

W

�ÿ2
;
�2:15�

where y� is the scattering angle in the center-of-mass system
and MW is the W�-boson mass. In the ultrarelativistic limit,
this cross section at energies

s�asym� � 2Enmn � 2� 1023
En

1022 eV

mn

10 eV
eV2 4M 2

W

�2:16�
tends to the constant value

sasym�ni � �nj ! l i ��l j� � pa2

2 sin4 yWM 2
W

� 10ÿ34 cm2 ;

�2:17�

where a is the fine structure constant and yW is the Weinberg
angle.

The behavior of the cross sections of n�n-reactions
involving production of the Z0-boson, Eqn (2.14), has a
resonance character [92]:

ds�ni�nj ! Z0 ! fi�fj�
d cos y�

� G 2
Fs

4p
M 2

Z

�sÿMZ�2 �M 2
ZG

2
Z

� �g 2
L�1� cos y��2 � g 2

R�1ÿ cos y��2 � ; �2:18�

where MZ � 91:2 GeV and GZ � 2:5 GeV are the Z0-boson
mass and decaywidth and gL and gR are the dimensionless left
and right coupling constants. The resonance sets in close to
the energy

E res
n �

M 2
Z

2mn
� 4:2� 1021

�
mn

1 eV

�ÿ1
eV ; �2:19�

when
��
s
p �MZ. The resonance energy width is

dEn�res�=En�res� � 2dMZ=MZ � 2GZ=MZ � 0:06. The anni-
hilation cross section averaged over energy amounts to [21]

hs�ni � �nj ! Z0 ! fi ��fj�
� � 4pGF���

2
p � 4:2� 10ÿ32 cm2 :

�2:20�
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When s4M 2
Z, the asymptotic behavior of the cross section

becomes

sasym�ni � �nj ! Z0 ! fi ��fj� / 1

s
: �2:21�

At energies
��
s
p

> 2MW, the W-boson pair production
channel ni � �nj !W� �Wÿ [93] starts playing a significant
role. At energies

��
s
p

4 2MW, the cross section tends to the
value

sasym�ni � �nj !W� �Wÿ� /M 2
W

s
ln

s

M 2
W

: �2:22�

The behavior of all the n�n cross sections considered is
shown in Fig. 4 [20]. It follows that the most optimistic
estimates of the n�n- and ng-reaction cross sections do not
exceed 10ÿ32 cm2, even in the case of ultrahigh-energy
neutrinos.

We now estimate the interaction probability of a neutrino
propagating through the relic neutrino background. The
density of the number of light states (mn < 1 MeV) in the
universe at present is given by [94]

n0n � n0�n �
3

4

�
T 0
n

T 0
g

�3

n0g � 112 cmÿ3; n0n � n0�n ; �2:23�

where �T 0
n =T

0
g �3 � 4=11 and n0g � 400 cmÿ3. The maximum

possible contribution of relic neutrinos to the energy density
of the universe is [94]

OnH
2 �

P
i mni

94 eV
; �2:24�

where H � 0:7 is the Hubble constant in units of
100 km Mpcÿ1. For neutrinos with masses mn � 0:07 eV,
this contribution merely amounts toOnH

2 � 0:8� 10ÿ3. The
interaction probability of a neutrino having covered cosmo-
logical distances Lcosm � 1000 Mpc � 3� 1027 cm through
the relic neutrino background is then given by

Pcosm�n�n� � maxfs�n�n�g�n0n � n0�n�Lcosm

� 10ÿ32 cm2 � 112 cmÿ3 � 3� 1027 cm � 3:3� 10ÿ3 :

�2:25�

Even if we consider neutrino sources beyond the boundary of
the cosmological event horizon Lhoriz � 5 Gpc, the probabil-
ity in (2.25) does not exceed 5%. A neutrino may therefore
reach Earth practically without absorption, even if it
originated in the most distant regions of the universe.

In Section 7, a detailed discussion is presented of the
possibility for the deep-inelastic neutrino ± nuclear cross
section to undergo significant enhancement within the
theories with n extra space ± time dimensions and a TeV
scale of quantum gravity. Here, also, it is necessary to note
that the new physics in extra dimensions will introduce
additional contributions to the cross sections of n�n- and
ng-processes, considered above within the SM framework
[95]. This is, first and foremost, connected with the new
annihilation channel of ultrahigh neutrinos in the relic
background neutrinos

n�n! GKK ; �2:26�

in which massive spin-2 Kaluza ±Klein gravitons are pro-
duced. The cross section of this process [96]

s�n�n! GKK� � 4� 10ÿ33ÿ3n=2

� 2n=2
�

mn

1 eV

�n=2�
En

1021 eV

��
1 TeV

M4�n

�n�2
cm2 �2:27�

increases rapidly with the energy. However, even at energies
En � 1021 GeV, cross section (2.27) is in any case smaller than
at the Z0-resonance peak (2.20).

2.3 Neutrino fluxes required for the Z-burst scenario
of UHECR production
The UHECR production models based on ultrahigh-energy
neutrinos being capable of producing Z0-bosons when
propagating through the relic neutrino background are
known by the common term `Z-burst' [20, 21]. The neutrino
energy required for the Z0-resonance production is deter-
mined by expression (2.19). The Z0-bosons produced in each
act of neutrino annihilation decay very rapidly (the lifetime of
the Z0-boson in its rest frame is� 3� 10ÿ25 s). About 70%of
the Z0s decay via hadron channels involving the production,
on the average, of one baryon ± antibaryon pair, and � 10 p0

two-particle decays of the latter yield� 20 g-quanta [97]. The
energies of hadrons and g-quanta resulting from Z0-boson
decays are

hEpi � En�Z�res�
30

� 1:3

�
eV

mnj

�
� 1020 eV ; �2:28�

hEgi � En�Z�res�
60

� 0:7

�
eV

mnj

�
� 1020 eV : �2:29�

In UHECR production models involving Z-bursts, any
astrophysical objects emitting neutrinos with energies suffi-
cient for producing the Z0-resonance may serve as sources of
neutrinos. Because neutrinos are very weakly absorbed
during their propagation in the universe, the neutrino
sources may be at arbitrarily large distances, while the
Z0-boson decay products determine the CR spectrum beyond
the GZK-cutoff. Actually, the Z-burst model demonstrates
the possibility to avoid the GZK-cutoff without introducing
new physics beyond the SM. The limit CR energies in this
model are determined by relation (2.28). As follows from this
expression, a resonance in the vicinity of the Z0-boson

1010
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10ÿ3

10ÿ2

10ÿ1

1011 1012
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101
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��
s
p
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n� n
�,
n
b

s�nm�nmR ! Z 0 ! hadrons)

s�nm�nmR !W�Wÿ�

s�nm�ntR ! mÿt��

Figure 4. Cross sections of n�n processes of high-energy neutrino interac-

tions with the neutrino relic background versus energy in the center-of-

mass system [20].
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production threshold is to be observed at energies En,
increasing as the mass of the heaviest neutrino decreases.
Correspondingly, at higher energies, both secondary protons
and g-quanta must be produced. Thus, neutrino annihilation
provides a unique chance not only to register the relic
neutrino background but also to determine the absolute
mass value of the heaviest neutrino component [98 ± 101].
Moreover, if large neutrino fluxes do exist in nature with
energies close to the Z0-resonance, then future neutrino
telescopes will allow studying the neutrino absorption
spectrum, which carries information on absolute neutrino
masses, on the flavor composition of neutrino mass states,
and on cosmological parameters determining the evolution of
the universe [102, 103].

If the flux of CR particles observed in detectors with
energies above the GZK-cutoff is assumed to be due to the
decay products of Z0-bosons originating in UHEN interac-
tions with the relic neutrino background, then it is possible to
estimate the primary neutrino flux necessary for realization of
this scenario. For resolving the multiparametric problem of
reconstructing the primary neutrino spectrum, approxima-
tion of the general form is applied,

Fn�En; z� / Eÿan �1� z�m : �2:30�

Expression (2.30), being simple at first sight, contains a
number of free parameters. First, the neutrino generation
spectrum at the source / Eÿan and the maximum possible
energies Emax

n are not known. Second, the neutrino mass mn

determining the energy (2.19) required for Z0-resonance
production is quite arbitrary. Finally, the interval of red-
shifts zminÿzmax, where the neutrino sources are situated, and
the power m determining the evolution of the source
/ �1� z�m are also unknown parameters. Therefore, in
order to calculate the primary neutrino flux, some of the
unknown parameters present in (2.30) have necessarily to be
fixed, while the others varied within the admissible region of
their values.

As calculations reveal [99, 100, 104 ± 107], if the observed
UHECR spectrum is related to Z0 decay products, then

gigantic primary neutrino fluxes are needed for the realiza-
tion of such a scenario. This is illustrated by the primary
neutrino flux calculated for the Z-burst model in Ref. [107]
and presented in Fig. 5. It can be seen that at the resonance
energy (2.19), the neutrino flux reaches the value

E 2
nF

Z�burst
n �E res

n � � 105 eV cmÿ2 sÿ1 srÿ1 : �2:31�

The requirement that there exist gigantic neutrino fluxes,
whose origin cannot be explained within the framework of
standard astrophysics, is one of the main difficulties encoun-
tered by the Z-burst model. In a universe with uniformly
distributed nonrelativistic background neutrinos, the average
UHEN annihilation length at the Z0-resonance production
energies is given by [21]

Lann �
ÿhsannihnni�ÿ1

� �4:2� 10ÿ32 cm2 � 56 cmÿ3�ÿ1 � 4:3� 1029 cm: �2:32�

Consequently, the probability of neutrinos of energies close
to the resonance energy annihilating into a Z0-boson at
distances � 50 Mpc from Earth is

P�n�n! Z0� � 50 Mpc

Lann
� 3:6� 10ÿ4 : �2:33�

With the fraction of decays producing hadrons
Br �Z0 ! hadrons� � 70%, the probability of annihilation
with subsequent decays into hadrons amounts to

P�n�n! Z0 ! hadrons� � 2:5� 10ÿ4 : �2:34�

This means that only one out of 4000 primary neutrinos with
resonance energies produces a Z-burst to be observed on
Earth as hadron and electromagnetic cascades.

The efficiency of event generation in Z-burst scenarios
increases if gravitational clusterization of relic neutrinos
occurs in local regions of the universe on scales of the GZK
zone (of the order of 50 Mpc): in galactic halos, local groups,
galactic clusters, and superclusters [20, 21, 104, 105, 108, 109].
In this case, the neutrino densities in such regions may
significantly exceed the average neutrino density (2.23) in
the universe by a factor fn reaching values from 10 ± 1000 [21,
105, 108, 109] up to 105ÿ107 [20]. Correspondingly, prob-
ability (2.34) increases by the same factor, and the require-
ments for the neutrino flux intensities are reduced. The local
relic neutrino density could reach even higher values
(1010ÿ1016 cmÿ3) in the specific objects proposed in
Ref. [110] and termed `neutrino clouds' by the authors.

The density of relic neutrinos may be higher than average
density (2.23) if CP-violation occurs in the neutrino sector
[111]. Density (2.23) corresponds to the existence of a
rigorous nÿ �n symmetry Ln��nn ÿ n�n�=ng�0. If, on the
contrary, a nÿ �n asymmetry exists and Ln 6� 0, then an
additional contribution appears in the energy density of
the universe [111]. Thus, for the asymmetry factor Ln � 4,
with four neutrinos for each relic photon, the density of the
neutrino background may achieve values nn � 1700 cmÿ3.
Consequently, the Z-burst production probability (2.36) may
be 30 times higher.

It is shown in Refs [99, 100, 106, 107] that the high-energy
part of the CR spectrum can be made consistent with the
Z-burst scenario in the case of an exotic source, opaque to
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Figure 5. Neutrino êuxes calculated for different models: cosmogenic
êuxes GKZmin [69] and GKZmax [107, 116]; the êuxes required for the
Z-burst scenario [100, 106, 107]. Theoretical bounds for the êuxes (WB
[142, 143] and MPR [145 ë 147]) and the experimental g-bound corre-
sponding to EGRET measurements [113]. Tilted dotted lines are the
extension of theWB bound for neutrino êuxes normalized at the observed
KL êux in AGASA (upper line) and HiRes (lower line) experiments [144].
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protons and high-energy photons, exclusively generating
neutrino fluxes. An example of such a source is an unstable
superheavy relic particle that decays mainly into neutrinos
[112]. However, even if the source emits only neutrinos, the
g-quanta resulting from Z-bursts scatter in the relic photon
background. Electromagnetic cascades then result in a
corresponding contribution to the flux of diffuse g-quanta.
Therefore, the fluxes of photons with energies in the GeV ±
TeV range, measured in the EGRET experiment [113],
impose strong restrictions on the diffuse flux of ultrahigh-
energy neutrinos:

E 2
nFn�En�4E 2

nF
EGRET
n �En�

4 6� 102 eV mÿ2 sÿ1 srÿ1 ; �2:35�

and, correspondingly, on the Z-burst scenario.
Besides enormous fluxes, Z-bursts require the existence of

sources capable of generating neutrinos of energies
En 5 1021 eV. If such neutrinos are produced in p�-decays,
then pion photoproduction requires protons of even higher
energies � 20Eres � 8:4� 1022 eV (eVmÿ1n ). The nature of
sources capable of generating protons of such energies is not
known but, ultimately, the production of any particles with
energies above the GZK-cutoff remains an unresolved
problem of astrophysics.

2.4 Fluxes of cosmogenic, or GZK, neutrinos
Before dealing directly with neutrino fluxes from various
astrophysical and cosmological sources, it is necessary to
examine the neutrino fluxes originating during the propaga-
tion of ultrahigh-energy protons produced in these sources.
Such protons may not reach the detectors on Earth, owing
to the GZK-cutoff [13, 14]. Their interaction with the
microwave background produces pions, whose decays
produce so-called cosmogenic (i.e., produced by particles
pertaining to CR) or GZK neutrinos. The main processes
are the reactions

pgCMB ! D� ! np� ;

pgCMB ! D� ! pp0 : �2:36�

Subsequent decay chains of charged pions result in the
neutrino flux:

p� ! m� � nm ;

m� ! e� � �nm � ne ; �2:37�
and the decays of neutral pions into the flux of g-quanta

p0 ! gg : �2:38�

Also possible are the reactions

pgCMB ! n� p� � p� � pÿ ; �2:39�

whose cross sections are smaller than in reactions involving
the D�-resonance production, but whose final states contain a
significant number of pions, the decays of which contribute
essentially to the generation of neutrino fluxes.

The fluxes of cosmogenic neutrinos are calculated in
Refs [69, 92, 107, 114 ± 117]. The general method of calcula-
tion is as follows. The neutrino spectrum is taken to be a
power-law spectrum of the proton source, which has the

exponent a and an exponential cutoff,

dNp

dEp
/ Eÿap exp

�
ÿ Ep

Emax

�
: �2:40�

The flux of neutrinos of flavor i, produced in proton
interactions with the microwave background, is determined
as an integral over the redshifts z and proton energies Ep [69]:

Fni�Eni� �
c

4pEni

� �
L�z;Ep�Y �Ep;Eni ; z�

dEp

Ep
dz; �2:41�

where

Y �Ep;Eni ; z� � En
d2Nni

dNp dEni

is a function describing neutrino production in decays of
pions from pg reactions and L�z;Ep� is a function parameter-
izing the distribution of proton sources over the redshifts z
and their evolution.

The ambiguity in the calculations of cosmogenic neutrino
fluxes is related to the uncertainty in the parameters a,Emax, z,
and m, which vary within broad limits in different works.
Figure 5 presents the minimum and maximum cosmogenic
neutrino fluxes.

In calculations of the minimum flux [69],

E 2
nF

GZKmin
n �En�4 3� 101 eV cmÿ2 sÿ1 srÿ1 �2:42�

a power-law spectrum with a � 2 is assumed for the
proton source, together with its exponential cutoff (2.40)
with Emax � 1021:5 eV. The neutrino fluxes obtained in
Refs [92, 114, 115] and the lower bound in [116] are in
agreement with (2.42).

Calculation of the maximum flux [107, 117]

E 2
nF

GZKmax
n �En�4 103 eV cmÿ2 sÿ1 srÿ1 �2:43�

is based on the proton spectrum with a � 1 extending up to
energies Emax � 3� 1022 eV at zmax � 2 and m � 3. The
upper bound for the cosmogenic flux, obtained in Ref. [116],
is consistent with the value in (2.43). It can be seen fromFig. 5
that themaximum cosmogenic neutrino fluxes are at least two
orders of magnitude smaller than required for Z-burst
scenarios.

Cosmogenic neutrino fluxes are also caused by CR proton
interactions with the infrared background radiation (an
analog of reactions (2.38) with the substitution pgCMB !
! pgIBG). Their values

E 2FGZK�IRB
n �En�4 100 eV cmÿ2 sÿ1 srÿ1 ; �2:44�

calculated in Refs [118, 119] are an order of magnitude
smaller than the minimum fluxes due to the interaction of
protons with the microwave background in (2.42).

2.5 Influence of neutrino oscillations on the propagation of
neutrinos in the universe
In all astrophysical sources inside which neutrinos are
produced in pg and pp interactions, their initial flavor
composition is

F 0�ne� : F 0�nm� : F 0�nt� � 1 : 2 : 0 : �2:45�
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In the three-flavor scenario of neutrino oscillations, the
relation between the electroweak neutrino states na �
ne; nm; nt and the mass eigenstates ni � n1; n2; n3

na �
X
i

Uai ni �2:46�

is expressed via the mixing matrix

Uai �
Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut1 Ut2 Ut3

0@ 1A ; �2:47�

which satisfies the unitarity condition
P

i jUaij2 � 1.
In the general case of mixing involving an arbitrary

number of massive (including sterile) neutrinos, the prob-
ability of vacuum oscillations [120]

P �na !nb� �
X
j

jUajj2jUbjj2

� 2
X
k>j

Re
�
Uaj U

�
bj U

�
ak Ubk

�
cos

Dm2
i j L

2En
�2:48�

in the limit as L!1 for sources at cosmological distances
L � 100ÿ1000 Mpc retains only the first term

P �na ! nb� �
X
j

jUajj2jUbjj2 : �2:49�

Within a broad range of energies 103 4En 4 1011 GeV and
squared mass differences 10ÿ10 4Dm2

n 4 1 eV2, the vacuum
oscillation length is

Losc � En

Dm2
n
5L ; �2:50�

and therefore neutrinos oscillate many times on the way
from the source to Earth. This is readily shown, e.g., by
considering neutrino fluxes produced in the AGN sources
Mkn421 and Mkn501, which are at distances of about
140 Mpc from Earth. If we set Dm2 � 10ÿ5 eV, then the
oscillation length Losc � 2:5� 10ÿ24 Mpc(En eV

ÿ1), and
hence even for neutrinos of the energy 1021 eV, the length
Losc � 2:5� 10ÿ4 Mpc. Thus, owing to oscillations arriving
at Earth, the flux F det � ÿF det�ne�;F det�nm�;F det�nt�

�
does

not coincide with the primary flux from the source
F 0 � ÿF 0�ne�;F 0�nm�;F 0�nt�

�
. The effects due to matter do

not affect the final result, as was shown in Ref. [121], where
the background of relic neutrinos was considered as the only
essential matter on the way of UHENs produced at a distant
astrophysical source.

The flavor composition of neutrino fluxes in a detector

F det�ne�
F det�nm�
F det�nt�

0B@
1CA � Pab

F 0�ne�
F 0�nm�
F 0�nt�

0B@
1CA �2:51�

is determined by probability matrix (2.49), which depends on
the elements of mixing matrix (2.47). In Ref. [39], it is shown
that in the case of a normal neutrino mass hierarchy
jDm2

21j < jDm2
32j < jDm2

31j (with Dm2
21 � Dm2

sun and Dm2
32 �

Dm2
atm), in accordance with the data of SuperKamiokande on

atmospheric neutrinos [122 ± 125], of the accelerator experi-
ment K2K [126], and of the reactor experiment CHOOZ

[127], the mixing matrix elements can be chosen such that

jUe3j2 5 1 and jUm3j � jUt3j : �2:52�

Substituting probability matrix (2.49) in (2.51) and taking
(2.52) into account, we obtain the following flavor composi-
tion of astrophysical neutrino fluxes in the detector:

F det�ne�
F det�nm�
F det�nt�

0B@
1CA � jUe1j2 jUe2j2 jUe3j2

jUm1j2 jUm2j2 jUm3j2
jUt1j2 jUt2j2 jUt3j2

0B@
1CA

�
jUe1j2 jUm1j2 jUt1j2
jUe2j2 jUm2j2 jUt2j2
jUe3j2 jUm3j2 jUt3j2

0B@
1CA 1

2
0

 !
F 0�ne�

�
jUe1j2 jUe2j2 jUe3j2
jUm1j2 jUm2j2 jUm3j2
jUt1j2 jUt2j2 jUt3j2

0B@
1CA

�
1
1
1

 !
F 0�ne� �

jUm1j2ÿ jUt1j2
jUm2j2ÿ jUt2j2
jUm3j2ÿ jUt3j2

0B@
1CAF0�ne�

264
375� 1

1
1

 !
F 0�ne�:

�2:53�

With the unitarity condition and the condition��jUm jj2 ÿ jUt jj2
��5 1 applied, the second term in the square

brackets vanishes. Neutrino oscillations alter the initial flavor
composition (2.45), and the ratios between the neutrino fluxes
reaching Earth are

F det�ne� : F det�nm� : F det�nt� � 1 : 1 : 1 : �2:54�

This relation is determined exclusively by conditions (2.52), is
independent of the neutrino energy, and holds for any form of
the parameterization of the three-flavor mixing matrix [40].

Recently, a series of publications has appeared in which
possible deviations from (2.54), presently known as the
standard relation, are discussed. Such deviations may be
caused by the mixing of active and sterile neutrino states
[128 ± 130], by massive neutrinos having magnetic moments
[131], by the heavier neutrinos ni decaying into a light stable
or sterile state nj [132 ± 135], or by CPT-symmetry breaking
[136 ± 139].

Aswas recently shown inRef. 140], the initial composition
of neutrino fluxes in the source at high energies may differ
from (2.45). By analogy with the energy dependence of the
flavor composition of atmospheric neutrinos, such an effect
may also occur for neutrino fluxes in astrophysical sources.
Because the lifetime of the pion is less than that of the muon,
at sufficiently high energies the probability of the pion
decaying before it loses a significant fraction of its energy in
interactions with the surrounding radiation exceeds the
probability of its m-decay. In other words, at high energies,
the relative contribution of m-decays may be suppressed, and
hence the flavor relation of neutrino fluxes in the source,
(2.45), is modified: F 0�ne� : F 0�nm� : F 0�nt� � 0 : 1 : 0. This,
in turn, also results in the ratios between the fluxes on the
earth differing from (2.54): Fdet�ne� : F det�nm� : F det�nt� �
0 : 1:8 : 1:8 [140].

The indicated diversity of admissible theoretical schemes
describing the distortion of neutrino fluxes may create
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difficulties in interpreting experimental results of measure-
ments of the flavor composition of astrophysical neutrinos in
future neutrino telescopes [139, 141].

3. Astrophysical sources of ultrahigh-energy
neutrinos: bottom-up scenarios

3.1 Theoretical limits for neutrino fluxes from
astrophysical sources
The sources of photons of energies up to several TeV have
been well studied by methods of gamma-astronomy. If there
exist sources in which proton acceleration occurs, then the
production of photons should be accompanied by the
production of neutrinos. At present, however, there exist no
experimental indications pointing to the existence of correla-
tions between pointlike sources of photons and neutrinos.

There do exist theoretical, model, bounds for neutrino
fluxes from astrophysical sources of any nature, in which
neutrinos originate in the decays of p� resulting from pp and
pg interactions. The best known bounds of astrophysical
neutrino fluxes are the Waxman ±Bahcall (WB) [142, 143]
and Mannheim ±Protheroe ±Rachen (MPR) [145 ± 147]
bounds.

TheWBbound is based on the observedUHECR flux and
on the assumption of a power-law spectrum of ultrahigh-
energy proton generation in the source, proportional to Eÿ2p .
Such a generation spectrum is consistent with the Fermi
mechanism of proton acceleration at the fronts of shock
waves. If the protons produced in astrophysical sources with
an energy Ep lose part of their energy in pion photoproduc-
tion before leaving the source, then the spectrum of neutrinos
from p�-decays must reflect the proton spectrum,
E 2
n dNn=dEn / E 2

p dNp=dEp. The fraction of the proton
energy transferred to the neutrinos in pg interactions is
energy-independent and amounts to En � 0:05� Ep [27].
Waxman and Bahcall, assuming proton sources to be
isotropically distributed in the observable universe and
transparent to protons, normalized the calculated proton
spectrum to the cosmic ray flux observed at energies
Ep � 1019ÿ1020 eV and obtained the upper bound for the
neutrino flux [142, 143] (see Fig. 5)

E 2
nFn�En�4E 2

nF
WB
n �En�

� 1:5� 101�1� z�m eV cmÿ2 sÿ1 srÿ1 : �3:1�

An extended WB bound was recently proposed in
Ref. [144]. It was obtained under the assumption that the
extragalactic CR component starts to dominate at energies
Ep � 1017:6 GeV.Moreover, the integral power-law spectrum
changes with energy and the exponent of the spectrum a 6� 2.
In Fig. 5, the extended WB bound for neutrino fluxes from
sources transparent to protons is shown with tilted lines,
normalized to the CR flux observed in the AGASA and
HiRes experiments.

The MPR limit was obtained under the assumption that
the extragalactic proton fluxes are due to all the sources with
generation spectrum (2.40) and that a � 1. The maximum
proton energies in such sources were varied within broad
limits: Emax � 1015 ± 3� 1022 eV. The proton emission spec-
tra / Eÿ1p and their exponential cutoff, together with the
varying energies Emax; were required by the authors of
Refs [145 ± 147] in order to reproduce the effect of super-
position of neutrino spectra from different sources. Such hard

emission spectra allow normalizing neutrino fluxes in
accordance with the experimental upper bound for the
extragalactic CR proton component

Np�Ep� � 0:8

�
Ep

1 GeV

�ÿ2:75
cmÿ2 sÿ1 srÿ1 GeVÿ1 ;

3� 1015 < Ep < 1021 eV : �3:2�

In the MPR approach, the sources generating protons with
energies Emax 5 1020 eV make a small contribution to the
observed UHECR flux owing to the GZK cutoff of the
spectrum. On the other hand, neutrino fluxes from such
sources may be very significant and by two orders of
magnitude greater than the WB limit (see Fig. 5):

E 2
nFn�En�4E 2

nF
MPR
n �En � 1021 eV�

� 103 eV cmÿ2 sÿ1 srÿ1 : �3:3�
It is shown in Refs [107, 117] that for any astrophysical

source where g-quanta and neutrinos are the decay products
of pions produced in photoproduction reactions, the resulting
neutrino fluxes may exceed not only the WB bound but also
theMPRbound. This is true for sources with emission spectra
that are harder than / Eÿ1:5p found at large redshifts (z5 2)
with a strong evolution dependence (m5 3), in which protons
are accelerated to maximum energies Emax 5 1022 eV. At first
sight, the probability for sources with such parameters to exist
seems small: objects with an emission spectrum exhibiting
such a gentle slope have not been observed yet, while the
physical principles of proton acceleration up to such energies
are not known. On the other hand, to explain the UHECR
spectra by protons from extragalactic sources, even harder
initial conditions are needed.

3.2 Gamma-ray bursts
Gamma-ray bursts (GRBs) are sources in the universe that
generate powerful bursts of photons from fractions of a
second to several hundred seconds long. The nature of GRBs
has become better understood as a result of studies performed
during the past decade within a series of experiments on
satellites (BATSE, BeppoSAX, Hubble, HETE, Conus,
Integral) and at ground-based observatories. Apparently,
GRBs result from the collapses of supernovae, as a conse-
quence of which compact sources are formed with character-
istic dimensions r0 � 107 cm and colossal luminosities
LGRB � 1052 egr sÿ1. Such events are accompanied by after-
glows in the radio, optical, andX-ray ranges [148]. The energy
spectra of different GRBs differ from each other. In the main,
the spectrum has amaximum in the region 0.1 ± 1MeV, which
in many cases extends up to GeV energies [25, 149]. Recently,
the Milagro collaboration presented the results of observa-
tions of g-quanta of energies 100 GeV ± 21 TeV [150] arriving
from directions pointing to certain GRBs.

TheGRBbehavior is described by variousmodels, such as
the model of a relativistic fireball Ð a mixture of protons,
neutrons, and e� and g-quanta in a magnetic field, which
expands in volume and is characterized by Lorentz factors
GGRB � 102ÿ103 [151, 152]. The acceleration of particles up
to ultrahigh energies occurs in shock waves propagating
within either the internal [151] or the external [152] regions
of a fireball. The electrons that are accelerated in the case of
relativistic expansion of the internal regions of the fireball
produce an observable photon flux, owing to synchrotron or
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inverse Compton radiation. In the region where the kinetic
energy of the expanding fireball is diffused, shock accelera-
tion of protons is also expected up to energies Ep � 1020 eV
[151, 152].

A natural consequence of the acceleration of protons up
to high energies is their photomeson reactions with the
participation of g-quanta inside the expanding fireball.
These interactions result in the production of charged pions,
whose decays are accompanied by the emission of neutrinos
of energies En > 1014 eV [153]. This energy is determined
from the relation between the energy Eg and the energy of the
accelerated proton Ep at the D-resonance production thresh-
old (in the laboratory system)

EgEp � 0:2 GeV2 � G 2
GRB : �3:4�

For the g-quanta observed with characteristic energies
Eg � 1MeV at the values GGRB � 102, the proton energy
required for pion production is Ep > 1016 eV. Since the
neutrinos produced in pion decays carry away � 5% of the
proton energy, their expected energy EGRB

n > 1014 eV [142,
143, 153].

The neutrino flux from GRBs can be estimated assuming
the CRs observed with energies exceeding 1019 eV to be
composed of protons from cosmologically distributed
sources exhibiting a spectrum typical of the Fermi accelera-
tion mechanism, dNCR=dECR / Eÿ2CR [154]. Calculations
[155] reveal that even higher exponents of the spectrum
inclination are admissible without contradicting the observa-
ble data from AGASA and HiRes. In any case, the neutrino
spectrum dN=dEn / Eÿa must reflect the behavior of the
proton spectrum, while the luminosities of the neutrino and
g-fluxes produced in photonuclear reactions must satisfy the
relation Ln : Lg � 1 : 3 [156]. Then, the maximum neutrino
flux from GRBs can be estimated as [142, 157]

E 2
nF

GRB
nm � 101

fp
0:2

eV cmÿ2 sÿ1 srÿ1 ; �3:5�

where fp � 0:1 is the proton energy fraction transferred to the
pion produced and FGRB

nm � FGRB
ne . This neutrino spectrum

extends from EGRB
n � 1014 eV to energies EGRB

n � 1016 eV.
Further, the spectrum rapidly decreases owing to significant
pion energy losses.

Neutrinos of large energies (so-called `halo' neutrinos) are
produced at the early stages of the expanding fireball
interaction with the surrounding gas. They are emitted
� 10 s after the main burst during a similar time interval.
The source of such a neutrino `afterglow' is due to return
shock waves propagating inside the fireball [158, 159].
The electrons accelerated within the return shock waves
emit g-quanta of the visible and ultraviolet ranges (10 eV ±
1 keV). Protons may be accelerated in such shock waves up
to Ep � 1021 eV. Interactions between low-energy photons
and ultrahigh-energy protons produce `halo' neutrinos with
energies E

GRB�afterglow
n � 1017ÿ1019 eV. If the fireball

expands into a medium of density � 104 cmÿ3, as in the case
of a collapsing massive star, then the `halo' neutrino flux is
given by [157]

E 2
nF

GRB�afterglow
nm

� 101 min

�
1;

En

1017 eV

�
eV cmÿ2 sÿ1 srÿ1 : �3:6�

Because no protons with energies Ep 4 1020 eV are
expected to be produced in the GRB scenario, the neutrino
fluxes with energies En > 1019 eV must also be strongly
suppressed.

Besides the neutrino `halo' following aGRburst, neutrino
fluxes preceding all the g and n from the main burst may be
observed. Depending on the source of GRB production, these
neutrino precursors of a burst exhibit varying energetics. Two
main models of GRB production are being considered: the
Collapsar [160, 161] and Supranova [162] models.

The Collapsar model assumes the progenitor of a GRB to
be the prompt collapse of a massive star to a black hole. The
collapse results in the formation of relativistic jets, which
either penetrate the star's shell or, in the case of very slow-
rotating stars, go out, heating the star plasma up to keV
temperatures. In both cases, protons in jets may be acceler-
ated up to energies 5 1014 eV, and their interactions with
photons in the cavities of the jets lead to the production of
neutrinos with energies En 5 5� 1012 eV [163].

In the Supranova model [162], GRB production is a result
of the explosion of a supernova with the subsequent
origination of a neutron star (pulsar) of the mass � 2:5 ±
3Msun. In a time from several days up to months, the neutron
star loses energy, emitting the so-called pulsar wind. Even-
tually, the neutron star collapses to a black hole, resulting in
the observation of a GRB. In this scenario, neutrinos are
emitted during the entire period, from the supernova
explosion to the GRB [164]. Neutrinos are produced in either
pp or pg interactions, when the supernova remnant shell
being ejected represents, respectively, either a proton or a
photon target for relativistic protons of the pulsar wind. In
the first case, the neutrinos have energies En 5 1013 eV and in
the second case, En 5 1016 eV [165 ± 167].

Neutrino fluxes from GRBs are presented in Fig. 6. Such
fluxes can be registered by new-generation neutrino tele-
scopes and by CR detectors [168 ± 172].

3.3 Active galactic nuclei
Active galactic nuclei (AGN) are powerful sources of
radiation in the universe, being sustained by the gravitational
energy of mutter falling into a black hole. Although the AGN
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Figure 6. Neutrino fluxes from GRBs. The dotted lines correspond to a

`burst,' i.e., to the neutrino flux from the main burst and to the neutrino

`halo' [165]. Shown also are the neutrino flux in the Supranova model and

the WB bound.
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luminosity is less than that of a GRB, LAGN � 1045 ±
1049 erg sÿ1, they shine for a much longer period of time
involving regular bursts several days long [24, 173]. Such an
energetics requires the existence of a black hole with an
enormous mass (MBH � 109 Msun). That they are observed
to be at shorter distances than GRBs is only related to
their lower luminosity in the gamma range. In recent years,
about 70 AGNs have been registered in the satellite
experiments EGRET [173], BeppoSAX [175], Whipple/
Veritas [176, 177], and HESS [178]. Among AGNs, there
is a certain class of objects called blazar, sources emitting
g-quanta in the form of collimated jets. Photons of TeV
energies have been observed from the blazars Markarian
421, H 1426+428, 1 ES 2344+514, and 1 ES 1959+650.
Photons with energies above 20 TeV were registered from
the source Markarian 501.

Two main AGN models are considered in which signifi-
cant ultrahigh-energy neutrino fluxes are predicted: the
`hidden-core' and `jet' models, describing blazars.

In the hidden-core model [179, 180], protons are
accelerated up to ultrahigh energies within the internal
AGN regions and cannot leave the source owing to the
very large thickness for pg and pp interactions. Such a thick
and opaque source with a hypothetical accelerator in the
form of a black hole serves as a natural neutrino factory
with quite a high luminosity. This is the model of a purely
neutrino source, in which the observed high-energy CR and
g-quantum fluxes impose no restrictions on the neutrino
fluxes. Therefore, the WB bound cannot be applied in the
case of the hidden-core model, and the neutrino fluxes
FAGN�core

n / Eÿ2n , calculated in Refs [179, 180] and shown
in Fig. 7, exceed it by more than two orders of magnitude. It
must be noted that these calculations were recently
corrected [181] such that the neutrino flux expected in the
hidden-core model should be 20 times smaller than the
fluxes calculated in Refs [179, 180].

Most AGN jet models [156, 182 ± 184] are based on the
assumption that the spectrum of g-quanta observed in the
TeV energy region is related to the decays of the p0 produced
in interactions of protons accelerated within jets, with the gas
and radiation surrounding the black hole. In these models,
the neutrino emission spectrum dNn=dEn / Eÿ1n is predicted
to extend up to energies Emax

n � 0:05Emax
p . In the case of such

emission spectra, the calculated neutrino fluxes (Fig. 7) may

significantly exceed the WB bound:

E 2
nF

AGN
n �En�4 �1ÿ 4� � 103 eV cmÿ2 sÿ1 srÿ1 : �3:7�

The blazar model, in which the origin of TeV g-quanta is
explained by the synchrotron radiation of accelerated protons
[185], served as a development of the hadron scenarios. The
synchrotron energy losses of protons lead to the g-flux
significantly exceeding the neutrino flux. Therefore, here,
unlike in the jet models discussed above, the neutrino flux is
smaller by two orders of magnitude and satisfies the WB
bound (see Fig. 7).

3.4 Other astrophysical sources of neutrinos
Having dealt with ultrahigh-energy neutrino fluxes from
GRBs and AGNs, we must note that a number of sources
capable of generating neutrinos with energies 1 ± 10 TeV exist
in the universe. The following are considered to be such
sources [186].

Supernova explosions. These are collapse processes of a
massive star. A collapse should result in the observation, over
approximately an hour, of a large flux of neutrinos of TeV
energies [187], which appears 10 hours after the ejection of
10 MeV neutrinos due to the cooling of the neutron star. In
the model of a supernova containing an energetic pulsar, the
maximum flux is

dN supernova explosion
n

dEn
� 103

�
En

1 GeV

�ÿ3:6
GeVÿ1 mÿ2 sÿ1 :

�3:8�

Supernova remnants. Of the supernova remnants, the best
studied objects are Crab [188, 189], Cassiopeia A [190],
RXJ1713.7-3946 [191], and SN1987 A [192]. g-quanta from
these sources have been observed with energies up to
dozens of TeVs. If the origin of the g-quanta is connectedwith
p0-decays, then the charged pions produced together with
them in photonuclear interactions must decay, resulting in a
flux of neutrinos with energies En � 10 TeV [193],

dN supernova remnant
n

dEn
� 10ÿ4

�
En

1GeV

�ÿ2
GeVÿ1 mÿ2 sÿ1:�3:9�

Strongly magnetized neutron stars (magnetars). In the
magnetospheres of such stars, protons are accelerated and
interact with thermal photons via D-resonance production.
This leads to neutrino fluxes with energies En � 1ÿ2 TeV,
which for sources such as SGR 1900+14 and 1E1048-5937
are estimated [194] to be

dNmagnetar
n

dEn
� 100

�
En

1 TeV

�ÿ1
TeVÿ1 cmÿ2 sÿ1 : �3:10�

Double-star systems. These consist of a magnetized
neutron star rotating about a massive star and can be sources
of neutrinos of energies 300GeV 4En 4 1 TeV. Their flux is
estimated on the basis of the observed flux of g-quanta from
the well-studied double system A0535+26 [195] and is given
by

dN double system
n

dEn
�10ÿ3

�
En

1 GeV

�ÿ2:35
GeVÿ1 mÿ2 sÿ1:�3:11�

Microquasars. These are objects associated with the class
of double systems including a neutron star and a black hole.
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Figure 7. Neutrino fluxes in AGN scenarios: hidden-core Ð SDSS [179];

for jet models of sources of the blazar type Ð P [184], HZ [156], M [183],

MP [185]. The WB bound is shown for comparison.
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They are sources of jets within which protons are accelerated
and interact with synchrotron g-quanta. During the active
stage of a microquasar, (several-hour long) photomeson
reactions result in neutrino fluxes with energies 1 ± 100 TeV,
estimated for systems such as CygnusX3, GX339-4, SS433
[196, 197] to be

dNmicroquasar
n

dEn
� 10ÿ3

�
En

1 Gev

�ÿ2
GeVÿ1 mÿ2 sÿ1:

�3:12�

Spiral galaxies. As a result of hadron processes, spiral
galaxies can emit high-energy g-quanta and neutrinos. The
registered flux of g-quanta with TeV energies, arriving from a
region of a radius above 10 kpc in the direction of the spiral
galaxy NGC253 [198], permits estimating the neutrino flux as
[199]

dN starburst
n

dEn
�10ÿ12

�
En

1 TeV

�ÿ1:85
TeVÿ1 smÿ2 sÿ1: �3:13�

All the presented estimates of neutrino fluxes are based
either on recalculation of g-quantum fluxes of TeV energies
observed arriving from astrophysical sources such as super-
nova remnants or on model scenarios of proton acceleration
in the vicinity of compact objects such as neutron stars. The
latter scenarios result in quite a significant arbitrariness in the
estimates of neutrino fluxes, related to the uncertainty in the
fraction of energy carried away by relativistic hadrons from
the concrete source.

4. Top-down decay scenario for the production
of cosmological neutrinos

4.1 Production and decays of superheavy X-particles
The decays of superheavy X-particles serve as an alternative
to the acceleration scenario for UHECR and UHEN
production. The X-particles may be heavy gauge bosons,
Higgs bosons, or superheavy fermions. With masses of the
order of the scale of the Grand Unification Theory (GUT),
undoubtedly exceeding 1021 eV, such particles should decay
into leptons and quarks. Quark hadronization must then
result in hadron jets that become UHECR and UHEN
sources. X-particles are not connected with any astrophysi-
cal objects. They can decay at distances 4 50 Mpc from
Earth, for example, within the halo of our galaxy. Therefore,
the CR spectrum GZK-cutoff problem does not exist in the
top-down scenario. Nucleons, g-quanta, and neutrinos
produced in X-particle decays can retain a significant part of
their energy up to the moment when they are registered in a
detector.

One of the possibilities forX-particle production is related
to their continuous radiation due to specific physical
processes such as collapse or annihilation with respect to
relatively stable topological defects (TDs). TD formation
could have occurred in the early universe during cosmologi-
cal phase transitions associated with spontaneous symmetry
breaking on the GUT scale. Several types of such relic
phenomena are considered.

Cosmic strings can liberate part of their energy in the form
of X-particles as the result of a collapse occurring when two
separated string segments approach each other at a distance
of the order of the string width [28].

Superconducting cosmic strings moving in extragalactic
magnetic fields initiate electric currents that achieve a critical
value, resulting in the production of an X-particle [29, 200].

Vortons represent a variety of superconducting string
loops that can gradually lose their energy owing to sub-
barrier quantum transitions, by emitting X-particles [33,
201, 202].

Magnetic monopoles can exist in the form of bound
metastable monopole ± antimonopole states, whose annihila-
tion produces X-particles [30].

Hybrid topological defects represent states of monopoles
connected by strings. Falling into this category are phenom-
ena such asmonopole ± antimonopole pairsM±M connected
by strings [31], or cosmic loops (necklaces) Ð chains of
monopoles connected by two strings attached to each
monopole [32]. Annihilation of M±M pairs and loops may
produce X-particles.

Mirror topological defects may be the source of mirror
X-particles, whose decay products are invisible in the
ordinary world. The only exception are mirror neutrinos,
which may become observable as a result of oscillations into
usual neutrinos [203]. The averaged X-particle emission rate
(the number of particles per unit volume and per unit time)
depends only on their mass mX and cosmological time t:

dNX

dt
� km

p
Xt
ÿ4�p ; �4:1�

where k and p are dimensionless constants whose values
depend on the sort of superheavy particle [38]. If the
UHECR flux observed by AGASA [8, 9] and HiRes [11, 12]
is assumed to be caused by nucleons from high-energy jets
produced in X-particle decays, then for the above to be true
the necessary value is dNX=dt � �1:5ÿ2:5� � 10ÿ37 mÿ1 sÿ1.

Another possibility could be that superheavy quasistable
X-particles are relic remnants of the Big Bang epoch, and
have still not decayed. Such particles could have been
produced in the early universe via gravity from vacuum
fluctuations during the inflation stage of expansion [36, 37].
At present, X-particles may compose a significant part of the
cold dark matter of the universe [204 ± 206, 214]. X-particle
masses may be of the order of the mass of the inflanton Ð a
special scalar field of the inflation theory [36, 37]:

mX 5mf � 1022 eV : �4:2�

In this scenario, the existence of an unknown symmetry and
of a mechanism for its dynamic breaking are necessary to
ensure the very long lifetime of X-particles:

tX � 1010ÿ1022 years; �4:3�

at least comparable to the age of the universe. As candidates
for superheavy X-particles,e.g., WIMPZILLA [207] and
SIMPZILLA [208] are considered.

4.2 Neutrino fluxes from X-particle decays
Calculation of neutrino spectra in the top-down scenario is
based on quark hadronization processes described by
quantum chromodynamics (QCD). The decays of X-parti-
cles of any kind result in quark and lepton production. In
quark hadronization, hadron jets originate together with
unstable leptons. Pion decays produce fluxes of high-energy
photons, light leptons, and neutrinos. A small admixture of
protons and neutrons is also present. The complete function
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of fragmentation into a hadron jet, initiated by a quark, is
described in QCD by the expression [29, 90, 209]

dNh�x�
dx

� 15

16
xÿ3=2�1ÿ x�2 : �4:4�

If x � 2E=mX 5 1, then expression (4.4) is well approximated
by the power law

dNh�E �
dx

/ Eÿ1:5 : �4:5�

If an X-particle is assumed to decay into Nq quarks and
N1 leptons and the energy mX to be uniformly distributed
among them, then the nucleon spectrum from the decay of
anX-particle of any nature can be described by the expression
[90, 209]

FN�Ei; ti� � dNX�ti�
dt

Nq fN
Nq �Nl

mX

dNh

dx
; �4:6�

where Ei is the energy of the emitted hadron, fN is the fraction
of energy attributed to nucleons in the hadron jet, and
x � �Nq �Nl�Ei=mX.

The spectrum of g-quanta from neutral pion decays
p0 ! 2g in the jet has the form [90]

Fg�Ei; ti� � 2

�mX=�Nq�Nl�

Ei

Fp0�E; ti�
dE

E
; �4:7�

where

Fp0�E; ti� �
1

3

1ÿ fN
fN

FN�E; ti�

represents the spectrum of neutral pions in the jet.
Finally, the neutrino spectrum from charged pion decays

p� ! m�nm��nm� in the jet is given by [38, 90]

F p!mn
nm��nm �Ei; ti� � 2:34

� mX=�Nq�Nl�

2:34Ei

Fp��pÿ�E; ti� dE

E
; �4:8�

where Fp��pÿ � 2Fp0 . With the neutrinos from muon decays
taken into account, the final muon neutrino spectrum from
X-particle decays is twice (4.8):

Fnm��nm�Ei; ti� � 2F p!mn
nm��nm �Ei; ti� ; �4:9�

while the electron neutrino spectrum is the same as in (4.8).
Two independent methods are used in calculations of

neutrino fluxes resulting from X-particle decays producing
quarks and leptons. In the first, the hadron fragmentation
functions are determined by the Monte Carlo method with
the use of the QCD event generator JETSET and
HERWIG [210]. The second method is based on an
analytic approach involving an approximation in which
the total fragmentation function into hadrons, dNh=dx, is
proportional to the parton (quark and gluon) spectra in the
parton cascade initiated by a quark [90]. The parton
distributions are deduced from the solutions of the
Dokshitzer ±Gribov ±Lipatov ±Altarelli ± Parisi (DGLAP)
evolution equations of perturbative QCD [211 ± 213].
Supersymmetry effects are also taken into account [216,
217]. In calculations based on accelerator data from LEP

and HERA, the fraction of the jet energy transferred to
hadrons is assumed to be between 3 and 10%, while the
remaining energy is transferred to p0, p�, pÿ in equal parts
[217]. Therefore, in a hadron jet produced by a quark,
pions are predominant, and hence

Fp0

FN
� 1

3

1ÿ fN
fN

� 10 ;
Fp�pÿ

FN
� 20

for the value fN � 0:03. Thus, in top-down scenarios, a small
part of the energy is liberated in the form of photons and
neutrinos. Because neutrino spectrum (4.8) is determined by
the fragmentation function into a hadron jet, dNh=dx in (4.4),
it also exhibits a power-law form like (4.5):

Fnm��nm�Ei; ti� / Eÿ1:5 : �4:10�

In Ref. [218], the results of hadron spectrum calculations
for decays of X-particles of masses MX > 1021 eV are
compared using the Monte Carlo method [210] and the
DGLAP equations [90, 214 ± 217]. The main conclusion of
the work is that the hadron spectra thus calculated are in good
agreement with each other. Consequently, the g-quantum and
neutrino spectra obtained on their basis exhibit quite a
universal form, independent of the specific TD production
processes, as well as the emission and decay of X-particles.

Neutrino fluxes calculated within the top-down decay
scenario of X-particles of different masses are presented in
Fig. 8. The fluxes have a common tendency of increasing with
the X-particle mass and at MX � 2� 1021 ± 2� 1025 eV
amount to [90, 107, 117, 214 ± 217]

E 2
nF

top�down
n �En�4 �1ÿ 5��102 eV cmÿ2 sÿ1 srÿ1: �4:11�

Neutrino fluxes produced in the decays of mirror
X-particles were estimated in Ref. [203]. Such a scenario
assumes the chain of decays Xmirror ! p�mirror ! nmirror. The
produced mirror neutrinos nmirror, while covering cosmologi-
cal distances, oscillate into ordinary neutrinos: nmirror ! ni.
The resulting neutrino flux in the mirror top-down scenario
maybe very large. For example, forMX � 1025 eV, oscillation
probabilities Posc � 1=2, and energies En � 1020 eV, this flux
may exceed the value in (4.11) by nearly two orders of
magnitude:

E 2
nF

top�down �mirror�
n � 104 eV cmÿ2 sÿ1 srÿ1: �4:12�
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Figure 8.Neutrino fluxes in the top-down decay scenario of X-particles of

different masses [215].
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5. Background of atmospheric neutrinos
at high energies

In experiments devoted to the observation of neutrinos of
astrophysical origin, the main source of the background is
high-energy atmospheric neutrino fluxes. Primary CR
(mostly protons) interact in the upper layers of the earth's
atmosphere, giving rise to cascades of elementary particles, a
significant part of which consists of pions [219]. The decay
chains of charged pions (2.37) determine the ratio of muon to
electron neutrino fluxes:

F atm�nm � �nm�
F atm�ne � �ne� � 2 : 1 : �5:1�

For a more precise estimation of neutrino fluxes of
atmospheric origin, kaon decay channels (the main mode is
K� ! m� � �nm), charmed particle decays (of D-, �D-mesons
and of LC-baryons) containing nm, �nm, ne, and �ne and the
energy dependence of neutrino fluxes must be taken into
account. As energy increases, a larger and larger part of
muons reaches the earth's surface without undergoing
interaction, thus enhancing ratio (5.1). The calculated value
of this ratio is model dependent, because it contains the
uncertainties in the primary CR fluxes and in processes of
hadron production in the upper atmosphere. The absolute nm
and ne fluxes are known with the uncertainty 20 ± 25% [220,
221]. The calculated value of the ratio between neutrino
fluxes, Eqn (5.1), is � 2 for energies below 2 GeV [222], and
reaches 8 for energies En � 100 GeV [223].

At energies around 100 TeV, the pion and kaon decay
lengths become so large that these particles start interacting
with nuclei in the atmosphere before having time to decay.
This effect leads to a rapidly decreasing energy spectrum of
the atmospheric neutrinos [219, 223]:

F atm
n / Eÿ2:7n : �5:2�

At energies above 100 TeV, the decays of charmed
hadrons (D0-, D�-, Ds-mesons and LC-baryons) as well as
B-particles start to contribute to the atmospheric neutrino
fluxes significantly. The muons and neutrinos originating in
such decays have been termed `prompt.' All charmed and B-
hadrons are short-lived with characteristic lifetimes
� 10ÿ12 s, and up to energies of 1017 eV, they do not manage
to interact before they decay. Thus, the spectrum of prompt
neutrinos extends up to energies of 1017 eV.

Estimation of atmospheric neutrino fluxes at ultrahigh
energies is performed on the basis of computed charmed and
B-particle production cross sections, fragmentation functions
of c- and b-quarks, and the fraction of decays proceeding via
neutrino modes [224-231]. Figure 9 presents prompt ne and nm
fluxes calculated in Ref. [231]. It can be seen from the figure
that the contributions of ne and nm fluxes produced in the
decays of charmed particles are comparable to the contribu-
tions of neutrinos from pion and kaon decays at energies
En � 3� 1014 eV, while at higher energies, they become
definitive. The main source of atmospheric nt are lepton
decays of Ds-mesons, Ds ! tnt, with the subsequent decay
t! ntX. The nt fluxes extend up to 1017 eV Ð the limit
energy above which the decay lengths of the relativistic
Ds-meson and t-lepton are greater than the vertical distance
from the production point in the upper atmosphere to the
earth's surface [229]. In Refs [228, 229], the nt flux from
decays of the b�b-quark system was also shown to provide an
additional contribution to the total neutrino flux, amounting

to about 30% of the flux due to decays of the charmed c�c-
quark system.

Astrophysical neutrino sources can be revealed only if
the observed number of neutrino events significantly
exceeds the computed amount of fast neutrinos. This
condition must be satisfied within a broad range of
energies. At En � 1016 eV, the expected neutrino fluxes
from GRBs and AGNs (see Figs 6 and 7) exceed the
prompt neutrino flux by 2 and 4 orders of magnitude,
respectively. For higher energies, where neutrino fluxes are
the ones expected in top-down scenarios, the background of
prompt neutrinos becomes negligible.

6. Deep-inelastic neutrino ± nucleus interactions
in the Standard Model at ultrahigh energies

To estimate the expected number of astrophysical neutrino
interaction events to be registered by one detector or another,
it is necessary to know, besides the neutrino spectra of various
sources, the neutrino interaction cross sections with matter at
different energies. The maximum neutrino energies for which
neutrino ± nucleus cross sections have been measured, were
achieved in the NuTeV experiment at the FNAL accelerator
and did not exceed � 400 GeV [43]. To determine the cross
sections at higher energies, it is necessary to use calculations
that involve various model assumptions and are consistent
with Lorentz invariance, gauge invariance, and s-wave
unitarity. First, we deal with the traditional computational
schemes, based on the SM framework.

Neutrinos interact with the matter nucleons in charged
current (CC) reactions

nl��nl� �N! l��l�� �X �6:1�
and neutral current (NC) reactions

nl��nl� �N! nl��nl� �X ; �6:2�

where l � e; m; t and X represents all the hadrons produced as
a result of the interaction.
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Figure 9. Fluxes of atmospheric `prompt' ne and nm neutrinos from
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solid curves, which corresponds to uncertainties in the PDF behavior at
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The energy dependence of nN-interaction cross sections is
different in different energy regions. At small energies
En 5M 2

W=2MN (where MW and MN are the W-boson and
nucleon masses), the total cross section increases proportion-
ally to the neutrino energy: snN / En. The linear growth of the
cross section is determined by the propagator of theW-boson
and the parton distribution functions being nearly indepen-
dent of Q at small Q2 values. At energies En � 104 GeV, the
exchange of a W-boson in interactions (6.1) leads to the
growth of the cross section slowing down. In the high-energy
region En > 106 GeV, the total cross section once again starts
growing more rapidly. This is caused by enhancement of the
PDF, due to the additional contributions from quarks with
x5 1.

Deep-inelastic interaction processes of neutrinos with
nuclei are traditionally described by the quark ± parton
model (QPM). Within the QPM framework, the differential
inclusive neutrino interaction cross section with an isoscalar
target can be expressed via the Bjorken scaling variables
x � Q2=2MNn and y � n=En and the nucleon structure
functions Fi as [232]

d2snN; �nN
dx dy

� GFMNEn

p

�
M 2

i

Q2 �M 2
i

�2

�
�
1� �1ÿ y�2

2
F n
2 �x;Q2� ÿ y2

2
F n
L�x;Q2�

� y

�
1ÿ y

2

�
xF n

3 �x;Q2�
�
; �6:3�

where Q2 is the squared momentum transferred from the
incident neutrino to the secondary lepton, En is the neutrino
energy in the laboratory reference system, n � En ÿ El,MN is
the nucleon mass, and Mi represents the mass MW or MZ of
the W- or Z-boson, respectively, depending on the cross
section of which reaction is being computed (CC or NC).
The structure functions Fi are dimensionless and depend on
two variables: the dimensionless ratio x and the quantity Q2,
which exhibits dimensionality.

The procedure for calculating the cross sections snN�En�
starts with parameterization of the parton distribution
functions. For this, data are used from experiments at the
HERA and FNAL accelerators, obtained for maximum Q2

0

values and minimum x values. Most calculations of cross
sections in the high-energy region have been performed based
on PDFs with Martin ±Roberts ± Stirling [233 ± 237] and
GluÈ ck ±Reya ±Vogt [48, 49] parameterizations, and that of
the CTEQ group [238 ± 243].

Then, applying one PDF parameterization or another
with known Q2

0 for extrapolation to large Q2 values (not
achievable in experiments), one proceeds to solve the set of
integral DGLAP evolution equations of perturbative QCD
[211 ± 213]

Q2 dq�x;Q2�
dQ2

� aS�Q2�
2p

�1
x

dy

y

�
Pqq

�
x

y

�
q�y;Q2� � PqG

�
x

y

�
G� y;Q2�

�
;

Q2 dG�x;Q2�
dQ2

� aS�Q2�
2p

�1
x

dy

y

�
PGq

�
x

y

�
q�y;Q2� � PGG

�
x

y

�
G� y;Q2�

�
;

�6:4�

where q�x;Q2� and G�x;Q2� are the quark and gluon
distributions and Pqq, PqG, PGq, and PGG are the so-called
splitting functions describing the probabilities of the respec-
tive processes.

In Refs [50, 51], calculations of neutrino ± nucleus cross
sections at energies En � 109ÿ1021 eV were based on the
CTEQ3 [238] and CTEQ4 [239] parton distributions and on
the DGLAP equations. In the region of energies 1016 4
En 4 1021 eV, the cross sections obtained in Ref. [51] are
approximated with a 10% precision by the expression

s j
i �En� � Kj

i � 10ÿ36 cm2

�
En

1 GeV

�0:363

; �6:5�

where i�nN, �nN; j � tot, CC, NC, with K tot
nN�7:84, KCC

nN
� 5:53,KNC

nN �2:31,K tot
�nN�7:80,KCC

�nN �5:52, andKNC
�nN � 2:29.

Solution of the DGLAP equations implies summation
over powers of ln�Q2=Q2

0�. However, besides the Q2-depen-
dence, an important new feature of neutrino cross section
calculations at ultrahigh energies consists in contributions to
PDFs from small values of

x � Q2

ysnN
� 2� 10ÿ4

�
Q2

M 2
W

��
0:2

y

��
1017 eV

En

�
: �6:6�

If at neutrino energies En � 1015 eV the structure functions
are sensitive to values of x � 10ÿ2, then at neutrino energies
En � 1019ÿ1021 eV, they are sensitive to values of
x4 10ÿ6ÿ10ÿ8. Thus, in calculations of cross sections in
the energy region En � 1019ÿ1021 eV, there arise theoretical
uncertainties related to the low-energy Q2-parameterization
and to the necessity of extrapolating parton distributions to
large values of Q2 �M 2

W, on the one hand, and to small x
values, on the other.

A method for calculating nN cross sections based on the
simultaneous solution of DGLAP equations and Balitsky ±
Fadin ±Kuraev ±Lipatov (BFKL) equations [244, 245] was
proposed in Refs [52 ± 54]. Such a unified approach permits
taking important contributions proportional to ln�1=x� into
account in addition to contributions proportional to
ln�Q2=Q2

0�. In this case, the cross sections are extrapolated to
the region x4 10ÿ5, which cannot be achieved even in record
measurements carried out at the HERA collider [44 ± 46].

Table 1 presents the results of the neutrino cross section
calculations in Refs [51, 53]. It can be seen that at ultrahigh
energies, the cross sections sCCnN and sCC�nN calculated in these
works practically coincide, while the difference between the
cross sections sNC

nN and sNC
�nN is not above 30%. The cross

sections presented are the same for the interactions of
neutrinos of all flavors. The differences of ntN from neN
and nmN cross sections are revealed only at quite low energies
and are discussed in Ref. [246]. To describe the ntN cross
sections, two additional structure functions F4 and F5 are
introduced, which are neglected in calculations of the neN and
nmN interactions because of a suppression factor depending
on the square charged lepton mass,m2

l =MNEn. The difference
in the cross sections decreases as the energy increases and it is
already less than 5% at En � 103 GeV. This is demonstrated
in Fig. 10.

It is well known that enhancement of the inelastic cross
section is restricted by unitarity, which in accordance with the
optical theorem relates the total nN cross section and the
imaginary part of the elastic amplitude of the forward nN
scattering [247]. In the language of the parton model,
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saturation of the cross section sets in owing to gluon
recombination gg! g. In the case of large gluon densities,
the contributions from these processes plays a screening role
and restrict the growth of the nN cross section in accordance
with the unitarity bound [248]. The contributions of gluon
recombination can be described by nonlinear terms arising in
the Balitsky ±Kovchegov (BK) equations [249, 250]. As
shown in Refs [251, 252], solutions of the BK equations
exhibit properties of geometric scaling on the characteristic
scale of saturation Q2

s �x� / x0:3. This is similar to the
behavior of the dipole cross section in the saturation model
[253, 254]

sdip�r; x� � s0

�
1ÿ exp

�
ÿ r2Q2

s �x�
4

��
; �6:7�

which describes the interaction of a quark ± antiquark pair (a
color dipole of dimension r) with a nucleon. Saturation in this
model is a manifestation of the dipole scattering amplitudes
A�r; x� � �1ÿ exp�ÿr2Q2

s �x�=4�� achieving the unitary limit
A = 1 for dipole dimensions r0 > 1=Qs�x� [255]. Cross
section (6.7) saturates to the value s0, and hence
s�r; x�=s0 ! 1, and ceases to depend on either r or x. On the
other hand, when r0 < 1=Qs�x�, cross section (6.7) is small
and s�r; x�=s0 // r2Q2

s �x�=4. For a more precise description
of the dipole cross section in the region of small dipole
dimensions corresponding to large Q2 values, the DGLAP
equations [256] were introduced into the saturation model
[253, 254].

Calculations of nN cross sections at ultrahigh energies,
with the DGLAP±BFKL formalism supplemented by non-
linear contributions due to gluon recombination from the BK
equations, were made in Ref. [55]. In the same work and also
in Refs [257, 258], the calculations of neutrino cross sections
were based on the model of a color quark ± antiquark dipole
with the addition of gluon contributions.

Figure 11 presents the results of nN cross section
calculations at ultrahigh energies, obtained within the
SM framework in Refs [48, 51, 53, 55]. It can be seen
from this figure that the model cross sections obtained for
various phenomenological realizations of linear and non-
linear QCD are in agreement with each other even in the
energy region En � 1010ÿ1012 eV. At the very highest
energies, the maximum and minimum cross section values,
snNtot �En � 1012 GeV� � �1ÿ2� � 10ÿ31 cm2 only differ by a
factor of 2. Most likely, this points to the cross section
estimation in the predicted energy region being reasonable.

In the works discussed above, the growth dynamics of the
nN cross section with energy is determined by the PDF
behavior at large Q2 values and very small x. In the nearest
future, new measurements of the PDF at the LHC collider
will be sensitive to x values even smaller than atHERA. These
measurements will permit determining the nN cross sections

Table 1.Results of the nN cross section calculations fromwork byGandhi, Quigg, Reno, and Sarcevic (GQRS) [51] based on the CTEQ4 distributions for
DGLAP equations, and also from the work by Kwiecinski, Martin, and Stasto (KMS) [53] based on the unified DGLAP±BFKL formalism.

En, GeV sCC
nN , cm2 sNC

nN , cm2 sCC
�nN , cm2 sNC

�nN , cm2

GQRS KMS GQRS KMS GQRS KMS GQRS KMS

105 2:02� 10ÿ34 2:07� 10ÿ34 7:66� 10ÿ35 7:33� 10ÿ35 1:68� 10ÿ34 1:74� 10ÿ34 6:52� 10ÿ35 6:20� 10ÿ35

106 6:34� 10ÿ34 6:47� 10ÿ34 2:60� 10ÿ34 2:28� 10ÿ34 6:05� 10ÿ34 6:19� 10ÿ34 2:49� 10ÿ34 2:18� 10ÿ34

107 1:75� 10ÿ33 1:73� 10ÿ33 7:48� 10ÿ34 5:95� 10ÿ34 1:73� 10ÿ33 1:73� 10ÿ33 7:42� 10ÿ34 5:90� 10ÿ34

108 4:43� 10ÿ33 4:33� 10ÿ33 1:93� 10ÿ33 1:45� 10ÿ33 4:43� 10ÿ33 4:32� 10ÿ33 1:94� 10ÿ33 1:45� 10ÿ33

109 1:05� 10ÿ32 1:04� 10ÿ32 4:64� 10ÿ33 3:38� 10ÿ33 1:05� 10ÿ32 1:04� 10ÿ32 4:64� 10ÿ33 3:38� 10ÿ33

1010 2:38� 10ÿ32 2:40� 10ÿ32 1:06� 10ÿ32 7:61� 10ÿ33 2:41� 10ÿ32 2:40� 10ÿ32 1:07� 10ÿ32 7:61� 10ÿ33

1011 5:36� 10ÿ32 5:38� 10ÿ32 2:38� 10ÿ32 1:66� 10ÿ32 5:36� 10ÿ32 5:38� 10ÿ32 2:38� 10ÿ32 1:66� 10ÿ32

1012 1:18� 10ÿ31 1:17� 10ÿ31 5:20� 10ÿ32 3:53� 10ÿ32 1:17� 10ÿ31 1:17� 10ÿ31 5:20� 10ÿ32 3:53� 10ÿ32
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with a high degree of reliability at least up to energies
En � 1017 eV. However, it is already evident that standard
neutrino cross sections are lower than hadron cross sections
approximately by 5 ± 6 orders of magnitude, even at
En � 1021 eV (see Fig. 11). This is the main argument against
assuming the neutrino to be a possible source of CR events of
energies higher than the GZK-cutoff. Given such cross
section values, even at ultrahigh energies the amount of
registered atmospheric showers due to neutrinos should be
extremely small, and they should originate with practically
the same probability over the entire depth of the atmosphere.
These assertions contradict observations of CR fluxes. On the
other hand, the transparency of the universe to the neutrino,
as well as indications of a certain clusterization of CR events
with energies above the GZK threshold arriving from
directions associated with distant astrophysical objects, is
considered by a number of authors to be evidence in favor of
precisely neutrinos being the possible source of such events.
About 40 years ago, Berezinsky and Zatsepin considered [56]
the idea of a strong increase in nN cross sections at energies
above the GZK-cutoff as a possible solution. If the neutrino
cross section is assumed to have a value of the order of a
millibarn at energies En � 1020 eV, then the observed
UHECR flux and the absence of `deeply penetrating' CR
events is readily explained. To obtain nN cross section values
significantly superior to the ones considered in this section is
only possible in scenarios involving, to some extent, the New
Physics beyond the SM.

7. Neutrino ± nucleus cross sections
and the new physics

7.1 Electroweak processes induced by instantons
Taking the contributions from instanton-induced nonpertur-
bative electroweak processes into account allows obtaining
neutrino cross sections reaching values of hadron interaction
cross sections, even remaining within the SM framework
[259]. In the SM, instantons describe fluctuations of non-
Abelian gauge fields Ð tunneling between degenerate
topologically nonequivalent vacua Ð and are associated
with axial anomalies, violating the conservation of the sum
of the baryon and lepton numbers, B+L. The corresponding
tunnel barrier is determined by the energy of the sphaleronÐ
an unstable static solution of the Yang ±Mills equations Ð
Esp � pMW=aW � 10 TeV. Below this energy, instanton
processes are exponentially suppressed. If, on the contrary,
energies above Esp are achieved, then instanton-induced
processes may not be suppressed, which leads to an increase
in the parton ± parton cross sections. Instanton processes may
be observable in deep-inelastic interactions at ultrahigh
energies and identified by a characteristic signature Ð the
existence of hadron final states with anomalously high
multiplicities [260, 261]. There are indications that such
anomalous events are observed in the H1 [262] and ZEUS
[263] experiments at the HERA collider.

The actual values of instanton contributions to the nN
cross section are difficult to calculate unambiguously [264].
Two approaches are used for their estimation: the first is
perturbative, involving an instanton background field [259],
and the second is semiclassical [265, 266]. In both approaches,
a very rapid enhancement is expected of the nN cross section
above the threshold energy estimated as E th

n � 1018 eV in
Ref. [259] andE th

n 5 1019 eV, in accordance with calculations

in the semiclassical approximation [265, 266]. At energies
En � 1020 eV, the neutrino ± nucleus cross sections in the
instanton mode, determined within these approaches, differ
by three orders of magnitude, reaching the respective values
sinstnN � 1 mb [261] and sinstnN � 103 mb [267]. The neutrino ±
nucleus cross section due to the contribution of instanton-
induced processes, calculated perturbatively, is shown in
Fig. 12.

7.2 New particles, interactions, and symmetries
In supersymmetric theories, new particles are introduced Ð
supersymmetric partners of SMparticles. The processes of the
direct superpartner particle production in ordinary neutrino
interactions may introduce additional contributions to the
nN cross sections. However, the values actually added to the
standard SM cross sections are not large. Estimations in [268]
reveal the additional contribution to the nmN! mÿX reac-
tion cross section due to squark production in the s-channel of
nm dL ! ~dR ! mÿL uL, which involves valence quarks, and of
the ~dR exchange u-channel in the reaction nm�u! �dmÿ,
involving only sea quarks, to increase the SM cross section
by no more than 60 and 30% for the respective right squark
masses ~mR � 200 and 400 GeV.

In nN interactions at high energies, the production of
bound states of leptons and quarks Ð leptoquarks (LQs) Ð
may occur. Estimations in [269] reveal additional contribu-
tions from the processes nmq!LQ! m�q 0 and
nmq! LQ! nm � q to the nN cross section to be propor-
tional to the mass of the leptoquark state, Mÿ0:5

LQ . If the
leptoquark mass is MLQ � 200 GeV, the addition to the SM
cross section does not exceed 40% and becomes even smaller
asMLQ increases.

The possibility of increasing the nN cross section by
introducing a new broken quark and lepton `generation
symmetry,' described by the SU(3) group, is considered in
Ref. [270]. In this scheme, new color and gauge bosons
without charge lead to interactions of the neutral current
involving a change of flavor. Such gauge bosons must be very
heavy (with masses in the 10 ± 100 TeV range), such that at
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Figure 12. Neutrino ± nucleus cross sections in nonstandard scenarios: if

account is taken of the contributions due to instanton-induced processes

[261]; due to the exchange of KK gravitons in the mode sKK
nN / log s with

M4�n�1 TeV [63]; in the case of excitation of string resonances on the

string scaleMs�1 TeV with account of neutrino ± quark interactions and

neutrino ± gluon scattering [291, 292]; in the case of microscopic black

holes produced in nN interactions, withM4�n�1TeV,MBH;min=M4�n�1,

n � 7 [66, 287]; and of p-branes on a scaleM4�n � 1 TeV, with the number

of asymmetric extra dimensions n � 7, p � 6 [68]. The standard SM cross

section in Ref. [51] is shown for comparison.
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energies below 100 TeV, interactions via exchanges by these
gauge bosons play a negligibly small role compared to the
standard neutrino interactions due to weak forces. But above
100 TeV, the new interactions may result in nN and nuclear
cross sections being of the same order of magnitude.

7.3 Quantum gravity with large extra space ± time
dimensions
A radically new approach to the possibility of significantly
enhancing the nN cross section is related to quantum gravity
theories involving large extra space ± time dimensions. Early
Grand Unification theories were based on the idea that
unification of all interactions occurs in the vicinity of the
Planck scale, MPl � G

ÿ1=2
4 � 1028 eV, where G4 � 6:707�

10ÿ33 TeVÿ2 is the gravitational constant in a world of four-
dimensional space ± time. In a number of recent publications,
unification on a new TeV scale is proposed for all interactions
including gravity [59 ± 62, 271, 272]. Such a `premature'
unification may take place owing to manifestation on this
scale of extra dimensions, whose possible existence was first
voiced by Kaluza and Klein [273]. For a long time, such extra
dimensions were considered small, and hence they could not
affect physics at relatively low energies. It has recently been
shown within the framework of string models that some of
these dimensions may be large (about a millimeter) without
contradicting observational data, including the proton life-
time [274 ± 277]. In this approach to gravity, space ± time
exhibits a brane ± bulk structure. The brane space has a
(3+1)-dimensionality of the ordinary space ± time, in which
all ordinary particles and SM fields exist. The bulk space,
together with the (3+1)-dimensions of Minkowski space,
also contains n extra dimensions, where gravity and, possibly,
nonobservable gauge particles and SM singlets exist. In a
world with n dimensions, the fundamental mass can be
written as

M4�n � G
ÿ1=�n�2�
n�4 : �7:1�

There exist several models involving a TeV scale of
quantum gravity. In the RS scenario [61, 62], the metric of
the 4-dimensional space is additionally multiplied by a
`curving factor,' which is a function of one extra noncompac-
tified dimension. In this case, gravity propagates along a slice
of the anti-de Sitter (4+1)-space and the TeV scale of gravity
exists at the same time as the Planck scale.

In theADD scenario [59, 60], the existence of n extra space
dimensions is assumed, with the gravitational potentials in
4- and (n� 4)-dimensions related by

G4 � Gn�4
Vn

: �7:2�

The volume of space with n extra dimensions Vn �
R1 � R2 � . . .� Rn is determined by the compactification
radii

Rn � 2� 1031=nÿ16 mm�
�
1 TeV

M4�n

�1�2=n
: �7:3�

It follows from (7.3) that for Mn�4 � 1TeV and n � 2, the
characteristic size of the extra dimensions R amounts to
millimeters. The relation between the fundamental interac-
tion unification scaleM4�n and the macroscopic Planck scale
is given by

M 2
Pl �M 2�n

4�n R1R2 . . .Rn : �7:4�

The increase in the nN cross section in scenarios with a
TeV scale of gravity, as compared with the SM cross section,
is a consequence of the rapid growth of the density level of
intermediate excited states Ð of Kaluza ±Klein (KK) grav-
itons of spin 2 [278, 279]. High-energy neutrinos may
exchange KK gravitons with quarks and gluons in the
nucleon target, which leads to additional contributions to
the cross section. As a result, in the vicinity of the scale
M4�n �

��
s
p � 1 TeV (which corresponds to an energy

En � 1015 eV in the nucleon rest frame), the nN cross section
increases by several orders of magnitude compared to the
standard cross section.

Estimates of additional contributions to the nN cross
section due to the exchange by KK gravitons are quite
ambiguous. For calculations in the energy region��
s
p

4M4�n � 1 TeV, a perturbative approach was devel-
oped based on the Feynman sum rules [271, 280, 281]. But in
the

��
s
p

4M4�n mode, no reliable procedure for calculating
gravitational scattering cross sections exists, and different
authors apply three asymptotic forms for the cross section
behavior: sKK

nN is proportional to log s, s1 and s2 [63, 64, 278,
282 ± 286]. The most realistic approximation, consistent with
unitarity, assumes a linear growth of the cross section with
energy [285],

sKK
nN �

4ps
M 4

4�n
� 10ÿ28

�
1 TeV

M4�n

�4�
En

1019 eV

�
cm2 : �7:5�

A follows from (7.5) and the results of calculations in [66,
87], presented in Fig. 12, the contribution to the nN cross
section due to gravitational scattering on the quantum gravity
scale M4�n � 1 TeV may amount to approximately units of
millibarns for of a neutrino of the energy En � 1020 eV. A
cross section of still another order of magnitude greater can
be obtained if the growth mode is sKK

nN / s2 [63, 64, 284].

7.4 String resonance at the TeV scale of quantum gravity
Recent years have witnessed active development of string
theories involving large extra dimensions and a TeV scale of
quantum gravity. They are based on the assumption that the
string scale at which unification of all interactions begins is far
from the Planck scale and is related to the (4� n)-dimensional
quantum gravity scale by [288, 289]

Ms � g 2=�n�1�
s M4�n ; �7:6�

where gs 4 1 is the string unification constant.
String models predict that in the low-energy region, when

s <M 2
s , particles interact with cross sections in accordance

with the SM. The cross section of the neutrino ± quark (gluon)
interaction in the vicinity of s0 �M 2

s may rapidly increase
owing to an increase in the density of states in the string
excitation spectrum / exp�a ��

s
p � [278, 279]. The unitary

scattering amplitudes of an open string are constructed on
the Veneziano amplitudes [290] and form resonances at the
energies [281]��

s
p � ���

n
p

Ms : �7:7�

The contributions of string resonances to the nN cross
sections were calculated taking neutrino ± quark interactions
[291] and neutrino ± gluon scattering [292] into account, and
are shown in Fig.12. The energy dependence of the nN cross
section due to contributions from string resonances is weaker
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than in the case of contributions from KK gravitons. Taking
string excitations into account permits increasing the total nN
cross section as compared to the SM value, but even in the
case of extremely high energies (En � 1022 eV), not more than
up to s string

nN � 10ÿ2 mb [292].

7.5 Microscopic black holes
Amost remarkable event on the TeV scale of quantum gravity
is the possibility of producing black holes [65, 66, 287, 293 ±
295]. In the ordinary 4-dimensional world, a black hole
originates as the result of gravitational collapse. When the
radii of extra dimensions Rn are much smaller than the
Schwarzschild radius of the black hole RS defined in (4� n)-
dimensional space, then such a black hole represents an
ordinary 4-dimensional object. If, on the contrary, Rn 4RS,
there may arise microscopic black holes of spherical symme-
try that are virtual (4� n)-dimensional objects of a character-
istic size less thanRn. In a space with n large extra dimensions,
microscopic holes can be produced in high-energy scattering
processes at energies

��
s
p

5Mn�4, resulting in an increase in
the cross sections of the respective interaction processes.

The cross section of black hole production due to the
interaction of partons i and j with a center-of-mass energy��̂
s
p �MBH can be estimated on the basis of geometrical
arguments for the impact parameter b < RS [65, 66] as

ŝBH
i j �

��̂
s
p
� � pR2

S

� 1

M 2
4�n

�
MBH

M4�n
1

n� 2
8G
�
n� 3

2

��2=�n�1�
: �7:8�

The neutrino is an effective source of possible microscopic
black hole production in the atmosphere. The total produc-
tion cross section of black holes originating in neutrino
scattering on nucleons is determined as [66, 292]

sBH
nN �

��
s
p � �

X
i

�1
M 2

BH;min
=s

dx ŝi�xs�Fi�x;Q2� ; �7:9�

where s � 2mNEn, Fi�x;Q2� are parton distribution functions
and MBH;min is the minimum mass required for creating a
black hole. Cross section (7.9) is calculated using one PDF
parameterization or another for values Q �MBH �

��
s
p

;
summation is performed over all parton states in the nucleon
[66, 287, 296]. Figure 12 shows the black hole production
cross section calculated with use of the CTEQ6 PDF
parameterization. It is seen that starting from energies
En � 1016 eV, the cross section exceeds the SM cross section
and reaches values sBH

nN �En � 1021 eV)� 10ÿ2 mb at
En � 1021 eV. At energies

��
s
p

5MBH � 1 TeV, black hole
production may be the dominant phenomenon, because these
processes are not suppressed by perturbative interactions,
and enhancement of the cross section is a result of summation
over all parton states, including gluons.

Estimates of microscopic black hole production cross
sections [66, 287, 296] based on geometric cross section (7.8)
assume the black hole mass to fully correspond to the energy��
s
p

. However, even in an idealized interaction with the impact
parameter b � 0, part of the collision energy can dissipate in
the form of gravitational waves. Taking the interaction
inelasticity factor y �MBH=

��
s
p � f �n; b� into account leads

to a reduction in the mass of the black hole produced and in
the cross section of the respective process [297 ± 299].

7.6 p-branes
In quantum gravity theories with extra dimensions, the
possibility arises of producing, together with black holes
(spherically symmetric 0-branes), specific higher-dimen-
sional states Ð p-branes [67, 300, 30]. For the creation of
p-branes, the existence of asymmetric extra dimensions is
especially important [302]. Such an asymmetry assumes the
existence of m extra dimensions compactified on the funda-
mental TeV gravity scale L4Mÿ1

4�n, and of (nÿm) dimen-
sions compactified on a significantly larger scale L04Mÿ1

4�n
[67, 300, 301].

As in the case of black holes, the production of p-branes of
a massMp-brane occurs when two partons i, j with a center-of-
mass energy

��̂
s
p �M p�brane are scattered with an impact

parameter b4R p�brane [301]. This results in a geometric
cross section of form (7.8),

s p�brane
i j � ��sp � � pR2

p�brane
: �7:10�

The physical radiusR p�brane is determined by the metric of the
(4� n)-dimensional space ± time and is essentially analogous
to the Schwarzschild radius RS.

The p-brane production cross section in nN scattering
processes has the same form (7.9) as in the case of black hole
production with the lower integration limit replaced by
M 2

p�brane;min=s. This cross section depends strongly on the
number and compactification radii of the extra dimensions
[68, 303]. If p-branes are wrapped around the compactm extra
dimensions, then their production cross section at
En � 1011 GeV may reach the value sp�brane

nN � 100 mb (see
Fig. 12), which is four orders of magnitude greater than in the
case of black hole production with the same mass. If, on the
contrary, the p-branes are wrapped around the large (nÿm)
dimensions, then their production is suppressed in proportion
to the value ofM4�n=MPl [67, 300].

8. Registration of astrophysical neutrino fluxes
with ground-based detectors

8.1 Neutrino propagation inside the earth
and the detector material
The number of neutrinos that are absorbed in the atmosphere
and by the earth is a function of the interaction cross section
with matter. A definitive role is played by the neutrino ±
nucleus cross section, in which the relation between the
contributions due to charged and neutral currents is [50, 51]

sCC
nN : sNC

nN � 0:7 : 0:3 : �8:1�

The leptons produced in the final state, both in CC (li) and in
NC (ni) reactions, carry on average about 75% of the intial
neutrino energy [50, 51],

Eli; ni �
ÿ
1ÿ h yi�E 0

n ; �8:2�

where h yi is the inelasticity interaction coefficient character-
izing the fraction of the initial neutrino energy E 0

n transferred
to the secondary hadrons X.

The total cross section s tot
nN can be expressed through the

neutrino ± nucleus interaction length

L int
nN�En� �

�
snN�En�NA

�ÿ1
; �8:3�
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where

NA � 6:022� 1023 moleÿ1 � 6:022� 1023 cmÿ3 water equiv.

Figure 13 presents the energy dependence L int
nN�En� for

cross sections of various types. It can be seen from the figure
that for the nN cross section values calculated within the SM
framework [51, 53], the diameter of the earth exceeds L int

nN for
neutrinos of energies above 40 TeV. The earth becomes
totally opaque to neutrinos when En 5 100 TeV.

As was shown in the preceding section, the new physics
may result in nN cross sections being significantly greater
than their SM predictions. In this case, the earth becomes
totally opaque to neutrinos of energies lower than the SM
energies. Thus, for example, taking the contributions from
the KK-graviton exchange into account [63] reduces the
neutrino ± nucleus interaction length such that for the scale
M4�n � 1 TeV, the earth's diameter exceeds Lint

nN starting
from the energies En 5 10 TeV [285] (see Fig. 13).

The issue of neutrinos propagating through the earth was
first raised in Ref. [304]. More detailed studies of the
absorption of high-energy neutrino fluxes of astrophysical
origin having passed through the earth at different angles are
performed in Ref. [305]. At present, the dynamics of neutrino
and charged lepton fluxes traversing dense media are being
investigated in the general form on the basis of solutions of
unified transport equations, a method for solving which was
proposed in Ref. [306]. The complete set of such evolution
equations,

qFn

qx
� ÿNAsCC�NC

nN Fn � ml

ct decl r

�
dEl

1

E l

dn dec
l

dEn
Fl�E l�

�NA

�
dE 0n

dsNC
nN

dEn
Fn�E 0n� �NA

�
dE 0l

dsCC
lN

dEn
Fl�E 0l �;
�8:4�

qFl

qx
� ÿNAs lNFl ÿ ml

ct decl rEl

Fl

�NA

�
dE 0n

dsCC
nN

dEl
Fn�E 0n�

�NA

�
dE 0l

ds lN

dEl
Fl�E 0l �

� ml

ct decl r

�
dE 0l

1

E 0l

dn dec
l

dEl
Fl�E 0l � �8:5�

allows describing all possible effects related to passage
through and regeneration in the earth of neutrino fluxes
from any kind of source [307 ± 313]. In (8.4) and (8.5),
Fn � dNn= dEn and Fl � dNl= dEl are the neutrino and
charged lepton differential energy spectra, x � � L 00 r�L� dL
is the depth at which a neutrino and a lepton pass through the
earth's matter with a variable density r�L�, dn dec

l =dE is the
energy distribution of lepton l decay products, andml and t decl

are the lepton mass and the time it travels before decaying.
Equation (8.4) describes the neutrino propagation: the first
term is related to knockout of the flux due to neutrino
interactions, the second corresponds to the contributions of
neutrinos arising in lepton decays, the third determines the
neutrino energy transfer in NC-reactions, and the fourth
reproduces the origination of neutrinos in CC reactions such
as mN! nmX. Equation (8.5) describes the propagation of
muons and t-leptons. It contains terms similar to those in (8.4)

and an additional term related to the disappearance of leptons
from the flux owing to their decays.

8.2 Propagation of charged leptons and the regeneration
of neutrino fluxes in the earth
In neN ±CC interactions, the electron originating in a dense
medium rapidly loses energy in ionization processes and
initiates an electromagnetic cascade.

Muons originating in nmN±CC interactions lose energy in
ionization of the medium, in bremsstrahlung processes, in
direct e�eÿ-pair production, and in photonuclear reactions.
Ionization losses play the main role for muons at energies
Em 4 1011 eV, while the e�eÿ-pair production dominates at
higher energies � Em 5 1012 eV [309]. In the latter case, a
muon passing through a thick layer of matter gives rise to
secondary showers. As a result, even muons of energies
Em 5 1019 eV have path ranges in the earth that do not
exceed 10 km, which is always less than the muon decay
length (Fig. 14) [314].

A different situation arises in the case of a t-lepton
produced in a ntN±CC interaction. For a t-lepton of energy
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1012 eV4Et 4 1015 eV, energy losses due to pair produc-
tion and photonuclear processes are equally important,
while at Et 5 1015 eV, the losses due to photonuclear
reactions become dominant [309]. It can be seen from
Fig. 14 that at energies Et < 1017 eV, the average decay
length hL decay

t �E �i � gctr (where ct � 86:93 mm is the path
range in the rest state and g � Et=mt is the Lorentz factor) is
significantly smaller than the path range due to energy losses.
Consequently, a t-lepton of energy up to 1017 eV decays
retaining a large part of its initial energy. t-leptons with
Et 5 1017 eV lose a significant part of their energy before
they decay. Thus, for a t-lepton with the initial energy
Et � 1021 eV traveling in ice, its average energy just before it
decays is E 0t � 108 eV [310, 311].

The t-lepton decay proceeds via many channels, but they
all have a nt in the final state. As was first shown in Ref. [315],
unlike with high-energy (starting from 40 TeV) ne and nm
fluxes, the earth is always transparent to nt fluxes. In other
words, regeneration of the nt flux occurs when for each
primary nt of an energy E0 having interacted in a CC-
reaction, there appears another nt produced in the t-lepton
decay, but already with the energy E1 � 0:75� 0:4E0 �
�1=3�E0. Here, 0.75 and 0.4 are the respective average parts
of energy transferred to the t-lepton and to the secondary nt
resulting from the t-decay [308]. The regeneration process
continues until nt reaches the opposite side of the earth, or
until the energy of the newly produced nt in the nth act,
En � �1=3�Enÿ1 � �1=3�nE0, falls to the value at which the
nt-interaction length becomes equal to the subsequent path
inside the earth.

The effect of nt regeneration in the earth is well seen from
the angular dependence of neutrino fluxes studied in
Refs [307, 308, 310, 313]. In Fig. 15 from Ref. [310], the ratio
Fnt=F

0
nt is shown for the incidence angles y � 80, 85, and 89�.

The primary cosmogenic neutrino fluxes are assumed [69] and
then oscillations result in their having the same flavor
composition at the earth's surface. The ratio Fnt=F

0
nt

reproduces the combination of nt-regeneration processes
due to t-lepton decays and absorption of the neutrino fluxes
of all flavors. For angles close to horizontal incidence
(y � 89�), the absorption is small (the neutrinos pass through
a thin layer of the earth's matter) and the final fluxFnt is quite
significant even at very high energies. In this case, the
regeneration effect provides an additional contribution of
about 25% to the flux having passed in the energy region of
Ent � 1016ÿ1017 eV. As the angle y decreases, the contribu-

tions due to regeneration increase, but the absorption also
increases. At y � 80�, neutrinos of energies Ent > 1017 eV are
practically totally absorbed. On the other hand, if
Ent � 1015 eV, then the contributions from regeneration
enhance the primary flux for these energies by a factor of 3.

It is shown in Ref. [314] that at the same time as the
regeneration of nt fluxes occurs, purely leptonic decay
modes t! mnt�nm and t! ent�ne also lead to regeneration
of �nm and �ne fluxes in the earth. The fraction of each of these
leptonic modes amounts to 18% and, consequently, 0.18 of
the nt flux is to be attributed to the �nm and �ne fluxes. Energy
transfer to the leptons in a decay, for example, via the
t! mnt�nm mode, is on the average distributed as
m : nt : �nm � 4 : 4 : 2 [308]. Similarly, in the case of a
primary �nt flux, secondary nm and ne fluxes are produced.
The larger the number of regeneration steps undergone by
the nt��nt�, the more possibilities for the creation of
secondary �nm�nm� and �ne�ne� arise. Secondary �nm�nm�- and
�ne�ne�-neutrinos are detected when a respective m-track and
an electromagnetic cascade produced in CC-interactions are
registered, which enhances the detectability of nt. These
arguments are valid for the model monoenergetic neutrino
flux considered in Ref. [314].

The regeneration effect of �nm- and �ne-neutrinos from the
lepton modes of the t-decay was studied in Ref. [316] for the
energy dependences of the primary fluxes F 0

n / Eÿ1n and
F 0

n / Eÿ2n . Calculations of the final neutrino fluxes Fn that
passed through the earth at the angle y � 0� reveal that in the
case of neutrinos of TeV energies with a primary spectrum
proportional to Eÿ1n , the contributions due to regeneration
amount to about 20%. The secondary �nm and �ne fluxes in the
case of the power spectrum F 0

n / Eÿ2n are suppressed more
strongly.

8.3 The number of neutrino events in detectors
and their specific topologies
The direction from which a neutrino arrives in a neutrino
detector plays an important role for registration in the
detector of a high-energy lepton produced in CC interac-
tions (6.1). For `downward' events, in which the neutrino
lands in the detector having only crossed the vertical atmo-
sphere, the number of CC interactions registered by the
observation of a lepton la of flavor a is given by [50]

Nevent � Aeff T

�Emax
la

Emin
la

dFn

dEn
�En�Pna!la�Ena ;E

min
la
� dEn ;

�8:6�
where the fluxes dFn=dEn correspond to a neutrino source of
a definite type, with the effect of oscillations taken into
account. The probability

Pna!la�Ena ;E
min
la
�

� NA

� 1ÿEmin
la

=Ena

0

dyRa�Ena ;E
min
la
� dsCC

naN�Ena ; y�
dy

�8:7�

is calculated in accordance with one of the parameterizations
of the nN cross section, and the path ranges Ra of leptons in
matter are presented in Table 2.

A different situation occurs in the case of `upward'
neutrino fluxes undergoing absorption inside the earth.The
loss of energy by a charged lepton with the initial energy El,
crossing a layer of matter of thickness x, is characterized by
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Figure 15. Ratio Fnt=F
0
nt of the final flux to the primary flux for

cosmogenic neutrinos for the incidence angles y � 80, 85, and 89� [310].
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the mean value

ÿ
�

dEl

dx

�
� a� bEl ; �8:8�

where a � 2:0 MeV gÿ1 cmÿ1 is a constant determining the
energy loss by ionization,

b i�E� � NA

A

X
i

� ymax

ymin

dy y
ds i�y;El�

dy
�8:9�

is a function weakly depending on energy, which charac-
terizes the fraction of energy losses y � E l ÿ E 0l =El in the
processes of bremsstrahlung, electron ± positron production,
and inelastic interaction with nuclei, indicated by the index i,
E 0l is the final lepton energy, and A is the target atomic
number. In the first approximation, b � 10ÿ6 cmÿ1 gÿ1. A
more precise approximation for the t-lepton energy losses has
been obtained in Ref. [318].

The final state of any naN±CC interaction always
contains a hadron cascade together with a charged lepton,
and hence the total energy of the showers determines the
primary na energy. It is usually impossible to separate the
electromagnetic and hadron cascades, and the neN ±CC
interaction in the detector looks like a shower interaction.
The final states of naN±NC interactions also always contain
a hadron cascade, and hence the registration probability of a
shower event in a detector of length L is given by

Pn!shower � rNAstotnN L : �8:10�

In nmN±CC interactions, there always exists a m-track
against the hadron background, which provides the clean
event signature. The probability (8.7) of registering such an
event is

Pnm!m � rNAstotnNRm ; �8:11�

where the value of Rm is calculated by the formula in Table 2.
The neutrino telescopes Baikal [319], Antares [320], and
Amanda/IceCube [321] are sensitive to muons with PeV
energies.

Owing to the short lifetime of the t-lepton, registration of
ntN±CC interactions presents a difficult experimental task.
At energies Et � 1015 eV, the t-lepton path range before it
decays in the detector is� 100 m, which is comparable to the
characteristic dimensions of neutrino telescopes. InRef. [322],

a method was proposed for registering nt by the presence of
double-bang events in the detector. The signature of such an
event is the presence of a large hadron shower from the
primary nt interaction, of a t-lepton track (similar to the
muon track), and of a second large cascade of particles
produced in the t-decay (two or three times larger than the
first cascade, which follows from the t-lepton decay kine-
matics). However, such events can be observed only within a
narrow interval of energies. If the neutrino energy is less than
several PeV, then two showers cannot be separated using
the above method. On the contrary, if Ent > 3� 1016 eV,
then the t-lepton path range becomes greater than 1 km and
separating such t from muons becomes quite difficult even
in new-generation detectors with the characteristic diameter
1 km [317].

The identification of nt is also possible even when only the
second shower is registered in the detector, if its energy is not
less than 10 PeV. Such a signature of the nt interaction has
been termed a lollipop event. It comprises part of the primary
nt interaction, which occurred outside, but close to, the
fiducial volume, the final part of the t-lepton track,
registered in the detector, and the second cascade from the
t-lepton decay, which lies totally inside the detector. The
inverse structure of such an event, when only the first cascade
and the t-lepton track leaving the fiducial volume are
registered, is indistinguishable from a nmN±CC interaction
with a registered hadron cascade and a muon track.

The results of calculations of the number of double-bang
and lollipop events that can be registered in real detectors are
quite pessimistic [141, 310, 312, 317]. Thus, according to
calculations in Ref. [141], assuming the initial neutrino flux
E 2
nm dNnm=dEnm � 102 eV cmÿ2 sÿ1 srÿ1, the total statistic of

double-bang and lollipop events in the IceCube detector will
only amount to � 0:5 yearÿ1. This is related to the small
registration probability, which becomes

P double�bang�Ent� � rNA

�1
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dy
ds
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�
�
�Lÿ xmin ÿ Rt� exp

�
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�
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��
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�
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; �8:12�

Plollipop�Ent� � rNA�Lÿ xmin�
�1
0

dy
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exp

�
ÿ xmin

Rt

�
� rNA s�Lÿ xmin�

�
exp

�
ÿ xmin

Rt

��
y�hyi

: �8:13�

In these expressions, L is the detector length and Rt is the
path range of the t-lepton determined by the formula in
Table 2. The integration limits in (8.12) assume the t-track
length to exceed xmin � 200ÿ400 m (for separating
showers) and to be less than L (for there to be sufficient
place in the detector for both showers). The right-hand
sides of (8.12) and (8.13) are obtained using the approx-
imation where ds=dy � sd � yÿ h yi�, with h yi � 0:25 at
energies � 1015 eV. Probabilities (8.12) and (8.13) calcu-
lated in Ref. [141] are Pdouble�bang�En �1018 eV�4 10ÿ5 and
P lollipop�En � 1018 eV�4 5� 10ÿ4. About 4 ± 5 times more
double-bang and lollipop events are expected to be registered
in the IceCube detector according to estimates in Ref. [313].

Table 2. Path ranges of electrons, muons, and t-leptons in matter.

Lepton
êavor a

Ra, cm of water equiv. Reference

e 40

��
1ÿ 
y�Ene �

�� Ene

6:2� 104 GeV

�
[50]

m 1

b
ln

�
a� bEm

a� bEmin
m

�
;

a � 2:0� 10ÿ3 GeV
(cm of water equiv.)ÿ1,

b � 3:9� 10ÿ6 (cm of water equiv.)ÿ1

[50]

t Ent �1ÿ y� tc
mtc2

; [317]
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This is mainly due to the smaller value of xmin � 70 m,
assumed in the calculations, as compared with xmin �
200ÿ400 m in Ref. [141]. Thus, even by the most optimistic
estimates, it will be possible to register only several double-
bang and lollipop events a year in detectors of the volume
1 km3.

One more method for identifying nt is the pile-up method
proposed in Ref. [315]. At energies Ent � 10ÿ100 TeV, when
the nt interaction length is comparable to the earth's
diameter, the primary neutrino may undergo interaction
near the detector and be registered in the tÿ ! mÿntnm decay
by observation of a muon track. However, the muons
originating in the t-lepton decay can be distinguished from
the muons produced in nmN±CC reactions only statistically.
All the neutrinos with energies Ent > 100 TeV undergo
interaction inside the earth, but the detector is reached only
by secondary nt of reduced energy, which group on the
average in the region of 100 TeV [315]. Registration in the
detector of muons leaving the earth with a certain energy
� 100 TeV may serve as the signature of a nt-component
present in the flux of astrophysical neutrinos.

Events initiated by high-energy neutrinos can be observed
not only in neutrino telescopes but also in ground-based
setups registering broad atmospheric showers (BASs) or
fluorescent light in the atmosphere (AGASA, HiRes, Tele-
scope Array, and AUGER), as well as in experiments on
orbital space stations (EUSO, OWL). The idea of detecting
high-energy neutrinos by observing deep horizontal showers
in the atmosphere was put forward many years ago by
Berezinsky and Smirnov [323]. The depth of the atmosphere
in the horizontal direction is 36 times larger than in the
vertical direction, and therefore, for a hadron falling at a
small height in the horizontal direction, the probability of
forming a shower is negligible. At energies above 1015 eV, the
flux of atmospheric muons is also extremely small. Thus, only
neutrinos can pass through thick layers of the atmosphere
without undergoing absorption and form deep showers
registered by detectors. Evidence in favor of neutrino
interactions would be showers initiated at depths not less
than 4000 g cmÿ2, which is equivalent to zenith angles � 75�.

The natural way of enhancing the statistics of registered
events is to increase the sensitive volume of the detector.
Another possibility is to separate the target from the detector.
In this case, an enormous volume could be provided by a
detector registering fluorescent or Cherenkov light in the
atmosphere, while the layer near the surface of the earth or
extended mountain ridges would play the role of the target.
The concept of such a detection method, based on the
possibility of natural filtration of quasihorizontal high-
energy showers initiated by t-leptons, was proposed
in Refs [324, 325]. In the region Et � 1018ÿ1021 eV, the
t-lepton decay length is not much larger than its interaction
length (see Fig. 14), and therefore t-leptons of such energies
produced in ntN±CC reactions close to the earth's surface
have a chance to enter the atmosphere. A shower due to the
decay of such a t-lepton can be registered by fluorescence
detectors [326 ± 328]. The idea of such an experiment, inwhich
extendedmountain ridges simultaneously play the roles of the
target and of the CR filter, is interesting. After leaving a
mountain ridge, the horizontal shower from a t-lepton should
be observed in the large volume of air where the detector
registering muons and g-quanta is placed. Here, quite a clean
signature of the separation of high-energy nmN and ntN
interactions must appear. At neutrino energies � 10 PeV, a

meson produced in a nmN±CC interaction is to be registered
as a single track passing through the detector. On the other
hand, the t-lepton decays at distances � 100 m from the
interaction vertex and the entire shower may happen to be in
the detector volume. This nt detection principle underlies the
CRTNT project [329].

It was proposed in Refs [141, 308, 330] to analyze the ratio
of the respective numbers of events containing a m-track and a
shower, instead of restoring the lepton's flavor (when
identifying the m-track and the t-lepton signatures). If
oscillations of astrophysical neutrinos result in identical
fluxes of neutrinos of all flavors landing in the detector, then
for fluxes arriving from the quasihorizontal directions, the
ratio of the number of interaction events containing a m-track
to the number of purely shower events amounts to
Nm�track=Nshower � 8:5ÿ9 [141]. This quantity is very sensitive
to the relation between neutrino fluxes of various flavors
arriving on earth. Deviation from this value should point to a
deviation from the canonical relation between astrophysical
fluxes (2.54).

Finally, for detecting ultrahigh-energy neutrinos, one
seemingly very promising method is based on the registration
of coherent Cherenkov radioemission from electromagnetic
cascades in condensed media. The idea of the method goes
back to the works of Askarian [331, 332], where it was first
claimed that the total charge of particles in a shower is
different from zero. This is due to the existence in a shower
of a significant number of particles with energies lower than
the critical value (Ecr � 73 MeV for ice), for which an
essential role is played not only by charge-symmetric
processes and pair production and bremsstrahlung in the
Coulomb field of atomic nuclei but also by interactions with
atomic electrons:

g� eÿat ! g� eÿ ; e� � eÿat ! e� � eÿ;
eÿ � eÿat ! eÿ � eÿ: �8:14�

This interaction leads to electrons being `pulled out' from the
surroundingmaterial into the shower.Moreover, positrons in
the shower annihilate just `in passing,'

e� � eÿat ! g� g : �8:15�

The combination of processes (8.14) and (8.15) results in the
BAS charge asymmetry: the excess of negative charges in the
shower disk amounts to 20 ± 30% of the total number of
electrons. The fast electrons of this excess that have energies
above the Cherenkov radiation threshold emit electromag-
netic waves owing to the Cherenkov mechanism. The power
of radioemission is then proportional to the squared energy of
the shower.

There exist a number of computational works inwhich the
characteristics were studied of the radio signal appearing
when electromagnetic and hadron showers propagate in
media transparent to radio signals [333 ± 335]. Recently, the
possibility of registering Cherenkov radio emission from
electromagnetic cascades in condensed media was success-
fully confirmed in accelerator experiments [336, 337]. At
present, the radio method underlies a number of experiments
and projects for registration of ultrahigh-energy particles in
natural media that are transparent to radio signals such as the
earth's atmosphere (LOFAR [338]), salt domes (SalSA [78]),
ice shields of the Antarctic (RICE [76], ANITA [80]), and
Greenland (FORTE [77]). In a number of works, the
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possibility is discussed of using the layer near the surface of
the moon (regolith) as a target for the registration of cosmic
particles by the radio method with the aid of ground-based
radio telescopes (GLUE [79]) or radio receiving devices on
satellites of the moon (LORD [81, 82]).

9. The possibilities to experimentally determine
neutrino ± nucleus cross sections
at ultrahigh energies

The number of horizontal atmospheric showers registered in
detectors can be used to impose an upper limit on the nNcross
section. In principle, this is a model-independent approach in
the sense that independently of the sources of additional
contributions to the nN cross section, the excess of statistics
over the calculated SM value can be revealed in experiments.
On the basis of no horizontal showers having been observed
in the AGASA and Fly's Eye setups in Ref. [285], an upper
limit has been obtained for the neutrino cross section as

snN�En�410ÿ28
�
10ÿ18 cmÿ2 sÿ1 srÿ1

FGZK
n En

��
1019 eV

h yshiEn

�1=2

cm2;

�9:1�
where FGZK

n is the cosmogenic neutrino flux and
h yshi � Esh=En is the average fraction of the neutrino energy
invested in the shower. For the minimum flux
E 2
nF

GZK�min
n �En � 1019 eV� � 3� 101 eVcmÿ2 sÿ1 srÿ1 (2.44)

[69], a bound on the total cross section follows from (9.1) as

snN�En � 1019 eV�4 30�����������h yshi
p mb: �9:2�

More rigorous estimates of the upper bound of the nN
cross section were obtained in Refs [339, 340] and are
presented in Fig. 16. In Ref. [339], calculations are based on
the length of the run performed with Fly's Eye, which
provided 9 times more than the observational statistics used
in Ref. [285]. In Ref. [340], the upper bound for the cross
section is obtained from restrictions on the cosmogenic
neutrino flux established in the RICE experiment [76].

As the authors of Ref. [340] note, all the restrictions on
nN cross sections considered above are valid only if
s tot
nN 4 0:5 mb. If, on the contrary, neutrinos interact more

strongly, then the restrictions obtained from the absence of
observed quasihorizontal showers are no longer applicable.

The registration of shower events initiated by neutrinos
may turn out to be the sole experimental method for direct
determination of the neutrino ± nucleus cross section at
ultrahigh energies. The idea of the method was first proposed
in Ref. [341] and is based on comparison of the number of
registered atmospheric showers arriving in the detector from
directions close to horizontal and the number of `upward'
showers initiated by muons and t-leptons produced in nmN
and ntN interactions in the upper surface layer of the earth.
The possibilities of applying the method for various neutrino
detectors have been analyzed in Refs [310 ± 313, 324 ± 326].
The expected number of quasihorizontal atmospheric
showers should be directly proportional to the cross section:
N hor

n / snN. On the other hand, screening of ultrahigh energy
neutrinos by the earth, due to enhancement of the cross
section, leads to the number of events with upward showers
being inversely proportional to the cross section:
N

up�going
n / sÿ1nN . It is important that the ratio of the number

of quasihorizontal atmospheric showers to the number of
upward showers from neutrino interactions in the earth's
surface layer is independent of theoretical uncertainties in the
cross section. The authors of Ref. [341] actually consider snN
a free parameter. The results of calculations of the numbers of
expected events containing horizontal and upward showers
from the cosmogenic neutrino flux are shown in Fig. 17 as
functions of the cross section snN. It is seen that in the case of
small cross sections, events with showers upward from the
earth dominate, while in the case of large cross sections,
events with horizontal showers dominate.

It was proposed in Ref. [342] that neutrino ± nucleus cross
sections at high energies can be determined using the ratio
between the numbers of neutrino events with upward and
downward showers (Fig. 18). Shower events occur in all naN
interactions within SM (CC+CC), and their number
increases with the cross section owing to additional contribu-
tions from KK gravitons, the production of black holes,
p-branes, etc. It can be seen that for cross sections smaller
than� 10ÿ7 mb, the above ratio is of the order of unity and is
revealed with difficulty. On the contrary, if snN 5 10ÿ4 mb,
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Figure 16. Upper bound for the inelastic neutrino ± nucleus cross section
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neutrino flux obtained in the RICE experiment, the dashed line to results

of horizontal showers not having been observed in the AGASA and Fly's

Eye setups. The dashed-dotted line shows the sensitivity achievable in the
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then the ratio increases rapidly, which permits determining
the cross section, provided the statistic is sufficient.

To determine the snN cross section, one can also apply the
method based on analysis of the angular distribution of
neutrino events with upward showers, which should exhibit
a maximum at cos ypeak � L int

nN=2R� (where R� is the earth's
radius). The maximum in the angular distribution should
correspond to the value snN � �2h riR� cos ypeak�ÿ1, where
h ri is the average of the earth density along the neutrino's
path length L int

nN [341]. This method is independent of the
calculated neutrino fluxes.

The upper bounds for the nN cross section can be applied
for imposing restrictions on the fundamental scale M4�n
within the context of TeV gravity models [285, 339, 343].
Whatever happens in the vicinity of the scale M4�n (the
formation of black holes, p-branes, etc.), the decay of such
objects should be observable, resulting in the development of
cascades deep in the atmosphere [344 ± 346]. Assuming
parameterization (7.5) of the gravitational scattering cross
section, the upper bound for the cross section in (9.1), and a
conservative estimate of the cosmogenic neutrino flux
FGZK�min

n �En� in (2.42), the following restriction used in
Ref. [285] is independent of the number n of extra dimensions:

M4�n 5 1:2 TeV �En � 1018 eV; h yshi � 1� : �9:3�

Restrictions similar to (9.3) were obtained in Refs [339, 343]
on the basis of horizontal showers not having been observed
in the AGASA and Fly's Eye setups. The absence of any
registered neutrino events of whatever origin during a 5-year
period in the RICE experiment [76] is also consistent with
(9.3) [347].

Enhancement of the nN interaction cross sections in
theories involving the fundamental scale M4�n as compared
with its SM value should manifest itself at neutrino energies
En � 1015ÿ1016 eV. In this energy region, also, neutrino
fluxes in GRB [165], the hidden-nucleus AGN [179], and
blazar [184] models are close to the maximum (see Figs 6
and 7). As shown in Refs [348, 349], the registration in
neutrino telescopes, such as IceCube, of upward and down-
ward m-, t-, and shower events will permit determining the

deviation from the SM cross section even for neutrinos with
energies close to the detection threshold (Eth � 0:5 PeV).

10. Conclusion

From the standpoint of propagation in the universe, the
neutrino is an ideal candidate for the primary particle Ð the
source of UHECRs with energies beyond the GZK cutoff of
the CR spectrum. Since neutrinos are stable and can travel
cosmological distances practically without undergoing
absorption even with energies En 4EGZK � 7� 1019 eV,
neutrino fluxes from different astrophysical sources can be
regarded as a sensitive instrument in studying the universe
right up to its observable boundaries.

On the other hand, neutrinos with SM cross sections
should not produce vertical showers high up in the atmo-
sphere, such as are observed in the case of UHECR events.
For the neutrino to be a source of such events, the nN cross
section at ultrahigh energies must be at least 5 orders of
magnitude larger than the SMcross section. Such a possibility
opens up, for example, in the light of quantum gravity
theories involving the unification of interactions at a TeV
scale and large extra space ± time dimensions.

Studying UHEN fluxes allows determining inelastic nN
cross sections at energies not available even at the future LHC
accelerator. Any statistically reliable evidence in favor of an
enhancement of the cross sections above SM values may be a
manifestation of the new physics.

At the same time that the nN cross sections increase with
energy, the neutrino fluxes produced in various sources
rapidly decrease. Therefore, new large-scale experimental
installations are being created for their registration, and new
detection methods are being applied. A quantity used for
comparison and characterizing the potentials of different
experiments for UHEN registration is the product of the
detector apertureA, the solid angleDO, and the exposure time
Dt [350]. This quantity is shown in Fig. 19.
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At present, in the AMANDA [72], ANITA-lite [351],
BAIKAL [319], FORTE [77], GLUE [79], and RICE [76]
experiments, restrictions have been imposed on the fluxes of
astrophysical neutrinos in the energy range En �1016 ±
1026 eV (Fig. 20). The sensitivity of these experiments,
however, is insufficient for the registration of cosmogenic
neutrino fluxes or of neutrino fluxes generated in powerful
cosmic `accelerators,' such as GRBs and AGNs, and
produced in TD decays. In the nearest future, this problem
may be resolved in experiments using the neutrino telescopes
ANTARES [74] and IceCube [75], the radio detector ANITA
[80] and the ground-based CR detectors Auger [84], and
Telescope Array [83]. The prospects for further enhancement
of the sensitivity of experiments to the registration of
astrophysical neutrino fluxes are related to the planned
radio detectors SalSA [78], LOFAR [338], and LORD [81,
82] and the cosmic observatories EUSO [85] and OWL [86]
(see Fig. 20).

Hope remains that in the next decade, new experiments
for UHEN registration will shed light on many of the
problems considered in this review.

The author is grateful to VATsarev for useful discussions
of many of the issues raised in the review and for a number of
valuable comments.
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