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Tau neutrinos underground: Signals of v,— v, oscillations with extragalactic neutrinos
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The appearance of high energy tau neutrinos dug,te v 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
abow 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 numbgs): 96.40.Tv, 13.15tg, 14.60.Pq, 98.70.Rz

I. INTRODUCTION _ C[1.27Am? (eV?) L (km)
P(v,—v,;L)=si 20 sir E (GeV)
A recent breakthrough in the study of neutrino oscillations 1)
came from the observation by the Super-Kamiokande experi-
ment of a deficit of upward-going atmospheric muon neutri-Assuming two flavor oscillations, muon neutrinos produced
nos[1]. The observed electron neutrino flux was found to bel" AGN or GRBs would oscillate to tau neutrinos as they
consistent with the theoretical expectation from models ofravel to the Earth. Over astronomical distances in the range
cosmic ray production of neutrinos. Furthermore, SuperkCf @ megaparsec to thousands of megaparsecs, by measuring

measurements are consistent with earlier experinjests| tdau neutrA|n02qu>l<g§,l;)nslzcou.ld, in Znnup}lce, probe gscglaltlons
which detected anomalous ratios of thg to v, flux. The own to Am-"~ eV”, nine orders of magnitude below

. s i . . current neutrino experimenfd4,15. On the other hand, for
new high-statistics data disfavor scenarios in whigfs os- ) 3
. h . ) . the SuperK parameter range, wifm= on the order of 10
cillate into sterile neutrinosi() [6], and the data are consis-

2 . — . . oy . . .
tent with »,, to v, oscillation(99% C.L) with a large mixing eV? and sirf 26=1, the oscillation probability is 0.5. It is this

. . X latter possibility that we explore in this paper.
angle, sif26>0.84, and a neutrino mass squared difference We use the simplest assumption for the flavor content of
of 2x10 3 eV2<Am?<6x10 3 eV2,

g ) ) ~ extragalactic sources of neutrinos, in the absence of oscilla-
Direct detection of thes, appearance is extremely diffi- tions, for the ratiove:v, v, to be 1:2:0.This is based on a
cult because at low energies the charged-current cross S€Sunting argument applied to— puv, andu— v,ev, pro-
tion for producing a tau is small and the tau has a very shorgesses. With the two-flavor oscillations suggested by the Su-
lifetime. Several long-base-line experiments with acceleratoperk experiment, the flavor ratio becomgsl:1 after the
sources ofv, [7-11] have been proposed with the goal of neutrinos have traveled over astronomical distances. Even in
detecting tau neutrinos from oscillations, thus confirming thethe three-flavor oscillation scenario, the ratio is stilfl:1,
SuperK results. The only convincing evidence of neutrinobecause the path length of high energy extragalactic neutri-
oscillations to date involves astrophysical sources, neutrinosos is much larger than any neutrino oscillation length sup-
from the Sun and atmospheric neutrinos. These observatiom®rted by the solar, atmospheric or accelerator fb6a
involve indirect measurements, namely the disappearance of The ratio forv.:v, might get modified at high energies
the expected neutrino fluxes. due to muon cooling17]. In addition,v, from neutron decay
We have recently discussed the possibility of using amight give a significant contribution, resulting in neutrino
kilometer-size neutrino telescope to detect tau neutrinos frorfluxes dominated by electron neutrinos as in the case of dif-
extragalactic sources of high-energy neutrinos such as actifase neutrino fluxes from propagating cosmic rg¥8]. We
galactic nuclei(AGN) and gamma ray burst§&SRB9, as- comment qualitatively in the discussion section on how our
suming v,— v, with the oscillation parameters of the Su- results are altered with more realistic, flavor-dependent neu-
perK experimen{12]. The probability forv,— v, is given  trino energy cutoffs. Regardless of the flavor content of the
by [13] source, the maximal mixing suggested by the SuperK experi-
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mental results means that there will be an appreciable tat 8
neutrino component at the Earth, so one is interested in tat 1077 K
neutrino detection in high energy neutrino telescopes such az> 10
ANTARES [19], NESTOR[20], AMANDA [21] and the & 10777
next generation of large underground detec{@d. T

Tau neutrino detection requires an understanding of the:lvm 10712
effect of propagating through the Earth on the tau neutrino g
flux. The propagation of ultra-high-energy tau neutrinos £ 107!
through the Earth is quite different from muon and electron —3
neutrinos. The Earth never becomes opaque to tau neutrino:2 10716
while muon and electron neutrinos are absorbed via charged '3

-~ TD (WMB, BLSC) N
current interactions before reaching the opposite surface=”™ 10718 [—— aan (uss, 89) - -
[14]. Ultra-high-energy tau neutrinos interact in the Earth ™ |- GRB_VWB 2
producing taus which, due to the short lifetime, decay back s {g=20 |- Fh.s =B 4B, p
into tau neutrinos with lower energy. This cascade continues | 7T ATMOS Il _
until the tau neutrinos reach the detector on the opposite sid: 10722 Lovd vvvid vvnd vl v i
of the Earth or until the energy of the neutrinos is small 10% 10% 10° 10%° 107 10® 10° 101
enough that the interaction length of the neutrino is longer E,(GeV)

than the path length through the Earth. The energy and nadir
angle dependence of the extragalactic tau neutrino fluxe
ngeﬂbeen et;(]amlntehd tqélantlt?tglely in REEFZ’Z?' F(:r Ce.;h (model A), while the lower curve is for the AGN_SS mogeGRBs
amn Tuxes, Ose. .a. 0 not decrease 100 steeply wi e_rtaotted ling, topological defects modelslash-dotted lines; upper
ergy, there are significant enhancements of the tau neutring, e corresponds to TDTD WMB) WMB, while the lower
flux relative to the muon neutrino flux at energies belowg e is for TD_SLSG, E~ 1 flux (lower dashed line at low energy

~10° GeV. ) and E~? (upper dashed line at low enedggnd angle-dependent
An enhancement of the tau neutrino flux does not necesatmospheri¢ATM) flux (shaded area

sarily translate into dramatic modifications of the standard

model (no-oscillation rates for upward-going muons, espe- there. Photon-proton and proton-proton interactions produce
cially in view of the uncertainties in the normalization of the pions, which decay into charged leptons, neutrinos and pho-
extragalactic fluxes. However, by comparing rates forigng. Energetic photong(~ 100 MeV) from about 40 AGN
upward-going muons with rates for upward hadronic andypserved by the EGRET Collaborati$24] and TeV pho-
electromagneti¢EM) showers, the signature of tau neutrino o5 have been detected from Mkn 421, Mkn 3@%] and
interactions is unambiguous for.a Iarge range of neutrian32344L5l4[26]_ Although these photons are convention-
qux_es. In the ne>_<t section, Wg briefly introduce the extragay|ly explained by inverse Compton scattering from energetic
lactic and genericv, fluxes F, ~E™" for n=1,2 that are  glectrons, this explanation is not without problems, and a
used here. After reviewing neutrino propagation through thdéadronic origin of gamma-ray photons from AGN is a viable
Earth, we describe, signatures. The fluxes considered herealternative[27]. If a large fraction of the observed energy in
have a range of energy behaviors. Even if the normalizationkigh energy photons from AGN is produced in hadronic in-
of the neutrino fluxes are uncertain, and in some cases optieractions, then AGN are also powerful sources of ultra-high-
mistic, it is useful to make quantitative comparisons of theenergy(UHE) neutrinos[28—-31].
event rates for upward muons and upward hadronic or EM In Fig. 1 we show neutrino fluxes predicted in the AGN
showers, with and without neutrino oscillations, which we domodels of Stecker and Salam@@8] and the Mannheim
in Sec. IV. The quantitative results for specific models leadmodel A[29]. Both of these models predict neutrinos fluxes
to model independent conclusions, which we summarizg¢hat represent the upper bounds for their class of the models.
graphically. The tau neutrino appearance would provide ahn particular, the Stecker-Salamon flux is an upper bound
independent confirmation of the SuperK results and wouldor AGN core emission, while the Mannheim model A is
point towards a better understanding of physics beyond than upper bound for AGN jet emission models. Stecker-
standard model. Salamon flux is bound by the diffuse x-ray background,
while Mannheim flux is bound by the extragalactic gamma
ray background. The steep, low energy neutrino flux in
Mannheim’s model is the emission from the host galaxy via
Active galactic nuclei are the most luminous objects inpp interactions of the AGN protons in the galactic gas disk.
the Universe. Most of this radiation comes from their centralSince this part of the flux is derived with the assumption that
region, indicating that the energy radiation most likely comesall protons end up in the disk, it should be regarded as an
from accretion of matter into a superheavy black hole. Proupper bound. Stecker-Salamon flux at energies above 1 PeV
tons within the AGN may get accelerated via first ordermay get reduced due to the cooling of pions and muons in
Fermi acceleration to very high energies. They interact witithe strong magnetic fields of AGN cor¢s7]. The fluxes
protons and photons in the infalling gas, or they may exist irplotted in Fig. 1 are for the sum of muon neutrinos plus
the jets along the rotation axis and interact with photonsantineutrinos, at the source, namely, without accounting for

FIG. 1. Muon neutrino plus antineutrino fluxes for AGN models
solid lines; upper curve at low energy corresponds to AGN_M95

II. HIGH ENERGY NEUTRINO SOURCES
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oscillation over astronomical distances. We label the fluxe$lux that is consistent with cosmic ray data. This flux is also
in the absence of oscillations tﬁﬂ—, below the Freju$39] and Fly’s Eye40] experimental limits
vTv

Another extragalactic source with powerful radiation andon the neutrino flux. _
possibly associated high energy neutrino flux are the gamma We also consider two generic fluxes that have a power
ray bursts. Several models have been proposed in order tBW behavior. The flux
explain the origin of GRBY32,33. In the fireball model FS+%E)=10‘7(E/GeV)‘2 (cm 2s st Gevl)
[33], the gamma ray bursts are produced by the dissipation of """ )
the kinetic energy of the relativistic expanding fireball with a
large fraction,>10%, of the fireball energy being converted
by photopion production to high energy neutrij84]. Pho-
tomeson production takes place when extremely energetig
protons accelerated at high energies in the uItra—reIativistiq:;;(E):10—13( E/GeV) !
shocks interact with synchrotron photons inside the fireball.
The decay of these charged pions and subsequently produced 1
muons then produce electror_1 gnd muon neutrinos. C(_)ntrlt_)u- X(1+E/108 Gev)?
tions from proton-proton collisions can be neglected in this
model. In Fig. 1 we show the neutrino fluxes for the gammaas a way to cut off the high energy behavior. We show re-
ray burst model of Waxman and Bahc&lRB_WB) [35], in  sults for attenuated fluxes for neutrino energies up t6 10
which they parametrize the flux by GeV. We have chosen the multiplicative factorsgn® and
E 2 fluxes in such a way that they exceed the atmospheric
flux at neutrino energies between 10 TeV and 100 TeV. The
upper bound for strong source evolution discussed recently
by Waxman and Bahca]B5] would correspond to a limit of
wherea=13 andn=1 for E<10° GeV anda=8,n=2 for  2Xx10 8E~2 [in the same units as Eq2)], a factor of 5

gives numerically stable results; however, our calculations
with a flux with FS~E ™1 is unstable at very high energies.
onsequently, we use

(cm?stsriGevt) (3

F°,-(E)=4.0x10 “E"",

10°<E<10’ GeV anda=1, n=3 for E>10’ GeV. smaller than the choice of normalization we take in this pa-
Theoretical work has been done to set upper bounds oper.
high energy neutrino fluxes from AGN jets and GRBS]. We also show in Fig. 1 the atmospheric neutrino flux at a

The bounds are based on the theoretical correlations betweeenith angle of 0° and the horizontal flux. In our evaluation
the cosmic ray flux and/or the extragalactic gamma ray fluwof the atmospheric backgrounds, we use the atmospheric
and the neutrino flux. These bounds have some model depemuon and electron neutrino fluxes as a function of the zenith
dence, and they tend to be weaker in the range of energiemgle[41].

considered here than at higher energigs-0'—10 GeV). We do not consider the neutrino flux from cosmic ray
The AGN and GRB neutrino fluxes used here satisfy thesénteractions with the microwave background. This diffuse
bounds. neutrino flux is typically present at energies higher than we

Cosmic topological defectdTDs) such as magnetic consider her¢42], and it gives low event ratg¢80]. Further-
monopoles, cosmic strings and domain walls are predicted tmore, the cosmic ray interactions with the solar atmosphere
be formed in the early Universe as a result of symmetryare another source of neutrinos; however, for energies above
breaking and phase transition in grand unified theoried TeV, the flux scales aE 3 or steepef{43]. As we see
(GUT9 of particle interactions. In the TD models, rays, below, tau neutrino regeneration will not be a very important
electrons(positrong, and neutrinos are produced directly at feature in fluxes with such large spectral indices.
ultra-high energies via cascades initiated by the decay of a
supermassive elementary particle associated with some ll. TAU NEUTRINO PROPAGATION THROUGH
grand unified theory, rather than being produced in high en- THE EARTH
ergy hadronic interactions. The particle is usually thought
to be released from topological monopoles left over from the For neutrino energies above 1 TeV, the oscillation prob-
GUT phase transition. It decays into quarks, gluons, and lepability for »,— v, in the Earth is less than 1% for the pa-
tons. In this paper, we consider neutrino fluxes from topofameters constrained by the SuperK experiment. As a conse-
logical defects models of Sigl, Lee, Schramm, and CoppAuence, we can neglect the neutrino oscillation in our
(TD_SLSQ [36] and the model of Wichoski, MacGibbon, €valuation of tau neutrino propagation accounting for inter-
and BrandenbergefTD_WMB) [37]. The main difference actions in the Earth.
between these two models is the main channel for energy The coupled transport equations for the fluxes of the tau
loss of the string network: in the former it is the gravitational neutrino and its charged partner are given by
radiation, while in the latter it is the particle production. Both
of these fluxes should be regarded as upper limits for TD dF, (E.X)  F, (EX) (=
models, because they have been constructed in suchaway to 5%~ ~ "\ (E) + fE d&,G, -, (Ey.E.X)
satisfy the bound imposed by the measured cosmic ray and T
gamma ray fluxe$38]. These fluxes are shown in Fig. 1, .
where we take the representative flux of the WMB model +f dE,G,. ., (E,,E.X) (4
with the string mass parameter giving the largest neutrino E T
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FIG. 2. Muon neutrino plus antineutrino flusolid line), the effect of its attenuation fof=0° (dashed ling and tau neutrino plus
antineutrino upward flux for the same initial flux and the same nadir aidgited ling for (a) E* flux, (b) E~2 flux, (c) AGN_SS, andd)
AGN_MO95.

and for taus as L
X=f p(L"HdL'. (6)
IF (E,X) 0
oX

The density of the medium a distantefrom the Earth-
o atmosphere boundary, measured along the neutrino beam
+JE dE,G, . (Ey,E.X) path, iSp(Ld). The lepton interaction lengttin g/cnt) is
N(E) and\S°9E, X, ) is the decay length of the tau.
. The functionsG;_,; schematically represent the interac-
4 f dE,G, _(E,,E.X). (5) tion or deca_y contributions to Ieptg’prirom leptoni. We limit
E 4 our evaluations of the tau neutrino flux B, < 10° GeV.
) ) Consequently, we can ignore several terms in the coupled
HereF, (E,X) andF(E,X) are the differential energy differential equations: the term witks, ., and the term
spectrum of tau neutrinos and taus respectively, for leptor-F_ /X ., both in Eqg.(5). Only the decay contribution to the
energyE, at a column deptX in the medium defined by last term in Eq.(4) (G T) is included in our evaluation.

FAEX)  FAEX)
MNA(E)  N9eYE,X, )

T—V
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FIG. 3. Muon neutrino plus antineutrino flUsolid line), the effect of its attenuation fof=0° (dashed ling and tau neutrino plus
antineutrino upward flux for the same initial flux and the same nadir gdglied ling for (a) TD_WMB, (b) TD_SLSC,(c) GRB_WB and
(d) atmospheric flux.

This is justified by the fact that the tau decay is significantlyplus antineutrino fluxes or rates.
more important than interactions for the energy range of in- In Figs. 2 and 3, we show the attenuated tau neutrino plus
terest, nameE<10° GeV. The neglected terms start con- antineutrino flux(dotted ling and attenuated muon neutrino
tributing for lepton energies on the order of®1GeV. De- plus antineutrino fluXdashed ling scaled by a factor of the
tailed formulas forG;_; appear in Ref[12]. neutrino energyE, assuming equal fluxes of tau neutrinos
In our previous work, we have described an analyticand muon neutrinos incident on the surface of the Earth at a
method for solving these transport equati¢hg], based on nadir angle of 0° for = ~(E,)=0.5x10 181,
the method of Naumov and Perroi#el]. We have evaluated s
the upwardy. flux for a selection of initial fluxe$12]. We  F,4(E»)=0.5<10""E"%, the Stecker-Salamon AGN
have shown that for “flat” initial neutrino fluxes §  model, the Mannheim AGNmodel A), the two topological
~E™1), a significant number of high energy,’s cascade defects models, the Waxman-Bahcall GRB model and the
down in energy, resulting in enhanced low energy flux rela-atmospheric flux. We note that the enhancement of the tau
tive to the attenuated, flux. Here, we evaluate the tau neutrino flux relative to the initial flux and also to the muon
neutrino flux for a more comprehenswe selection of |nC|denﬂeUt”n0 flux is prominent for the flat fluxes, such as
fluxes, including both neutrino and antineutrino attenuationF(E,)~E~?, the Stecker-Salamon AGN model and the to-
In all of our results below, we evaluate the sum of neutrinopological defects model of Sigdt al. In the case of the at-
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FIG. 4. The energy dependence of the muon neutrino (fimashed ling and the tau neutrino flusolid line) for nadir angled=0°, 6
=30° andf#=60° normalized to the initial flux for the AGN_M95.

mospheric flux, which represents the background, the enderground detector significantly larger than the instrumented
hancement is very small due to the steepness of the initialolume. On the other hand, tau neutrino charged-current in-
neutrino flux. teractions produce the tau, which has a very short lifetime,
The angular dependence of the upwardflux is also ~ making its detection extremely difficult. Only at very high
distinct. As an example, in Fig. 4, for the AGN model of energieskE,> PeV, are the production and decay vertices
Mannheim(model A) [29], we show the ratio of the neutrino Separated by a measurable distance, providing a distinctive
flux scaled by the flux aX=0 for three nadir anglesy ~ Signature of tau neutrinog“double-bang” events [45].
=0°, 9=30° and#=60°, as a function of neutrino energy. However, the predicted neutrino fluxes are low at these en-
Because of the shape of the initial flux, steep for energie§'9i€s: Fom.'s in the energy range of 610 GeV consid-
below 1¢ GeV, and flat for higher energies, the enhance-ereOI here, the produced tau decays after a very short path
ment of the tau neutrino flux becomes significant only forIength back tov. plus leptons or hadrons. Tau neutrinos will

energies above £0GeV. At fixed energies of 10 10°, and

interact via neutral currents, producing a hadronic signal as
- . .well. Therefore, the signals of tau neutrino interactions be-

10 GeV, we show the same flux ratios as a function of nadi | 9

angle.

low the double-bang threshold are muons from tau decay or
hadronic and EM showers from the tau production and/or
decay. In the first case the background to tau production of
IV. DETECTION OF 7, APPEARANCE high energy muons is,, charged-current interactions. In the
latter case, the backgrounds arg neutral current and,
Detection of muon neutrinos, in general, is via their charged-current and neutral current interactions. The back-
charged-current interactions. Produced muons have a veground rates shown below are with the assumption that the
large average range, making the effective volume of an unelectromagnetic shower from,— e charged current interac-
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FIG. 5. Diagrams for neutrino interactions contributing to the muon production.

tions cannot be distinguished from hadronic showers. As avherey is the neutrino energy losy=(E,—E,)/E,, and
consequence, we evaluate the hadronic and electromagnetie-.(E, ,y)/dy is the charged current differential cross sec-
shower rates. _ _ tion. F,(E,,X) is the upward neutrino or antineutrino flux

We assume in the analysis presented below thatvthe which depends on angle implicitly through the path length
charged-current events amg— 7— u events can be rejected \We assume that the initial fluxes of muon neutrinos and an-
from the contained hadronic and electromagnetic shower Sigineutrinos that reach the Earth are equal, their sum in the
nal. In _bOth cases there is a hadronic shower which includegscijiation scenario being half of the muon neutrino plus
muons, hli)wever, the muons |_rf1_ thelh?dronlc shov_verﬁ from ntineutrino flux produced at the source. The fluxes of neu-
pion an? aon decays g\re signi |can|ty ESSI energetic t ﬁn Mfinos and antineutrinos at the detector are different because
muons fromv,—u and v,—7—u. In the latter case, the - ¢ 1he gifference in charged and neutral current cross sec-
energy of the shower is-1/2, the |r_1C|dent neutrino energy tions below energies of $05eV/[30,31]; however, for these
E,, and the energy of the muon '31./6_ 12E,. Qn the energies and fluxes, the antineutrino event rates differ for the
other hand, muons coming from particle decays in the had: 4 0

ieutrino event rates by at mast20%. The average range of

ronic shower are considerably less energetic because of Iaré; mimy .
particle multiplicities. The average charged particle multi-2 MUON(R,(E,,E,™)), is the range of a muon produced in

plicities for hadronic interactions afs>40 GeV are larger @ charged-current interaction with enery, which, as it

than ~ 10 particles[46], so individual muon energies from Passes through the medium, loses its energy via bremsstrah-
charged pion and kaon decays are less thesPe of the lung, ionization, pair production and photonuclear interac-
incident neutrino energy. The hadronic shower and very entions and arrives in a detector with an energy ab&jg'.
ergetic muon of the “muon signal” should stand out in com- Avogadro’s number iN, andA is the effective area of the
parison to the hadronic and EM shower signal in a detectodetector. All of the event rates calculated are for the sum of
with good energy resolution like the proposed kilometer-neutrino plus antineutrino contributions to" + .~ produc-
cubed detector IceCuljd7]. tion.

We describe the evaluation of the muon and hadronic and The rate for muons produced by the tau neutrino charged
EM shower event rates. The event rates #or>7—u and  current interactions followed by the tau leptonic decays is
v,— p are evaluated and compared with the no oscillationgiven by a modified equation, taking into account the
rates. We evaluate the hadronic and EM shower rates f%ranching fraction forr— v,v,u and the decay distribution
signal and background, then compare with the hadronic angs the muon viadn(E,)/dz, wherez=E,/E,. The decay

EM shower rates assuming no oscillationsiof. The rela-  formulas used here are listed in the Appendix. The differen-
tive rates of muons and hadronic combined with EM showersja| event rate is

prove to be the most effective diagnostic of neutrino oscilla-
tions with the SuperK parameters. w0
rate=ANAf mindE,,f dy
A. Muon event rates E,
The standard evaluation of the muon event rate per solid )
angle for neutrino interactions with isoscalar nucledws Xf dz(R,(E,(1-y)z,E]")
(v ,N— uX) follows from the formula30]

dn(E,(1-y)2)
dz

d E,,
% oc(EyY)

* F,(E,,X)®(E,(1—y)z—E™".
rate:ANAf mindEV dy V( v )G)( V( y)z M )
E
: ®
iy doec(E,LY)
_ min cc\b=p
Xf dy(R.(E,(1 y).Ey ) dy In Fig. 5 we show the neutrino processes that contribute
i to the muon production. In our evaluation of the muon event
XF,(E, X)OE,(1-y)—E,"), (1) rates we use the Earth densities of the preliminary Earth
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@ (radians) FIG. 7. Muon event rate as a function of nadir angle for energies

1 TeV, 10 TeV and 100 TeV. Muon rates including the contribution
FIG. 6. Muon event rate as a function of nadir angle for energie§rom tau decay(solid line) compared with the background from
1TeV, 10 TeV and 100 TeV. Muon rates including the contribution muon neutrinogdashed lingfor (a) AGN_SS andb) AGN_M95.
from tau decay(solid line) compared with the background from

§ H -1 -2 . J—
muon neutrinogdashed lingfor (a) E™* flux and (b) E™ < flux. v+, charged-current interactior@including 7—

_ ) decay, while tﬂe dashed lines are the background contribu-
model (PREM) described in Ref[48]. We have used the tion from v, + v, charged-current interaction only. We note

PREM to determine an average dgnsny for a given nadllEhat the muon enhancement due to the tau neutrino contribu-
angle, then used that average density to evaluate the attentlij-n for E1 flux is almost factor of 2 for small angles and

ated fluxes. We use the muon range evaluated by Lipari ang_, o min_ .
Stanev[49]. The neutrino and antineutrino cross sections 5% for large angles witk, =1 TeV. The enhancement is

have been evaluated using the CTEQ5 parton distributiohess pronounced at small nadir angles for increasing thresh-

ies: id i i 0 -
functions[50]. The effective ared is taken to be 1 ki old energies, for example, the .SOI'd "iQe Is about 60% en
. hanced relative to the dashed line E)jf =10 TeV for the
In Figs. 6-9, we show muon event rates fﬁﬁg

2o ', E~! flux in Fig. 6. A similar enhancement is present for the
~E% F o~E% AGN_SS, AGN_M95, TD_WMB, TD SLSC. For steeper fluxes, such as AGN_SS, AGN_M95
TD_SLSC and GRB_WB foEf)'”=1, 10, 100 TeV. Solid andE~?, the enhancement due to tau neutrino contribution is
lines correspond to the upward™+u~ events fromv,  much smaller, of the order of 20—25 %.
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FIG. 9. Muon event rate as a function of nadir angle for energies
B ] 1 TeV, 10 TeV and 100 TeV. Muon rates including the contribution
1 from tau decay(solid line compared with the background from
muon neutrinogdashed lingfor GRB_WB.

events per year per steradian for 1%effective area detec-
tor. For a muon threshold d,,"=10 TeV, the event rates
range between 6 and 80 events per year per steradian. A
comparison of the event rates from Figs. 6—9 with the atmo-
spheric muon neutrino background indicates that detection of
neutrinos from AGN might be possible wita;"=10 TeV

or 100 TeV.

The rates for muon events shown in Figs. 6—9 come from
assuming that the tau neutrino and muon neutrino fluxes are
equal and are half the flux of muon neutrinos produced at the
source. Testing the oscillation hypothesis with muon neutri-
nos alone will be difficult. We see that with the exception of
the E™! and TD_SLSC fluxes, the observed muon rate is

FIG. 8. Muon event rate as a function of nadir angle for energie00ut half of what one would expect in the absence of oscil-
1 TeV, 10 TeV and 100 TeV. Muon rates including contribution lations. Given the uncertainties in the normalizations of the
from tau decay(solid line) compared with the background from Predicted fluxes, this factor would not unambiguously signal
muon neutrinogdashed lingfor () TD_WMB and(b) TD_SLSC. the presence of tau neutrinos from oscillations. The situation

with the E"1 and TD_SLSC fluxes is only slightly better.

The muon event rates from the atmospheric neutrindlhere, in the oscillation scenario, the measured muon event
background are shown in Fig. (). The input flux is the rate is about 80% of the no oscillation predictionéat0°,
angle dependent muon neutrino flux of Agravealal. [41].  but less than 70% of the prediction for horizontal events.
The atmospheric tau neutrino flux is very low, as the tauTesting the oscillation hypothesis by measuring upward
neutrinos are produced in the atmosphere by cosmic ray irmuons only will be very difficult.
teractions with nuclei in the atmosphere, which prodbee The relatively small contribution to the muon rate from
whose leptonic decay)— 7v,, givesv,.[51]. The rates for  v,’s, despite the fact that the attenuated flux of tau neutrinos
the atmospheric tau neutrinos are shown in FigblLldn the  is larger than that of the muon neutrinos, is due to the fact
evaluation of the event rates, we neglect oscillations of atthat the muon carries a small fraction of the initial tau neu-
mospheric neutrinos as they travel to the Earth and the ogrino energy. Consequently, for a muon of a given energy, if
cillations through the Earth since the oscillation probabilitiesit comes from a tau neutrinéwhich interacted producing a
are small above our minimum energy of 1 TeV. tau that subsequently decayed to a mudme initial tau neu-

The atmospheric neutrino events represent a backgrourftino has a much higher energy than a muon neutrino which
for detection of extragalactic neutrinos. For a muon energyproduces a muon directly via the charged curreniN
threshold of 1 TeV, the background is large, 400—2000— X process. All predicted neutrino fluxes decrease with

Muon event rates (km™= yr~! sr7!)

0 (radians)
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S L L neutrino energy visible in the detec{&?2]. The next genera-
—~ E ] tion of neutrino telescopes may not be able to distinguish
'r;i 1000 :_ _ between hadronic and electromagnetic showers, so we in-
- E 3 clude in the signal and in the background, processes that
'; C ] include hadrons and electron. As mentioned above, we as-
e 100 — — sume that the high energy muon associated with the target jet
IE E IS in v, charged current interactions will be used to veto the
= C ] process v,N— uX. Distinguishing electromagnetic from
w 10E10Tev ..o — hadronic showers might be possible by looking at the differ-
%’ ETTTT ] ence between the front to back ratio of the cascade Cheren-
s - b kov light, and perhaps by the number of residaal u—e
= 1 e 5 decay, although this is considered to be experimentally dif-
& : 1 ficult [53].
g o1 [ “ ATMOS n The processes that go into our evaluationvpf> hadrons
s TE - E are
e E 100 TeV .7 Ve T Y 3
001 Sl T v,N— 7+ hadrons, 7— v_+ hadrons,
0.0 0.5 1.0 v,N— 7+ hadrons, r—v,+e+ v,
@ (radiansg)
100 = T T T T | T T T T | T T T = VTN_) VT+ hadrons.
o E_ﬂ//'/ For the charged-current interactions, the hadronic and elec-
) F i tromagnetic energy is the sum of the energy carried by the
- . hadrons in tau production, as well as the tau decay hadronic
5 107" = 3 energy or tau decay electron energy.
@ S : The background for the hadronic and electromagnetic
g 10TV _o--t . . showers is due to the, and v, neutral current interactions
A i and v, charged-current interactions are
n 1072 = —
% ; v, et N—v, o+hadrons,
-
B e | ve+N— e+ hadrons.
g 0% — . .
o F ATMOS ] For thev, flux, we assume it is equal to the, flux in the
g E 3 - ;
3 I v+ D ] SuperK oscillation scenario. All of the processes that con-
= L T 4 tribute to the hadronic and EM showers are shown in Fig. 11.
1074 T T The tau neutrino shower event rate per unit solid angle

from charged-current interactions followed by the tau had-

0.0 0.5 1.0 ronic decay is given by

@ (radiang)

' FIG. 10. Muon event rate as a function of nadir_ angle for ener- rate=VNAJm _ dEVJ dy
gies 1 TeV, 10 TeV and 100 TeV fam) atmospheric muon neu- gmin
trino and(b) atmospheric tau neutrino.

shr

dn(E,) doe(E,Y)
energy. Even with some “pileup,” the tau neutrino fluxes XJ dz az dy F., (E, .X)
are decreasing fast enough that the muon energy fraction
results in sampling a much smaller tau neutrino flux than the ><®(EVT[Y+(1_Y)(1_Z)]_E$:? . 9)

corresponding muon neutrino flux. It is this observation that
leads one to consider signals that carry a much larger fractiofine hadronic energy from the broken nucleﬁ’g’}f:E y
r vJ

of the incident tau neutrino energy. and the hadronic energy from the deca&iﬁfay: E (1
—Vy)(1-2), are added to get the total shower energy. Again,
y=(E,—E,)/E, for incident neutrino energ¥,, while z
=E//E,, whereE is the energy of the neutrino from the tau

The hadronic and EM shower signal of interactions isa decay. The differential distributions for the hadronic decay
much more promising final state from the theoretical point ofmodes are shown in the Appendix. For the electronic decay
view than the muon signal. The benefit is that the hadroniof the tau, the differential distributiodn/dz is replaced by
showers include both production hadrons and tau decay hathe purely leptonic distribution in terms af=E./E,. The
rons, so there is a much higher fraction of the incident tauheta function is replaced by

B. Upward hadronic and electromagnetic showers
and their detection
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FIG. 11. Diagrams for neutrino interactions contributing to the shower events.

O, [y+(1-y)(1-2)]-EH From Fig. 12a) we note that in the case of g * flux,
T _ the contributions from tau neutrinos are large, a factor of 4
—>®(Evf[y+(1—y)z’]—ErsT1'P . (100  times larger than the muon neutrino plus electron neutrino

contribution at zero nadir angle. For horizontal showers, the
The neutral current background event rate is given by enhancement factor is smaller, about 2 for all the energy
thresholds that we consider. Similarly, f&f 2 flux, the tau

rat(_:.:\/|\|Afoc _ dEVf dway(EwX) neutrino contribution is a factor of 1.7 times larger than the
Echr d muon neutrino plus electron neutrino contributions for up-
i ward showers.
X O(E,y—Eg), (11)

Similar conclusions can be drawn from the plots of the
while the electron neutrino charged current background ratéther fluxes. The shower event rates including-v,+v,

is given by +v,+ v+ v, are significantly enhanced relative to the rates
" doeo(E,.y) from v,+v,+v.+ve in the oscillation scenario. The
rate=VNAJ _d EVJ dy%Fp(EV X) AGN_SS rates at zero nadir angle are comprised of 60% tau
Eshr y neutrino induced, decreasing to about 40% tau neutrino in-
X O(E,— E_Zﬂ? _ (12) duced for horl_zontal showers, as shown i|r:1 Fig.(al3
AGN_SS flux gives 25-80 shower events Eif;,,/=10 TeV

min_

In Figs. 12—-15 we show the upward hadronic and EMand 6—45 events foEg,, =100 TeV with negligible atmo-
shower event rates as a function of the nadir angleEfgy ~ spheric background. In Fig. 13 we show event rates for
>Eq whereEJ'=1 TeV, 10 TeV and 100 TeV for input the AGN_M95 model. We find 3-6 shower events per year

min

fluxes: FO —~E~1, F® -—~E~2 AGN_SS, AGN_M95, per steradian foEfy'=10 TeV, with atmospheric back-
TD_WMB, TD_SLSC and GRB_WB, all assuming thdt  ground of 2—16 events. Detection of events with higher en-
=1 knr. The solid lines correspond to the event rates fromergy threshold would require looking at almost horizontal

v+ v+ ve+ v, charged-current interaction@nd r— v+  SHOWers, where the background is small.
— — — The TD_WMB model in Fig. 1) shows an enhance-
hadrong and fromv + v +v,+v,+ v+ v neutral current

int ¥ The dashed li . tributi ¢ ment of between 2.1 and 2.3 for zero nadir angle, and a
Interactions. 1he dashed lines are the contribulions WM ¢4 4o of 1.7 for almost horizontal showers. Figure()4

+ v, neutral current interaction ang + ve charged and neu- shows the more striking enhancement in the TD_SLSC
tral current interactions. We do not includg+ v, charged-  model, where the enhancement is a factor of between 3.7 and
current interactions in our calculation because these even&?2 at zero nadir angle, to a factor of 2 for large nadir angles.
can be vetoed by the high energy muons produced in thelowever, because of the particularly low normalization of
interactions. All of the rates shown in these figures assumée TD_SLSC flux, the kilometer-size detector would not be
equal neutrino and antineutrino fluxes. They are performedufficient for its detection. Figure 15 shows the GRB_WB
in the oscillation scenario where the ratios of the fluxesmodel in which the enhancement factor is between 1.5 and 2,
veiv, vy are 1:1:1. depending on energy threshold and angle. The event rates for
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FIG. 13. Hadronic and EM event rates as a function of nadir
angle forEgh’=1 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rate fromv,. (solid line) compared to the hadronic and EM
event rate fromw,, plus v, (dashed lingfor (a) AGN_SS and(b)
AGN_M095.

showers with energies above 10 TeV are comparable with,o g-2 flux, compared with the atmospheric background of
the background, but higher energy threshold of 100 TeV,_14.

would still give a few events per year for large nadir angle

with negligible background. background foEf"~ 10 TeV. The GRB_WB rates are more

Figures 16a) and 16b) show the shower event rates for y,an half of the atmospheric neutrino rates at the 10 TeV
the atmospherie, +v,+ve+ v, and v, + v fluxes, respec-  shower threshold at small nadir angles. The TD rates are all
tively. For showers with energies above 10 TeV, the evenguite low overall and in comparison to the atmospheric back-
rates are twice as large as for the* flux at small nadir ground rates.

angle. ForEZ'~10 TeV, we find the event rates for the ~ Since one does not measure separately the tau neutrino

showers to be about 8—18 per kiper year per steradian for induced shower rates and the muon and electron induced

FIG. 12. Hadronic and EM event rates as a function of nadir
angle forEQ'=1 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rates fromv,. (solid line) compared to the hadronic and EM
event rates fromy,, plus v, (dashed lingfor (a) E-!and(b) E"2

The AGN rates will stand out above the atmospheric
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FIG. 15. Hadronic and EM event rates as a function of nadir
angle forEgh’=1 TeV, 10 TeV and 100 TeV. Hadronic and EM
event rates fromv . (solid line) compared to the hadronic and EM
event rates fromv, plus v, (dashed lingfor GRB_WB.

larger than in the no oscillation case f&E},'=1-100 TeV

for #/=0°. They are a factor of 1.6 enhanced for the hori-
zontal shower rate. For the~? flux, the enhancement is a
factor of 1.4—1.6 relative to the no oscillation case B}
=1-100 TeV, shown in Fig. 1B). In the case of AGN
models, if one assumes oscillations, the shower event rates
are factor of 1.8—-2.1 larger for AGN_SS at zero nadir angle,
decreasing to 1.5 for nearly horizontal showers, as shown in
Fig. 18a). Figure 18b) shows a ratio ranging between 1.4
and 1.9 for AGN_M95 for small nadir angles.

From Fig. 19a), we note that the shower event rates for
TD_WMB are factor of 1.8—2.1 enhanced for energy thresh-
olds of 1-100 TeV for the upward neutrinos, while the en-
hancement is a factor of 1.5 for almost horizontal showers. In
the TD_SLSC model, Fig. 1B), the shower event rate is a
actor of 3—3.6 enhanced at small nadir angles, and a factor
of 1.6 enhanced for horizontal showers. In the case of the

event rates fromv,. (solid line) compared to the hadronic and EM
event rates fromv, plus v, (dashed lingfor (a) TD_WMB and(b)
TD_SLSC.

GRB_WB model, Fig. 20 shows an enhancement of 1.4-1.7
for EQyy=1-100 TeV.

shower rates, given a particular model, one can compare the
rates with the oscillation hypothesis to the predicted rates
without oscillations. We discuss the rates for specific models_,
here, then discuss a more model independent analysis in ﬂi'F\o
next section. To illustrate the effect of oscillations we plot in
Figs. 17-20 the ratio of the shower event rates fremv,,
andw in the oscillation scenario to the shower rates from
and v, in the standard model, with no oscillations.

From Fig. 17a) we note that for th& ! flux, the shower
event rates in the oscillation scenario are a factor of 3.3—3.While

C. Relative rates

We have shown that comparison of the muon and shower
es serves as a diagnostic fgj« v, oscillations over as-
nomical distances. For example, for tBe? flux,

ratiof (v, + v, + ve—showej s/ (v, + ve— ShoWel 1o.0sd

=15 (13
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FIG. 16. Hadronic and EM event rates as a function of nadir 0.0 0.5 1.0

angle for

min_
shr

1 TeV, 10 TeV and 100 TeV. Hadronic and EM

0 (radiang)

FIG. 17. Ratio of hadronic and EM event rateigfplus v, plus
v assuming oscillation scenario ang, plus v, in the standard
model as a function of nadir angle for energies 1 TeV, 10 TeV and
100 TeV for(a) E~* and(b) E~2 flux.

event rates fromv,. (solid line) compared to the hadronic and EM
event rates fromv,, plus v, (dashed lingfor (a) atmospheric muon
and electron neutrinos ar(d) atmospheric tau neutrinos.

ratiof (v, +v,— m)ose/ (V= W)no-0osd=0.5.  (14)

The ratios include contributions to showers and muons fronto the no-oscillation scenario is a generic feature of all the
antineutrinos. This feature of a deficit of muon rates and ameutrino spectra in Fig. 1. To demonstrate this point quanti-
excess of shower rates in the oscillation scenario compare@tively, we define a ratio of ratios,

ratiof (v, + v, + ve—showel ;s / (v, + ve— Showelng.osd
R=

, (15
ratiof (v, + Vy— M) oscl ( V,— M) no-osd
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FIG. 18. Ratio of hadronic and EM event ratesof plus v,, FIG. 19. Ratio of hadronic and EM event ratewgfplus v,, plus

plus v, assuming oscillation scenario amg plus v, in the standard v, assuming oscillation scenario ang, plus v, in the standard
model as a function of nadir angle for energies 1 TeV, 10 TeV andnodel as a function of nadir angle f&J'=1 TeV, 10 TeV and
100 TeV for(a) AGN_SS andb) AGN_M95 flux. 100 TeV for(a) TD_WMB and(b) TD_SLSC flux.

As Figs. 6—9 and 17-20 illustrate for individual flux&s,
depends on energy threshold and angle. We show in Fig. 21 R — ratiq (shower rat@,ecasured (4 ratE measured
the band ofR spanned by the representative models of Fig. 1 expt— ot TSN N
for three thresholds in muon or shower ener@y:1 TeV, (b) ratid (v, + ve—ShOWeIno.osd (= )no-osd
10 TeV and(c) 100 TeV. We note thaR depends on nadir
angle and threshold energy; howevRk: 2.4 independent of
the initial flux. For a given model, the measured rates will benevertheless relies on theoretical input for the *“no-
very distinct from the predicted rates if the SuperK resultsoscillation” flux. Different energy behaviors of incident
for oscillation parameters are correct. fluxes will have implications for the angular and energy de-
Determining pendence of the event rates of upward muons and upward
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FIG. 20. Ratio of hadronic and EM event rateigfplus v, plus
ve assuming oscillation scenario ang, plus v, in the standard
model as a function of nadir angle for energies 1 TeV, 10 TeV and
100 TeV for GRB_WB.

hadronic and EM showers, allowing for an indirect charac-
terization of the energy dependence of the source.

A more model independent test of the oscillation scenario 1 10 TeV
would be to compare the measured ratio of showers to
muons with the no-oscillation predictions, on an absolute | |
scale. This requires a crude separation of the different energy %o EE— o8 o E—

behaviors of the fluxes of Fig. 1. By only looking at the ratio
of shower to muon events, one could confuse the AGN_M95
no-oscillation ratio with the similar GRB_WB oscillation ra-
tio. However, experimentally, the energy and angular depen-
dences of the muon event rates for the two fluxes are quite
different, and GRB neutrinos would reveal themselves by
time correlations to observed GRB events. One category of
fluxes, with not too steep energy behavi&@ ¢, 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 nadir
angle of 0° by a factor of less than 4, whereas for the other
two steeper fluxesH 2 and AGN_M935, the reduction is by
more than a factor of 6. These reduction factors are indepen-
dent of whether or not oscillations occur. The steeper fluxes
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[Fhower/Muon],,./[Shower/Muon],, o

o]

(-] L

3]

[Shower/Muon],,./[Shower/Muon],, .

are also distinguished by muon event rates with a less ! 100 TeV
marked dependence on nadir angle. If one separates the steep ]
from the less steep examples used here, then at all three ol . | [ ]
threshold energies, the band of oscillation shower to muon 0.0 0.5 1.0

ratios does not overlap with the band of no-oscillation ratios.
This is shown graphically in Figs. 28—-22(f) for 1 TeV, 10
TeV and 100 TeV thresholds, respectively. In fact, for the
100 TeV threshold, one does not need any information about
the energy dependence of the initial flux, but in this case, the

8 (radians)

FIG. 21. Ratio of hadronic and EM event rateigfplus v, plus

ve assuming oscillation scenario ang, plus v, in the standard

model relative to the ratio of the muon event rateigfplus v,

assuming the oscillation scenario angin the standard modésee
We have studied signals for,— v oscillations with ex-  Eq. (15)] as a function of nadir angle for threshold energies 1 TeV,

tragalactic high energy muon neutrinos. Assuming SuperKl0 TeV and 100 TeV.

event rates are expected to be low.

V. DISCUSSION
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FIG. 22. Ratio of hadronic and EM event rate to muon event rate for the oscillagger shaded argand no-oscillatior{lower shaded
area scenarios as a function of nadir angle for threshold enefgjgb) 1 TeV, (c),(d) 10 TeV and(e),(f) 100 TeV for the indicated fluxes.

oscillation parameters, muon neutrinos convert into tau neuSigl et al. For steeper spectra, the enhancement is small be-
trinos as they travel megaparsec distances, with both fluxesause the number of higher energy neutrinos that contributes
being equal at the surface of the Earth. High energy muomo the lower energy flux via tau decay is relatively small
neutrinos get absorbed as they pass through the Earth, whitempared to the low energy flux of neutrinos.

tau neutrinos cascade down to lower energies. We find this Upward tau neutrinos, once they reach the detector, inter-
enhancement of the, flux in the low energy region to be act producing tau leptons which decay with very short life-
prominent for flat initial spectrum, such & !, the AGN times. We have considered muons from tau decay as well as
model of Stecker and Salamon and the topological model oits hadronic decay mode. Since the planned detectors are
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TABLE I. Functionsg, andg, in the tau neutrino energyE(,) distribution from = decays, in terms of
z=E,/E,. Note thatX indicates hadrons, witX+ , p, a;.

Process B, Jdo 01
5 4 1 8
TV MV, 0.18 é —372+ éZs é —372+ 523
T—V, €V
012 1 1 2z—1+r, 1
— . —-r_— _——_— —_r_—
T VT 1—r,,6( Mz Z) (1_rﬂ)2 0( Mz Z)
0.96 1 1 2z—1+r,\[1=2r, 1
— . —-r — - — —r —
T b 1or, X2 1or, J\1ezr, /72
1 27=1+4rg |\ [1=2ry
A 1-r, -z N —r =
T—v,3; 0.13 1—ra10( 8,2 r, |\Trar, H1-r,—2)
1
T— v X 0.13 a')),9(0.3_2) 0

unable to distinguish between hadronic and electromagnetiElectron (anti-)neutrinos from processes in the propagation
showers, we have included all the processes that give bothf cosmic rays may dominate at some enerdit8|. We
hadronic and electromagnetic showers. We find that upwartlave not considered that possibility here because of the low
muons alone would not be sufficient to separate the tau negates below 1 PeV.
trinos contribution, due to the large background from Steepening of the energy spectra displayed in Fig. 1 due
charged-current interactions, the small branching fraction fofg a neutrino energy cutoff from pion and muon cooling will
7— p decay mode and the model uncertainty for the incidenhaye implications for the tau neutrino “pileup,” especially
neutrino flux. . __for the flatter spectra where the pileup is more pronounced.
In the case of upward hadronic and EM showers, we findyg an estimate of the lower bound on the relative enhance-
that tau neutrinos give significant contributions, signaling thgy,ant of the hadronic and EM signal compared to the muon
v, appearance. Given the uncertainties in the normalizationgignaL one can compare the rates for horizontal events,

of the extragalactic neutrino fluxes, combining muon rateg;Nhere tau neutrino pileup is small. For example, Figga22

and hadron_lc qnd EM rates. offer the best chance to test thfZ(f) show a clear distinction between oscillation and no-
v,— v, oscillation hypothesis.

. . . oscillation scenarios, even in directions near horizontal,
As concluded in earlier work30,31], in general, an en-

ergy threshold of between 10 TeV and 100 TeV for upwardWhere there is no pileup. Furthermore, 12 flux, where
muons and showers is needed in order to reduce the backrle pileup is very small12], the ratio of ratlosR_ discussed
ground from atmospheric neutrinos. We find that diffuseabove ranges from 2.'5 to 28. Thu_s, even W|thpu_t tau neu-
AGN neutrino fluxes, as described by the Stecker—SaIamo’E;g]rz t'?]”eeLr’,g’_otgﬁéﬁﬁ;‘,‘iﬁ'ﬁﬂasrﬁ,ena”o can be distinguished
and Mannheim models, as well as neutrinos from .GRBS ca The detection oy, — v oscillations with a point source
be used to detect tau appearance. By measuring upward. w oo

showers with energy threshold of 10 TeV and upwardm'ght also be possible. With the resolution for the planned

muons, the event rates exceed the atmospheric backgrouﬂsumno telescopes of 2°, the atmospheric background is

: reduced by 3.8 10 3. For upward showers, this gives less
and are about a factor of 1.5-2 larger than in the no- y mﬂ]_ 9

oscillation scenario than 1 event per year fdEg, =1 TeV, and even less for
Here we also comment on the effect of muon and piorhigher energy thresholds. Thus, if the point source has a flat

cooling to the flavor ratio. Athaet al. [16] have shown that SPectrumF> ~=10"'E"*, then one would be able to de-
with a negligible electron neutrino content at the source, théect tau neutrinos by measuring upward showers \&ifj[
electron neutrino content at the Eartim the three-flavor =1 TeV. In the more realistic case, when the point source
mode) is reduced if not negligible compared to the nearlyhas a steeper spectrur (%), such as Sgr A{54], a nor-
equal muon and tau neutrino fluxes. Keeping the energynalization of 10 ’/cn?/s/sr/GeV would be sufficient for the
spectrum unchanged, this means that the hadronic and eledetection of tau neutrinos with threshold of 1 TeV. Time
tromagnetic shower background, which has significant coneorrelations with variable point sources would further en-

tributions fromv ,N— e X with E.,.> Eg“hi{‘ would be reduced. hance the signal relative to the background.

123001-18



TAU NEUTRINOS UNDERGROUND: SIGNALS OR/,— v, . .. PHYSICAL REVIEW D 62 123001
We have demonstrated that extragalactic sources of neu- dn i i

trinos can be used as a very-long base-line experiment, pro- EZZ Bi(9o+P g1). (A1)

viding a source of tau neutrinos and opening up a new fron- !

tier in studying neutrinos oscillations. The polarization of the decaying is P, which for neutrino

V-A production ofr~ is P=—1. The branching fraction into
decay channel is indicated byB;. The distribution is nor-
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In Table I, we show the functiong, andg, for each decay
mode, written in terms of andr;=m?/m?. Details of the
calculational procedure can be found in R&5] or in Ref.

The decay distribution of the tau neutrinos from tau decay56]. For the multiprong tau decays, we approximate the dis-
has the following form, in terms af=E,/E: tribution by a theta function, as indicated in the table.
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