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ABSTRACT
We discuss in some detail the production of extremely high energy (EHE) neutrinos with energies

above 1018 eV. The most certain process for producing such neutrinos results from photopion pro-
duction by EHE cosmic rays in the cosmic background photon Ðeld. However, using assumptions for
the EHE cosmic-ray source evolution that are consistent with results from the deep QSO survey in the
radio and X-ray range, the resultant Ñux of neutrinos from this process is not strong enough for plaus-
ible detection. A measurable Ñux of EHE neutrinos may be present, however, if the highest energy
cosmic rays that have recently been detected well beyond 1020 eV are the result of the annihilation of
topological defects which formed in the early universe. Neutrinos resulting from such decays reach ener-
gies of the grand uniÐed theory scale, and collisions of superhigh-energy neutrinos with the cosmic back-
ground neutrinos initiate neutrino cascading, which enhances the EHE neutrino Ñux at Earth. We have
calculated the neutrino Ñux including this cascading e†ect for either massless or massive neutrinos, and
we Ðnd that these Ñuxes are conceivably detectable by air Ñuorescence detectors now in development.
The neutrino-induced showers would be recognized by their starting deep in the atmosphere. We evalu-
ate the feasibility of detecting EHE neutrinos this way using air Ñuorescence air shower detectors and
derive the expected event rate. Other processes for producing deeply penetrating air showers constitute a
negligible background.
Subject headings : cosmic microwave background È cosmic rays È cosmic strings È early universe È

elementary particles È instrumentation : detectors

1. INTRODUCTION

It is well known that there exist extremely high energy
particles in the universe with energies up to D1020 eV. How
they are produced and how they propagate in the universe
have been puzzles for a long time. Recent experiments
suggest that these particles come from outside the Galaxy

et al. Reid, & Watson(Bird 1993 ; Lawrence, 1991 ; Yoshida
et al. More detailed understanding of their origin will1995).
require the detection of many more particles. It may also be
necessary to observe the production process through other
windows. Nucleons and nuclei lose their energies in less
than D100 Mpc through interactions with the cosmic
microwave background & Kuz� min(Greisen 1966 ; Zatsepin

Furthermore, intergalactic magnetic Ðelds can bend1996).
their trajectories, masking their sites of origin. Gamma rays
are even more limited in path length because of electron
pair production when they collide with radio photons.

In this regard, neutrinos have uniquely advantageous
characteristics : they can penetrate cosmological distances
in the universe and their trajectories are not deÑected
because they have no electric charge. They carry informa-
tion about extremely high energy (EHE) production pro-
cesses, even in the early universe. It is therefore important to
understand the possible processes for producing EHE neu-
trinos and to consider the possibilities for detecting the pre-
dicted Ñux resulting from several di†erent models.

What mechanisms might produce EHE neutrinos? It has
been pointed out that they should be produced at least by
the Greisen mechanism: the decay of photopions produced
by EHE cosmic-ray protons colliding with the cosmic
thermal background photons &(Greisen 1966 ; Hill
Schramm & Teshima The detection of1985 ; Yoshida 1993).

Greisen neutrinos would itself supply Ðrm evidence that
EHE cosmic rays are coming from extragalactic space. The
intensity of these neutrinos depends strongly on assump-
tions about the production of extragalactic EHE cosmic
rays, and we need to make clear what kind of extragalactic
sources might produce a detectable Ñux of Greisen neu-
trinos.

Another possibility has been proposed that would result
in more copious EHE neutrinos. If monopoles and/or
cosmic strings (so-called topological defects) were formed in
symmetry-breaking phase transitions in the early universe,
they may have produced EHE particles with energies up to
the grand uniÐed theory (GUT) scale (typically D1015 GeV)
through their collapse or decay, with leptons and hadronic
jets emitted from the supermassive so-called X-particles

Hill, & Schramm Schramm, &(Bhattacharjee, 1992 ; Hill,
Walker This hypothesis is of interest here because1987).
these jets are expected to produce many more neutrinos
than nucleons, and the EHE neutrino Ñux might be detect-
able.

The detection of these EHE neutrinos is an interesting
challenge. Currently, there is no detector designed speciÐ-
cally for detecting EHE neutrinos. However, an EHE neu-
trino could induce an electron in the terrestrial atmosphere,
thereby initiating an electromagnetic air shower. Several
detectors with huge acceptance of D104 km2 sr for giant air
showers are now being constructed and/or planned, and we
should not neglect the potential for EHE neutrino detection
as a by-product of these detectors. The feasibility of EHE
neutrino detection by giant air shower detectors must be
evaluated together with a study of the possible background
event types.
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In this paper we analyze the production of EHE neu-
trinos and estimate their Ñux based on several di†erent
models. We also discuss prospects for EHE neutrino astro-
physics which would result from detecting such a Ñux. The
paper is organized as follows. reviews GreisenSection 2
neutrinos, which are produced by photopion production of
the EHE cosmic-ray nucleons in intergalactic space. We
present the possible Ñux for di†erent assumptions about
evolution of the EHE particle emitters and discuss the
detection possibility. Some notes on neutrino emission from
active galactic nuclei (AGN) are given in In we focus° 3. ° 4
on the emission of EHE neutrinos from collapse or annihi-
lation of topological defects (TDs) such as monopoles,
cosmic strings, etc. Because neutrino cascades with the
cosmological relic neutrinos have a signiÐcant e†ect on the
resultant Ñux in this scenario we discuss the(Yoshida 1994),
propagation of EHE neutrinos in detail for both massless
and massive neutrinos in deriving the possible Ñux. We
discuss in how to detect EHE neutrinos as deep air° 5
showers, using the air Ñuorescence detectors that are cur-
rently being constructed and planned. The event rate in
these detectors for the TD scenario is also presented. The
possibility of background events which could cause mis-
identiÐcation of neutrinos is considered in We sum-° 6.
marize our conclusions in ° 7.

2. THE GREISEN NEUTRINOS

Extremely high energy neutrinos above 1018 eV can be
produced by photopion production between EHE cosmic-
ray nucleons and the 2.7 K background photons during
propagation in intergalactic space & Schramm(Hill 1985).
Because neutrinos travel much longer distances than the
cosmic-ray nucleons, the Ñux of these neutrinos depends
heavily on assumptions about the evolution of the cosmic-
ray sources, including cosmic-ray emission rates at high-
redshift epochs & Teshima hereafter(Yoshida 1993, Paper

The source evolution function, g(t), is related to theI).
cosmic-ray spectrum as follows :
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loss due to interactions with 2.7 K photons and adiabatic
loss due to the expansion of the universe. This quantity
plays the role of GreenÏs function and is calculated by the
transport equation for cosmic rays & Schramm(Hill 1985)
or Monte Carlo simulation for propagation in the 2.7 K
photon Ðeld & Teshima For astrophysical(Yoshida 1993).
sources like radio galaxies or AGNs, we can consider the
number of sources to be approximately conserved during
the timescale we are interested in here. So equation (1)
becomes
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where is the number density of sources at present. If wen0assume g(t) to be proportional to (1 ] z)m, where z is the
value of the redshift at time t, then can beequation (2)
written as
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Here is the Hubble constant, and we assume anH0EinsteinÈde Sitter universe. In this expression, m\ 0 corre-
sponds to the case of no evolution.

The neutrino Ñux becomes higher as the evolution
parameter m and the ““ turn-on time ÏÏ are increased.zmaxshows the spectrum of Greisen electron neutrinosFigure 1
under several assumptions for m and These spectra arezmax.estimated by Monte Carlo simulation as in ThePaper I.
primary spectrum of cosmic-ray nucleons is assumed to be
DE~2 up to 1022 eV, though this assumption may be opti-
mistic considering the proposed acceleration efficiency at
radio galaxies & Strittmatter However,(Biermann 1987).
even with these optimistic assumptions, the neutrino Ñux is
found to be at most comparable to that of the EHE cosmic
rays at around 1019 eV. Although the neutrino Ñux would
be a good probe of m and pertaining to evolution of thezmaxEHE cosmic-ray production, detection of these Ñuxes with
the current techniques is unlikely because of the low cross
sections for neutrino interactions.

Let us consider the case of extremely strong source evolu-
tion here. If the primary spectrum of EHE cosmic rays is
very hard and emissions at high-redshift epochs are
responsible for the bulk of cosmic rays in intergalactic
space, they would yield more neutrinos during their propa-
gation. shows the expected neutrino spectrum forFigure 2
the case m\ 7 and with a primary cosmic-rayzmax\ 5
spectrum DE~1.5 calculated by the same Monte Carlo
simulation as in The neutrino Ñux exceeds thePaper I.
cosmic-ray Ñux by a factor of D140 at around 1019 eV and
may be detectable. However, we should note that these

FIG. 1.ÈEnergy spectrum of Greisen neutrinos under several assump-
tions of m and zmax.
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FIG. 2.ÈEnergy spectrum of Greisen neutrinos for the strong source
evolution case.

strong evolution assumptions would be inconsistent with
the evolution of the luminosity functions of QSOs recently
measured in the X-ray and radio range et al.(Boyle 1994 ;

& Peacock The deep sky survey with theDunlop 1990).
ROSAT X-ray satellite found that m\ 3.25 and zmax\ 1.6
give the best Ðt to the observed data et al.(Boyle 1994).
Therefore, if the powerful astrophysical sources like QSOs
are the origin of the EHE cosmic rays as proposed by many
authors & Biermann it is hard to argue for a(Rachen 1993),
stronger evolution than this.

3. THE DIFFUSE NEUTRINOS FROM AGNs

Active galactic nuclei are possible acceleration sites for
producing EHE cosmic rays, and the accelerated proton
energy loss due to p-p and/or p-c interactions in the AGN
accretion disk or with UV photons in the associated jets are
the dominant mechanisms for neutrino (and photon) pro-
duction. Many authors have studied these processes to
predict the possible neutrino Ñuxes (e.g., & ProtheroeSzabo

Stecker et al. mainly focusing on TeV and1994 ; 1991, 1992),
PeV neutrinos. Whether AGNs can produce EHE neu-
trinos with energies of 10 EeV or greater depends on the
proton maximum energy. Radio-quiet AGNs, the most
numerous class of AGNs, are not likely to produce EHE
cosmic rays, while radio-loud AGNs might be able to
produce EHE cosmic rays and neutrinos. Mannheim
modeled the production mechanism of EHE neutrinos in
the jets of radio-loud AGNs and found(Mannheim 1995)
that the maximum neutrino energy reaches about 10 EeV.
When the jet is pointing at the observer, particles acceler-
ated in the moving jet plasma can gain an extra so-called
Doppler factor An uncertainty in this(Mannheim 1993).
model arises from the fact that we do not know how many
radio-loud AGNs contribute to the bulk of energetic neu-
trinos and photons, and it would be difficult to give a reli-
able estimate of the normalization of the present-day
neutrino Ñux. One possibility is to assume that the radio-
loud AGNs are also responsible for the di†use gamma-ray
background above 100 MeV The(Mannheim 1995).
increasing number of EGRET sources and the detection of

TeV photons from Mrk 421 and 501 et(Punch 1992 ; Quinn
al. support this hypothesis, though these photon emis-1995)
sions could be driven not by n0 decay but by inverse
Compton scattering of energetic electrons without produc-
ing any neutrinos. Under the assumption that the energy
Ñux of gamma rays emitted from radio-loud AGNs is com-
parable to the di†use gamma-ray background, one obtains
the EHE neutrino Ñux as D6 ] 10~33 m~2 sr~1 s~1 eV~1
at 10 EeV which is higher than the(Mannheim 1995),
cosmic-ray Ñux by about a factor of 4. In this case the AGN
neutrinos would dominate the Greisen neutrinos even in the
EeV range. However, the predicted Ñux is still low and hard
to detect, as will be described in and detection of° 5,
TeVÈPeV neutrinos from AGNs by underground neutrino
telescopes is more feasible since the neutrino Ñuxes in this
energy range are much higher and radio-quiet AGNs can
also produce TeVÈPeV neutrinos. PeV neutrinos from
AGNs should be much easier to detect than EeV neutrinos
because of the much higher expected Ñuxes.

4. EHE NEUTRINO EMISSION FROM TOPOLOGICAL

DEFECTS

The possibility of producing EHE particles by the annihi-
lation or collapse of TDs such as monopoles, cosmic strings,
etc., has been proposed recently (e.g., et al.Bhattacharjee

et al. The maximum energy of the particles1992 ; Hill 1987).
produced from TDs can reach the typical GUT energy
scale. The energy trapped in the defects is released in the
form of supermassive gauge bosons and Higgs bosons,
which are usually referred to as X-particles. The decay of
the X-particles can give rise to quarks, gluons, leptons, etc.,
which materialize into EHE nucleons, photons, and neu-
trinos with energies up to the GUT scale. This mechanism
could be the origin of the highest energy cosmic-ray events
well beyond 1020 eV detected by the FlyÏs Eye et al.(Bird

and the Akeno Giant Air Shower Array (AGASA;1995)
et al. Although we cannot exclude theHayashida 1994).

possibility that these events could have originated at a
nearby radio galaxy at an earlier time of strong activity if a
strong magnetic Ðeld in the propagation space bent their
trajectories & Sommers the TD hypothesis(Elbert 1995),
appears to be a possible option because these extremely
high energies would result from the direct production of
particles from the decay of the supermassive X-particles
without any acceleration mechanism, and the lack of any
identiÐable astrophysical sources near the arrival directions
of these events is not a problem in this scenario because
TDs are not necessarily associated with astrophysical
sources Schramm, & Bhattacharjee(Sigl, 1994).

Among possible kinds of TDs, closed loops of cosmic
strings have been studied most extensively as emitters of
EHE cosmic rays. It has turned out that whether they
would produce an observable cosmic-ray Ñux depends on
the abundance of loops in the lowest oscillation state that
collapse within 1 oscillating period before losing their
trapped energies by gravitational wave radiation. This is a
free parameter, and no deÐnitive theory gives a strict limit
for EHE cosmic-ray production by cosmic string loops.

Recently the production of EHE cosmic rays through a
process that involves formation of metastable monopole-
antimonopole bound states (monopolonium) and their sub-
sequent annihilation has been studied & Sigl(Bhattacharjee

In this scenario the measurable EHE cosmic-ray Ñux1995).
requires a fractional abundance of monopolonium of more
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than D10~7 of the total monopole abundance. Although
this requirement is not excluded by the Parker bound, the
monopolonium fraction is quite speculative.

Therefore, the observation of EHE particles seems to be
essential for testing whether these hypotheses are true or
not. One prediction from the TD scenario is a high Ñux of
EHE neutrinos, because the hadronic jets produced by the
collapse of TDs would create many pions, which in turn
emit neutrinos through their decays. The detection of the
EHE neutrinos as well as the EHE gamma rays would
support the hypothesis that the origin of EHE particles is
related to GUTs.

The energies of EHE neutrinos produced by the collapse
of TDs range up to the GUT energy scale (D1016 GeV),
and their interactions with the cosmic thermal neutrinos
(present temperature 1.9 K) produce a signiÐcant neutrino
cascade The cascading increases the total(Yoshida 1994).
EHE neutrino Ñux because a single neutrino from the
X-decay can spawn multiple EHE neutrinos. Including this
enhancement yields an EHE neutrino Ñux that is more
likely to be detectable. In this chapter we derive the
expected neutrino Ñux from TDs, taking into account the
enhancement factor due to neutrino cascades. Our treat-
ment of the propagation of neutrinos in the cosmic massless
neutrino background Ðeld is described elsewhere (Yoshida

but we also present a brief description here because it1994),
is essential for the Ñux estimation. Then we further discuss
the neutrino cascading e†ect for the case of massive neu-
trino backgrounds. Finally, we calculate the di†erential
neutrino Ñux for several assumptions for the masses of X-
particles and neutrinos.

4.1. Propagation of EHE Neutrinos
4.1.1. Massless Neutrinos

Because energetic neutrinos expected in the TD scenario
are likely to exceed 1014 GeV even at high redshifts of
zº 100, collisions of these superhigh-energy neutrinos with
the cosmic background neutrinos should occur. The cosmic
background neutrinos follow the Fermi distribution :

dn
dkbb

(kbb, Tl, z)\
1

2n2Å3
kbb2

exp Mkbb/[kB Tl(1 ] z)]N] 1
. (4)

Here is the energy of the cosmic background neutrinos,kbbis the present blackbody temperature (1.9 K), isTl kBBoltzmannÏs constant, and z is the redshift value at a given
epoch.

The collision probability between EHE neutrinos and the
thermal background neutrinos is given by (Yoshida 1994)

dF
dt dErec

(El, z) \ 1
4n
P

ds
dp

dErec
(s)

]
P

d)(1 ] cos h)
dn

dkbb
(kbb, Tl, z)

dkbb
ds

, (5)

where h is the collision angle between the EHE neutrino
and the background neutrino ; is the EHE neutrinoElenergy at the epoch with redhift z ; s is the Lorentz invariant
parameter, which can be written in the cosmic-ray labor-
atory frame (CRLF) as

s \ 2El kbb(1 ] cos h) ; (6)

p is the cross section for the interaction ; and is theErecrecoil energy of collision particles such as electrons, muons,
taus, quarks, and neutrinos. Their decays or hadronizing

process would produce neutrinos and further contribute to
the neutrino cascade. The main interactions in the neutrino
cascade are the following : (a) s-channel exchange, (b)Z0t-channel W B exchange, (c) t-channel exchange, (d) inter-Z0ference between (a) and (b), (e) interference between (a) and
(c), and ( f ) interference between (c) and u-channel Z0exchange. The most important ones are channel a, which
has resonance behavior, and channel b, which becomes
important above the resonance energy for coupling of neu-
trinos with di†erent Ñavors. The cross sections for these
channels are, respectively, written as

dp
d cos h*

\G2s
4n

M
z
2

(s [ M
z
)2] M

z
2!

z
2

] [gL2(1 ] cos h*)2] gR2(1 [ cos h*)2] , (7)

dp
d cos h*

\ G2s
4n

M
w
2(1 ] cos h*)2

[(s/2)(1 [ cos h*) ] M
w
2]2 , (8)

where G is the weak interaction coupling constant ; h* is the
rotation angle of the collision in the center-of-momentum
system; and are the masses of and W B, respec-M

z
M

w
Z0tively ; is the decay width of and and are the!

z
Z0 ; gL gRleft-handed and right-handed coefficients, respectively.

Although these two channels are the main contributors to
the cascade, we take into account also the other channels
cÈf. Since the energy of the recoil particles, is related toErec,h* through a Lorentz transformation, can be calcu-dp/dEreclated from dp/dh*.

The number of produced neutrinos per unit length per
unit energy is given by

dN
j?i

dEl,i dL
\
P

dErec
dn

dEl,i
(El,i, Erec)

dF
dL dErec

(El,j, z) , (9)

where i and j denote the types of neutrinos like andl
e
, lk, lqand is the energy distribution of the secondary neu-dn/dEl,itrinos produced by the recoil particle. For elastic collisions,

these will be delta functions, and for the produced muons
and taus, they can be derived by the decay matrix elements

Quarks fragment and produce jets of(Gaisser 1990).
hadrons that emit neutrinos through their decays, so

can be gotten by convolution of the hadronic frag-dn/dEl,imentation spectrum with the hadron decay spectrum. The
fragmentation spectrum can be written as et al.(Hill 1987)

dN
h

dx
^ 0.08 exp

C
2.6
S

ln
A1
x
BD

(1[ x)2
C
x
S

ln
A1
x
BD~1

.

(10)

Here, is the energy of a hadron in the jet andx \E/Ejet N
his the number of hadrons with fraction x of the energy in the

jet We assume that 97% of the hadrons in the jet areEjet.pions et al.(Bhattacharjee 1992).
Then we can write the transport equation of EHE neu-

trinos using as followsequation (9) (Yoshida 1994) :

dN
i

dL
(El,i, z) \ [ N

i
(El,i, z)

j
i
(El,i, z)

] ;
j/le,lk,lq

P
El,i

El,imax
dEl,j@ N

j
(El,j@ , z)

dN
j?i

(El,j@ , El,i, z)
dEl,i dL

] d
dEl,i

[H0(1] z)3@2El,i Ni
(El,i, z)] , i\ l

e
, lk, lq .

(11)
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Here is the mean free path that is calculated by inte-j
igrating over and s, is the Hubble con-equation (5) Erec H0stant, and the third term on the right-hand side of equation

expresses the adiabatic loss due to the expansion of the(11)
universe. Numerical solution of gives theequation (11)
energy distribution of EHE neutrinos after their propaga-
tion.

shows an example of the EHE neutrino energyFigure 3
distribution in the neutrino cascade. One can see the sec-
ondary bulk of lower energy neutrinos. This is mainly con-
tributed by the hadronic jet that channel a produces at
around the resonance energy (D3 ] 1015 GeV). YouZ0will see that this bulk enhances the Ðnal Ñux of neutrinos.

4.1.2. Massive Neutrinos

It is well known that invoking a small mass for cosmo-
logical background neutrinos might resolve the dark matter
problem. Comparing the cosmological mass density and the
neutrino density gives a constraint on the masses of stable
neutrinos as (Bludman 1992)

;
le,lk,lq

ml \ 92)0 h2 eV , (12)

where is the total cosmological mass density normalized)0by the critical density of the universe and the Hubble con-
stant is h km s~1 Mpc~1. The mass density isH0\ 100 )0related to the Hubble constant and the present age ofH0the universe t0 :

[ 1
)0[ 1

] )0
()0 [ 1)3@2 tan~1 ()0[ 1)1@2 ,

closed universe ,

H0 t0 \ [ 1
)0[ 1

[ )0
(1[ )0)3@2

tanh~1 (1 [ )0)1@2 ,

open universe ,

2
3

,
Ñat universe .

q

t

t

t

t

r

t

t

t

t

s

(13)

FIG. 3.ÈEnergy distribution of EHE neutrinos in the cascade after
propagation through 1 Gpc. Primary input spectrum is monochromatic
energy distribution of 1016 GeV muon neutrinos.

The age of the universe can be estimated from measured
ages of star clusters & Cacciari to be(Sandage 1990) t0 \
13È17 Gyr. Allowing 0.5 ¹ h ¹ 1.0, andequation (13) t0give

)0 h2¹ 0.038È0.255 , (14)

and the neutrino mass limitation is given by

;
le,lk,lq

ml¹ 3.5È23 eV . (15)

Thus, for example, eV are still allowedmle \mlk \ mlq \ 1
by this somewhat strict constraint. For simplicity in the
following discussion, masses of neutrinos are assumed to be
the same for all Ñavors.

If the rest-mass energy of cosmological background neu-
trinos is much higher than their blackbody temperature,
their energy distribution is e†ectively monochromatic.
Thus, the probability of collision between EHE neutrinos
and the cosmic background neutrinos, equation (5),
becomes

dF
dt dErec

(El, z) ^ (1 ] z)3n0
dp

dErec

K
s/2mlEl

, (16)

where is the number density of the background neutrinosn0in the present universe (D108 cm~3 for in eachl] l6
Ñavor). We get the mean free path by integrating equation
(16) :

j(El, z) ^ (1 ] z)~3(n0 p o
s/2mlEl

)~1 . (17)

shows the mean free path obtained byFigure 4 equation
The resonance e†ect on the cross section for(17). Z0channel a (see creates the bump at aroundeq. [7])

El oresonance\
M

z
2

2ml
\ 4 ] 1012

A ml
1 eV

B~1
GeV . (18)

Above this energy region, t-W B exchange (see eq. [8])
become the dominant channels.

Numerical solution of the transport equation, equation
together with equations and give the EHE(11), (9), (16), (17)

neutrino energy distribution propagating in the massive
background neutrino Ðeld. shows the energy dis-Figure 5

FIG. 4.ÈMean free path of EHE neutrinos in the massive cosmological
neutrino backgrounds at present epoch.
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FIG. 5.ÈEnergy distribution of EHE neutrinos after propagation through 1 Gpc in the background neutrinos with eV. Primary input spectra areml\ 1
monochromatic energy distributions of 1015 GeV and 3] 1012 GeV muon neutrinos, respectively.

tribution of EHE neutrinos propagating in the background
neutrino Ðeld with eV. The transition of the second-ml\ 1
ary neutrino energy distribution is found at around 1013
GeV because the main contribution for the bulk of the
lower energy neutrinos is the decay of pions in the hadronic
jets that are emitted through the interaction of s-Z0exchange, while the secondary neutrinos with higher ener-
gies come mainly from the coupling through the W Bl-l6
exchange.

shows the expected spectral shape from a singleFigure 6
source of EHE neutrinos. The sharp dip appears because of
the resonance behavior as described above. Creation ofZ0this dip has been pointed out by using simpleRoulet (1993)
analysis considering only the absorption e†ect by the back-
ground neutrinos. We also Ðnd a slight enhancement of the
Ñux at lower energy. This enhancement created by the bulk
of the secondary neutrinos will play an important role in
studying the Ðnal Ñux of neutrinos from TDs.

FIG. 6.ÈEnergy spectra of EHE neutrinos propagating in the massive
cosmological background neutrino Ðeld. The primary spectra are assumed
to be DE~2.

4.2. Flux of EHE Neutrinos
The release rate of the X-particles by collapse of cosmic

string loops or monopolonium & Sigl(Bhattacharjee 1995)
is given by

dnX
dt

\ it~3 , (19)

where i is determined mainly from the abundance of the
string loops in the lowest oscillation state or the abundance
of monopolonium and the X-particle mass, all of which are
unknown. We get the Ðnal Ñux of EHE neutrinos after pro-
pagating in the cosmic background neutrinos using
equation (1) :

J(E
t0
)\
P t0

dt
e

dnX
dt

e

CR(t
e
)

R(t0)
D3P

Et0
dE

te
G(E

te
, E

t0
, t

e
) f (E

te
) .

(20)

GreenÏs function G is calculated by the transport equation,
Because the primary neutrinos are producedequation (11).

by decay of the pions in the hadronic jets from X-particle
decay, the primary neutrino spectrum is given by thef (E

te
)

convolution of the hadronic fragmentation spectrum,
and the pion-muon decay spectrumequation (10), (Yoshida

et al. & Sigl1994 ; Bhattacharjee 1992 ; Bhattacharjee 1995).
We assume the jet energy is and 97% of hadrons in themX/2
jet are pions as in the previous calculations (e.g.,

et al. It should be noted that the EHEBhattacharjee 1992).
neutrino spectrum is not sensitive to the rate of annihi-
lations in the early radiation-dominated universe (z[ 104),
since any neutrinos produced then would have cascaded to
lower energies. It is sensitive, however, to the evolution
described by for z[ 100 both because of theequation (19)
high TD annihilation rate at early times and because the
target background neutrinos then had higher energy and
greater density.

Because the value of i in is uncertain, theequation (19)
observed Ñux of EHE cosmic rays sets the normalization. If
the extragalactic component of EHE cosmic rays dominates
above around 1018.5È1019 eV, where the change of the spec-
tral slope has been observed et al. et al.(Bird 1994 ; Nagano

et al. it is consistent to assume that the1992 ; Yoshida 1995),
cosmic rays above about 5 ] 1019 eV are mainly from the
collapse of TDs. This assumption gives an intensity of
protons from TDs that is lower than the observed Ñux over
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FIG. 7.ÈDi†erential Ñux of EHE neutrinos from the collapse of the cosmic string loops or monopolonium. All neutrinos are assumed to be massless
particles. Dashed curves : Results calculated if only the energy loss due to the expansion of the universe is considered.

the whole energy range, and the superhigh energetic events
observed by FlyÏs Eye et al. and AGASA(Bird 1995)

et al. well beyond 1020 eV can be(Hayashida 1994)
explained as gamma rays from TD annihilations et al.(Sigl

& Sigl et al. Here we1994 ; Bhattacharjee 1995 ; Chi 1993).
use the normalization obtained from the assumption that
the cosmic-ray intensity at 5 ] 1019 eV observed by FlyÏs
Eye et al. is contributed by protons (and(Bird 1994)
neutrons) from TDs. This normalization is constrained by
their contribution to the di†use gamma-ray background for

MeV but not completely ruled out yet et al.Ec ^ 200 (Sigl
The recent reevaluation of the c-ray Ñux Lee, &1995). (Sigl,

Coppi demonstrates that the normalization is allowed1996)
for extragalactic magnetic Ðeld strengths of ¹10~11 G,
which are consistent with current estimates (Kronberg
1994).

Figures and show the expected Ñux from cosmic7 8
string loops or monopolonium for the case of massless neu-
trinos and those with 1 eV mass, respectively. It is found
that the secondary neutrinos produced in the neutrino
cascade enhance the intensity below D1020 eV. For the
massive neutrino case, the sharp dip structure appearing in
the spectrum from each source as shown in sup-Figure 6
presses the intensity at around the resonance energyZ0expressed by The Ñux at the lower energies,equation (18).
however, is enhanced by the cascading e†ect.

The Ñuxes obtained here are much higher than the
Greisen neutrinos discussed in The integral Ñux above° 2.
1019 eV is listed in We should note that the ÑuxTable 1.
estimate has an uncertainty of about a factor of 2 due to the

FIG. 8.ÈDi†erential Ñux of EHE neutrinos from the collapse of the
cosmic string loops or monopolonium. Masses of all neutrinos are
assumed to be 1 eV. Dashed curves : Results calculated if only the energy
loss due to the expansion of the universe is considered.

poor cosmic-ray statistics at 5 ] 1019 eV and possible sys-
tematics in the cosmic-ray energy estimation et al.(Bird

et al. The Ñux depends on the assump-1994 ; Yoshida 1995).
tion of the hadronic fragmentation spectrum because the

TABLE 1

INTEGRAL NEUTRINO FLUX ABOVE 1019 FOR THE DIFFERENT ASSUMPTIONSeV

FLUX

mX \ 1016 GeV mX \ 1015 GeV mX \ 1015 GeV
NEUTRINO ml \ 0 eV ml \ 0 eV ml \ 1 eV OBSERVED COSMIC RAYS

l
e

. . . . . . . . . 1.4] 10~12 4.4] 10~13 3.8] 10~13 1.4] 10~14
lk . . . . . . . . . 2.8] 10~12 8.9] 10~13 7.7] 10~13 . . .

NOTE.ÈAll values are measured in m~2 s~1 sr~1.
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FIG. 9.ÈDi†erential Ñux of EHE neutrinos from saturated supercon-
ducting cosmic string loops. Masses of all neutrinos are assumed to be
1 eV.

hadronic jets play an important role in determining both
the primary spectrum and the Ñux enhancement by neu-
trino cascading. It has been pointed out et al.(Chi 1993)
that the fragmentation spectrum could be steeper than

giving DE~1.3, and the Ðnal Ñux could beequation (10),
higher by more than a factor of 10. Thus the Ñuxes we
present here could still be conservative.

There is another potential TD that could be a source of
EHE cosmic rays : the saturated superconducting cosmic
string loops (SCS) et al. Although this hypothe-(Hill 1987).
sis might have several difficulties in producing EHE par-
ticles due to constraints by the low-energy c-ray
backgrounds and the light-element abundances in the uni-
verse et al. strong evolution could give a high(Sigl 1995),
Ñux of neutrinos. The release rate of the X-particle is Dt~4
(Dt~3 for the ordinary string loops and monopoles as
expressed in and the neutrinos at earlier epochseq. [19]),
mainly contribute to the bulk of EHE neutrinos. A massive
neutrino background would provide an especially inter-
esting possibility. shows the expected EHE neu-Figure 9
trino spectrum from SCS for a neutrino mass of 1 eV. The
dip structure as seen in is not smeared even inFigure 6
summing over the EHE neutrinos from SCS at di†erent
epochs according to because of the strongequation (20),
evolution. The neutrino spectrum expected from this sce-
nario would have this indicator of the neutrino mass.

5. DETECTION OF THE EHE NEUTRINOS

The Ñuxes calculated above are in the range 10È30 ls
km~2 yr~1 sr~1 above 1019 eV, and their detection requires
a detector of huge aperture considering the low neutrino
cross sections. The standard-type underground neutrino
telescopes, which observe long-range upward-going muons
with e†ective areas of 0.1 km2 or smaller, would not be
capable of EeV neutrino detection et al. An(Gandhi 1995).
alternative detection method is to search for extensive air
showers (EAS) initiated by electrons produced by neutrinos
through the charged current process l

e
] N ] e] X.

Showers developing deep in the atmosphere must be pro-
duced by penetrating particles. The FlyÏs Eye experiment
searched for such an event to get an upper bound on the
EHE neutrino Ñux et al.(Baltrusaitis 1985 ; Emerson 1992).
The predicted Ñuxes are still lower than this bound by
about a factor of 10. There are large new detectors for mea-
suring EHE cosmic-ray air showers using air Ñuorescence
that are now under construction or development. These will
have large enough apertures to have the potential to search
for EHE neutrinos collaboration et(HiRes 1993 ; Teshima
al. These detectors can reconstruct the EAS develop-1992).
ment as a function of atmospheric depth with better than 30
g cm~2 resolution and easily distinguish normally
developing showers from deeply penetrating showers.

The interaction length of cosmic-ray hadrons and c-rays
is 50È100 g cm~2 near 1019 eV. Thus the probability of
these particles initiating EAS at deeper than 2000 g cm~2 is
less than 2 ] 10~9, so any shower starting that deep in the
atmosphere would be a candidate neutrino event. The event
rate of deeply penetrating showers (DPS) induced by EHE
neutrinos is given by

dN
dt

(ºEle) \ NA
P
Ele

=
dEle@ J(Ele@ )

]
P
0

Ele@
dE

e
dple
dE

e
(Ele@ )

P
d)(X) [ 2000 g cm~2)A()) , (21)

where is the cross section of the charged current processplewith the nucleon, is the energy of the produced electrons,E
eis AvogadroÏs number, is the slant depth of theNA X)atmosphere for the solid angle ), and A()) is the acceptance

of the air Ñuorescence detector for deeply penetrating
showers.

The charged current cross section in this energy region
has not been measured and could be uncertain. The
observed small-x behavior of the QCD structure functions,
however, gives an estimate of the cross section without large
ambiguity, and it turns out that the cross section is not
saturated because of the evolution of the QCD structure
functions (e.g., & Ralston Reno, &Mackey 1986 ; Quigg,
Walker & Stanev shows the1986 ; Gaisser 1985). Figure 10
calculated total cross section of l] N ] lB] X. The
increase in the cross section is favorable for EHE neutrino
detection.

The DPS acceptance, A()) in is estimatedequation (21),
by Monte Carlo detector simulations. For discussing the
sensitivity for neutrino detection, it is useful to deÐne the
““ e†ective aperture ÏÏ that is folded with the cross section :

Dl(Ele) \ NA
P
0

Ele
dE

e
dple
dE

e
(Ele)T (E

e
) , (22)

T (E
e
) \
P

d)(X) [ 2000 g cm~2)A(), E
e
) . (23)

The term represents the e†ective aperture columnT (E
e
)

density (km2 sr g cm~2) of the detector for the DPS as a
function of energy of the neutrino-induced electrons. Then
the event rate is estimated from asequation (21)

dN
dt

(ºEle) \
P
Ele

=
dEle@ J(Ele@ )Dl(Ele@ ) . (24)

Monte Carlo detector simulation can calculate the e†ec-
tive target volume but we shall give a rough estimateT (E

e
),
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FIG. 10.ÈCross section of the charged current process l] N ] lB] X
calculated by & Dashed curve : Obtained by the recentMackey Ralston.
reevaluation of parton distribution measured by HERA.

with a simple analytic calculation Ðrst. A phototube in the
telescope is useful in an event only if it collects more air
Ñuorescence light emitted from the shower track than the
Ñuctuation of night-sky background light during its integra-
tion time The expected air Ñuorescence signal is giventgate.by

Nph\ AmirNe
Q

4nr
p
2 exp

A
[ r

p
r0

B
eeff rp *h , (25)

where is the showerÏs impact parameter, is the arear
p

Amirof a mirror in the telescope, is the number of electrons inN
ethe shower cascade viewed by that phototube, is ther0extinction length of light due to the atmospheric scattering,

is the Ñuorescence light yield from an electron (photonseeffper meter), *h is the phototube pixel size, and Q is the
quantum efficiency of the phototube. The background light
is given by

NBG\ nNB tgateAmirQ(*h)2 , (26)

where is the night-sky photon intensity and is thenNB tgategate time for collecting signal. Then the signal-to-noise ratio
gives the threshold shower electron size for triggering anthchannel as a function of as follows :r

p

N
e,th\ nth 4nr

p
exp

Ar
p

r0

B
eeff~1
SnNB tgate

AmirQ
. (27)

To an accuracy of 35%, this equation can be written as

log N
e,th\ 7.54]

A r0
8 km

B~4@5
8.23] 10~2

A r
p

1 km
B

] log
C
nth
A r0
8 km

BA eeff
4 m~1

B~1

]
ARmir
1 m
B~1SA nNB

106 m~2 sr~1 ks~1
BA tgate

5 ks
BD

,

(28)

where is the radius of the telescope mirror and Q isRmirassumed to be 30%.
The atmospheric slant width during which the shower

cascade contains more electrons than this threshold size
can be considered as a target depth for showers toN

e,thtrigger a detector with almost 100% efficiency. The longitu-
dinal development of an electromagnetic air shower is
described by the Greisen formula and we(Greisen 1956),
obtain the following expression for the target numerically :

X
t
100† \ X

t
(N

e
º N

e,th) \ 100([g2[ 8g ] 2) g cm~2 ,

(29)

g \ log (N
e,th) [ log

A E
e

1 GeV
B

.

Using g can be written as a function of andequation (28), r
pthus is a function of and We should remarkX

t
100† E

e
r
p
.

that requiring leads to a maximum shower dis-X
t
100† º 0

tance at which the telescope will trigger :

r
p
max \ 12.15

A r0
8 km

B4@5
f km , (30)

where

f \ 2.7] log
A E
1019 eV

B

[log
C
nth
A r0
8 km

BA eeff
4 m~1

B~1

]
ARmir

1 m
B~1SA nNB

106 m~2 sr~1 ks~1
BAtgate

5 ks
BD

. (31)

At 1019 eV with (2 p deviation), km for thenth\ 2 r
p
max D 29

detectors under development operating in a desert atmo-
sphere.

Now we can calculate the e†ective aperture column
density, asT (E

e
),

T (E
e
) \ 2n

P
d cos h

P
dr

p
r
p
X

t
100†(r

p
, E

e
)
P

ds . (32)

Here we assume that our detector has azimuthally sym-
metric sensitivity. For integration over zenith angle h, and
azimuthal angle around the axis s, we need to take intor

paccount the limit that the shower must be deeper than 2000
g cm~2 :

X0 exp
A
[ r

p
sin h sin s

h
B

º 2000 cos h g cm~2 . (33)

Here is the atmospheric vertical depth at the detectorX0(D1000 g cm~2) and h is the atmospheric scale height (D7.5
km). After introducing some approximations, we Ðnally
obtained

T (E
e
)^ 1.1] 105

A h
8.4 km

BA r0
8 km

B4@5
f2

[7 ] 104
A h
8.4 km

B2
km2 sr g cm~2 . (34)
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FIG. 11.ÈE†ective aperture for EHE electron neutrinos expected for
the HiRes and the Telescope Array detector performances. Solid curve :
Results obtained by the HiRes Monte Carlo simulation. Dashed curve :
Results obtained by the analytical formula with the HiRes detector param-
eters. Dotted curve : Corresponds to the aperture of the Telescope Array
which was also calculated by the analytical formula.

Equations and give the e†ective neutrino aper-(22), (31) (34)
ture for a detectors with mirror radius and integrationRmirtime tgate.We can conÐrm these estimates using the Monte Carlo
program for the High Resolution FlyÏs Eye (HiRes), now
being constructed at Dugway, Utah Collaboration(HiRes

HiRes has two eyes separated by 12.6 km and 1¡ pixel1993).
size. We use the Monte Carlo code developed for estimate
of the HiRes aperture taking into account the detector per-
formance and atmospheric scattering (Dai 1993).

shows the e†ective aperture for the HiResFigure 11
detector obtained from both the Monte Carlo and our ana-
lytical form with m, h \ 7.5 km, ks, andRmir\ 1 tgate\ 5

One Ðnds that the Monte Carlo and the analyticnth\ 2.
methods are in good agreement. The neutrino aperture
expands with energy both because of the increasing e†ective
aperture column density for shower detection and because
of the increasing interaction cross section.

Beyond HiRes, the Japanese group is planning a large
array of air Ñuorescence and Cerenkov telescopes named
the Telescope Array et al. We estimate the(Teshima 1992).
expected aperture for this experiment with possible param-
eters of m and ns. It is also shown inRmir\ 1.5 tgate\ 350

Although the Ðnal conÐguration and speciÐ-Figure 11.

cation for the Telescope Array have not been determined
yet and the aperture is somewhat uncertain, we should
point out that an air Ñuorescence detector could basically
provide a neutrino detection sensitivity as high as D104Dlm2 sr at 1019 eV, which is determined mainly by the extinc-
tion length the charged current cross section, and ther0,solid angle for detection of the DPS rather than speciÐc
detector parameters like andRmir tgate.The event rate for neutrino-induced showers is estimated
by gives the expected event rate inequation (24). Table 2
HiRes and the Telescope Array for the possible EHE neu-
trino Ñux of the TD models. shows the detectionFigure 12
probability during 10 years of running. It is found that the
SCS model gives a measurable Ñux of neutrinos. For the
ordinary cosmic string or monopole scenario, whether EHE
neutrinos are detectable depends on the X-particle mass,
which determines the enhancement factor of the Ñuxes due
to neutrino cascading. If the mass of X-particles is heavier
than 1016 GeV, we have a chance to detect EHE neutrinos
with air Ñuorescence detectors during 10 years of obser-
vation.

An uncertainty in this estimate arises from uncertainty of
the primary neutrino Ñux estimate (at least a factor of 2) and

FIG. 12.ÈDetection probability of the EHE neutrinos during 10 years
of observation by HiRes (solid curves) and the Telescope Array (dotted
curves). A 10% duty cycle is taken into account. The plotted detection
probability is the Poisson probability of detecting at least one neutrino
shower, given the calculated expected number.

TABLE 2

EXPECTED NUMBER OF EVENTS BY HIRES (HR) AND TELESCOPE ARRAY (TA) INDUCED BY EHE
NEUTRINOS FROM THE COLLAPSE OF TDS DURING A 5 YEAR EXPERIMENT

mX \ 1016 GeV mX \ 1015 GeV mX \ 1015 GeV SCS
ml\ 0 eV ml\ 0 eV ml\ 1 eV ml\ 1 eV

COSMIC-RAY ENERGY HR TA HR TA HR TA HR TA

Eº 1018 eV . . . . . . . . . . 0.38 0.79 0.11 0.23 0.11 0.22 5.93 15.6
Eº 1019 eV . . . . . . . . . . 0.23 0.41 0.08 0.14 0.07 0.12 0.99 1.77
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from uncertainty in estimating cross sections for the inter-
actions of EHE neutrinos with nucleons. et al.Gandhi

recently reevaluated the cross sections based on(1995)
improved knowledge of parton distributions measured by
the electron-proton collider Hadron Electron Ring Acceler-
ator (HERA). The dashed curve in shows theirFigure 10
new estimate. It is larger than the calculated value based on
the previous estimation (e.g., & Ralston byMackey 1986)
20% at 1 EeV, 40% at 10 EeV, and 70% at 100 EeV. This
reevaluation, however, would not signiÐcantly a†ect the
event rates listed in since statistical ÑuctuationsTable 2,
and other uncertainties (e.g., the fragmentation spectrum
equation would dominate an uncertainty due to ambi-[10])
guity in the cross section.

6. BACKGROUNDS

Neutrino interactions in the atmosphere are expected to
produce at most a few detections of deeply penetrating air
showers over the course of a long experiment. It is therefore
important to study whether other phenomena could
produce similar deep showers. One possibility is a DPS
resulting from the decay of an EHE tau lepton deep in the
atmosphere. Another possibility is a DPS due to an EHE
c-ray bremsstrahlung by a muon. In either case, the DPS
would be associated with a higher energy primary shower
that produced the taus or muons. Although the primary
shower may be far away, it should still be evident as an
EHE shower by either its Ñuorescence light or its Cerenkov
light. The danger of mistaking the secondary shower for a
neutrino event arises only if distant clouds block all evi-
dence of the primary shower without obscuring the DPS
secondary shower.

To be conservative, we will here assume that the primary
shower is not detected when a deep EHE shower is produc-
ed by tau decay or muon bremsstrahlung. We evaluate an
approximate upper limit for the rate of detectable deep sec-
ondary showers of that type caused by cosmic-ray air
showers in the atmosphere. Several factors combine to
make this rate small. First of all, air shower production of
EHE taus and muons is small enough that their intensities
are low compared to the intensity of equal-energy primary
cosmic rays. Second, they can only occur at zenith angles
between 70¡ and 90¡. Otherwise, there is not enough slant
depth along the axis for the secondary shower to start
deeper than 2000 g cm~2 and develop above ground level
(taken to be at 860 g cm~2 vertical depth for the analysis
here). Third, on these long slant shower axes, the probabil-

ity is small that the secondary shower will develop within
the detectable volume of atmosphere. The secondary
shower is likely to start too soon or too late. Taken
together, we Ðnd that these factors cause the detection rate
for deeply penetrating secondary showers to be almost neg-
ligible for the detectors now being built or planned.
Extremely high energy neutrino astronomy with air Ñuores-
cence detectors is limited by the signal, not by the back-
ground.

Extremely high energy taus and muons may be produced
in a shower either from the weak decay of a heavy quark,
from the decay of a (real or virtual) W or Z, or from Drell-
Yan processes. Being weak processes, the contributions
from the weak boson and Drell-Yan production are negligi-
ble compared to that from the production of heavy quarks
via the strong interaction. The production rate of EHE taus
and muons have therefore been estimated from andcc6 bb6
cross sections, using a Ðrst-order perturbative QCD calcu-
lation as implemented in the PYTHIA event generator

and using the default fragmentation(Sjo� strand 1992)
parameterization. Each produced bottom or charm particle
is allowed to decay (rather than interact), and the numbers
of resulting taus and muons are counted at each energy. In a
realistic simulation, the hadronic cascades should be simu-
lated along sampled trajectories through the atmosphere,
and many of the bottom and charm particles would interact
instead of decaying. That would degrade the bottom and
charm to lower energies, and the e†ect would be to reduce
the overall intensity of taus and muons at all energies. By
allowing each produced bottom or charm particle to decay,
we are overestimating the tau and muon intensities. The
resulting estimate for deep secondary showers is therefore
useful only as an upper limit. The true rates should be
lower.

These (upper limit) intensities of taus and muons depend
on the cosmic-ray spectrum. If the spectrum is a power law,
then the rates depend on the spectral index and the
maximum cosmic-ray energy (spectrum cuto†). The inten-
sity is larger for Ñatter spectra and for larger cuto†s. Table 3
displays results for some di†erent assumptions about the
cosmic-ray di†erential spectral index and cuto† energy. For
each case, the integral intensity of cosmic rays above 1019
eV is normalized to the observed value of 0.5 km~2 sr~1
yr~1. It should be emphasized that the spectrum hypotheses
are for the cosmic-ray spectrum at Earth, not the source
spectrum. The spectral hypotheses in the table are probably
unreasonably hard, in view of the pion photoproduction

TABLE 3

UPPER LIMITS FOR THE EXPECTED NUMBER OF DEEP SECONDARY SHOWERS DURING A 10 YEAR EXPERIMENT WITH 10% DUTY CYCLE

(1 YEAR OF ON-TIME)

Di†erential Energy Cuto† Iq/ICR (E[ 1 EeV) Ik/ICR (E[ 1 EeV) Detectable Deep q Showers Detectable Deep k Showers
Spectral Index (EeV) (Upper Limit) (Upper Limit) (Upper Limit) (Upper Limit)

3.0 . . . . . . . . . . . . . 1000 7.5] 10~8 2.9] 10~7 2.9] 10~4 3.5] 10~7
2.0 . . . . . . . . . . . . . 1000 5.3] 10~6 2.3] 10~5 2.2] 10~3 9.7] 10~6
2.0 . . . . . . . . . . . . . 10000 8.2] 10~6 3.7] 10~5 3.4] 10~3 2.6] 10~5
1.3 . . . . . . . . . . . . . 1000 1.6] 10~4 7.2] 10~4 1.6] 10~2 1.1] 10~4
1.3 . . . . . . . . . . . . . 10000 7.4] 10~4 3.5] 10~3 6.6] 10~2 8.1] 10~4

NOTE.ÈThe Ðrst two columns describe the hypothetical primary cosmic-ray spectra at Earth. The third column is the (upper limit) integral
intensity of produced taus above 1 EeV, normalized by the integral intensity of primary cosmic rays. The fourth column is the corresponding quantity
for muons. The last two columns give upper limits for the numbers of expected deep EHE secondary showers detected as the result of tau decays and
muon bremsstrahlung, respectively.
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energy losses. The tau and muon intensity upper limits
would be lower for more plausible softer spectra.

For the case of a secondary tau lepton, it is also necessary
to consider the probability that it will decay deep enough to
be confused with a neutrino shower ([2000 g cm~2) but
early enough for its shower development to be above
ground and within the Ðducial volume, which is consistent
with The probability is small for the high-equation (30).
energy taus. The mean decay length is 50 km at 1 EeV, 500
km at 10 EeV, etc. The probability depends on the trajec-
tory and the tau point of production as well as the tau
energy. We have numerically integrated over all viable tra-
jectories, assuming the tau is produced at 500 g cm~2 slant
depth. (This is deeper than expected for production of a
high-energy tau. It makes the detection volume closer than
expected to the tau production point, consistent with our
pursuit of an upper limit.) We also assume that all of the
tauÏs energy goes into the secondary air shower. In reality
some tau decays produce only muons and neutrinos, yield-
ing no air shower. In the other decays, at least some of the
energy is taken by neutrinos, so we are also overestimating
the detectable deep tau shower rate by not simulating the
tau decays in detail. Results for various cosmic-rays spectra
are given in The tabulated upper limit for detectedTable 3.
deep tau showers is for a 10 year experiment with a 10%
duty cycle. Even for the hardest spectrum, the expected
number of deep showers due to taus is less than 0.1.

The deep muon rates in result from numericallyTable 3
integrating over possible trajectories, as in the deep tau rate
calculation. In the muon case, the computation includes the
probability that the muon will produce some bremsstrah-
lung c-ray whose shower starts deeper than 2000 g cm~2
and is detectable in the Ðducial volume. The expected
number of deep showers due to muon bremsstrahlung is
even less than what is expected from tau decays.

If a Ñuorescence detector experiment were expected to
detect many deep secondary particle EHE air showers, then
there would be concern that one or more of them might be
mistaken for a neutrino event because of the primary
shower being obscured by clouds. The estimates here are
unrealistically high and serve only as upper limits. They
show that no detections of secondary deep showers are
expected. With or without clouds, therefore, there should be
no such background to interfere with the identiÐcation of
neutrino events.

The search for deep secondary showers is of interest in its
own right. The estimates here show that none are expected.
The detection of deep secondary showers would be evidence
for an enhancement of bottom or charm production. It is
therefore pertinent to search for deeply penetrating EHE
subshowers which occur in association with distant primary
air showers of higher energy.

7. CONCLUSIONS

We have analyzed the production of EHE neutrinos and
estimated their Ñux based on several di†erent models. The
most certain process for producing such neutrinosÈthe
decay of pions photoproduced by EHE cosmic rays propa-
gating in the microwave background radiationÈis not able
to give rise to measurable EHE neutrino Ñuxes unless
sources with extremely strong evolution emit EHE cosmic
rays with very hard spectra. In that case the neutrino Ñux
would exceed the cosmic-ray Ñux by a factor of more than

100 at around 1019 eV. However, it is hard to reconcile such
strong evolution with deep sky X-ray and radio surveys.

An allowed mechanism that would result in copious EHE
neutrinos is the annihilation or collapse of TDs such as
monopoles and cosmic strings, which could also account for
the highest energy cosmic-ray events recently detected well
beyond 1020 eV. The energies of EHE neutrinos produced
by this process range up to the GUT energy scale (D1016
GeV), and their interactions with cosmic background neu-
trinos initiate signiÐcant neutrino cascading. The cascade
neutrinos enhance the Ñux at Earth, and we have derived
the expected Ñux, including this enhancement factor, both
for the assumption of stable massive neutrinos and for the
assumption of massless neutrinos. We Ðnd that the neutrino
intensities would dominate over the observed cosmic-ray
intensity at 1019 eV by a factor of 30È100 with reasonable
assumptions concerning the mass of the X-particles and
neutrinos and using the expected evolution of monopoles
and cosmic strings. Heavier X-particles would produce a
higher neutrino Ñux due to increased enhancement from
neutrino cascading. If neutrinos have limited mass, the Z0resonance e†ect on the neutrino cross section results in a
slight suppression of the neutrino intensity at the resonance
energy together with enhancement of the Ñuxes at lower
energies. For TDs with stronger evolution such as the satu-
rated superconducting cosmic string loops, the resonance
e†ect would create a clear dip structure in the neutrino
spectrum after propagating in a massive neutrino back-
ground. Therefore the neutrino spectrum expected from the
TD scenario would contain an indicator of the neutrino
mass.

The large new detectors being built to observe EHE
cosmic-ray air showers by air Ñuorescence have the poten-
tial to detect EHE neutrinos as anomalous showers that
start deep in the atmosphere. We have evaluated the sensi-
tivity of these detectors for discovering an EHE neutrino
Ñux. The conclusion is that one of the new cosmic-ray detec-
tors could detect a few EHE neutrino showers during 10
years of observation if the topological defect scenario is
correct. A potential background of deeply penetrating
showers could arise from secondary showers that result
from tau lepton decays deep in the atmosphere or from
EHE c-ray bremsstrahlung by muons. In either of these
cases, it should be possible to recognize the higher energy
primary shower that gave rise to the tau or muon. Such
secondary showers need not be a genuine background for
neutrino shower detection. Even if the primary showers
were not detectable, our estimated upper limits for DPS
event rates produced by high-energy secondary taus and
muons are found to be more than 2 orders of magnitude
lower than the neutrino event rates expected from the TD
scenario. Therefore EHE neutrino astronomy with air Ñuo-
rescence detectors is limited by the signal, not by the back-
ground. A search for EHE neutrinos is indeed a meaningful
test of the TD hypothesis.
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