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How opaque is the Earth to ultrahigh energy neutrinos?

C. E. Navia, C. R. A. Augusto, H. M. Portella, and H. Shigueoka
Instituto de Fı´sica Universidade Federal Fluminense, 24210-130, Nitero´i, RJ, Brazil

~Received 3 September 2002; revised manuscript received 13 February 2003; published 23 May 2003!

We carry out a numerical calculation of ultrahigh energy neutrino propagation through the Earth, taking into
account the neutrino regeneration process in both neutral current and charged current neutrino interactions. The
attenuation of neutrinos traversing the Earth~shadow effect! is determined, and the fluxes ofn-induced
upward-going leptons~muon and tau! are obtained at the Earth’s surface and for two configurations of the
neutrino flavor in the incident neutrino flux (nm→nt mixing!. The implications of these results are discussed
in the context of the possibility of detection ofn-induced leptons in the next round of fluorescent telescopes
such as the AUGER detector.
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I. INTRODUCTION

An understanding and description of the sources, ac
erator mechanism, and process of diffusion of ultrahigh
ergy cosmic ray~UHECR! particles is still far from being
achieved. Of particular interest is the search for the natur
those particles with energies above 1020 eV, because if they
are charged particles~protons! and their sources are far ex
tragalactic objects~beyond 100 Mpc!, their energy spectrum
must exhibit the Greisen-Zatsepin-Kuz’min~GZK! cutoff at
;531019 eV due to their interaction with the cosmic micro
wave background. However, the absence of a GZK cutof
the experimental data ‘‘opens the door’’ for many scenar
and speculations about the origin and nature of th
UHECR particles. Are they gamma rays or neutrinos?
new exotic particles beyond the standard model?~For a re-
view, see@1,2#.! Even if these UHECR particles were pro
tons, UHE neutrinos would be expected as products du
the photopion production in the proton-photon~microwave!
interaction. Such neutrinos are called GZK neutrinos.

On the other hand, the first results for UHECR partic
@3# are consistent with an isotropic distribution of sourc
This characteristic together with the absence of a GZK cu
are the main ingredients of the so-called top-down mod
In this scenario the so-called topological defects~TDs!
formed in the symmetry breaking phase transition in
early universe@4,5#; they may produce the bulk of the UH
particles with energies up to the grand unified theory~GUT!
scale, typically 1015–1016 GeV, through their collapse or de
cay in a volume of 100 Mpc around the Earth, where
GZK cutoff is not relevant. Leptons and hadronic jets a
emitted from the decay of these supermassiveX particles
such as magnetic monopoles and superconducting string
is expected that a hadronic jet would produce even m
neutrinos than nucleons. Such neutrinos are called TP ne
nos.

In addition, transient high energy phenomena such
gamma ray bursts~GRBs! may also be a source of UHE
neutrinos@6# ~GRB neutrinos!. Both UHECRs and GRBs ar
distributed isotropically in the sky and the rates of GRBs
close to those of UHECRs. These similarities suggest a c
mon origin for them.

The discovery of TeVg-ray emission from two nearby
0556-2821/2003/67~10!/103008~9!/$20.00 67 1030
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extragalactic blazar objects MRK421 and MRK501 by t
Whipple Collaboration@7,8#, caused considerable interest
the study of active galactic nuclei~AGNs!, which are be-
lieved to be the most powerful sources of high energyg rays
and neutrinos in the universe. Several mechanisms of ac
eration of particles in these objects have been proposed
the so called AGN neutrino energy spectra were deriv
@9–11#.

In order to test the hypothesis mentioned above, wh
suggests a universe filled with high and extremely high
ergy diffuse neutrino fluxes from AGNs and from cosmolog
cal sources as well as point sources, several neutrino
scopes are partially deployed and currently operating.

Neutrinos in the GeV energy region become detectable
underground experiments when they undergo a charged
rent ~CC! interaction within the rock surrounding the dete
tor and the produced muons reach the detector, Kamioka
@12#, IMB @13#, Baksan@14#, Macro @15#, or Frejus@16,17#.
In the TeV up to EeV~or more! energy region, the neutrino
flux is expected to be very low, and large active areas
necessary. The neutrino telescopes consist of a huge vo
(;Km3) of a transparent medium, water or ice, in whic
neutrinos interact via the CC and the leptons produ
~muons, taus! can be seen and reconstructed through the
tection of their Cherenkov light or through the shower ini
ated after neutrino interaction or after the lepton decays
both ~double bang signature!, as was suggested in@18# for
the case ofnt at PeV energies. Nowadays, there are in o
eration the Lake Baikal detector@19#, the Antarctic Muon
and Neutrino Detector Array~AMANDA ! detector@20#, and
RICE @21# at the South Pole, and the discontinued De
Underground Muon and Neutrino Detector~DUMAND !
project @22# in the Pacific Ocean. There are also two und
water telescopes Antares and Nestor@23#, both in the Medi-
terranean, and an underice telescope ICECUBE@24# at the
South Pole, all in construction or advanced planning. A co
plete and up to date review of these topics can be found
@25#.

In addition there are projects to use ground level fluor
cence telescopes to detect neutrinos in the EeV or hig
energy region through the upward-goingn-induced leptons
in the Earth, because a fraction of these charged leptons
emerge from the Earth. In this case the atmosphere is use
a Cherenkov medium. Thet decays also induce an atmo
©2003 The American Physical Society08-1
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spheric shower. The electromagnetic component of
upward-going shower produces light due to the nitrog
fluorescence. Both the Cherenkov and fluorescence ra
tions can be detected by fluorescence telescopes, like
existing HiRes detector, the next Pierre Auger telescope@26#,
and the Telescope Array@27# ~both under construction!. The
main goal of this paper is the study of the neutrino com
nent of UHE cosmic rays and theirn-induced upward-going
leptons leaving the Earth and the rates expected at the
GER fluorescence telescope.

So far, the upward-going muon flux in the GeV ener
region has been measured in the underground experim
Kamiokande@12#, IMB @13#, Baksan@14#, and Macro@15#.
These muons are induced in the Earth by atmospheric
trinos with energies below 104 GeV and constitute the mai
background in the detection of extraterrestrial neutrinos@28#.
A review of these topics can be found in@29#. At energies
above 104 GeV, the Earth’s diameter exceeds the interact
length of neutrinos, or, in other words, the Earth is opaq
for them, especially in some directions not far from the ho
zontal.

However, due to the neutral current~NC! neutrino inter-
actions, the probability for successive neutrino interaction
not negligible and they can still penetrate to give observa
lepton muons~taus!. This means that the~NC! neutrino in-
teraction is a regeneration process. In addition, the poss
presence of tau neutrinos in the beam due to neutrino o
lation (nm→nt mixing! also permits the inclusion of neu
trino regeneration process in the charged current neut
interaction, as has been suggested by Halzen and Saltz
@30#. A spectacular consequence of this mechanism is tha
energies above the PeV region the Earth is transparent tont .
Then the Earth shadowing cannot be very dramatic, eve
EeV energies.

To generate upward-goingn-induced leptons, we have de
veloped a Monte Carlo program. It generates neutrino in
actions inside the Earth in the direction of a chord with na
angle between 0° to 89° and tracks them down to lept
(n,m,t) at the other side of the Earth’s surface. We focus
energy region above EeV, because in this region the fluo
cence Auger telescope is not fully sensitive to conventio
atmospheric cascades, and the effective aperture of the
scope for the detection of upward-going lepton reaches
maximum value. Consequently, the telescope can be
plored as a neutrino detector throughn-induced upward-
going leptons.

II. THE INPUT

Let us first briefly summarize the simulation input a
sumptions of lepton transport in the Earth.

A. Neutrino-nucleon interaction

If a neutrino of energyEn interacts via neutral current
(nN→nX) the interaction produces another neutrino of e
ergy (12y)En . This mechanism of regeneration is valid f
both nm and nt . However, if the neutrino interaction is vi
charged currents (nN→ lX), the interaction produces
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charged lepton. In the case ofnm , the charged current inter
actions remove neutrinos from the flux, because the inte
tion produces am that has a large decay length~see Sec.
II E!. For the case ofnt , the mechanism of charged curre
interaction is essentially the same; the interaction produc
t, but with the important modification that thet has a decay
length considerable shorter than the muon decay length
addition, thet energy loss by radiation is around ten tim
lower than the energy loss by muons, and in allt decay
modes there is always anothernt in the final state@30#. The
energy of thisnt is on average;0.3 of the t energy. In
short, for thent the CC and NC interactions are the mech
nism of neutrino regeneration.

A schematic picture of thent-nucleon interaction is
shown in Fig. 1, where~a! and~b! represent the neutral cur
rent and charged current neutrino interactions, respective

B. Neutrino-nucleon cross section

Calculations of the cross section for the inelastic neutri
nucleon interaction involve some uncertainties which ar
from the different parton distributions used in its determin
tion. The discrepancies increase as the neutrino energy
creases.

The structure function has been measured at values as
as 1024 at the DESYep collider HERA. However, extrapo-
lation to x;1028 is necessary. Diverse extrapolations of t
structure function data at 1024,x,1028 differ by as much
as 20%@31,32#. We adopted the CTEQ4 deep inelastic sc
tering ~DIS! distribution @33# which is shown in Fig. 2. Re-
cently, the neutrino cross section has been obtained base
the unified Balitskii-Fadin-Kuraev-Lipatov~BFKL! evolu-
tion equation at smallx @34#, and from a comparison with the
CTQ4 DIS cross section discrepancies between 17%
19% for EeV energies or above are observed.

Following Fig. 2 we can see that for energies abo
106 GeV the differences between the neutrino and
tineutrino cross sections can be neglected.

On the other hand, under the assumption that the inte
tion length has an exponential distribution

dN

dz
5expF2

z

Lint~En!G , ~1!

the neutrino penetrates a depthz before interaction given by

z52Lint3 ln U, ~2!

FIG. 1. nt-nucleon deep inelastic scattering.~a! represents the
neutral current neutrino interaction and~b! represents the charge
current~CC! neutrino interaction. Both arent neutrino regeneration
processes.
8-2
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HOW OPAQUE IS THE EARTH TO ULTRAHIGH ENERGY . . . PHYSICAL REVIEW D67, 103008 ~2003!
whereU is a random number in the interval@0,1#, andLint is
the mean neutrino interaction length

Lint5
1

snN~En!NA
, ~3!

with NA56.02231023 cm23 ~water equivalent! the
Avogadro number.

Following Fig. 2 it is found also that the probabilities o
charged current and neutral current interactions are 0.
and 0.333, respectively, and both are basically indepen
of energy. The neutrino energyEn8 produced in the NC neu
trino interaction or the lepton (m or t) energyEl8 produced
in the CC neutrino interaction are related to the neutr
energy byEn85(12y)En and El85(12y)En , respectively.
According to the CTEQ DIS distribution̂y&;0.25 in the
EeV range@33,35#. A random selection ofy from theds/dy
distribution, also taken from Refs.@33,35#, is adopted in this
work.

C. Ultrahigh energy neutrino sources

There are large uncertainties in the derivations of the n
trino flux from cosmological sources. On the other ha
until the last International Cosmic Ray Conference~Ham-
burg, August 2001! the searches for diffuse flux as well a
point sources ofnm neutrinos by the AMANDA-II telescope
@36# were negative and only upper limits had been repor
in the energy region below 106 GeV. These experimenta
limits already exclude some models of AGN neutrinos.

FIG. 2. CC and NC neutrino~antineutrino! nucleon cross sec
tion as a function of neutrino energy, according to the CTEQ4 D
distribution @33#.
10300
67
nt

o

u-
,

d

Recently, upper limits on the ultrahigh energy electr
neutrino flux from diverse sources have been reported
RICE ~radio ice Cherenkov experiment! @37#. The Cheren-
kov radiation in the radio-wavelength region associated w
ne-induced ice showers is detected by using a cubic ar
(2.03106 m3) of dipole radio receivers at the South Po
and at 100–300 m depths colocated with the AMANDA e
periment.

The RICE upper limits~95% confidence level! assuming
an incident power law neutrino energy spectrumdN/dEn

;E2g at EeV energies can be expressed as

dN

dEn
;7.93310211S En

GeVD 21.5

~GeV cm2 s sr!21 ~4!

and

dN

dEn
;1.5831025S En

GeVD 22.0

~GeV cm2 s sr!21. ~5!

From a comparison between the electronic neutrino fl
model prediction and the corresponding RICE upper limits
is possible to associate approximately the flux with spec
index 2.0 with GZK neutrinos and that with the index 1
with neutrinos from topological defects~TP neutrinos!. On
the other hand, fluxes in the energy region below EeV a
with spectral index 3.5, 3.0, and 2.5 are linked with AG
neutrinos.

The RICE results are in agreement with the AGASA u
per bound on the UHEne flux for index 2.0 with 95% C.L.
@38# obtained fromne-induced horizontal air showers.

D. Density profile of the Earth

If a neutrino is inside the Earth surface with a nadir an
uN , it travels in the Earth along a chord of lengthl (uN)
52RTcosuN , whereRT (56371 km) is the Earth’s radius
As the Earth is not a homogeneous medium the length
the chords are transformed to cm w.e.~centimeters of water
equivalent!. For instance, in this outline, the Earth’s diamet
(523RT) is equivalent to a column whose depth is 1
31010 cm w.e.

Seismological measurements of the Earth@39# provide
knowledge of the Earth’s density radial distributionr(r )
with good accuracy. The length of the chord for a certa
nadir angle is obtained by a numerical integration:

l ~uN!5E
0

2RTcosuN
r@r ~z,uN!#dz, ~6!

with the constraint condition

r 25z21RT
222zRTcosuN . ~7!

We have determined the lengths of the chords for na
angles in the region 0°<uN<89° in steps of 1°, becaus
uN590° represents the horizon, where the Earth’s atm
sphere has a depth of;3.63104 cm w.e. Results of an
analysis of neutrino propagation in the atmosphere near
horizon will be reported in a separate paper.
8-3
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E. Continuous charged lepton energy loss and decay

The energy loss for EeV charged leptons is governed
radiation processes and they are bremsstrahlung, pair pro
tion, and photoproduction. The two first processes are~as-
ymptotically! energy independent and in the very high e
ergy region only the photoproduction processes is~weakly!
energy dependent.

The energy loss by radiation is proportional to the lep
energy and large fluctuations are expected. However, we
interested only in leptons with ultrahigh energy thresho
around 108 GeV or above, and this characteristic permits
to make some simplifications in the analysis of the conti
ous lepton energy loss processes.

The average lepton energy loss rate is

2 K dE

dXL 5a~E!1b~E!3E; ~8!

here X is the thickness of material~we adopt units of
cm w.e.!. At high energy the first term of Eq.~8! @a(E)
;2 MeV(cm w.e.)21#, which represents the ionization en
ergy loss, is negligible and only the termb(E) that repre-
sents the loss energy due to radiative processes is consid
It has a weak dependence on the energy.

In the case of muons the weak energy dependence obm
is taken from Fig. 9~solid line! of Ref. @40#. We can see tha
at energies around 108 GeV, bm;6.031026 (cm w.e.)21.
Due to the relatively long lifetimes of muonstm52.197
31026 s, the probabilityP that a muon produced with a
energyE survives until an energyEth is basicallyP51. This
means that before the muon decays it either loses its en
below the energy threshold or emerges from the Earth. Un
these conditions, it is possible to calculate the muon ra
for initial energyE up to energyEth as

Rm~E!5E
Eth

E S K dE

dXL D 21

dE;
1

bm
lnS E

Eth
D , ~9!

and fluctuations in the muon range can be obtained by u
the relation

Rm52Rm~E!3 ln~U !. ~10!

A more accurate scheme to take into account the fluctuat
is reported in@41#, because the introduction of a cutoffycut
in the fraction of the muon energy loss is necessary to av
divergences in the radiative cross section. The method
quires large computing time, especially if small values
ycut are chosen. However, in the very high energy region,
choice of the value ofycut is not essential, and the relation
ship ~10! is a good approach.

For the case of thet lepton the situation is rather differen
because the tau has a lifetime (tt52.906310213 s) consid-
erably shorter than the muon lifetime. In order to take in
account the continuous energy loss of the tau leptons in t
propagation in the Earth, the following scheme has b
implemented, including the exponential decay Monte Ca
algorithm reported by the Particle Data Group@42#.
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First, as the tau travels in the Earth via a chord, we
vided the chord into bins of width

Dz5zi 112zi5
Rt~E!decay

n
, ~11!

whereRt(E)decay is the average range of the tau lepton
the absence of energy loss given by

Rt~E!decay5G3ctt , ~12!

where G5E/mt is the Lorentz gamma factor,ctt
586.93mm is the tau decay length, andn is a whole num-
ber. The larger this number, the better the accuracy~we adopt
n520).

Second, the average energy loss can be expressed a

b~E!52
1

E K DE

Dz L >2
1

Dz
lnS Ei

Ei 11
D ; ~13!

at energies around 108 GeV bt;0.831026 (cm w.e.)21

@43#. Following Eq. ~13!, we can see that in the prese
scheme the loss of energy of thet is considered every time i
crosses the bin. As the width of the bin,Dz, is smaller than
1/bt , the fluctuations can be taken into account according
the following scheme. If the value ofbt changes by an
amountDbt , thet radiation lengthRt should be changed by
an amountDRt ,

Dbt

bt
5

DRt

Rt
'

Dz

Rt
. ~14!

A random selection ofbt from a Gaussian distribution with
mean and variance given by the relations~13! and ~14!, re-
spectively, permits us to obtain the fluctuation that is adop
in this work.

Third, to generate lepton decays betweenzi andzi 11 ac-
cording toP5exp@2z/Rt(E)#, z is obtained as

z52Rt~E!3 ln@r 21U3~r 12r 2!#, ~15!

with r 15exp@2zi /Rt(E)# and r 25exp@2zi11 /Rt(E)#.
Fourth, if z,Dz the tau decays; otherwise we evalua

the energy loss and the survival probability in the next b
The process is repeated until the tau lepton decays, giv
anothernt neutrino, or its energy decreases below the thre
old. If the t is produced near the Earth’s surface it can a
emerge from the Earth.

III. THE OUTPUT

Let us now summarize the simulation output. As has
ready been indicated, we focus on the EeV energies, bec
in these regions or above, the fluorescence Auger telesco
not fully sensitive to conventional atmospheric cascades,
the background associated with the downward-going p
ticles is reduced. On the other hand, so far, the neutrino
upper limits reported by RICE at EeV energies are basic
linked to the GZK and TP neutrinos.
8-4
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A. Attenuation of UHE neutrino flux by the Earth

Under the assumption of isotropic neutrino fluxes at
Earth’s surface, the attenuation of neutrinos traversing
Earth can be determined through a shadowing factor defi
as the relative intensity of transmitted neutrinos:

S~.En ,uN!5
I ~.En ,uN!

I 0 ~.En!
, ~16!

where I 0 (.En) is the initial neutrino flux at the Earth’s
surface. The shadowing factor as a function of the na
angle is determined for an incident neutrino spectrum suc
the power lawdN/dEn;En

2g and for two different indices
g51.5 andg52.0 as shown in Fig. 3~upper and lower! for
neutrino threshold energy 107–108 GeV and Fig. 4~upper
and lower! for a threshold of 109–1010 GeV. In all cases, the
solid lines are fornt and the dotted lines are fornm . Fol-
lowing these figures, it is possible to see that the rela
intensity of transmitted neutrinos, especially for the case
nt , is sensitive to the radial density distribution of the Ear

The superdense Earth’s core appears in the neutrino s
owing factor. This suggests that thent attenuation by the
Earth can be used to obtain the incident neutrino spectr
Once the spectrum is known, it is possible to do a type
‘‘neutrino tomography’’ of the Earth and to know, for ex

FIG. 3. Shadowing factor, defined as the relative intensity
transmitted neutrinos as a function of nadir angle forEn

.107–108 GeV neutrino threshold energies. Solid lines are fornt

neutrinos and dotted lines are fornm neutrinos. A power law neu-
trino spectrum is assumed with indexg51.5 in the upper figure and
index g52.0 in the lower figure@37#.
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ample, the fine structure of the central Earth’s core bet
The determination of the Earth’s internal density through
trophysical observation of energetic neutrinos as well as
location of neutrino sources by core occultation have b
proposed in several papers@44–47#.

The behavior of the neutrino attenuation also permits
to know the relative flavor composition in the neutrino bea
and can be a signature to obtain evidence of the neut
oscillation in cosmological neutrinos and to obtain the os
lation parameters. It is observed too that the attenuation ont
is very sensitive to the neutrino threshold energy; the atte
ation increases as the energy increases. For an energy th
old above 109 GeV the central Earth’s core is opaque f
them. While the central Earth’s core is already opaque fornm
at 107 GeV, in this case, the neutrino regeneration proces
due only to the NC interaction (;33%) and that is translate
into a very hard attenuation.

B. n-induced upward-going leptons

The n-induced upward-going leptons have been det
mined by using the RICE upper limits forne neutrinos with
an incident spectrum like a power law with indicesg51.5
andg52.0. Under the assumption that the dominant mec
nism for neutrino production is the hadron decay, the relat
populations of neutrino flavors will benm :ne52:1.

f FIG. 4. Shadowing factor, defined as the relative intensity
transmitted neutrinos as a function of nadir angle forEn

.109–1010 GeV neutrino threshold energies. Solid lines are fornt

neutrinos and dotted lines are fornm neutrinos. A power law neu-
trino spectrum is assumed with indexg51.5 in the upper figure and
index g52.0 in the lower figure@37#.
8-5
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It is known that the most plausible explanation for t
anomalies in the lepton ratios produced by atmospheric n
trinos and observed by underground experiments is the o
lation of muon neutrinos to tau neutrinos@48#. The probabil-
ity of neutrino oscillationPnm→nt

traveling through the Earth

~path<23RT) is expected to be less than 1023.
However, the probability of oscillation can be very larg

(.1) for extragalactic UHE neutrinos, traveling from the
sources to the Earth. A more realistic inclusion of this eff
in the simulation requires a more precise determination
the oscillation parameters and is the main goal of long ba
line accelerator experiments. The effect of the oscillat
must be a modification in the neutrino flavor composition
the Earth’s surface. We assume the two casesnm :nt
51:0, 1:1.

If a n-induced upward-going charged lepton (m or t)
emerges from the Earth, the last neutrino interaction in
Earth was via the CC interaction. Figure 5 shows the up
limit of the n-induced lepton integral flux (El.108 GeV) as
a function of the cosine of the nadir angle. The calculatio
are for two cases,nm :nt51:1 ~solid lines! and nm :nt
51:0 ~dotted lines!, both at the Earth’s surface. The effect
the neutrino regeneration process is evident due to the
and CC interactions, because the lepton flux fornm :nt
51:1 is larger than the lepton flux fornm :nt51:0.

However, at nadir angles close to but below the horiz
the thickness of the chords is compatible with the neutr

FIG. 5. Upper limits of n-induced lepton integral flux (El

.108 GeV) as a function of the cosine of the nadir angle. So
lines are fornm :nt51:1 and dotted lines are fornm :nt51:0, both
at the Earth’s surface. A power law neutrino spectrum is assu
with index g51.5 ~upper figure! and indexg52.0 ~lower figure!.
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interaction length. If anm interacts in this region via the NC
it can emerge from the Earth without becoming a muo
while a nt neutrino can emerge from the Earth without b
coming a tau even if the interaction is via the CC. The eff
is a reduction of the difference between the fluxes w
nm :nt51:1 andnm :nt51:0. The effect increases with the
charged lepton threshold as is shown in Fig. 6. In this c
the flux for nm :nt51:0 is larger than the flux fornm :nt
51:1.

C. Event rates

In addition to knowledge of then-induced lepton fluxes,
an estimate of event rates requires knowledge of the effec
aperture of the telescope for their detection. Due to the
fluxes expected, telescopes with very large apertures are
quired to gather even modest statistics. Nowadays the h
resolution~HiRes! Fly’s Eye fluorescence detector is in op
eration. The effective aperture for almost horizontal UHEt
leptons through their decay to induced showers has b
reported@49#.

As has already been commented, there is also a m
ambitious project~AUGER project! in progress to study cos
mic rays with energy above 1019 eV. It will use hybrid tech-
niques: a surface array to measure the lateral distributio
the air showers at the ground, and a fluorescence detect
measure the longitudinal development of the shower.

d

FIG. 6. Upper limits of n-induced lepton integral flux (El

.109 GeV and 1010 GeV) as a function of the cosine of the nad
angle. Solid lines are fornm :nt51:1 and dotted lines are fo
nm :nt51:0, both at the Earth’s surface. A power law neutrin
spectrum is assumed with indexg51.5 ~upper figure! and index
g52.0 ~lower figure!.
8-6
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The configuration of the AUGER fluorescence detecto
such that the aperture is expected to be more than ten t
greater than the HiRes telescope. The result is obtained f
a comparison of expected event rates between the HiRes
AUGER telescopes reported in@1,50#. Figure 7 shows a
comparison of the energy dependence of the effective a
ture (AV)e f f of the HiRes and AUGER telescopes f
neutrino-inducedt leptons and detected through their dec
to an electromagnetic shower.

By using the simulation output of then-induced lepton
flux expressed as

F~Et ,cosuN!5
dft~Et ,cosuN!

d cosuNdEt
, ~17!

the rate is calculated as

FIG. 7. Energy dependence of the effective aperture (AV)e f f for
nt-induced upward-going taus through their decay to induced e
tromagnetic showers.
10300
s
es
m
nd

r-

rate52pTDE
1

0

cosuNd cosuN

3E
Et

`

dEtF~Et ,cosuN!~AV!e f f . ~18!

We assume for the rate calculation a year (T53.153107 s)
running with duty cycle of 10% (D50.1), because dark
~moonless! nights are necessary to operate the fluoresce
detectors.

In Table I we show the event rates thus obtained for s
eral sets ofnm :nt and lepton energies. The rates have be
calculated by using the RICE upper limits of the UHE ne
trino flux. According to RICE, these upper limits are som
2–3 orders of magnitude above the model predictions.

IV. CONCLUSIONS

In this paper we examined some aspects of the propa
tion of UHE neutrinos in the Earth through a Monte Car
simulation. Special attention is given to the inclusion of tw
different flavor compositions in the incident neutrino flu
due to the possible neutrino oscillation (nm→nt mixing!.
The aim of this study is to obtain the expected UH
n-induced upward-going charged lepton flux~emerging from
the Earth!, taking into account explicitly the NC and CC
neutrino interactions as neutrino regeneration processes~see
Fig. 1! and their expected rates by using the fluoresc
HiRes and AUGER telescopes.

The shadowing factor defined as the relative intensity
transmitted neutrinos is obtained fornm andnt as a function
of nadir angle. The results are shown in Fig. 3 and Fig. 4.
can see that the shadowing factor has a strong dependen
the neutrino threshold energy. At PeV energies the Eart
transparent tont @30# since thet produced in a CCnt inter-
action always decay back intont before losing significant
energy. However, the energy loss by radiation processe
proportional to thet energy, and for energies above 107 GeV
the t energy loss can be very significant~below the thresh-
old! especially when the propagation is in a high dens
medium such as the Earth’s core. Exactly in this area
absorption ofnt is larger, as is shown in Fig. 3. These resu
suggest that thent neutrino attenuation can be used to obta
the incident neutrino spectrum. The calculations have b
made using an algorithm implemented in order to take i
account the continuous energy loss fort leptons~see Sec.
II E!.

c-
ted at
TABLE I. Upper limits of annual event rates for neutrino-induced UHE upward-going leptons expec
the AUGER fluorescence detectors, taking into account a power law neutrino incident~RICE! spectrum with
indicesg51.5 andg52.0 and two sets ofnm :nt .

nm :nt51:1 nm :nt51:0
El (GeV) dN/dEn;En

21.5 dN/dEn;En
22.0 dN/dEn;En

21.5 dN/dEn;En
22.0

.109 30.81 49.04 14.38 21.36

.1010 2.16 1.28 4.04 2.33
8-7
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Ref. @37# we obtain the integratedn-induced upward-going
charged leptons as a function of the cosine of the nadir an
The charged lepton flux emerging from the Earth depends
the slope of the incident neutrino flux as well as on the in
dent neutrino flavor ratio. It is clear that the above results
in part due to the neutrino regeneration processes that fo
case ofnt are from both CC and NC interactions. The effe
at nadir angles near the horizon is a reduction of the em
gent tau lepton flux, because thent regeneration proces
competes with the process ofnt neutrino conversion tot
leaving the Earth. The effect is larger for high lepton ene
threshold ~above 1010 GeV). In this case thenm-induced
muon flux (nm :nt51:0) leaving the Earth becomes dom
nant over the lepton flux (nm :nt51:1) ~see Fig. 6!. The
effect can also be observed in the expected event rates~see
Table I!. We point out that the RICE neutrino flux uppe
limits used in the calculation~input! are some 2–3 orders o
magnitude above model predictions.

In short, the effect of the inclusion of the charged curre
neutrino interaction as a regenerative neutrino process
duces the rates oft leptons in the range of 1010 GeV or
above. Even so, the expectedn-induced upward-going lep
tons still give significant event rates, capable of being
l

th

10300
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-
re
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served in the next round of fluorescence telescopes like
AUGER project.

We believe that the original question, ‘‘How opaque is t
Earth to UHE neutrinos?,’’ has been answered at least in
and can be improved with a better understanding of neut
physics. In this way, the neutrino attenuation in the Ea
appears to be an excellent signature to obtain evidenc
neutrino oscillations of cosmological origin in the very hig
energy region. Future investigations already begun w
BAIKAL’s and AMANDA’s pioneer work will tell us more
about the nature of neutrino particles and their cosmolog
sources. Theoretical developments as well as experime
data are called for.
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