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Energy spectrum of tau leptons induced by the high energy Earth-skimming neutrinos
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We present a semianalytic calculation of the tau-lepton flux emerging from the Earth induced by incident
high energy neutrinos interacting inside the Earth for 105<En /GeV<1010. We obtain results for the energy
dependence of the tau-lepton flux coming from the Earth-skimming neutrinos, because of the neutrino-nucleon

charged-current scattering as well as the resonantn̄ee
2 scattering. We illustrate our results for several antici-

pated high energy astrophysical neutrino sources such as the active galactic nuclei, the gamma-ray bursts, and
the Greisen-Zatsepin-Kuzmin neutrino fluxes. The tau-lepton fluxes resulting from rock-skimming and ocean-
skimming neutrinos are compared. Such comparisons can render useful information about the spectral indices
of incident neutrino fluxes.
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I. INTRODUCTION

The detection of high energy neutrinos (En.105 GeV) is
crucial to identify the extreme energy sources in the U
verse and possibly to unveil the puzzle of cosmic rays w
energy above the Greisen-Zatsepin-Kuzmin~GZK! cutoff
@1#. These proposed scientific aims are well beyond the sc
of conventional high energy gamma-ray astronomy. Beca
of the expected small flux of the high energy neutrinos, la
scale detectors (>1 km2) seem to be needed to obtain th
first evidence.

There are two different strategies to detect the footpr
of high energy neutrinos. The first strategy is implemen
by installing detectors in a large volume of ice or wa
where most of the scatterings between the candidate ne
nos and nucleons occur essentially inside the detec
whereas the second strategy aims at detecting the air sho
caused by the charged leptons produced by the neutr
nucleon scatterings taking place inside the Earth or in the
far away from the instrumented volume of the detector. T
latter strategy thus includes the possibility of detection
quasihorizontal incident neutrinos, which are also referred
as Earth-skimming neutrinos. These neutrinos are consid
to interact below the horizon of an Earth based surface
tector.

The second strategy has been proposed only recently@2#.
The Pierre Auger observatory group has simulated the an
pated detection of the air showers from the decays oft lep-
tons @3#. The tau air shower event rates resulting from t
Earth-skimming tau neutrinos for different high energy ne
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trino telescopes are given in@4#. A Monte Carlo study of the
tau air shower event rate was also reported not long ago@5#.
We note that Ref.@4# does not consider the tau-lepton ener
distribution in thent-nucleon scattering, and only the inc
dent tau neutrinos with energies greater than 108 GeV are
considered. For Ref.@5#, we note that only the sum of tau a
shower event rates arising from different directions is giv
Hence some of the events may be due to tau-leptons or
trinos traversing a large distance. As a result, it is not p
sible to identify the source of the tau-neutrino flux even w
the observation of the tau-lepton induced air shower.

In this work, we shall focus on high energy Eart
skimming neutrinos and shall calculate the energy spect
of their induced tau leptons, taking into account theinelas-
ticity of neutrino-nucleon scatterings and the tau-leptonen-
ergy lossin detail. Our work differs from Ref.@5# in our
emphasis on the Earth-skimming neutrinos. We shall pres
our results in the form of outgoing tau-lepton spectra
different distances inside the rock, instead of integrating
energy spectra. As will be demonstrated, such spectra
insensitive to the distances traversed by the Earth-skimm
nt andt. They are essentially determined by the tau-lep
range. Because of this characteristic feature, our results
useful for setting up simulations with specifically chosen
shower content detection strategy, such as detection of
Cherenkov radiation or the air fluorescence. Our results
also beneficial for the coherent Cherenkov radio emiss
measurement detectors such as the Radio Ice Cherenkov
periment~RICE! @6# and the upcoming Antarctic Impulsiv
Transient Array~ANITA ! @7#.

We start with our semianalytic description in Sec. II. T
transport equations governing the evolutions of neutrino
tau-lepton fluxes will be derived. Using these, we then c
culate the tau-lepton flux resulting from the resonantn̄ee

2

→W2→ n̄tt
2 scattering. In Sec. III, we summarize ou

main results, namely, the tau-lepton energy spectra du
neutrino-nucleon scatterings. The implications of our resu
will be discussed here also. In particular, we shall point

.
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that the ratio of tau-lepton flux induced by rock-skimmin
neutrinos to that induced by ocean-skimming neutrinos
sensitive to the spectral index of the incident tau-neutr
flux. In Sec. IV, we discuss some prospects for possible
ture observations of the associated radiation from these
leptons.

II. TAU-LEPTON ENERGY SPECTRUM

Let us begin with the transport equations for tau neutrin
and tau leptons. Considering only the neutrino-nucleon s
terings, we have

]Fnt
~E,X!

]X
52

Fnt
~E,X!

lnt
~E!

1nN(
i 51

3 E
ymin

i

ymax
i dy

12y

3Fi~Ey ,X!
dsn

i

dy
~y,Ey! ~1!

and

]Ft~E,X!

]X
52

Ft~E,X!

lt
CC~E!

2
Ft~E,X!

rdt~E!

1
]$@a~E!1b~E!E#Ft~E,X!%

]E

1nNE
ymin

ymax dy

12y
Fnt

~Ey ,X!
dsntN→tY

dy
~y,Ey!,

~2!

wherenN is the number of target nucleons per unit mediu
mass, andr is the mass density of the medium. Thesn

1,2,3 are
defined ass(nt1N→nt1Y), G(t→nt1Y)/crnN , and
s(t1N→nt1Y), respectively. The quantityX represents
the slant depth traversed by the particles, i.e., the amoun
medium per unit area traversed by the particle~and thus in
units of g/cm2). ln , dt , andlt

CC represent thent interaction
thickness, the tau-lepton decay length, and the tau-lep
charged-current interaction thickness, respectively, with,
ln

215nNsnN and dt5cttE/mt . Ey is equal toE/(12y),
where y is the inelasticity of neutrino-nucleon scattering
such that the initial- and final-state particle energies in
differential cross sections dsn

i (y,Ey)/dy and
dsntN→tY(y,Ey)/dy are E/(12y) and E, respectively. The

limits for y, ymin
i , andymax

i depend on the kinematics of eac
process. Finally, the energy-loss coefficientsa(E) andb(E)
are defined by2dE/dX5a(E)1b(E)E with E being the
tau-lepton energy. An equation similar to Eq.~2! in the con-
text of atmospheric muons was found in Ref.@8#.

As mentioned before, Eqs.~1! and ~2! take into account
only neutrino-nucleon scatterings. It is of interest to calcul
the tau-lepton fluxes produced by the Glashow resona
@9,10#, namely, via n̄ee

2→W→ n̄tt
2, also. The transpor

equation forn̄e then reads
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]F n̄e
~E,X!

]X
52

F n̄e
~E,X!

ln̄e
~E!

1nNE
ymin

ymax dy

12y

3F n̄e
~Ey ,X!

dsn̄eN→ n̄eY

dy
~y,Ey!. ~3!

Similarly, the corresponding equation for the tau-lepton fl
is given by

]Ft~E,X!

]X
52

Ft~E,X!

lt
CC~E!

2
Ft~E,X!

rdt~E!

1neE
ymin

ymax dy

12y
F n̄e

~Ey ,X!
dsn̄ee2→ n̄tt2

dy
~y,Ey!,

~4!

wherene is the number of target electrons per unit mediu
mass.

Before solving the above coupled transport equations,
essential to know the energy-loss coefficientsa(E) and
b(E). As pointed out before@11#, the coefficienta(E) is due
to the energy loss by ionization@12#, while b(E) is contrib-
uted by the bremsstrahlung@13#, the e1e2 pair production
@14#, and the photonuclear processes@11,15#. It is understood
that the contribution bya(E) becomes unimportant forE
>105 GeV. The coefficientb(E) can be parametrized a
b(E)5@1.616(E/109 GeV)0.2#31027 g21 cm2 in standard
rock for 105<E/GeV<1012.

It is of interest to check the tau-lepton range given by o
semianalytic approach. To do this, we rewrite Eq.~2! by
dropping the neutrino term, i.e.,

]Ft~E,X!

]X
52

Ft~E,X!

lt
CC~E!

2
Ft~E,X!

rdt~E!
1

]@g~E!Ft~E,X!#

]E
,

~5!

with g(E)[a(E)1b(E)E. One can easily solve it for
Ft(E,X):

Ft~E,X!5Ft~Ē,0!expF E
0

X

dTS g8~Ē!2
1

rdt~Ē!

2
1

lt
CC~Ē!

D G , ~6!

whereĒ[Ē(X;E) with dĒ/dX5g(Ē) and Ē(0;E)5E. To
calculate the tau-lepton range, we substituteFt(E,0)5d(E
2E0). The survival probabilityP(E0 ,X) for a tau lepton
with an initial energyE0 at X50 is

P~E0 ,X!5
g~Ẽ0!

g~E0!
expF E

0

X

dTS g8~Ẽ0!2
1

rdt~Ẽ0!

2
1

lt
CC~Ẽ0!

D G , ~7!
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where Ẽ0[Ẽ(X;E0) with dẼ0 /dX52g(Ẽ0) and
Ẽ0(0;E0)5E0. The tau-lepton range is simply

Rt~E0!5E
0

`

dXP~E0 ,X!. ~8!

For E05109 GeV, we find thatRt510.8 km in standard
rock (Z511, A522) whileRt55.0 km in iron. Both values
are in good agreement with those obtained by Monte C
calculations@11#. To compare the tau-lepton ranges, we ha
followed the convention in Ref.@11# by requiring the final
tau-lepton energyẼ(X;E0) to be greater than 50 GeV.

It is to be noted that we obtainRt by using thecontinuous
tau-lepton energy-loss approach, rather than the stoch
approach adopted in Ref.@11#. In the muon case, the con
tinuous approach to the muon energy loss is known to o
estimate the muon range@16#. Such an overestimate is no
significant in the tau-lepton case, because of the decay
in Eq. ~7!. In fact, tau-lepton decay term dictates the t
range in the rock until Et>107 GeV. Even for Et
.107 GeV, the tau-lepton range is still not entirely dete
mined by the tau-lepton energy loss. Hence different tre
ments on the tau-lepton energy loss do not lead to la
differences in the tau-lepton range, in contrast to the case
the muon range. Our results for the tau-lepton range up
1012 GeV are plotted in Fig. 1. This is an extension of t
result in Ref.@11#, where the tau-lepton range is calculat
only up to 109 GeV. Our extension is seen explicitly in th
addition of a charged-current scattering term on the rig
hand side~RHS! of Eq. ~5!. This term is necessary becau
1/lt

CC becomes comparable to 1/rdt in rock for E
>1010 GeV; whereas one does not need to include the c
tribution by the tau-lepton neutral-current scattering, sin
such a contribution cannot compete with the last term in
~5! until E>1016 GeV @11#. We remark that our extende
results forRt are subject to the uncertainties of the neutrin
nucleon scattering cross section at high energies. We us
CTEQ6 parton distribution functions@17# in this work, and
at the high energy~the small x region, namely, forx

5 6 7 8 9 10 11 12
10-3

10-2

10-1

100

101

102

103

Tau lepton decay length
Tau lepton range in water
Tau lepton range in rock

T
au

le
pt

on
ra

ng
e

(k
m

)

log(E / GeV)

FIG. 1. The tau-lepton range in rock and in water using Eq.~8!
and the tau-lepton decay lengthdt in km as a function of tau-lepton
energy in GeV.
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,1026), we fit these parton distribution functions into th
form proportional tox21.3 as a guide.

Having checked the tau-lepton range, we now proceed
calculate the tau-lepton flux. It is instructive to begin wi
the simple case: then̄ee

2 resonant scattering. It is wel
known that@9,10#

s~ n̄ee
2→W2→ n̄tt

2!5
GF

2mW
4

3p
•

s

~s2mW
2 !21mW

2 GW
2

,

~9!

with s52meEne
¯ and 1/s•ds/dz53(12z)2, where z

5Et /En̄e
. We shall focus on only thosen̄e’s for which En̄e

satisfies the resonance condition, i.e.,En̄e
'ER[mW

2 /2me . It

is clear from Eq. ~4! that Ft(E,X) depends only on
F n̄e

(ER ,X), because of the narrow peak nature ofn̄ee
2 scat-

tering cross section. One also expects thatFt(E,X) is sig-
nificant only forE around the resonance energyER . In this
energy region, one may neglect the first term on the RHS
Eq. ~4! in comparison with the second term. In the narro
width approximation, the last term in Eq.~4! can be recast
into 1

3 (12E/ER)2(pGW /LRmW)F n̄e
(ER ,X), where GW is

the width of theW boson whileLR is the interaction thick-
ness of the resonantn̄ee

2→W2 scattering~see Appendix A
for details!. The tau-lepton flux can be readily obtained on
F n̄e

(ER ,X) is given. We observe that the regeneration te
in Eq. ~3! ~second term on the RHS! can be neglected as it i
necessarily off theW boson peak. Hence, we easily obta
F n̄e

(ER ,X)5exp(2X/LR)Fn̄e
(ER,0). Substituting this expres

sion into Eq.~4!, we obtain

Ft~E,X!

F n̄e
~ER,0!

53.3310243S E

ER
D3S 12

E

ER
D 2

3expS 2
X

LR
D

~10!

in the limit X@rdt . The prefactor 3.331024 is obtained by
assuming a standard-rock medium. In water it becomes
31024. It is to be noted thatE,ER in the above equation
We shall see later that the contribution toFt(E,X) by theW
resonance is negligible compared to that by thent-N scatter-
ing.

Let us now turn to the case of tau-lepton production
nt-N charged-current scattering. The tau-lepton flux can
calculated from Eqs.~1! and~2! once the incomingnt flux is
given. Thent flux can be obtained by the following ansa
@18#:

Fnt
~E,X!5Fnt

~E,0!expS 2
X

Ln~E,X! D , ~11!

where Ln(E,X)5ln(E)/@12Zn(E,X)#, with the factor
Zn(E,X) arising from the regeneration effect of thent flux.
On the other hand, the tau-lepton flux is given by
3-3
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Ft~E,X!5E
0

X

dTGn~Ē,T!expF E
T

X

dT8S g8~Ē!2
1

rdt~Ē!

2
1

lt
CC~Ē!

D G ~12!

with Ē[Ē(X2T;E), and

Gn~E,X!5nNE
ymin

ymax dy

12y
Fn~Ey ,X!

dsntN→tY

dy
~y,Ey!.

~13!

It is easy to see that the factorZn(E,X) enters into the ex-
pression forFt(E,X) through the functionGn(E,X). Simi-
larly, Zn(E,X) also depends onFt(E,X). It is possible to
solve forZn(E,X) andFt(E,X) simultaneously by the itera
tion method@18#. The details are given in Appendix B.

III. RESULTS AND DISCUSSION

In the following, we show the tau-lepton fluxes resultin
from three kinds of diffuse astrophysical neutrino fluxes:
active galactic nuclei~AGN! @19#, the gamma-ray burs
~GRB! @20#, and the GZK@21# neutrino fluxes. In these rep
resentative models,Fnt

arises because of neutrino flav

mixing @22#. The pg interactions are the source of intrins
Fnm

, andFnt
51/2•Fnm

because of~two! neutrino flavor os-

cillations during propagation. Our convention forFnt
is that

Fnt
5dNnt

/d(log10E) in units of cm22 s21 sr21. The same
convention is used for the outgoing tau-lepton fluxes. F
completeness, let us remark here that the recent upper b
on diffuse astrophysicalFnm

~not Fnt
) from the Antarctic

Muon and Neutrino Detector Array~AMANDA ! B10 is of
the order of ;8.431027 cm22 s21 sr21 GeV for 63103

<En /GeV<106 @23#. This 90% classical confidence upp
bound is mainly for upward goingnm with E22 energy spec-
trum and includes the systematic uncertainties. As far as
AMANDA B10 upper bound onFnm

is concerned, all three
of our representative neutrino flux models are clearly co
patible with this upper bound within its energy range.

In Fig. 2, we show the outgoing tau-lepton energy spec
resulting from the propagation of incident AGN neutrin
inside rock (r52.65 g/cm3) for X/r510 km, 100 km, and
500 km, respectively. It is interesting to see that the t
lepton energy spectra remain almost unchanged for the a
three different slant depth/matter density ratio values. T
feature can be understood by two simple facts. First of
the neutrino-nucleon charged-current interaction leng
which is related to the interaction thickness bylCC5r l CC, is
given by l CC523104 km @(1 g/cm3/r)#@En /(106

GeV)#20.363. Secondly, the tau leptons, which eventua
exit the Earth, ought to be produced within a tau-lept
range distance to the exit point. For a tau-lepton produced
away from the exit point, it loses energy and decays bef
reaching the exit point. Hence the tau-lepton flux is primar
determined by the ratio of tau-lepton range to the charg
06300
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current neutrino-nucleon interaction length. The total sl
depthX which the tau-neutrino~tau-lepton! traverses inside
the Earth is then unimportant, unlessX is large enough tha
the tau-neutrino flux attenuates significantly before the
neutrino is converted into the tau lepton. We note that
typical energy for the AGN neutrinos, in which this flu
peaks, is between 105 and 108 GeV. The corresponding
neutrino-nucleon neutral-current interaction length th
ranges from 42 000 km down to 3400 km, givenl NC
52.35• l CC. Hence, even forX/r as large as 500 km, the
attenuation of the tau-neutrino flux is negligible. This e
plains the insensitivity of tau-lepton flux with respect to o
chosenX/r values for the AGN case. The situation is rath
similar for the tau-lepton flux resulting from the GRB ta
neutrinos~see Fig. 3!. On the other hand, a slight suppressi
is found for the GZK case atEt.109 GeV as one increase
X/r from 10 km to 500 km~see Fig. 4!. This is because the
typical GZK tau-neutrino flux peaks in the energy range b
tween 107 and 1010 GeV, which corresponds to attenuatio
lengths ranging from 7800 km down to 640 km. One notic

5 6 7 8 9 10
10-23

10-21

10-19

10-17

10-15

10-13 AGN ντ

10 km
100 km
500 km

F
τ

(c
m

-2
s-1

sr
-1
)

log(E / GeV)

FIG. 2. The tau-lepton energy spectrum induced by the AG
neutrinos in rock for three differentX/r ratio values~see text for
more details!. The incident tau-neutrino flux is shown by the th
solid line.

5 6 7 8 9 10
10-23

10-21

10-19

10-17

10-15

10-13
GRB ντ

10 km
100 km
500 km

F
τ

(c
m

-2
s-1

sr
-1
)

log(E / GeV)

FIG. 3. The tau-lepton energy spectrum induced by the G
neutrinos in rock for three differentX/r ratio values~see text for
more details!. The incident tau-neutrino flux is shown by the th
solid line.
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that 640 km is rather close to the distance 500 km which
choose forX/r. Hence a slight suppression in the tau-lept
flux occurs forX/r5500 km.

We have compared our AGN-type tau-lepton flux w
that obtained by Monte Carlo simulations, adopting a s
chastic approach for the tau-lepton energy loss@24#. The two
tau-lepton fluxes agree within;10%. This is expected sinc
the tau-lepton ranges obtained by the above two approa
agree well, as pointed out before. It is easily seen from F
2–4 that the AGN case has the largest tau-lepton flux
tween 106 and 108 GeV. Since the resonantn̄e-e

2 scattering
cross section peaks atEn56.33106 GeV, it is of interest to
compare the integrated tau-lepton flux resulting from t
scattering to the one arising from neutrino-nucleon scat
ing. For the former case, we integrate the tau-lepton ene
spectrum from 106 GeV to 6.33106 GeV, and obtainFn

R

50.08 km22 sr21 yr21. For neutrino-nucleon scattering, w
find thatFn

CC52.2 km22 sr21 yr21 by integrating the corre-
sponding tau-lepton energy spectrum from 106 GeV to
107 GeV. The detailed results forFn

CC are summarized in
Table I. The entries in the table entitled ‘‘Full’’ are obtaine
using theFt obtained in this work, whereas the approx
mated values entitled ‘‘Approx’’ are obtained by followin
the description given in Ref.@4#, which uses a constantb and
a constant inelasticity coefficient forntN scattering. We re-
mark that the authors of Ref.@4# have takenE to be greater

5 6 7 8 9 10
10-25

10-23

10-21

10-19

10-17

GZK ντ

10 km
100 km
500 kmF

τ
(c

m
-2

s-1
sr

-1
)

log(E / GeV)

FIG. 4. The tau-lepton energy spectrum induced by the G
neutrinos in rock for three differentX/r ratio values~see text for
more details!. The incident tau-neutrino flux is shown by the th
solid line.
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than 108 GeV. Hence the integrated fluxes in the colum
‘‘Approx’’ with energies less than 108 GeV are taken as ex
trapolations. Thus, one should compare the two integra
fluxes only forE.108 GeV. One can see that the two inte
grated fluxes seem to agree forE.108 GeV. In addition to
the integrated fluxes forE.108 GeV, we also obtain inte-
grated tau-lepton fluxes for 106<E/GeV<108. It is easily
seen that, in this energy range, the integrated tau-lepton
from Earth-skimming AGN neutrinos is relatively signifi
cant.

It is possible that the tau-neutrino skims through a part
the ocean in addition to the Earth before exiting the inter
tion region@25#. Hence, it is desirable to compare the resu
ing tau-lepton fluxes as the tau neutrinos skim through me
with different densities, while the slant depths of the med
are held fixed as an example. As stated before, the tau-le
flux is essentially determined by the probability ofntN
charged-current interaction happening within a tau-lep
range. Furthermore, from Fig. 1, it is clear that the tau-lep
range equals the tau-lepton decay length forEt less than
107 GeV. One therefore expectsFt

rock(E,X)/Ft
water(E,X)

5r rock/rwater for Et,107 GeV. This is clearly seen to be th
case from Fig. 5 and Fig. 6, as we compareFt

rock with
Ft

water(E,X) for X52.653106 g/cm2 and X52.65
3107 g/cm2, respectively. ForEt.107 GeV, the tau-lepton
range has additional dependencies on the mass density
the atomic number of the medium. Hence the ra

5 6 7 8 9 10
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F
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FIG. 5. The ratio ofFt in rock and water induced by the AGN
the GRB, and the GZK neutrinos forX52.653106 g/cm2.
K
10
TABLE I. Comparison of the integrated tau-lepton flux (km22 yr21 sr21) in different energy bins for the AGN, the GRB, and the GZ
neutrinos without and with approximation~see text for details!. The distance traversed is taken to be 10 km in rock here. For9

<E/GeV<1010, the incident AGN neutrino flux is too small so that its induced tau-lepton flux is not shown.

Energy interval

AGN GRB GZK

Full Approx Full Approx Full Approx

106<E/GeV<107 2.23 2.12 9.6331023 1.0531022 7.3831025 2.0831025

107<E/GeV<108 4.89 5.12 7.1231023 6.8231023 1.1431022 1.9031022

108<E/GeV<109 1.9531021 1.5231021 5.3931024 4.6331024 8.1731022 8.4731022

109<E/GeV<1010 1.1331025 1.2431025 3.3131022 3.5231022
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Ft
rock(E,X)/Ft

water(E,X) starts deviating fromr rock/rwater. It
is worthwhile to mention that the tau-lepton flux ratios f
the AGN and GRB cases behave rather similarly. On
other hand, the ratio in the GZK case has a clear peak in
range 107.5,E/GeV,108.5. Such a peak is even more appa
ent for the slant depthX52.653107 g/cm2. The appearance
of this peak has to do with the relatively flat behavior of t
incident GZK neutrino spectrum, while the position of th
peak is related to the energy dependencies of the tau-le
range and the neutrino-nucleon scattering cross sections
have confirmed our observations by computing the flux
tios with simple power-law incident tau-neutrino fluxes. T
above peak in the tau-lepton flux ratio implies the suppr
sion of tau-lepton events from ocean-skimming neutrin
compared to those from rock-skimming neutrinos. As sta
earlier, the suppression of ocean-skimming neutrinos is
lated to the spectral index of the incident neutrino flux. It
therefore useful to perform a detailed simulation for it@26#.
Such a detailed study is needed because the slant de
traversed by the above two kinds of neutrinos are gener
different.

IV. PROSPECTS FOR POSSIBLE FUTURE OBSERVATIONS

To observe the above tau leptons, the acceptance
detector must be of the order of;km2 sr. For AGN neutri-
nos, the tau-lepton energy spectrum peaks at aro
107–108 GeV, which is below the threshold of a fluore
cence detector, such as the High Resolution Fly’s E
~HiRes! @27#. Also, these tau leptons come in near horizo
tally. At present, it seems very difficult to construct a grou
array in the vertical direction. A Cherenkov telescope see
to be a feasible solution. In this context, the NuTel Collab
ration is developing Cherenkov telescopes to detect
Earth-skimming high energy neutrinos@25#. However, be-
cause of the small opening angle of the Cherenkov light c
and only a 10% duty cycle~optical observations are limite
to moonless and cloudless nights only!, such a detector mus
cover a very large area and field of view. A potential site
NuTel is at Hawaii Big Island, where two large volcano
namely, Mauna Loa and Mauna Kea, could be favorable c
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FIG. 6. The ratio ofFt in rock and water induced by the AGN
the GRB, and the GZK neutrinos forX52.653107 g/cm2.
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didates for high energy neutrinos to interact with. For a d
tector situated on top of Mount Hualalai and to look at bo
Mauna Kea and Mauna Loa, the required angular field
view is ;8°3120°. Furthermore, this telescope should ha
an acceptance area larger than 2 km2 sr so as to detect mor
than one event per year.

Concerning the GZK neutrinos, we note that the rec
observation of ultrahigh energy cosmic rays by HiRes se
to be consistent with the GZK cutoff. Therefore a futu
observation of GZK tau neutrinos will provide a firm suppo
to GZK cutoff. In particular, the slight pileup of tau lepton
between 108 GeV and 109 GeV, induced by the Earth
skimming high energy GZK neutrinos, should be a candid
signature for GZK neutrinos. The integrated tau-lepton fl
in this energy range is approximately 0.08 km22 sr21 yr21.
To detect one event per year from this flux, the acceptanc
a detector must be larger than 120 km2 sr for a fluorescence
detector~assuming a duty cycle of 10%!. Although HiRes
can reach 1000 km2 sr at energy greater than 33109 GeV, it
would be a technical challenge to lower the threshold
108 GeV. Using a system similar to HiRes, the Dual Ima
ing Cherenkov Experiment~DICE! was able to detect Cher
enkov light from extensive air showers at energy as low
105 GeV @28#. However, the field of view of DICE is also
quite small, and thus several Cherenkov telescopes woul
needed. An alternative method is a hybrid detection of b
Cherenkov and fluorescence photons@29#. That is, a detector
similar to HiRes, which looks at both land and sea and
tects both Cherenkov and fluorescence photons, may obs
the associated signal of GZK neutrinos.

In summary, we have given a semianalytic treatment
the problem of simultaneous propagation of high energy
neutrinos and tau leptons inside the Earth. Our treatm
explicitly takes into account theinelasticity of neutrino-
nucleon scatterings as well as the tau-leptonenergy loss. We
specifically considered the Earth-skimming situation a
provided detailed results for the energy dependencies
emerging tau-lepton fluxes resulting from a few anticipa
astrophysical neutrino fluxes. The effect of matter density
the tau-lepton flux is also studied. Such an effect is found
be related to the spectrum index of the incident neutrino fl
Our treatment thus provides a basis for a more complete
realistic assessment of high energy neutrino flux meas
ments in the large neutrino telescopes under constructio
being planned.
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APPENDIX A: THE CONTRIBUTION FROM RESONANT
n̄EEÀ SCATTERING

The transport equations forn̄e and the tau lepton are give
by Eqs.~3! and ~4!. For convenience, let us write 12y5z.
The last term in Eq.~4! can be simplified using

dsn̄ee2→ n̄tt2

dz
~z,E/z!5

mW
4 GF

2

p

s~12z!2

~s2mW
2 !21mW

2 GW
2

~A1!

and the narrow width approximation

1

p

mWGW

~s2mW
2 !21mW

2 GW
2

'd~s2mW
2 !. ~A2!

We arrive at

]Ft~E,X!

]X
52

Ft~E,X!

rdt~E!
1

1

3 S 12
E

ER
D 2

3S pGW

LRmW
DF n̄e

~ER ,X!, ~A3!

whereER5mW
2 /2me is the n̄e energy such that theW boson

is produced on shell in then̄ee
2 scattering. LR

[1/nesn̄ee2→W2 is the interaction thickness for such a sc

tering. To solve forFt(E,X), we need to inputF n̄e
(ER ,X).

Obviously, then̄e flux at the resonant-scattering energyER is
mainly attenuated by the resonant scattering itself. He
F n̄e

(ER ,X)5exp(2X/LR)Fn̄e
(ER,0). Substituting this resul

into Eq. ~A3!, we obtain

Ft~E,X!5
1

3 S 12
E

ER
D 2S pGW

LRmW
DF n̄e

~ER,0!

3expS 2
X

rdt~E! D E0

X

dZ

3expF S 1

rdt~E!
2

1

LR
DZG . ~A4!
06300
-

e

The integration overZ can be easily performed. In practice,
is obvious thatX@rdt(E). In this limit, we have

Ft~E,X!5
p

3 S 12
E

ER
D 2S GW

mW
D S rdt~E!

LR
DF n̄e

~ER,0!

3expS 2
X

LR
D . ~A5!

Let us consider standard rock as the medium forn̄ee
2 scat-

tering; we then have r/LR5nersn̄ee2→W2. Given

sn̄ee2→W254.8310231 cm2 at the W boson mass peak, an

ner52.6536.0/231023/cm3 in standard rock, we obtain
r/LR5(26 km)21. Furthermore, we can writedt(E)
549 km3(E/106 GeV). We then obtain the following ratio

Ft~E,X!

F n̄e
~ER,0!

53.3310243S E

ER
D3S 12

E

ER
D 2

3expS 2
X

LR
D .

~A6!

This is the result given by Eq.~10! in the main text.

APPENDIX B: THE ITERATION METHOD
FOR OBTAINING Zn„E,X… AND F t„E,X…

The evolution forFnt
is given by Eq.~1!. With the ansatz

Fnt
~E,X!5Fnt

~E,0!expS 2
X

Ln~E,X! D , ~B1!

we obtain the following equation forZn(E,X):
XZn~E,X!5E
0

X

dX8E
0

1 dy

12y H Fnt

(0)~Ey!

Fnt

(0)~E!
exp@2X8Dn~E,Ey ,X8!#Fnt

NC~y,E!

1
Ft~Ey ,X8!

Fnt

(0)~E!
S ln~E!

rdt~E! DexpS X8

Ln~E,X8!
D Ft

d~y,E!1
Ft~Ey ,X8!

Fnt

(0)~E!
S ln~E!

lt~E! DexpS X8

Ln~E,X8!
D Ft

CC~y,E!J ,

~B2!
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where Fnt

(0)(E)[Fnt
(E,0), while Fnt

NC, Ft
CC, and Ft

d are

respectively given by

Fnt

NC~y,E!5

(
T

nT~dsntT→ntY/dy!~y,Ey!

(
T

nTsntT
tot ~E!

, ~B3!

Ft
CC~y,E!5

(
T

nT~dstT→ntY /dy!~y,Ey!

(
T

nTstT
tot~E!

, ~B4!

Ft
d~y,E!5

1

Gt~E!

dGt→ntY

dy
~y,Ey!, ~B5!

with nT the number of targets per unit mass of the mediu
and

Dn~E,Ey ,X!5
1

Ln~Ey ,X!
2

1

Ln~E,X!
. ~B6!

For simplicity in the notation, we take the lower and upp
limits for the y integration to be 0 and 1, respectively.
reality, the limits depend on the actual kinematics of ea
process. One may impose these limits in the functionsFnt

NC,

Ft
CC, andFt

d .
st
an
.
H

62

r-

tt

nf.

.

ar

ys
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To perform the iteration, we begin by settingZn(0)50. In
this approximation, we have

Fnt(0)~E,X!5Fnt
~E,0!expS 2

X

ln~E,X! D . ~B7!

SubstitutingFnt(0)(E,X) into Eq. ~12!, we obtain the lowest

ordernt flux, Ft(0)(E,X). The first iteration forZn , denoted
by Zn(1) is calculable from Eq. ~B2! by substituting
Fnt(0)(E,X), Ft(0)(E,X), and Zn(0) into the RHS of this

equation. FromZn(1) , we can then calculateFnt(1)(E,X) and

Ft(1)(E,X), which corresponds to the results presented
this paper. We have checked the convergence of the itera
procedure and have found negligible differences betw
Zn(2) andZn(1) and their associatednt andt fluxes.

The value ofZn depends on the spectrum index of th
neutrino flux, since it effectively gives the regeneration effe
in the neutrino-nucleon scattering. In general, a flatter n
trino spectrum implies a largerZn . Zn is, however, not sen-
sitive to the slant depthX. In the case of GRB neutrinos
where the flux decreases asEn

22 for En,107 GeV and de-
creases asEn

23 for energies greater than that, we obta
Zn

GRB'0.2. For the AGN neutrino,Zn
AGN changes from 0.96

to 0.35 asEn runs from 105 GeV to 106 GeV. In this energy
range, the neutrino flux decreases more slowly thanEn

20.5.
For En greater than 108 GeV, Zn

AGN drops below 0.2 as the
neutrino flux spectrum begins a steep fall. The values
Zn

GZK also follow a similar pattern.
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