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Tau neutrinos underground: Signals ofnµ\nt oscillations with extragalactic neutrinos
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The appearance of high energy tau neutrinos due tonm→nt oscillations of extragalactic neutrinos can be
observed by measuring the neutrino induced upward hadronic and electromagnetic showers and upward
muons. We evaluate quantitatively the tau neutrino regeneration in the Earth for a variety of extragalactic
neutrino fluxes. Charged-current interactions of the upward tau neutrinos below and in the detector, and the
subsequent tau decay, create muons or hadronic and electromagnetic showers. The background for these events
are muon neutrino and electron neutrino charged-current and neutral-current interactions, where in addition to
extragalactic neutrinos, we consider atmospheric neutrinos. We find significant signal to background ratios for
the hadronic combined with electromagnetic showers with energies above 10–100 TeV initiated by the extra-
galactic neutrinos. We show that the tau neutrinos from point sources also have the potential for discovery
above a 1 TeV threshold. A kilometer-size neutrino telescope has a very good chance of detecting the appear-
ance of tau neutrinos when both muon and hadronic combined with electromagnetic showers are detected.

PACS number~s!: 96.40.Tv, 13.15.1g, 14.60.Pq, 98.70.Rz
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I. INTRODUCTION

A recent breakthrough in the study of neutrino oscillatio
came from the observation by the Super-Kamiokande exp
ment of a deficit of upward-going atmospheric muon neu
nos@1#. The observed electron neutrino flux was found to
consistent with the theoretical expectation from models
cosmic ray production of neutrinos. Furthermore, Supe
measurements are consistent with earlier experiments@2–5#
which detected anomalous ratios of thenm to ne flux. The
new high-statistics data disfavor scenarios in whichnm’s os-
cillate into sterile neutrinos (ns) @6#, and the data are consis
tent withnm to nt oscillation~99% C.L.! with a large mixing
angle, sin2 2u.0.84, and a neutrino mass squared differen
of 231023 eV2,Dm2,631023 eV2.

Direct detection of thent appearance is extremely diffi
cult because at low energies the charged-current cross
tion for producing a tau is small and the tau has a very sh
lifetime. Several long-base-line experiments with accelera
sources ofnm @7–11# have been proposed with the goal
detecting tau neutrinos from oscillations, thus confirming
SuperK results. The only convincing evidence of neutr
oscillations to date involves astrophysical sources, neutr
from the Sun and atmospheric neutrinos. These observa
involve indirect measurements, namely the disappearanc
the expected neutrino fluxes.

We have recently discussed the possibility of using
kilometer-size neutrino telescope to detect tau neutrinos f
extragalactic sources of high-energy neutrinos such as a
galactic nuclei~AGN! and gamma ray bursts~GRBs!, as-
suming nm→nt with the oscillation parameters of the S
perK experiment@12#. The probability fornm→nt is given
by @13#
0556-2821/2000/62~12!/123001~20!/$15.00 62 1230
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P~nm→nt ;L !5sin2 2u sin2 S 1.27Dm2 ~eV2! L ~km!

E ~GeV! D .

~1!

Assuming two flavor oscillations, muon neutrinos produc
in AGN or GRBs would oscillate to tau neutrinos as th
travel to the Earth. Over astronomical distances in the ra
of a megaparsec to thousands of megaparsecs, by meas
tau neutrino fluxes, one could, in principle, probe oscillatio
down toDm2;10217 eV2, nine orders of magnitude below
current neutrino experiments@14,15#. On the other hand, for
the SuperK parameter range, withDm2 on the order of 1023

eV2 and sin2 2u.1, the oscillation probability is 0.5. It is this
latter possibility that we explore in this paper.

We use the simplest assumption for the flavor conten
extragalactic sources of neutrinos, in the absence of osc
tions, for the ratione :nm :nt to be 1:2:0.This is based on a
counting argument applied top→mnm andm→nmene pro-
cesses. With the two-flavor oscillations suggested by the
perK experiment, the flavor ratio becomes1:1:1 after the
neutrinos have traveled over astronomical distances. Eve
the three-flavor oscillation scenario, the ratio is still1:1:1,
because the path length of high energy extragalactic ne
nos is much larger than any neutrino oscillation length s
ported by the solar, atmospheric or accelerator data@16#.

The ratio forne :nm might get modified at high energie
due to muon cooling@17#. In addition,ne from neutron decay
might give a significant contribution, resulting in neutrin
fluxes dominated by electron neutrinos as in the case of
fuse neutrino fluxes from propagating cosmic rays@18#. We
comment qualitatively in the discussion section on how o
results are altered with more realistic, flavor-dependent n
trino energy cutoffs. Regardless of the flavor content of
source, the maximal mixing suggested by the SuperK exp
©2000 The American Physical Society01-1
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mental results means that there will be an appreciable
neutrino component at the Earth, so one is interested in
neutrino detection in high energy neutrino telescopes suc
ANTARES @19#, NESTOR @20#, AMANDA @21# and the
next generation of large underground detectors@22#.

Tau neutrino detection requires an understanding of
effect of propagating through the Earth on the tau neutr
flux. The propagation of ultra-high-energy tau neutrin
through the Earth is quite different from muon and electr
neutrinos. The Earth never becomes opaque to tau neutr
while muon and electron neutrinos are absorbed via char
current interactions before reaching the opposite surf
@14#. Ultra-high-energy tau neutrinos interact in the Ea
producing taus which, due to the short lifetime, decay b
into tau neutrinos with lower energy. This cascade contin
until the tau neutrinos reach the detector on the opposite
of the Earth or until the energy of the neutrinos is sm
enough that the interaction length of the neutrino is lon
than the path length through the Earth. The energy and n
angle dependence of the extragalactic tau neutrino flu
have been examined quantitatively in Refs.@12,23#. For cer-
tain fluxes, those that do not decrease too steeply with
ergy, there are significant enhancements of the tau neu
flux relative to the muon neutrino flux at energies belo
;106 GeV.

An enhancement of the tau neutrino flux does not nec
sarily translate into dramatic modifications of the stand
model ~no-oscillation! rates for upward-going muons, esp
cially in view of the uncertainties in the normalization of th
extragalactic fluxes. However, by comparing rates
upward-going muons with rates for upward hadronic a
electromagnetic~EM! showers, the signature of tau neutrin
interactions is unambiguous for a large range of neutr
fluxes. In the next section, we briefly introduce the extra
lactic and genericnt fluxes Fnt

0 ;E2n for n51,2 that are

used here. After reviewing neutrino propagation through
Earth, we describent signatures. The fluxes considered he
have a range of energy behaviors. Even if the normalizati
of the neutrino fluxes are uncertain, and in some cases o
mistic, it is useful to make quantitative comparisons of t
event rates for upward muons and upward hadronic or
showers, with and without neutrino oscillations, which we
in Sec. IV. The quantitative results for specific models le
to model independent conclusions, which we summa
graphically. The tau neutrino appearance would provide
independent confirmation of the SuperK results and wo
point towards a better understanding of physics beyond
standard model.

II. HIGH ENERGY NEUTRINO SOURCES

Active galactic nuclei are the most luminous objects
the Universe. Most of this radiation comes from their cent
region, indicating that the energy radiation most likely com
from accretion of matter into a superheavy black hole. P
tons within the AGN may get accelerated via first ord
Fermi acceleration to very high energies. They interact w
protons and photons in the infalling gas, or they may exis
the jets along the rotation axis and interact with photo
12300
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there. Photon-proton and proton-proton interactions prod
pions, which decay into charged leptons, neutrinos and p
tons. Energetic photons (Eg;100 MeV! from about 40 AGN
observed by the EGRET Collaboration@24# and TeV pho-
tons have been detected from Mkn 421, Mkn 501@25# and
1ES23441514 @26#. Although these photons are conventio
ally explained by inverse Compton scattering from energe
electrons, this explanation is not without problems, and
hadronic origin of gamma-ray photons from AGN is a viab
alternative@27#. If a large fraction of the observed energy
high energy photons from AGN is produced in hadronic
teractions, then AGN are also powerful sources of ultra-hi
energy~UHE! neutrinos@28–31#.

In Fig. 1 we show neutrino fluxes predicted in the AG
models of Stecker and Salamon@28# and the Mannheim
model A @29#. Both of these models predict neutrinos flux
that represent the upper bounds for their class of the mod
In particular, the Stecker-Salamon flux is an upper bou
for AGN core emission, while the Mannheim model A
an upper bound for AGN jet emission models. Steck
Salamon flux is bound by the diffuse x-ray backgroun
while Mannheim flux is bound by the extragalactic gamm
ray background. The steep, low energy neutrino flux
Mannheim’s model is the emission from the host galaxy
pp interactions of the AGN protons in the galactic gas dis
Since this part of the flux is derived with the assumption t
all protons end up in the disk, it should be regarded as
upper bound. Stecker-Salamon flux at energies above 1
may get reduced due to the cooling of pions and muons
the strong magnetic fields of AGN cores@17#. The fluxes
plotted in Fig. 1 are for the sum of muon neutrinos pl
antineutrinos, at the source, namely, without accounting

FIG. 1. Muon neutrino plus antineutrino fluxes for AGN mode
~solid lines; upper curve at low energy corresponds to AGN_M
~model A!, while the lower curve is for the AGN_SS model!, GRBs
~dotted line!, topological defects models@dash-dotted lines; uppe
curve corresponds to TD_~TD_WMB! WMB, while the lower
curve is for TD_SLSC#, E21 flux ~lower dashed line at low energy!
and E22 ~upper dashed line at low energy! and angle-dependen
atmospheric~ATM ! flux ~shaded area!.
1-2
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oscillation over astronomical distances. We label the flu
in the absence of oscillations byFn1 n̄

s .
Another extragalactic source with powerful radiation a

possibly associated high energy neutrino flux are the gam
ray bursts. Several models have been proposed in orde
explain the origin of GRBs@32,33#. In the fireball model
@33#, the gamma ray bursts are produced by the dissipatio
the kinetic energy of the relativistic expanding fireball with
large fraction,.10%, of the fireball energy being converte
by photopion production to high energy neutrinos@34#. Pho-
tomeson production takes place when extremely energ
protons accelerated at high energies in the ultra-relativi
shocks interact with synchrotron photons inside the fireb
The decay of these charged pions and subsequently prod
muons then produce electron and muon neutrinos. Contr
tions from proton-proton collisions can be neglected in t
model. In Fig. 1 we show the neutrino fluxes for the gam
ray burst model of Waxman and Bahcall~GRB_WB! @35#, in
which they parametrize the flux by

Fn1 n̄
s

~E!54.03102aE2n,

wherea513 andn51 for E,105 GeV anda58, n52 for
105,E,107 GeV anda51, n53 for E.107 GeV.

Theoretical work has been done to set upper bounds
high energy neutrino fluxes from AGN jets and GRBs@35#.
The bounds are based on the theoretical correlations betw
the cosmic ray flux and/or the extragalactic gamma ray fl
and the neutrino flux. These bounds have some model de
dence, and they tend to be weaker in the range of ener
considered here than at higher energies (E;107–109 GeV!.
The AGN and GRB neutrino fluxes used here satisfy th
bounds.

Cosmic topological defects~TDs! such as magnetic
monopoles, cosmic strings and domain walls are predicte
be formed in the early Universe as a result of symme
breaking and phase transition in grand unified theo
~GUTs! of particle interactions. In the TD models,g rays,
electrons~positrons!, and neutrinos are produced directly
ultra-high energies via cascades initiated by the decay
supermassive elementaryX particle associated with som
grand unified theory, rather than being produced in high
ergy hadronic interactions. TheX particle is usually though
to be released from topological monopoles left over from
GUT phase transition. It decays into quarks, gluons, and
tons. In this paper, we consider neutrino fluxes from to
logical defects models of Sigl, Lee, Schramm, and Co
~TD_SLSC! @36# and the model of Wichoski, MacGibbon
and Brandenberger~TD_WMB! @37#. The main difference
between these two models is the main channel for ene
loss of the string network: in the former it is the gravitation
radiation, while in the latter it is the particle production. Bo
of these fluxes should be regarded as upper limits for
models, because they have been constructed in such a w
satisfy the bound imposed by the measured cosmic ray
gamma ray fluxes@38#. These fluxes are shown in Fig. 1
where we take the representative flux of the WMB mo
with the string mass parameter giving the largest neutr
12300
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flux that is consistent with cosmic ray data. This flux is al
below the Frejus@39# and Fly’s Eye@40# experimental limits
on the neutrino flux.

We also consider two generic fluxes that have a pow
law behavior. The flux

Fn1 n̄
s

~E!51027~E/GeV!22 ~cm22 s21 sr21 GeV21!
~2!

gives numerically stable results; however, our calculatio
with a flux with Fs;E21 is unstable at very high energie
Consequently, we use

Fn1n̄
s

~E!510213~E/GeV!21

3
1

~11E/108 GeV!2
~cm22 s21 sr21 GeV21! ~3!

as a way to cut off the high energy behavior. We show
sults for attenuated fluxes for neutrino energies up to6

GeV. We have chosen the multiplicative factors inE21 and
E22 fluxes in such a way that they exceed the atmosph
flux at neutrino energies between 10 TeV and 100 TeV. T
upper bound for strong source evolution discussed rece
by Waxman and Bahcall@35# would correspond to a limit of
231028E22 @in the same units as Eq.~2!#, a factor of 5
smaller than the choice of normalization we take in this p
per.

We also show in Fig. 1 the atmospheric neutrino flux a
zenith angle of 0° and the horizontal flux. In our evaluati
of the atmospheric backgrounds, we use the atmosph
muon and electron neutrino fluxes as a function of the ze
angle@41#.

We do not consider the neutrino flux from cosmic r
interactions with the microwave background. This diffu
neutrino flux is typically present at energies higher than
consider here@42#, and it gives low event rates@30#. Further-
more, the cosmic ray interactions with the solar atmosph
are another source of neutrinos; however, for energies ab
1 TeV, the flux scales asE23 or steeper@43#. As we see
below, tau neutrino regeneration will not be a very importa
feature in fluxes with such large spectral indices.

III. TAU NEUTRINO PROPAGATION THROUGH
THE EARTH

For neutrino energies above 1 TeV, the oscillation pro
ability for nm→nt in the Earth is less than 1% for the pa
rameters constrained by the SuperK experiment. As a co
quence, we can neglect the neutrino oscillation in o
evaluation of tau neutrino propagation accounting for int
actions in the Earth.

The coupled transport equations for the fluxes of the
neutrino and its charged partner are given by

]Fnt
~E,X!

]X
52

Fnt
~E,X!

lnt
~E!

1E
E

`

dEyGnt→nt
~Ey ,E,X!

1E
E

`

dEyGt→nt
~Ey ,E,X! ~4!
1-3
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FIG. 2. Muon neutrino plus antineutrino flux~solid line!, the effect of its attenuation foru50° ~dashed line! and tau neutrino plus
antineutrino upward flux for the same initial flux and the same nadir angle~dotted line! for ~a! E21 flux, ~b! E22 flux, ~c! AGN_SS, and~d!
AGN_M95.
to

eam

c-

led

.

and for taus as

]Ft~E,X!

]X

52
Ft~E,X!

lt~E!
2

Ft~E,X!

lt
dec~E,X,u!

1E
E

`

dEyGt→t~Ey ,E,X!

1E
E

`

dEyGnt→t~Ey ,E,X!. ~5!

Here Fnt
(E,X) and Ft(E,X) are the differential energy

spectrum of tau neutrinos and taus respectively, for lep
energyE, at a column depthX in the medium defined by
12300
n

X5E
0

L

r~L8!dL8. ~6!

The density of the medium a distanceL from the Earth-
atmosphere boundary, measured along the neutrino b
path, is r(L). The lepton interaction length~in g/cm2) is
l(E) andlt

dec(E,X,u) is the decay length of the tau.
The functionsGi→ j schematically represent the intera

tion or decay contributions to leptonj from leptoni. We limit
our evaluations of the tau neutrino flux toEnt

,106 GeV.
Consequently, we can ignore several terms in the coup
differential equations: the term withGt→t and the term
2Ft /lt , both in Eq.~5!. Only the decay contribution to the
last term in Eq.~4! (Gt→nt

) is included in our evaluation
1-4
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FIG. 3. Muon neutrino plus antineutrino flux~solid line!, the effect of its attenuation foru50° ~dashed line! and tau neutrino plus
antineutrino upward flux for the same initial flux and the same nadir angle~dotted line! for ~a! TD_WMB, ~b! TD_SLSC,~c! GRB_WB and
~d! atmospheric flux.
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This is justified by the fact that the tau decay is significan
more important than interactions for the energy range of
terest, namelyE,106 GeV. The neglected terms start co
tributing for lepton energies on the order of 108 GeV. De-
tailed formulas forGi→ j appear in Ref.@12#.

In our previous work, we have described an analy
method for solving these transport equations@12#, based on
the method of Naumov and Perrone@44#. We have evaluated
the upwardnt flux for a selection of initial fluxes@12#. We
have shown that for ‘‘flat’’ initial neutrino fluxes (F
;E21), a significant number of high energynt’s cascade
down in energy, resulting in enhanced low energy flux re
tive to the attenuatednm flux. Here, we evaluate the ta
neutrino flux for a more comprehensive selection of incid
fluxes, including both neutrino and antineutrino attenuati
In all of our results below, we evaluate the sum of neutr
12300
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plus antineutrino fluxes or rates.
In Figs. 2 and 3, we show the attenuated tau neutrino p

antineutrino flux~dotted line! and attenuated muon neutrin
plus antineutrino flux~dashed line!, scaled by a factor of the
neutrino energyE, assuming equal fluxes of tau neutrino
and muon neutrinos incident on the surface of the Earth
nadir angle of 0° for Fn1 n̄

0 (En)50.5310213E21,

Fn1 n̄
0 (En)50.531027E22, the Stecker-Salamon AGN

model, the Mannheim AGN~model A!, the two topological
defects models, the Waxman-Bahcall GRB model and
atmospheric flux. We note that the enhancement of the
neutrino flux relative to the initial flux and also to the muo
neutrino flux is prominent for the flat fluxes, such
Fn

0(En);E21, the Stecker-Salamon AGN model and the t
pological defects model of Siglet al. In the case of the at-
1-5
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FIG. 4. The energy dependence of the muon neutrino flux~dashed line! and the tau neutrino flux~solid line! for nadir angleu50°, u
530° andu560° normalized to the initial flux for the AGN_M95.
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mospheric flux, which represents the background, the
hancement is very small due to the steepness of the in
neutrino flux.

The angular dependence of the upwardnt flux is also
distinct. As an example, in Fig. 4, for the AGN model
Mannheim~model A! @29#, we show the ratio of the neutrin
flux scaled by the flux atX50 for three nadir angles,u
50°, u530° andu560°, as a function of neutrino energ
Because of the shape of the initial flux, steep for energ
below 106 GeV, and flat for higher energies, the enhan
ment of the tau neutrino flux becomes significant only
energies above 106 GeV. At fixed energies of 104, 105, and
106 GeV, we show the same flux ratios as a function of na
angle.

IV. DETECTION OF nt APPEARANCE

Detection of muon neutrinos, in general, is via th
charged-current interactions. Produced muons have a
large average range, making the effective volume of an
12300
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derground detector significantly larger than the instrumen
volume. On the other hand, tau neutrino charged-current
teractions produce the tau, which has a very short lifetim
making its detection extremely difficult. Only at very hig
energies,En. PeV, are the production and decay vertic
separated by a measurable distance, providing a distinc
signature of tau neutrinos~‘‘double-bang’’ events! @45#.
However, the predicted neutrino fluxes are low at these
ergies. Fornt’s in the energy range of 103–106 GeV consid-
ered here, the produced tau decays after a very short
length back tont plus leptons or hadrons. Tau neutrinos w
interact via neutral currents, producing a hadronic signa
well. Therefore, the signals of tau neutrino interactions
low the double-bang threshold are muons from tau deca
hadronic and EM showers from the tau production and
decay. In the first case the background to tau production
high energy muons isnm charged-current interactions. In th
latter case, the backgrounds arenm neutral current andne
charged-current and neutral current interactions. The ba
ground rates shown below are with the assumption that
electromagnetic shower fromne→e charged current interac
1-6
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FIG. 5. Diagrams for neutrino interactions contributing to the muon production.
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tions cannot be distinguished from hadronic showers. A
consequence, we evaluate the hadronic and electromag
shower rates.

We assume in the analysis presented below that thenm
charged-current events andnt→t→m events can be rejecte
from the contained hadronic and electromagnetic shower
nal. In both cases there is a hadronic shower which inclu
muons; however, the muons in the hadronic showers fr
pion and kaon decays are significantly less energetic than
muons fromnm→m and nt→t→m. In the latter case, the
energy of the shower is;1/2, the incident neutrino energ
En , and the energy of the muon is;1/621/2En . On the
other hand, muons coming from particle decays in the h
ronic shower are considerably less energetic because of
particle multiplicities. The average charged particle mu
plicities for hadronic interactions atAs.40 GeV are larger
than ;10 particles@46#, so individual muon energies from
charged pion and kaon decays are less than;5% of the
incident neutrino energy. The hadronic shower and very
ergetic muon of the ‘‘muon signal’’ should stand out in com
parison to the hadronic and EM shower signal in a dete
with good energy resolution like the proposed kilomet
cubed detector IceCube@47#.

We describe the evaluation of the muon and hadronic
EM shower event rates. The event rates fornt→t→m and
nm→m are evaluated and compared with the no oscillat
rates. We evaluate the hadronic and EM shower rates
signal and background, then compare with the hadronic
EM shower rates assuming no oscillations ofnm . The rela-
tive rates of muons and hadronic combined with EM show
prove to be the most effective diagnostic of neutrino osci
tions with the SuperK parameters.

A. Muon event rates

The standard evaluation of the muon event rate per s
angle for neutrino interactions with isoscalar nucleonsN
(nmN→mX) follows from the formula@30#

rate5ANAE
Em

min

`

dEn

3E dy^Rm„En~12y!,Em
min

…&
dscc~En ,y!

dy

3Fn~En ,X!Q„En~12y!2Em
min

…, ~7!
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wherey is the neutrino energy loss,y5(En2Em)/En , and
dscc(En ,y)/dy is the charged current differential cross se
tion. Fn(En ,X) is the upward neutrino or antineutrino flu
which depends on angle implicitly through the path lengthX.
We assume that the initial fluxes of muon neutrinos and
tineutrinos that reach the Earth are equal, their sum in
oscillation scenario being half of the muon neutrino pl
antineutrino flux produced at the source. The fluxes of n
trinos and antineutrinos at the detector are different beca
of the difference in charged and neutral current cross s
tions below energies of 106 GeV @30,31#; however, for these
energies and fluxes, the antineutrino event rates differ for
neutrino event rates by at most620%. The average range o
a muon,̂ Rm(Em ,Em

min)&, is the range of a muon produced
a charged-current interaction with energyEm which, as it
passes through the medium, loses its energy via bremss
lung, ionization, pair production and photonuclear intera
tions and arrives in a detector with an energy aboveEm

min .
Avogadro’s number isNA andA is the effective area of the
detector. All of the event rates calculated are for the sum
neutrino plus antineutrino contributions tom11m2 produc-
tion.

The rate for muons produced by the tau neutrino char
current interactions followed by the tau leptonic decays
given by a modified equation, taking into account t
branching fraction fort→ntnmm and the decay distribution
of the muon viadn(Et)/dz, wherez5Em /Et . The decay
formulas used here are listed in the Appendix. The differ
tial event rate is

rate5ANAE
Em

min

`

dEnE dy

3E dẑ Rm„En~12y!z,Em
min

…&
dn„En~12y!z…

dz

3
dscc~En ,y!

dy
Fn~En ,X!Q„En~12y!z2Em

min
….

~8!

In Fig. 5 we show the neutrino processes that contrib
to the muon production. In our evaluation of the muon ev
rates we use the Earth densities of the preliminary Ea
1-7
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model ~PREM! described in Ref.@48#. We have used the
PREM to determine an average density for a given na
angle, then used that average density to evaluate the at
ated fluxes. We use the muon range evaluated by Lipari
Stanev @49#. The neutrino and antineutrino cross sectio
have been evaluated using the CTEQ5 parton distribu
functions@50#. The effective areaA is taken to be 1 km2.

In Figs. 6–9, we show muon event rates forFn1 n̄
0

;E21, Fn1 n̄
0

;E22, AGN_SS, AGN_M95, TD_WMB,
TD_SLSC and GRB_WB forEm

min51, 10, 100 TeV. Solid
lines correspond to the upwardm11m2 events fromnt

FIG. 6. Muon event rate as a function of nadir angle for energ
1 TeV, 10 TeV and 100 TeV. Muon rates including the contributi
from tau decay~solid line! compared with the background from
muon neutrinos~dashed line! for ~a! E21 flux and ~b! E22 flux.
12300
ir
nu-
nd
s
n

1n̄t1nm1n̄m charged-current interactions~including t→m
decay!, while the dashed lines are the background contri
tion from nm1 n̄m charged-current interaction only. We no
that the muon enhancement due to the tau neutrino contr
tion for E21 flux is almost factor of 2 for small angles an
25% for large angles withEm

min51 TeV. The enhancement i
less pronounced at small nadir angles for increasing thre
old energies; for example, the solid line is about 60% e
hanced relative to the dashed line forEm

min510 TeV for the
E21 flux in Fig. 6. A similar enhancement is present for t
TD_SLSC. For steeper fluxes, such as AGN_SS, AGN_M
andE22, the enhancement due to tau neutrino contribution
much smaller, of the order of 20–25 %.

s

FIG. 7. Muon event rate as a function of nadir angle for energ
1 TeV, 10 TeV and 100 TeV. Muon rates including the contributi
from tau decay~solid line! compared with the background from
muon neutrinos~dashed line! for ~a! AGN_SS and~b! AGN_M95.
1-8
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The muon event rates from the atmospheric neutr
background are shown in Fig. 10~a!. The input flux is the
angle dependent muon neutrino flux of Agrawalet al. @41#.
The atmospheric tau neutrino flux is very low, as the
neutrinos are produced in the atmosphere by cosmic ray
teractions with nuclei in the atmosphere, which produceDs
whose leptonic decay,Ds→tnt , givesnt @51#. The rates for
the atmospheric tau neutrinos are shown in Fig. 10~b!. In the
evaluation of the event rates, we neglect oscillations of
mospheric neutrinos as they travel to the Earth and the
cillations through the Earth since the oscillation probabilit
are small above our minimum energy of 1 TeV.

The atmospheric neutrino events represent a backgro
for detection of extragalactic neutrinos. For a muon ene
threshold of 1 TeV, the background is large, 400–20

FIG. 8. Muon event rate as a function of nadir angle for energ
1 TeV, 10 TeV and 100 TeV. Muon rates including contributi
from tau decay~solid line! compared with the background from
muon neutrinos~dashed line! for ~a! TD_WMB and~b! TD_SLSC.
12300
o

u
n-

t-
s-
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nd
y
0

events per year per steradian for 1 km2 effective area detec
tor. For a muon threshold ofEm

min510 TeV, the event rates
range between 6 and 80 events per year per steradia
comparison of the event rates from Figs. 6–9 with the atm
spheric muon neutrino background indicates that detectio
neutrinos from AGN might be possible withEm

min510 TeV
or 100 TeV.

The rates for muon events shown in Figs. 6–9 come fr
assuming that the tau neutrino and muon neutrino fluxes
equal and are half the flux of muon neutrinos produced at
source. Testing the oscillation hypothesis with muon neu
nos alone will be difficult. We see that with the exception
the E21 and TD_SLSC fluxes, the observed muon rate
about half of what one would expect in the absence of os
lations. Given the uncertainties in the normalizations of
predicted fluxes, this factor would not unambiguously sig
the presence of tau neutrinos from oscillations. The situa
with the E21 and TD_SLSC fluxes is only slightly bette
There, in the oscillation scenario, the measured muon e
rate is about 80% of the no oscillation prediction atu50°,
but less than 70% of the prediction for horizontal even
Testing the oscillation hypothesis by measuring upw
muons only will be very difficult.

The relatively small contribution to the muon rate fro
nt’s, despite the fact that the attenuated flux of tau neutri
is larger than that of the muon neutrinos, is due to the f
that the muon carries a small fraction of the initial tau ne
trino energy. Consequently, for a muon of a given energy
it comes from a tau neutrino~which interacted producing a
tau that subsequently decayed to a muon!, the initial tau neu-
trino has a much higher energy than a muon neutrino wh
produces a muon directly via the charged currentnmN
→mX process. All predicted neutrino fluxes decrease w

s

FIG. 9. Muon event rate as a function of nadir angle for energ
1 TeV, 10 TeV and 100 TeV. Muon rates including the contributi
from tau decay~solid line! compared with the background from
muon neutrinos~dashed line! for GRB_WB.
1-9
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SHARADA IYER DUTTA, MARY HALL RENO, AND INA SARCEVIC PHYSICAL REVIEW D 62 123001
energy. Even with some ‘‘pileup,’’ the tau neutrino fluxe
are decreasing fast enough that the muon energy frac
results in sampling a much smaller tau neutrino flux than
corresponding muon neutrino flux. It is this observation t
leads one to consider signals that carry a much larger frac
of the incident tau neutrino energy.

B. Upward hadronic and electromagnetic showers
and their detection

The hadronic and EM shower signal ofnt interactions is a
much more promising final state from the theoretical point
view than the muon signal. The benefit is that the hadro
showers include both production hadrons and tau decay
rons, so there is a much higher fraction of the incident

FIG. 10. Muon event rate as a function of nadir angle for en
gies 1 TeV, 10 TeV and 100 TeV for~a! atmospheric muon neu
trino and~b! atmospheric tau neutrino.
12300
on
e
t
n

f
ic
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neutrino energy visible in the detector@52#. The next genera-
tion of neutrino telescopes may not be able to distingu
between hadronic and electromagnetic showers, so we
clude in the signal and in the background, processes
include hadrons and electron. As mentioned above, we
sume that the high energy muon associated with the targe
in nm charged current interactions will be used to veto t
process nmN→mX. Distinguishing electromagnetic from
hadronic showers might be possible by looking at the diff
ence between the front to back ratio of the cascade Che
kov light, and perhaps by the number of residualp→m→e
decay, although this is considered to be experimentally
ficult @53#.

The processes that go into our evaluation ofnt→ hadrons
are

ntN→t1hadrons, t→nt1hadrons,

ntN→t1hadrons, t→nt1e1ne ,

ntN→nt1hadrons.

For the charged-current interactions, the hadronic and e
tromagnetic energy is the sum of the energy carried by
hadrons in tau production, as well as the tau decay hadr
energy or tau decay electron energy.

The background for the hadronic and electromagne
showers is due to thenm andne neutral current interactions
andne charged-current interactions are

nm,e1N→nm,e1hadrons,

ne1N→e1hadrons.

For thene flux, we assume it is equal to thenm flux in the
SuperK oscillation scenario. All of the processes that c
tribute to the hadronic and EM showers are shown in Fig.

The tau neutrino shower event rate per unit solid an
from charged-current interactions followed by the tau ha
ronic decay is given by

rate5VNAE
Eshr

min

`

dEnE dy

3E dz
dn~Et!

dz

dscc~Ent
,y!

dy
Fnt

~Ent
,X!

3Q„Ent
@y1~12y!~12z!#2Eshr

min
…. ~9!

The hadronic energy from the broken nucleon,Eshr
int5Eny,

and the hadronic energy from the decay,Eshr
decay5En(1

2y)(12z), are added to get the total shower energy. Aga
y5(En2Et)/En for incident neutrino energyEn , while z
5En8/Et , whereEn8 is the energy of the neutrino from the ta
decay. The differential distributions for the hadronic dec
modes are shown in the Appendix. For the electronic de
of the tau, the differential distributiondn/dz is replaced by
the purely leptonic distribution in terms ofz8[Ee /Et . The
theta function is replaced by

-

1-10
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FIG. 11. Diagrams for neutrino interactions contributing to the shower events.
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Q„Ent
@y1~12y!~12z!#2Eshr

min
…

→Q„Ent
@y1~12y!z8#2Eshr

min
…. ~10!

The neutral current background event rate is given by

rate5VNAE
Eshr

min

`

dEnE dy
dsnc~En ,y!

dy
Fn~En ,X!

3Q~Eny2Eshr
min!, ~11!

while the electron neutrino charged current background
is given by

rate5VNAE
Eshr

min

`

dEnE dy
dscc~En ,y!

dy
Fn~En ,X!

3Q~En2Eshr
min!. ~12!

In Figs. 12–15 we show the upward hadronic and E
shower event rates as a function of the nadir angle forEshr

.Eshr
min whereEshr

min51 TeV, 10 TeV and 100 TeV for inpu
fluxes: Fn1 n̄

0
;E21, Fn1 n̄

0
;E22 AGN_SS, AGN_M95,

TD_WMB, TD_SLSC and GRB_WB, all assuming thatV
51 km3. The solid lines correspond to the event rates fr
nt1 n̄t1ne1 n̄e charged-current interactions~and t→nt1

hadrons! and fromnt1 n̄t1nm1 n̄m1ne1 n̄e neutral current
interactions. The dashed lines are the contributions fromnm

1 n̄m neutral current interaction andne1 n̄e charged and neu
tral current interactions. We do not includenm1 n̄m charged-
current interactions in our calculation because these ev
can be vetoed by the high energy muons produced in
interactions. All of the rates shown in these figures assu
equal neutrino and antineutrino fluxes. They are perform
in the oscillation scenario where the ratios of the flux
ne :nm :nt are 1:1:1.
12300
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e
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From Fig. 12~a! we note that in the case of theE21 flux,
the contributions from tau neutrinos are large, a factor o
times larger than the muon neutrino plus electron neutr
contribution at zero nadir angle. For horizontal showers,
enhancement factor is smaller, about 2 for all the ene
thresholds that we consider. Similarly, forE22 flux, the tau
neutrino contribution is a factor of 1.7 times larger than t
muon neutrino plus electron neutrino contributions for u
ward showers.

Similar conclusions can be drawn from the plots of t

other fluxes. The shower event rates includingnt1 n̄t1nm

1 n̄m1ne1 n̄e are significantly enhanced relative to the rat

from nm1 n̄m1ne1 n̄e in the oscillation scenario. The
AGN_SS rates at zero nadir angle are comprised of 60%
neutrino induced, decreasing to about 40% tau neutrino
duced for horizontal showers, as shown in Fig. 13~a!.
AGN_SS flux gives 25–80 shower events forEshr

min510 TeV
and 6–45 events forEshr

min5100 TeV with negligible atmo-
spheric background. In Fig. 13~b! we show event rates fo
the AGN_M95 model. We find 3–6 shower events per ye
per steradian forEshr

min510 TeV, with atmospheric back
ground of 2–16 events. Detection of events with higher
ergy threshold would require looking at almost horizon
showers, where the background is small.

The TD_WMB model in Fig. 14~a! shows an enhance
ment of between 2.1 and 2.3 for zero nadir angle, an
factor of 1.7 for almost horizontal showers. Figure 14~b!
shows the more striking enhancement in the TD_SL
model, where the enhancement is a factor of between 3.7
6.2 at zero nadir angle, to a factor of 2 for large nadir ang
However, because of the particularly low normalization
the TD_SLSC flux, the kilometer-size detector would not
sufficient for its detection. Figure 15 shows the GRB_W
model in which the enhancement factor is between 1.5 an
depending on energy threshold and angle. The event rate
1-11
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SHARADA IYER DUTTA, MARY HALL RENO, AND INA SARCEVIC PHYSICAL REVIEW D 62 123001
showers with energies above 10 TeV are comparable w
the background, but higher energy threshold of 100 T
would still give a few events per year for large nadir ang
with negligible background.

Figures 16~a! and 16~b! show the shower event rates fo
the atmosphericnm1 n̄m1ne1 n̄e andnt1 n̄t fluxes, respec-
tively. For showers with energies above 10 TeV, the ev
rates are twice as large as for theE21 flux at small nadir
angle. ForEshr

min510 TeV, we find the event rates for th
showers to be about 8–18 per km3 per year per steradian fo

FIG. 12. Hadronic and EM event rates as a function of na
angle forEshr

min51 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rates fromnt ~solid line! compared to the hadronic and EM
event rates fromnm plus ne ~dashed line! for ~a! E21 and~b! E22.
12300
th
V

t

theE22 flux, compared with the atmospheric background
2–16.

The AGN rates will stand out above the atmosphe
background forEshr

min;10 TeV. The GRB_WB rates are mor
than half of the atmospheric neutrino rates at the 10 T
shower threshold at small nadir angles. The TD rates are
quite low overall and in comparison to the atmospheric ba
ground rates.

Since one does not measure separately the tau neu
induced shower rates and the muon and electron indu

ir FIG. 13. Hadronic and EM event rates as a function of na
angle forEshr

min51 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rate fromnt ~solid line! compared to the hadronic and EM
event rate fromnm plus ne ~dashed line! for ~a! AGN_SS and~b!
AGN_M95.
1-12
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TAU NEUTRINOS UNDERGROUND: SIGNALS OFnm→nt . . . PHYSICAL REVIEW D 62 123001
shower rates, given a particular model, one can compare
rates with the oscillation hypothesis to the predicted ra
without oscillations. We discuss the rates for specific mod
here, then discuss a more model independent analysis in
next section. To illustrate the effect of oscillations we plot
Figs. 17–20 the ratio of the shower event rates fromnt , nm
andne in the oscillation scenario to the shower rates fromnm
andne in the standard model, with no oscillations.

From Fig. 17~a! we note that for theE21 flux, the shower
event rates in the oscillation scenario are a factor of 3.3–

FIG. 14. Hadronic and EM event rates as a function of na
angle forEshr

min51 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rates fromnt ~solid line! compared to the hadronic and EM
event rates fromnm plusne ~dashed line! for ~a! TD_WMB and~b!
TD_SLSC.
12300
he
s
ls
the

.7

larger than in the no oscillation case forEshr
min51 –100 TeV

for u50°. They are a factor of 1.6 enhanced for the ho
zontal shower rate. For theE22 flux, the enhancement is
factor of 1.4–1.6 relative to the no oscillation case forEshr

min

51 –100 TeV, shown in Fig. 17~b!. In the case of AGN
models, if one assumes oscillations, the shower event r
are factor of 1.8–2.1 larger for AGN_SS at zero nadir ang
decreasing to 1.5 for nearly horizontal showers, as show
Fig. 18~a!. Figure 18~b! shows a ratio ranging between 1
and 1.9 for AGN_M95 for small nadir angles.

From Fig. 19~a!, we note that the shower event rates f
TD_WMB are factor of 1.8–2.1 enhanced for energy thre
olds of 1–100 TeV for the upward neutrinos, while the e
hancement is a factor of 1.5 for almost horizontal showers
the TD_SLSC model, Fig. 19~b!, the shower event rate is
factor of 3–3.6 enhanced at small nadir angles, and a fa
of 1.6 enhanced for horizontal showers. In the case of
GRB_WB model, Fig. 20 shows an enhancement of 1.4–
for Eshr

min51 –100 TeV.

C. Relative rates

We have shown that comparison of the muon and sho
rates serves as a diagnostic fornm↔nt oscillations over as-
tronomical distances. For example, for theE22 flux,

ratio@~nt1nm1ne→shower!osc/~nm1ne→shower!no-osc#

.1.5 ~13!

while

ir

FIG. 15. Hadronic and EM event rates as a function of na
angle forEshr

min51 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rates fromnt ~solid line! compared to the hadronic and EM
event rates fromnm plus ne ~dashed line! for GRB_WB.
1-13
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ratio@~nt1nm→m!osc/~nm→m!no-osc#.0.5. ~14!

The ratios include contributions to showers and muons fr
antineutrinos. This feature of a deficit of muon rates and
excess of shower rates in the oscillation scenario comp

FIG. 16. Hadronic and EM event rates as a function of na
angle forEshr

min51 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rates fromnt ~solid line! compared to the hadronic and EM
event rates fromnm plusne ~dashed line! for ~a! atmospheric muon
and electron neutrinos and~b! atmospheric tau neutrinos.
12300
n
ed

to the no-oscillation scenario is a generic feature of all
neutrino spectra in Fig. 1. To demonstrate this point qua
tatively, we define a ratio of ratios,

ir

FIG. 17. Ratio of hadronic and EM event rate ofnt plusnm plus
ne assuming oscillation scenario andnm plus ne in the standard
model as a function of nadir angle for energies 1 TeV, 10 TeV a
100 TeV for ~a! E21 and ~b! E22 flux.
R[
ratio@~nt1nm1ne→shower!osc/~nm1ne→shower!no-osc#

ratio@~nt1nm→m!osc/~nm→m!no-osc#
. ~15!
1-14



.
.

r

b
lt

o-
t
e-
ard

n

TAU NEUTRINOS UNDERGROUND: SIGNALS OFnm→nt . . . PHYSICAL REVIEW D 62 123001
As Figs. 6–9 and 17–20 illustrate for individual fluxes,R
depends on energy threshold and angle. We show in Fig
the band ofR spanned by the representative models of Fig
for three thresholds in muon or shower energy:~a! 1 TeV, ~b!
10 TeV and~c! 100 TeV. We note thatR depends on nadi
angle and threshold energy; however,R*2.4 independent of
the initial flux. For a given model, the measured rates will
very distinct from the predicted rates if the SuperK resu
for oscillation parameters are correct.

Determining

FIG. 18. Ratio of hadronic and EM event rates ofnt plus nm

plusne assuming oscillation scenario andnm plusne in the standard
model as a function of nadir angle for energies 1 TeV, 10 TeV a
100 TeV for ~a! AGN_SS and~b! AGN_M95 flux.
12300
21
1

e
s

Rexpt[
ratio@~shower rate!measured/~m rate!measured#

ratio@~nm1ne→shower!no-osc/~nm→m!no-osc#
~16!

nevertheless relies on theoretical input for the ‘‘n
oscillation’’ flux. Different energy behaviors of inciden
fluxes will have implications for the angular and energy d
pendence of the event rates of upward muons and upw

d

FIG. 19. Ratio of hadronic and EM event rate ofnt plusnm plus
ne assuming oscillation scenario andnm plus ne in the standard
model as a function of nadir angle forEshr

min51 TeV, 10 TeV and
100 TeV for ~a! TD_WMB and ~b! TD_SLSC flux.
1-15
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hadronic and EM showers, allowing for an indirect chara
terization of the energy dependence of the source.

A more model independent test of the oscillation scena
would be to compare the measured ratio of showers
muons with the no-oscillation predictions, on an absol
scale. This requires a crude separation of the different en
behaviors of the fluxes of Fig. 1. By only looking at the ra
of shower to muon events, one could confuse the AGN_M
no-oscillation ratio with the similar GRB_WB oscillation ra
tio. However, experimentally, the energy and angular dep
dences of the muon event rates for the two fluxes are q
different, and GRB neutrinos would reveal themselves
time correlations to observed GRB events. One categor
fluxes, with not too steep energy behavior (E21, AGN_SS,
TD_WMB, TD_SLSC and GRB_WB!, has a reduction in the
event rates from a muon threshold of 1–10 TeV at na
angle of 0° by a factor of less than 4, whereas for the ot
two steeper fluxes (E22 and AGN_M95!, the reduction is by
more than a factor of 6. These reduction factors are indep
dent of whether or not oscillations occur. The steeper flu
are also distinguished by muon event rates with a l
marked dependence on nadir angle. If one separates the
from the less steep examples used here, then at all t
threshold energies, the band of oscillation shower to m
ratios does not overlap with the band of no-oscillation rati
This is shown graphically in Figs. 22~a!–22~f! for 1 TeV, 10
TeV and 100 TeV thresholds, respectively. In fact, for t
100 TeV threshold, one does not need any information ab
the energy dependence of the initial flux, but in this case,
event rates are expected to be low.

V. DISCUSSION

We have studied signals fornm→nt oscillations with ex-
tragalactic high energy muon neutrinos. Assuming Sup

FIG. 20. Ratio of hadronic and EM event rate ofnt plusnm plus
ne assuming oscillation scenario andnm plus ne in the standard
model as a function of nadir angle for energies 1 TeV, 10 TeV a
100 TeV for GRB_WB.
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FIG. 21. Ratio of hadronic and EM event rate ofnt plusnm plus
ne assuming oscillation scenario andnm plus ne in the standard
model relative to the ratio of the muon event rate ofnt plus nm

assuming the oscillation scenario andnm in the standard model@see
Eq. ~15!# as a function of nadir angle for threshold energies 1 Te
10 TeV and 100 TeV.
1-16
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FIG. 22. Ratio of hadronic and EM event rate to muon event rate for the oscillation~upper shaded area! and no-oscillation~lower shaded
area! scenarios as a function of nadir angle for threshold energies~a!,~b! 1 TeV, ~c!,~d! 10 TeV and~e!,~f! 100 TeV for the indicated fluxes
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oscillation parameters, muon neutrinos convert into tau n
trinos as they travel megaparsec distances, with both flu
being equal at the surface of the Earth. High energy m
neutrinos get absorbed as they pass through the Earth, w
tau neutrinos cascade down to lower energies. We find
enhancement of thent flux in the low energy region to be
prominent for flat initial spectrum, such asE21, the AGN
model of Stecker and Salamon and the topological mode
12300
u-
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n
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of

Sigl et al. For steeper spectra, the enhancement is small
cause the number of higher energy neutrinos that contrib
to the lower energy flux via tau decay is relatively sm
compared to the low energy flux of neutrinos.

Upward tau neutrinos, once they reach the detector, in
act producing tau leptons which decay with very short li
times. We have considered muons from tau decay as we
its hadronic decay mode. Since the planned detectors
1-17
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TABLE I. Functionsg0 andg1 in the tau neutrino energy (En) distribution fromt decays, in terms of
z5En /Et . Note thatX indicates hadrons, withXÞp, r, a1 .

Process Bt g0 g1

t→ntmnm 0.18
5

3
23z21

4

3
z3

1

3
23z21

8

3
z3

t→ntene

t→ntp 0.12
1

12rp
u~12rp2z! 2

2z211rp

~12rp!2 u~12rp2z!

t→ntr 0.26
1

12rr
u~12rr2z! 2S2z211rr

12rr
DS122rr

112rr
Du~12rr2z!

t→nta1 0.13
1

12ra1

u~12ra1
2z! 2S2z211ra1

12ra1

DS122ra1

112ra1

Du~12ra1
2z!

t→ntX 0.13
1

0.3
u~0.32z! 0
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unable to distinguish between hadronic and electromagn
showers, we have included all the processes that give
hadronic and electromagnetic showers. We find that upw
muons alone would not be sufficient to separate the tau n
trinos contribution, due to the large background fromnm
charged-current interactions, the small branching fraction
t→m decay mode and the model uncertainty for the incid
neutrino flux.

In the case of upward hadronic and EM showers, we fi
that tau neutrinos give significant contributions, signaling
nt appearance. Given the uncertainties in the normalizat
of the extragalactic neutrino fluxes, combining muon ra
and hadronic and EM rates offer the best chance to tes
nm→nt oscillation hypothesis.

As concluded in earlier work@30,31#, in general, an en-
ergy threshold of between 10 TeV and 100 TeV for upwa
muons and showers is needed in order to reduce the b
ground from atmospheric neutrinos. We find that diffu
AGN neutrino fluxes, as described by the Stecker-Salam
and Mannheim models, as well as neutrinos from GRBs
be used to detect tau appearance. By measuring upw
showers with energy threshold of 10 TeV and upwa
muons, the event rates exceed the atmospheric backgr
and are about a factor of 1.5–2 larger than in the
oscillation scenario.

Here we also comment on the effect of muon and p
cooling to the flavor ratio. Atharet al. @16# have shown that
with a negligible electron neutrino content at the source,
electron neutrino content at the Earth~in the three-flavor
model! is reduced if not negligible compared to the nea
equal muon and tau neutrino fluxes. Keeping the ene
spectrum unchanged, this means that the hadronic and
tromagnetic shower background, which has significant c
tributions fromneN→eX with Ene

.Eshr
min would be reduced.
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Electron ~anti-!neutrinos from processes in the propagati
of cosmic rays may dominate at some energies@18#. We
have not considered that possibility here because of the
rates below 1 PeV.

Steepening of the energy spectra displayed in Fig. 1
to a neutrino energy cutoff from pion and muon cooling w
have implications for the tau neutrino ‘‘pileup,’’ especial
for the flatter spectra where the pileup is more pronounc
As an estimate of the lower bound on the relative enhan
ment of the hadronic and EM signal compared to the mu
signal, one can compare the rates for horizontal eve
where tau neutrino pileup is small. For example, Figs. 22~a!–
22~f! show a clear distinction between oscillation and n
oscillation scenarios, even in directions near horizon
where there is no pileup. Furthermore, forE22 flux, where
the pileup is very small@12#, the ratio of ratiosR discussed
above ranges from 2.5 to 2.8. Thus, even without tau n
trino pileup, the oscillation scenario can be distinguish
from the no-oscillation scenario.

The detection ofnm→nt oscillations with a point source
might also be possible. With the resolution for the plann
neutrino telescopes of 2°, the atmospheric background
reduced by 3.831023. For upward showers, this gives les
than 1 event per year forEshr

min51 TeV, and even less fo
higher energy thresholds. Thus, if the point source has a
spectrum,Fn1 n̄

s
510216E21, then one would be able to de

tect tau neutrinos by measuring upward showers withEshr
min

51 TeV. In the more realistic case, when the point sou
has a steeper spectrum (E22), such as Sgr A*@54#, a nor-
malization of 1027/cm2/s/sr/GeV would be sufficient for the
detection of tau neutrinos with threshold of 1 TeV. Tim
correlations with variable point sources would further e
hance the signal relative to the background.
1-18
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We have demonstrated that extragalactic sources of
trinos can be used as a very-long base-line experiment,
viding a source of tau neutrinos and opening up a new fr
tier in studying neutrinos oscillations.
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APPENDIX: TAU DECAY DISTRIBUTION

The decay distribution of the tau neutrinos from tau dec
has the following form, in terms ofz5En /Et :
c

e

e

L
0

12300
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y
-
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-

y

dn

dz
5(

i
Bi~g0

i 1P g1
i !. ~A1!

The polarization of the decayingt2 is P, which for neutrino
V-A production oft2 is P521. The branching fraction into
decay channeli is indicated byBi . The distribution is nor-
malized such that

E dn

dz
dz5(

i
Bi51. ~A2!

In Table I, we show the functionsg0 andg1 for each decay
mode, written in terms ofz and r i5mi

2/mt
2 . Details of the

calculational procedure can be found in Ref.@55# or in Ref.
@56#. For the multiprong tau decays, we approximate the d
tribution by a theta function, as indicated in the table.
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