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We evaluate the upward shower and muon event rates for two characteristic four neutrino mixing models for
extragalactic neutrinos, as well as for the atmospheric neutrinos, with energy thresholds of 1 TeV, 10 TeV and
100 TeV. We show that by comparing the shower to muon event rates, one can distinguish between oscillation
and no-oscillation models. By measuring shower and muon event rates for energy thresholds of 10 TeV and
100 TeV and by considering their ratio, it is possible to use extragalactic neutrino sources to determine the type
of four-flavor mixing pattern. We find that over several years of data taking, a kilometer-size detector has a
very good chance of providing valuable information about the physics beyond the standard model.
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I. INTRODUCTION II. MIXING MODELS AND EXTRAGALACTIC FLUXES

Global fits to oscillation data fall into two distinct patterns

The combined results of solar, atmospheric and laboratorgf neutrino mixing. The first is a mass spectrum in which
experiments with neutrinos, taken at face value, require a.— v¢ with a mass splitingsmZ,,,,, v, v, With M2,
fourth neutrino species. This follows from the observationand a splitting between the two nearly degenerate pairs char-
that the results of the three categories of experiments requirgcterized bﬁmfsmo- The approximate mixing matrix in this
at least three mass-squared differenc®s?. The mass- scenario has the for]
squared difference for solar neutrino experiments is limited
to 6m2,,,<10% eV? [1]. The SuperKamiokande results
[2] for atmospheric neutrinos require Sm3,,~3

x 102 eV?, and the laboratory Liquid Scintillation Neu-

trino Detector (LSND) experiment [3] limits dmZgyp L1 0 0
>0.2 e\?. While precision measurements of the invisible V2 2
decay width of theZ® boson constrain the addition
: . . . . Vg 1 1 12
of a fourth generation neutrino species with weak interac- - — € €
tions, they do not constrain the possibility of a sterile neu- Ve | V2 2 Vo 1
trino species mixing with the ordinary electron, muon and v, n 1 1 vy | @)
tau neutrinos. Analyses of solar and atmospheric experiments y € - — — )
assuming purey;— vg oscillations indicate that the data do 7 V2 2 3
not support the hypothesis; however, combined fits to all of 1 1
the experimental data do require a sterile neutrino species 0 0 -—= —
[41. 2 2

Recent SuperK data on atmospheric neutrinos indicate
v,— v, oscillations with mixing being nearly bi-maximal
[2]. We have shown in Ref5] that for extragalactic sources
of muon neutrinos, mixing with tau neutrinos in transit to thewhere e< 0.1 [4]. Following Ref.[4], we call this a 2+2
Earth leads to distinct signatures of oscillation which do notscenario.
require explicit identification of a tau lepton in large under-  The second pattern of neutrino mass and mixing, allowed
ground experiments. In this paper, we investigate the signesy the most recent analysis of the LSND experiment, has
tures of neutrino oscillations in large underground experidfarge mixing between the three ordinary neutrinos and a
ments for models with three active neutrinos and one sterilemall mixing with the sterile neutrino, characterized by small
neutrino whose mixing is constrained by lower energy exsparameters and 8. A characteristic mixing matrix has the
periments. form [4]
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Following Ref.[4], we call this a 3 scenario. 10° 10* 10® 10® 107 10® 10° 10%
For extragalactic sources, because of the large distances E,(GeV)

involved, the oscillation flavor ratios are essentially indepen-

dent of mass-squared differences and neutrino energy, since " 'G- 1. Isotropic muon neutrino plus antineutrino flux predic-
tions for AGN modelg(solid lines, upper curve at low energy cor-

1.275m2L 1 responds to AGN_M95, while the lower curve is for AGN_SS
<sin2( ) > = 3 mode), GRB (dotted ling, topological defects modelglash-dotted

= 2 lines, upper curve corresponds to T®odel A) WMB, while the
lower curve is for TD_SLSE E~* flux (lower dashed line at low
energy and E~2 (upper dashed line at low enejggnd angle-
dependent atmospheri@TM). The flux is scaled by neutrino en-

ergy squared and the antineutrino flux is taken equal to the neutrino
P(V(H”l):; [Uy;121Uy0412, (4)  flux.

for 8m? in eV?, L in km, andE in GeV. Consequently, the
oscillation probabilities can be written as

[8] and of Mannheim model AAGN_M95) [9]. Both of
these models predict neutrinos fluxes that represent the upper
bounds for their class of the models. In particular, the
Stecker-Salamon flux is an upper bound for AGN core emis-
sion, while Mannheim model A is an upper bound for AGN
FEFZ P(v|’—>V|)F§|,_ (5)  jet emission models. The Stecker-Salamon flux is bound by
I the diffuse X-ray background, while Mannheim flux is bound
) . ) by the extragalactic gamma ray background. GRB predic-
As we discuss below, our “source” fluxes are actually jons gre represented by the Waxman-Bahcall model of Ref.
summed over many sources to yield isotropic fluxes. W14 (GRB_WB). Two topological defect models, from Sigl,
c_ontl_nue to denote these isotropic fluxes, unmodified by OSLee, Schramm and CopgirD_SLSO [11] and Wichoski,
cillations, as the source fluxes. . s s s MacGibbon and BrandenbergéfD_WMB) [12] are also
_ Given source ratios of fluxess:vg:v;:v7=0:1:2:0  ghown, We include fluxes with energy behaviors like &hd
yield different ratios of neutrino fluxes at the detector, de-1/e2 a5 well. We chose normalization for each of these
pending on whether the 22 or 1+3 scenario describes g ,xes consistent with the current limit§13], FS
four-neutrino mixing. In the * 3 case with smalk ands,  ___,, _1 12 1.1 &
the detector ratios are approximat@lyl:1:1,while for the — 10 (E/GeV) =GevVicm “sr s and  F,
2+2 case, sterile neutrinos make an important component of 10°° (E/GeV) *GeV tcm ?sr st (in which the
the flux at the Earth, with>: 2 :12:1°=0.5:0.51:1. With fluxes include neutrinos .ap'd antineutrinos in equal amounts
three neutrino species and bi-maximal mixing, one findsand correspond to the initial fluxes before accounting for
D.10:»P~1:1:1. Wthout mixing, the source fluxes and oscillationg. Our choice of normalization foE 2 flux is a

Vo .V
dgtecﬁor fluxes have the same flavor ratioslo®:0. As a factor of ten larger than recently proposed neutrino flux as-

X ; i i S _10°7 -
result, the 3 scenarios essentially reproduce the threeSociated —with  GRB [F; =10"" (E/GeV) Gev?
flavor bi-maximal mixing scenario, while thet22 scenarios cm 2sr 1s 1] [14], and a factor of 50 larger than the upper
lie between the 3-flavor bi-maximal mixing model and thebound for strong source evolution previously discussed by

in terms of the elements of the neutrino mixing matdy .
The v, flux in detectorsFP, in terms of the fluxes at the
sourceF; are[6,7]

no-mixing model. Waxman and Bahcalll5]. TheE ! flux is smoothly cut off
There are a variety of predictions for isotropic neutrinoat high energies, as indicated in Fig. 1.
fluxes from active galactic nucléAGN), gamma ray burst- Although the normalizations of the fluxes of neutrinos

ers(GRB) and models with topological defects. A sample of from astrophysical sources are uncertain, we evaluate event
these predictions for muon neutrino plus antineutrino fluxesrates quantitatively for these representative energy behaviors
in the absence of oscillations, are shown in Fig. 1. Thesef the fluxes which, as models improve, can be rescaled to
include the AGN models of Stecker and SalaniaGN_S9 accommodate different normalizations.
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For comparison, the hatched curve shows the angle de- 1o . .

E~l=1 TeV

pendent atmospheric flulATM) [16] from kaon and pion
decays(conventional flux. We have extrapolated this flux
beyond the 10 TeV range given in REL6] using an angular
dependent power law. This does not account for the change
in the input cosmic ray spectrum, the so-called “knee” at
energies of~10° GeV [17], which translates to a reduced
conventional neutrino flux at high energies. Thus, we over-
estimate the conventional neutrino event rates, especially at
our highest threshold of 100 TeV; however, at that threshold,
the atmospheric rates are small. Our evaluation does not in-
clude the prompt neutrino flux from semileptonic decays of
charmed particles produced in the atmosphere, which result
in neutrino fluxes with a power law increased by one factor
of energy. Recent evaluations of the prompt neutrino flux
suggest that it is important only above 100 TEW8-20Q,
although it has been emphasized that there are large theoret-
ical uncertainties in the evaluatigg1].

In our previous worK5], we have evaluated how neutrino
interactions in the Earth modify these representative neutrino
fluxes with the regeneration attributed to the neutral current
interactions. In addition, for tau neutrinos, we described the
extent to which neutral current interactions and charged cur-
rent production ofr followed by its decay, regenerate neu-
trinos. There, we made a detailed numerical evaluation of the
“pile-up” of tau neutrinos that was discussed by Halzen and
Saltzberg in Ref[22]. In the next section, we use the neu-  FIG. 2. Ratio of shower event rates to muon event rates for the
trino fluxes of F|g 1 modified due to their passage through'].+3, 2+2 and no-oscillation scenarios as a function of nadir

the Earth[S] in the appropriate flavor proportions for the 1 angles for threshold energies of 1 TeV, 10 TeV and 100 TeV, for the
+3 and 2+ 2 scenarios. indicated fluxes. The black lines bracket the-3 scenario, the

shaded area represents thé 2 scenario and the dark band repre-
sents no-mixing case for the given fluxes.
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IIl. UNDERGROUND SIGNATURES

Backgrounds from atmospheric muons make downward v,N—7+hadrons, 7—v,+e+ve,
event rates difficult to extract, so our focus is on upward
events. Two types of events will be produced: muon events v,N— v_+ hadrons,
and shower events. The muon events come from upward
muons from v,—u charged current events and from ve, JN— v, +hadrons,

charged current production of taus followed by a muonic
decay,v,— 7— uX. In spite of the pileup in the tau neutrino
flux, the net effect of oscillations is to reduce the muonic

event rate by approximately a factor of two relative to the ) ,
no-oscillation rate, whether in the#13 or 2+ 2 mixing sce- The shower energy is taken as the sum of hadronic and elec-

nario. Given the uncertainties in the normalizations of thel’on €nergies including both the production vertex and the

extragalactic fluxegunlike the atmospheric fluxthe muon ~ d€cay vertex, where applicable. .
event rate is not enough to distinguish oscillation scenarios The upward muon rates are determined from an evalua-
from no-oscillation scenarios. tion of the quantity

The distinction between oscillation and no-oscillation sce-
narios comes by comparing the muon rate with the shower min
rate. The principle of this procedure is very similar to what Rate:ANAfEmind E”J’ dyJ' dZ<R“(E“’E“ )
some experiments will be able to do with low energy neutri- . ,
nos: namely, to compare the neutral current rate to the charge XF,(E,, X)O(E,—E}"f.(E,.y,2) )
current interaction rate. In large neutrino telescopes, tau
identification is difficult, and we assume that showers of hadwhereE,=E,(1—y)z. The functionf depends on whether
ronic and electromagnetic origin cannot be distinguishedthe source of the muons is muon neutrino charged current
Consequently, the shower rate comes from the following prointeractions or tau neutrino charged current interactions fol-
cesses from neutrino-nucle@N) interactions: lowed by the muonic decay of the tau,

veN— e+ hadrons. (6)

docc
dy

v,N— 7+hadrons, 77— v_+hadrons, f.(E,.y,2)=6(1-2) for v,—u, (8)
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TABLE I. Integrated upward showdmuon) rates per year for energy threshold of 1 TeV.

Model E~?! E~2 AGN_SS AGN_M95 GRB_WB ATM
1+3 170422 25283255 9182521 224(157) 26.965.9
2+2 141422 18983255 7262521 163157 20.965.8
No osc 88.1646) 17505676 5934228 158280 18.3113 23557346
dn(E,) categories: more steeply falling fluxeE{?, ATM and the

f.(E,.Yy,2)= e for v,—71—ou,

where the decay formula appears in the Appendix of Ff.
The quantityA is the effective aredtaken as 1 krh here,

Mannheim AGN fluy and the less steep behavior of the

other five sample fluxes of Fig. 1. Experimentally, the steeply
falling fluxes and the models with a weaker energy depen-
dence are characterized by distinct muon event rate nadir

N, is Avogadro’s number and the differential cross section is2hd!€ dependence and the threshold energy dependence. The

for neutrino-interactions. The average range of the miR)n
[23], for initial energyE,, and final energye}" is the addi-

tional space dimension that makes up the target volume. Th

column depth(X) dependence of the neutrino flux representscsjfark band.

the angular dependence of the flux due to the attenuation

the flux after passage through the Earth, and in the case of

atmospheric neutrinos, includes the angular dependence
the flux at the surface of the Earth.

For the shower rate, one does not have the benefit of th

muon range, so the full instrumented voluiMeenters into
the calculation of the event rate, here taken to be £:km

RtVNf dEfdfdda
ate= _dE, z—
A gmin Y] %%y
min
shr

XFV(EV!X)®(EShr_ )fs(Eviy!Z)! (9)
wherefg has a similar form td , . Details of the differential
decay distribution of the tau used in the evaluation, as wel
as the specific dependence i, on E,,y andz appear in
[5]. The differential cross section is either charged current o
neutral current, depending on which process in Hj.is
being considered.

The neutrino and antineutrino cross sectid2d] are

two separate categories of fluxes, for threshold energies of 1,
10 and 100 TeV are shown in Figga2-f). The 1+ 3 models
are bracketed by the black lines, the-2 models are repre-
sented by the shaded area and the standard model with the
For the 1 TeV threshold, the13 and 2+ 2 event rates as
function of nadir angle overlap for both energy behaviors
of the input fluxes. The no-oscillation band lies below the
gscillation bands with the exception of the near horizontal
rates in the steeply falling flux categofiabeledE~?). The
separation between the oscillation and no-oscillation sce
narios is better for higher thresholds, looking only in terms
of the theoretical ratio of shower to muon event rates. How-
ever, the higher thresholds have lower event rates overall.
The bands in Fig. 2 indicate the different ratios for oscil-
lation models relative to no-oscillation models, however, sta-
tistical errors from the signal as well as from the atmospheric
background need to be included in order to interpret whether
r not oscillation scenarios are distinguishable. In the next
ection, we include a discussion of statistical errors.

r
IV. DISCUSSION

In Tables I-IIl we present our results for the shower and

evaluated using the CTEQ5 parton distribution functionsmuon event rates integrated over the nadir angle for energy
[25], and the attenuation of the fluxes assume Earth densitiglresholds of 1 TeV, 10 TeV and 100 TeV and for a

of the preliminary earth model described in Rgf6]. As in
Ref. [5], our upper bound of integration is 4GeV because
the attenuation ob, fluxes at higher energies have not been

kilometer-size detector. The no-oscillation results agree with
evaluations in Ref[24] for fluxes in common, modulo cor-
rections due to different parton distribution functions, a more

evaluated, due to the complication of including tau energyprecise evaluation of neutrino attenuation in the E&28]

loss at high energid®7]. Our results for the 100 TeV thresh-
old are therefore conservative.
The ratio of the shower rate to the muon rate for the

and the upper limit of energy integration. We do not include

the topological defect models in these tables because the

event rates are so low. For the 1 TeV threshold, only 0.1-0.2

extragalactic flux models of Fig. 1 are used to bracket theipward muon events are predicted per year for & krstru-

theoretical expectations for the ratio int2 and 1+ 3 mix-

mented area for the TD_WMB model. In all cases, we have

ing models, and compared with the standard model expectaonsidered shower rates in a Rmvolume, and muon

tions. As in Ref[5], we separate the flux models into two

TABLE II. Integrated upward showdmuon ra

rates/km. The two oscillation scenarios give the same muon

tes per year for energy threshold of 10 TeV.

Model E-? E~2 AGN_SS AGN_M95 GRB_WB ATM
1+3 150217 954(875) 8091245 34.420.2 21.328.4

242 124217 706(875) 6331245 24.520.2) 16.328.4)

No osc 75.4342) 6521540 514(2139 24.436.3 14.249.7) 58.5246)
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TABLE Ill. Integrated upward showdmuon) rates per year for energy threshold of 100 TeV.

Model E-1 E~2 AGN_SS AGN_M95 GRB_WB ATM
1+3 84.854.2 182100) 386(255) 2.460.999 7.284.03

242 68.454.2 130(100) 285(255) 1.690.999 5.21(4.03

No osc 42.091.3 124(182) 251(460) 1.7911.83 4.997.31) 0.7744.19

event rates but very different shower rates. From Table |, wef data to reduce statistical errors so that the error bars do not
note that for 1 TeV energy threshold, atmospheric backeverlap for the two oscillation scenarios.
ground is large. The ratios of shower to muon event rates for an energy
In Figs. 3-5, we show the ratig of the shower to muon threshold of 10 TeV are shown in Fig. 4. As seen in Table Il,
event rates integrated over nadir angl®&=Ng,/N,) for ~ the AGN model of Stecker and Salamon predicts large
energy thresholds of 1 TeV, 10 TeV and 100 TeV for a vari-shower and muon rates, an order of magnitude larger than
ety of fluxes and for different oscillation scenarios. The ratiothe atmospheric background. The AGN model of Mannheim
of event rates in Figs. 3—5 have the atmospheric flux suband the GRB model of Waxman and Bahcall predict rates to
tracted. The errors in the shower and muon rates,{(and  be about 15—40 % of the background, white 2 and E~*
o,) are evaluated with the assumption of a Poisson distribufluxes give significantly more events than the atmospheric
tion, including the statistical error on the number of back-background when oscillations are taken into account, assum-
ground events from the atmospheric flux. The error in thang that the fluxes occur with a normalization at their current
ratio of event rates is then given by, upper limit. Thus, there is a possibility of detecting extraga-
lactic neutrinos by imposing a 10 TeV energy thresha&H

Ospr O We note that for the AGN_SS flux, as well as fr?, E~2

or=R Nep +N—M- (100 fluxes, one to three years would be sufficient to separate
st different oscillation scenarios. For the AGN_M95 and GR-
The event rateblgy, andN,, are from Tables I-Il, scaled by B_WB fluxes, it would be necessary to take data for seven to

nine years respectively. The 10 TeV threshold is generally
jmore favorable than the 1 TeV threshold because of the re-
duction of the atmospheric background and a sufficiently

n years as indicated in Figs. 3-5.
From Fig. 3 and Table I, we note that AGN fluxes, as wel
asE~? andE~?! fluxes, would have the best possibility of

; - . : : arge signal.
separating different oscillation scenarios by detecting thé .
showers and muons in a kilometer-size detector over the pe- If the energy threshold is increased to 100 TeV, the atmo-

riod of one to six years, assuming a good understanding o‘°fptherIC baCkgrOLIJ?]d 'Z S(Tallcl' -I'Z'gNShSOé"er ?jmlj mrt:_cl)nfeve?lt
the atmospheric muon neutrino and electron neutrino fluxeEA'es are several hundreds for —=> Model, while Tor a
and normalizations near their current upper bounds. Afte ther ”.‘Ode's the. rates are muph smaller, b.Ut still significant,
one to six years of data taking, one would be able to separal r t?] k|Iometetrr-IS|zethtefc:gr |nha time psr'Od of one tyear.
oscillation from no oscillation scenario for the fluxes in Fig. ~UrtNermore, the ralio of the shower and muon events can

3. The GRB_WB flux would require more than twenty yearsclearly separate oscillation and no-oscillation scenarios, as

1.0 1.5
i E* 1 Tev E 1 g 10 1ev ]
~ 08 — - L i
g I i ] (N 13 1
¢ ; 8 1.0 —
] i i k:
& 06— I - 3 s . i
- K ] - o I AGN_SS E
§ i E? AGN_SS § § I
w 04— 1 el - i I t ]
) L I i ] :
P L 4 s . ] o 05 |
K] X i ] 5 - ¢ ATM .
= 0.2 n=1 net ] & i - ]
C 3 3 ] L H * i i
N n=86 n=1 ] - n=3 n=1 n=1 -
0.0 0.0

FIG. 3. Integrated over solid angle, the ratio of upward shower FIG. 4. Integrated over solid angle, the ratio of upward shower
to muon event rates for given flux models for a threshold energy ofo muon event rates for given flux models for a threshold energy of

1 TeV. The error bars for 43 scenario(top data, 2+2 scenario
(middle data, and no-mixing casébottom data are determined
assumingn years of data taking.

10 TeV. The error bars for43 scenarigtop datg, 2+2 scenario
(middle data, and no-mixing casgbottom data are determined
assumingn years of data taking.
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C ] of the high energies considered here, so the atmospheric ratio

| - 100 Tey A is not directly comparable to the ratios for other fluxes.

R - I AGN.SS - V. CONCLUSION

] We have shown that measurements of the upward showers
i I and muons, and considering their ratio, with the kilometer-
}: I size detector, could provide a very good test of different
I T oscillation scenarios. Taking into account statistical errors,
we find that generic fluxes, such a&S =10 *?
1
3 . (E/GeV) *GeV lem?srist and FS =106 (E/
- I3
i 3 L ¥ n=1 | GeV) 2 GeV tcm ?sr ts 1, with energy threshold of 10
TeV and 100 TeV, would have enough statistics in one to
i i four years of data-taking to distinguish not only between
0 ] oscillation and no oscillation scenarios, but also whether it is
2+2 or 1+3 model. The AGN model of Stecker-Salamon
. . 8], with a 10 TeV energy threshold predicts between 1200
FIG. 5. Integrated over solid angle, the ratio of upward shower[
to muon event rates for given flux models for a threshold energy of”md 2000 muons/k?nper year and between 500 and 800

100 TeV. The error bars for43 scenaridtop datg, 2+2 scenario shower evenjs/lg?hper year, with clear separation between
(middle data, and no-mixing casébottom data are determined different OSCIllatlon Scenano.s' The other AGN model, pro-
assumingn years of data taking. po_sed by Mannheim9], predicts Igss events and would re-
quire seven years to reduce statistical errors in the ratio of
shower to muon event rates such that there is clear distinc-
well as distinguish two oscillations scenarios that we con+tion between not only the no oscillation and oscillation cases,
sider. In Fig. 5 we show this ratio including statistical errors.but also different oscillation models. If we want to use GR-
We find that even with error bars it still seems possible toB_WB flux [10] to test these models, it would take nine
distinguish between different oscillation scenarios. Howeveryears with the kilometer-size detector to get sufficient statis-
in order to reduce statistical errors, the GRB_WB andlicS. A higher energy threshold of 100 TeV makes the atmo-
AGN_M95 flux predictions would require collecting data for SPheric neutrino background small, but event rates for ex-
more than a decade. On the other hand, one year is SUfﬁCieﬁ]%%agﬁ\(,:\}g:mgegglggé ?c:e r%l\?i(()jere\}/%lf;gl.e ?r::‘lclj,rrfr?aii oA;\G;\lb_oSutS
for the AGN_SS flux. In the case of & * flux, we expect e oscillation scenario EEl)S well & 2 flux in just one year
several hundreds of showers and muons over the period o : e s Just y
three years, which is necessary in order to reduce error bafg dc?t?’ while ank o glux ;{V'th our nohrmallzathlgg V\\/’\?gld d
to the point of being able to distinguish oscillation scenarios&%eN I\/CI);EI; ﬂyears. ther fluxes, such as GRB_ an
7 5 ; . N ux would require a much longer time.
For a steeper fluxc ™, one year is sufficient to get enough

S The assumption of the existence of the sterile neutrino is
events as well as to reduce the statistical errors at the CurreHEcessary to explain the solar, atmospheric, reactor and ac-
AMANDA limit on the isotropic flux normalization. : ’

: X : celerator data. The MiniBooNE experimd9] will search
Figures 3—5 show the feature illustrated by Fig. 2, wheryg, o, .,  oscillations and test the LSND results. The pres-
specific fluxes are integrated over the nadir angle. Fluxegnce of the sterile neutrino in ther2 model can be tested
with similar spectra cluster with the same ratio; here, theyy the measurement of the suppression of NC/CC ratio of the
Stecker-Salamon flux arfél”* have similar energy behaviors sglar neutrinos by the SNO experimdB0] whereas the 1
and similar ratios. Therefore, by using the muon event en--3 model can be tested by searches from small amplitude
ergy and nadir angle dependence to characterize the energycillations at short baseline experiments such as ORLaND
spectrum of the incident flux, even without a detailed knowl-[31]. Since the 3 3 scenario at high neutrino energy mimics
edge of the source of neutrinos, the raRowill point to  the three flavor bi-maximal mixing between,—v,, the
whether or not muon neutrinos mix with tau neutrinos in oneresults here can also be applied to three-flavor models.
of the two schemes described here. Observation of the flavor ratio of extragalactic neutrinos
The ratios in Figs. 3-5 differ for the different energy de- could serve as a complementary test for oscillation models
pendences of the fluxes for several reasons. The muon ranggat incorporate sterile neutrinos. Oscillations of neutrinos
increases with energy, so the muon event rates are sensitifiom astronomical sources are averaged over a very long
to the energy dependence in a different way than the showeyaseline and thus cannot provide any direct information
rates which have a constant volume factor. For less steeghout the neutrino mass. However, we have shown that ex-
fluxes, e.g.E~ ! and AGN_SS, the high energy part of the tragalactic neutrinos could be used to distinguish between
spectrum gives a larger contribution to the muon rate than fodifferent oscillation scenarios. The observed muon and
fluxes with a steeper energy behavior, eEy.%. The ratioR  shower event distributions as a function of angle and energy
of shower to muon event rates tends to increase with thehreshold will help determine the energy behavior of the in-
steeper fluxes, and tends to increase with energy thresholdident extragalactic neutrino flux and point to a model or
For all except the atmospheric flux, the electron neutrinaclass of models for their sources. Combined measurements
contribution to the shower rate is substantial. The electromf the upward showers and muons and, in particular, their
neutrino component of the atmospheric flux is small becauseatio provides a basic test of the oscillation scenario.

Ratio of Event Rates (R)
T
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