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Effects of neutrino mixing on high-energy cosmic neutrino flux
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Several cosmologically distant astrophysical sources may produce high-energy cosmic neutrinos (E >106

GeV! of all flavors above the atmospheric neutrino background. We study the effects of vacuum neutrino
mixing in the three flavor framework on this cosmic neutrino flux. We also consider the effects of possible
mixing between the three active neutrinos and the~fourth! sterile neutrino with or without big-bang nucleo-
synthesis constraints and estimate the resulting final high-energy cosmic neutrino flux ratios on Earth compat-
ible with currently existing different neutrino oscillation hints in a model independent way. Further, we discuss
the case where the intrinsic cosmic neutrino flux does not have the standard ratio.

PACS number~s!: 14.60.Pq, 98.54.Cm, 98.70.Sa
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I. INTRODUCTION

High-energy neutrino (E >106 GeV! astroparticle physics
is now a rapidly developing field impelled by the need f
improved flux estimates as well as a good understandin
detector capabilities for all neutrino flavors, particularly
light of recently growing experimental support for flavor o
cillations @1#.

Currently envisaged astrophysical sources of high-ene
cosmic neutrinos include, for instance, active galactic nu
~AGN! and gamma ray burst~GRB! fireballs @2#. The pro-
duction of high-energy cosmic neutrinos other than
AGNs and GRBs may also be possible@3#.

High-energy neutrino production in cosmologically di
tant astrophysical systems such as AGNs and GRBs fo
mainly from the production and decay of relevant unsta
hadrons. These unstable hadrons may be produced m
when the accelerated protons in these environments inte
with the ambient photon field (pg) and/or protons (pp)
present there. The electron and muon neutrinos~and corre-
sponding anti neutrinos! are mainly produced in the deca
chain of charged pions whereas the tau neutrinos~and
anti neutrinos! are mainly produced in the decay chain
charmed mesons in the same collisions at a suppressed
@4#.

Previously the effects of vacuum neutrino mixing on t
intrinsic ratios of high-energy cosmic neutrinos, in the co
text of three flavors, were briefly considered in@5#. Here we
update the description@6# and consider three and four ne
trino schemes with the most up-to-date constraints from
terrestrial, solar and atmospheric neutrino experiments.
also discuss the case where the intrinsic high-energy cos
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neutrino flux has nonstandard ratio which may not be
tained in charged pion decays.

The present study is particularly useful as the new
derice or water Cˇ erenkov light neutrino telescopes, name
AMANDA and Baikal ~also the ANTARES and NESTOR!
as well as the large~horizontal! shower array detectors wil
have energy, angle and possibly flavor resolutions for hi
energy neutrinos originating at cosmological distances@7#.
Several discussions are now available pointing towards
possibility of flavor identification for high-energy cosm
neutrinos@8#.

The plan of this paper is as follows. In Sec. II, we discu
the effects of vacuum neutrino mixing in three as well
four flavor schemes and numerically estimate the fi
~downward going! ratios of flux for high-energy cosmic neu
trinos using the ranges of neutrino mixing parameters
plied by recent searches for neutrino oscillations. In Sec.
we discuss the consequences of a hypothesis in which
intrinsic cosmic neutrino flux does not have the stand
ratio @F0(ne):F

0(nm):F0(nt)51:2:0#. In Sec. IV, we sum-
marize our results.

II. EFFECTS OF NEUTRINO MIXING ON HIGH-ENERGY
COSMIC NEUTRINO FLUX

In pg and inpp collisions, typically one obtains the fol
lowing ratio of intrinsic high-energy cosmic neutrinos flu
F0(ne):F

0(nm):F0(nt)51:2:,1025. For simplicity, here
we take these ratios asF0(ne):F

0(nm):F0(nt)51:2:0. We
also discuss the effects of vacuum neutrino mixing by va
ing first two of these ratios from their above quoted values
this might be the case under some circumstances@9#. We
count both neutrinos and anti neutrinos in the symbol
neutrinos.

We consider an order of magnitude energy interval ess
tially around 106 GeV since the currently available mode
for high-energy cosmic neutrinos give neutrino flux abo
©2000 The American Physical Society07-1
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H. ATHAR, M. JEŻABEK, AND O. YASUDA PHYSICAL REVIEW D 62 103007
the relevant atmospheric neutrino background specific
from AGN cores within this energy interval. Also in thi
energy range the flavor identification for high-energy cosm
neutrinos may be conceivable in new km2 surface area neu
trino telescopes@8#. We have checked that for high-energ
neutrinos originating from cosmologically distant sourc
the change in the flavor composition of the high-energy c
mic neutrinos due to vacuum mixing is essentially ene
independent for the entire energy range relevant for obse
tions as the energy effects are averaged out in the rele
neutrino flavor oscillation probability expressions.

It has been pointed out that there are no matter effects
vacuum neutrino oscillations for relevant mass squared
ference values@O(10210)<Dm2/eV2<O(1)# for high-
energy cosmic neutrinos scattering over the matter parti
in the vicinity of sources@10#. Nevertheless, for high-energ
cosmic neutrinos scattering over the relic neutrinos, in ha
or other wise, during their propagation, there may be re
tively small ~at most, of the order of few percent! matter
enhanced flavor oscillation effects under the assumption
rather strongCP asymmetric neutrino background@11#.
However, given the current status of high-energy cosm
neutrino flux measurements, vacuum flavor oscillations
main the dominant effect and therefore from now on
consider here the effects of vacuum flavor oscillations on
For some other possible mixing effects, see@12#. The typical
distance to these astrophysical sources is taken asL.102

Mpc ~where 1 pc.331018 cm!. It is relevant here to men
tion that our following analysis is not necessarily restrict
to high-energy cosmic neutrinos originating only from AGN
or GRBs as the above mentioned ratios of intrinsic neutr
flux can in principle be conceivable from some other cosm
logically distant astrophysical sources as well@3#. For sim-
plicity, we assume the absence of relatively dense obj
between the cosmologically distant high-energy neutr
sources and the prospective neutrino telescopes so as n
change significantly the vacuum oscillation pattern.

A. Three neutrino scheme

It has been known in the two flavor framework that t
solar and the atmospheric neutrino problems are accou
for by neutrino oscillations withDmsmaller

2 ;1025 eV2 or
10210 eV2 andDmlarger

2 ;1022.5 eV2, respectively. Without
loss of generality we assume thatuDm21

2 u,uDm32
2 u,uDm31

2 u
where Dmi j

2 [mi
22mj

2 ( iÞ j ; i , j 51,2,3). If both the solar
and the atmospheric neutrino problems are to be solved
energy dependent solutions, we have to haveDm21

2 .Dm(
2

andDm32
2 .Dmatm

2 , i.e., we have mass hierarchy in this cas
Here, the subscripts( and atm stand for the mixing angle
for the solar and atmospheric neutrino oscillations, resp
tively.

In the three flavor framework, the flavor and mass eig
states are related by the MNS matrix U@13#:

S ne

nm

nt

D 5US n1

n2

n3

D , U[S Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut1 Ut2 Ut3

D . ~1!
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In the present convention for the mass pattern, the disapp
ance probability for the CHOOZ experiment@14# is given by

P~ n̄e→ n̄e!5124uUe3u2~12uUe3u2!sin2S Dm32
2 L

4E D , ~2!

and combining the negative result by the CHOOZ expe
ment @14# with the atmospheric neutrino data, we have~for
quantitative discussions, see@15#!

uUe3u2!1. ~3!

As was mentioned in the Introduction, the matter effec
irrelevant in our discussions, so let us consider the vacu
oscillation probability in the case where the oscillatio
length is very small as compared to the distance between
source and the detector@hereafter referred to as far distanc
~approximation!#. In vacuum, it is well known that the flavo
oscillation probability is given by

P~na→nb ;L !5dab2(
j Þk

Ua j* Ub jUakUbk* ~12e2 iDEjkL!.

~4!

In the limit L→`, we have

P~na→nb ;L5`!5dab2(
j Þk

Ua j* Ub jUakUbk*

5(
j

uUa j u2uUb j u2, ~5!

where we have averaged over rapid oscillations. Thus,
can represent the oscillation probability as a symmetric m
trix P andP can be written as a product of a matrixA:

P[S Pee Pem Pet

Pem Pmm Pmt

Pet Pmt Ptt

D [AAT, ~6!

with

A[S uUe1u2 uUe2u2 uUe3u2

uUm1u2 uUm2u2 uUm3u2

uUt1u2 uUt2u2 uUt3u2
D . ~7!

Now, the cosmic neutrino flux in the far distance can
expressed as a product ofP and the intrinsic fluxF0(na)
(a5e,m,t):

S F~ne!

F~nm!

F~nt!
D 5PS F0~ne!

F0~nm!

F0~nt!
D 5AATS F0~ne!

F0~nm!

F0~nt!
D . ~8!

Throughout this section we assume the standard ratio of
intrinsic cosmic neutrino flux, i.e.,F0(ne):F

0(nm):F0(nt)
51:2:0, sothat, we get
7-2
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ATS F0~ne!

F0~nm!

F0~nt!
D 5S uUe1u2 uUm1u2 uUt1u2

uUe2u2 uUm2u2 uUt2u2

uUe3u2 uUm3u2 uUt3u2
D S 1

2

0
D F0~ne!

5S 1

1

1
D F0~ne!1S uUm1u22uUt1u2

uUm2u22uUt2u2

uUm3u22uUt3u2
D F0~ne!,

~9!

where we have used the unitarity condition, i.e.,( j uUa j u2
51. When uUe3u2!1 and uUm3u.uUt3u, we haveuuUm j u2
2uUt j u2u!1( j 51,2,3), so the second term in Eq.~9! is
small. Hence with the constraints of the solar and atm
spheric neutrino and the reactor data, we obtain

S F~ne!

F~nm!

F~nt!
D .AS 1

1

1
D F0~ne!.S 1

1

1
D F0~ne!, ~10!

where we have used the unitarity condition again. Theref
we conclude that the ratio of the cosmic high-energy n
trino fluxes in the far distance is1:1:1,irrespective of which
solar solution is chosen. This is because the MNS ma
elements satisfy uUe3u2!1, uUm3u.uUt3u and
F0(ne):F

0(nm):F0(nt)51:2:0. This is the feature that is
expected to be observed at the new km2 surface area neutrino
telescopes in the case of the three neutrino oscilla
scheme.

Using the allowed region for the MNS matrix elemen
given in @15#, we have evaluated the final ratio of the cosm
neutrino flux numerically. To plot the ratio of the three ne
trino flavors, we introduce the triangle representation, wh
is introduced by Fogli, Lisi, and Scioscia@16# in a different
context. In Fig. 1, a unit regular triangle is drawn and t
position of the point gives the ratio of the final high-ener
neutrino flux withFa[F(na). One reason that we adopt th
representation is because currently we do not know the
cise total cosmic neutrino flux, while we may observe t

FIG. 1. The representation of the ratio of the final flux of~down-
ward going! high-energy cosmic neutrinos on earth with a u
regular triangle. Thex andy coordinates of the points are given b
x5(2Ft1Fe)/A3, y5Fe and the inside region of the triangle
given by 0<x<2/A3, 0<y<1. The point with an asterisk stand
for the ratio without oscillationsF(ne):F(nm):F(nt)51:2:0 and is
given by the coordinate (1/3A3,1/3).
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ratio of flux of different cosmic neutrino flavors experime
tally to a certain extent. Using this triangle representati
the allowed region in the three flavor framework with th
constraints from the terrestrial, solar and atmospheric n
trino data, is given in Figs. 2~a! and 2~b!. The allowed region
is a small area around the midpointF(ne)5F(nm)5F(nt)
51/3 and the small deviation from the midpoint indicates t
smallness ofuUe3u and uuUm j u22uUt j u2u.

B. Four neutrino scheme

Let us now consider the case with three active and
sterile neutrino. Schemes with sterile neutrinos have b
studied by a number of authors@17–20#. Here, we are inter-
ested in the four neutrino scheme in which the solar, atm
spheric and Liquid Scintillation Neutrino Detector~LSND!
experiment@21# are all explained by neutrino oscillations. B
generalizing the discussion on big-bang nucleosynth
~BBN! from the two neutrino scheme@22# to four neutrino
case, it has been shown@19,20# that the neutrino mixing
angles are strongly constrained not only by the reactor d
@18# but also by BBN if one demands that the numberNn of
effective neutrinos be less than four. In this case, the 434
Maki-Nakagawa-Sakata~MNS! matrix splits approximately
into two 232 block diagonal matrices.

On the other hand, some authors have given conserva
estimate forNn @23# and if their estimate is correct then w
no longer have strong constraints on the neutrino mix
angles. In this section, we discuss the final ratio of the c
mic neutrino flux components with and without BBN co
straints separately. Throughout this section we assume
following mass pattern:

m1
2&m2

2!m3
2&m4

2 , ~11!

with correspondingDm21
2 , Dm43

2 andDm32
2 standing for the

mass squared differences suggested by the solar, atmosp
neutrino deficits and the LSND experiment, respectively.

FIG. 2. The ratio of the final flux of high-energy cosmic neut
nos in the far distance in the three neutrino scheme. The allo
region is the inside of each contour;~b! is an enlarged figure of~a!.
The allowed region lies near the midpoint (1/A3,1/3).
7-3
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1. Four neutrino scheme with BBN constraints

Here, we adopt the notation in@19# for the 434 MNS
matrix:

U[S Ue1 Ue2 Ue3 Ue4

Um1 Um2 Um3 Um4

Ut1 Ut2 Ut3 Ut4

Us1 Us2 Us3 Us4

D
[R34S p

2
2u34DR24~u24!R23S p

2 De2id1l3R23~u23!

3e22id1l3eA6id3l15/2R14~u14!

3e2A6id3l15/2e2id2l8 /A3R13~u13!e
22id2l8 /A3R12~u12!,

~12!

whereci j [cosuij , si j [sinuij and

Rjk~u![exp~ iT jku!, ~13!

is a 434 orthogonal matrix with

~Tjk! lm5 i ~d j l dkm2d jmdkl!, ~14!

and 2l3[diag(1,21,0,0), 2A3l8[diag(1,1,22,0),
2A6l15[diag(1,1,1,23) are diagonal elements of th
SU(4) generators. From the constraint of the reactor dat
Bugey @24#, which strongly constrain the disappearan
probability P( n̄e→ n̄e) for the entire region of mass square
difference implied by the data of LSND@21# and E776@25#,
we have@18–20#

uUe3u21uUe4u2!1. ~15!

On the other hand, from the BBN constraint that sterile n
trino be not in thermal equilibrium, we get

uUs3u21uUs4u2!1. ~16!

In this case, the oscillation probabilities in the far distan
are given essentially by the following two neutrino flav
formulas:

P~ne→ne ;L5`!512
1

2
uUe1u2uUe2u2512

1

2
sin22u12,

P~ne→ns ;L5`!5
1

2
uUe1u2uUe2u25

1

2
sin22u12,

P~nm→nm ;L5`!512
1

2
uUm3u2uUm4u2512

1

2
sin22u24,

P~nm→nt ;L5`!5
1

2
uUm3u2uUm4u25

1

2
sin22u24, ~17!

where, we have substitutedu135u145u235u3450 in Eq.
~12! and u12, u24 correspond to the mixing angles of th
solar and atmospheric neutrino oscillations, respectively
10300
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has been known@26# that only the small mixing angle
~SMA! Mikheyev-Smirnov-Wolfenstein~MSW! solution is
allowed in thene↔ns solar oscillation scheme, so in th
present case, we takeuu12u!1. Thus, we have the following
ratio of the final cosmic high-energy neutrino flux:

S F~ne!

F~nm!

F~nt!

F~ns!

D 5S 1 0 0 0

0 0 catm
2 satm

2

0 0 satm
2 catm

2

0 1 0 0

D S 1 0 0 0

0 0 0 1

0 catm
2 satm

2 0

0 satm
2 catm

2 0

D
3S 1

2

0

0

D F0~ne!5S 1

22sin22uatm

sin22uatm

0

D F0~ne!,

~18!

where, we have takenu24[uatm which satisfies@27#

0.88&sin22uatm<1. ~19!

In this case, therefore, we again haveF(ne):F(nm):F(nt)
.1:1:1.

We have also numerically obtained the allowed region
letting u12, u13, u14, u23, u34 and u24 to vary within the
constraints obtained from the reactor, solar and atmosph
neutrino data. In the four neutrino scheme, the total flux
active neutrino is in general not the same as that at the
duction point, and in principle we have to use a unit tetra
dron to express the ratio of the four neutrino flux. In practi
however, we may not observe the cosmic sterile neutr
events nor do we know the precise total flux of the cosm
high-energy neutrinos, so it is useful to normalize the flux
each active neutrino by the total flux of active neutrinos:

S F̃~ne!

F̃~nm!

F̃~nt!

D [
1

F~ne!1F~nm!1F~nt!S F~ne!

F~nm!

F~nt!
D . ~20!

After redefining the flux, we can plot the ratio of each acti
neutrino with the same triangle graph as in the three neut
case, and the result is depicted in Fig. 3. The allowed reg
is again small and the reason that the region lies horizont
is because of possible deviation ofu24[uatm from p/4 @see
Eq. ~19!#.

2. Four neutrino scheme without BBN constraints

In this subsection, we discuss what happens to the rati
the final cosmic high-energy neutrino flux if we lift BBN
constraints. Without BBN constraints, the only conditions
have to take into account are the solar and atmospheric
trino deficit data and the results of experiment of LSND~the
appearance experiment ofn̄m→ n̄e) @21#, Bugey ~the disap-
pearance experiment ofn̄e→ n̄e) @24# and CDHSW~the dis-
appearance experiment ofn̄m→ n̄m) @28#. For the range of the
Dm2 suggested by the LSND data, which is given by 0
7-4
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&DmLSND
2 /eV2&2 when combined with the data of Buge

@24# and E776@25#, the constraint by the Bugey data is ve
stringent and

uUe3u21uUe4u2&1022, ~21!

has to be satisfied@18–20#. Therefore, for simplicity, we take
Ue35Ue450, in the following discussion.

The analysis of the solar neutrino data in the four neutr
scheme with ansatzUe35Ue450 has been done recently b
Giunti, Gonzalez-Garcia and Pen˜a-Garay @29#. They have
shown that the scheme is reduced to the two neutrino fra
work in which only one free parametercs[uUs1u21uUs2u2
appears in the analysis.1 Their conclusion is that the SMA
~MSW! solution exists for the entire region of 0<cs<1,
while the large mixing angle~LMA ! and vacuum oscillation
~VO! solutions survive only for 0<cs&0.2 and 0<cs&0.4,
respectively.

The analysis of the atmospheric neutrino data in the f
neutrino framework has been done by one of the authors@30#
more recently again with ansatzUe35Ue450. The conclu-
sion of @30# is that the region2p/2&u34&p/2 and 0&u23
&p/6 as well as 0<d1<p is consistent with the Superka
miokande atmospheric neutrino data of the contained
upward goingm events, whereu34 andu23 stand for, roughly
speaking, the ratio ofnm↔nt versusnm↔ns and the ratio of
the contributions of sin2(Dmatm

2 L/4E) versus
sin2(DmLSND

2 L/4E) in the flavor oscillation probability, re-
spectively, andd1 is the onlyCP phase left in this scheme
Notice that the recent claim by the Superkamiokande gr
@27# that nm↔ns is almost completely excluded is based
the hypothesis of two neutrinonm↔ns oscillations with only
one mass squared differenceDmatm

2 , and their claim is com-
pletely consistent with the results in@30#, where the region
u34.6p/2 andu23.0, which would lead to purenm↔ns
oscillations, is excluded. For generic mixing angles ofu34

1In the notation of@29# this parameter is given bycs5c23
2 c24

2 . We
adopt different notation from@29# for the parametrization of the
mixing angles, however, will usecs for uUs1u21uUs2u2.

FIG. 3. The ratio of the final flux of high-energy cosmic neut
nos in the far distance in the four neutrino scheme with BBN c
straints. The allowed region lies near the midpoint (1/A3,1/3).
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and u23, the ansatz in@30# implies hybrid of nm↔nt and
nm↔ns oscillations in general, and one has to take into
count the constraint of the CDHSW experiment@28# also.
Following @30#, we takeDm32

2 [DmLSND
2 50.3 eV2, which is

consistent with the negative result of the disappearance
periment of CDHSW@28# for the entire region of the mixing
angles obtained in@30#.

Combining the results of@29# on solar neutrinos and@30#
on atmospheric neutrinos, we have evaluated the final r
of the cosmic high-energy neutrino flux and the result
given in Figs. 4~a! and 4~b!, where the allowed region with
the SMA~MSW!, LMA ~MSW! and VO solutions are shown
separately. Almost the entire allowed region with the SM
~MSW! solution lies above the lineF̃(ne)51/3, and this is
because the total normalizationF(ne)1F(nm)1F(nt)51
2F(ns) becomes less than 1 whileF(ne)5(1
2sin2 2u12)F

0(ne) hardly changes due to smallness ofuu12u
5uu(u. On the other hand, for most of the region with LM
~MSW! and VO solutions,F(ne)/F

0(ne) becomes smaller
than 12F(ns) and the region lies below the lineF̃(ne)
51/3. This four neutrino scheme without BBN constrai
gives us clearly a distinctive pattern for the final ratio of t
cosmic high-energy neutrino flux, and observationally, if w
have good precision then it may be even possible to dis
guish the SMA~MSW! solution from the LMA ~MSW! or
VO solutions. The allowed regions in Figs. 4~a! and 4~b! are
plotted ford150 andd15p/2. We observe that most of th
allowed regions ford150 and d15p/2 overlap with each
other and it implies that distinction betweend150 andd1
5p/2 is difficult in this scheme of four neutrinos.

We note in passing that the allowed region of the lo
probability low mass~LOW! solution to the solar netrino
problem is contained in that of the LMA solution as far
sin2 2u( is concerned, and therefore the LOW solution giv
us only a subset of the allowed region of the LMA solutio
in Figs. 4~a! and 4~b!.

III. NONSTANDARD RATIO OF THE HIGH-ENERGY
COSMIC NEUTRINO FLUX

In Sec. II, we have seen that the schemes of three ne
nos and of four neutrinos with BBN constraints give us t

-

FIG. 4. The ratio of the final flux of high-energy cosmic neut
nos in the far distance in the four neutrino scheme without B
constraints;~b! is an enlarged figure of~a!. The allowed region of
the LOW solution is a subset of that of the LMA solution.
7-5
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ratio F(ne):F(nm):F(nt).1:1:1, irrespective of which so-
lar solution is chosen. This is due to the fact that the intrin
high-energy cosmic neutrino flux has the ra
F0(ne):F

0(nm):F0(nt)51:2:0 and theoscillation of atmo-
spheric neutrinos is with maximal mixing whileuUe3u2!1. It
has been pointed out@9# that the intrinsic flux of the cosmic
high-energy neutrinos may not have the standard r
F0(ne):F

0(nm):F0(nt)51:2:0, mainly because some o
muons may lose their energy in a magnetic field. Here,
discuss in a model independent way the consequences
generic scenario which is characterized
F0(ne):F

0(nm):F0(nt)5l/3:12l/3:0, wherel is a free
parameter 0<l<1 ~the standard ratio is obtained forl
51).

We have plotted the allowed region in Figs. 5~a! and 5~b!
for l51/2 andl50, respectively. We observe that the co
mic high-energy neutrino flux with the nonstandard ra
gives relatively lower value ofF̃(ne). If relatively lower
value of cosmicne flux is observed in the future exper
ments, then it may imply that the possible oscillation s
nario is the four neutrino scheme without BBN constrai
and the intrinsic cosmic neutrino flux with the nonstanda
ratio. Independent information on neutrino mixing para
eters as well as on relevant astrophysical inputs may
needed here to arrive at a more definite conclusion.

IV. RESULTS AND DISCUSSION

In general, the final flux of high-energy cosmic neutrin
is expected to be almost equally distributed among the th
~active! cosmic neutrino flavors because of vacuum flav
mixing or oscillations, provided the astrophysical sources
these high-energy cosmic neutrinos are cosmologically
tant, essentially irrespective of the neutrino flavors~three or
four!. Nevertheless, this may not be the case if the intrin

FIG. 5. The ratio of the final flux of high-energy cosmic neut
nos in the far distance in a nonstandard scenario characterize
F0(ne):F

0(nm):F0(nt)5l/3:12l/3:0. In ~a!, l51/2, the cases of
Nn53 with SMA and Nn54 with BBN constraints have sma
region near the pointF(ne):F(nm):F(nt)52:5:5, theregion for
the cases ofNn53 with LMA and VO lie above this point, wherea
most of the region for the case ofNn54 without BBN constraints
lie to the left of this point. As in Fig. 4, the allowed region of th
LOW solution is a subset of that of the LMA solution. In~b!, l
50, the cases ofNn53 with SMA and Nn54 with BBN con-
straints have small region near the pointF(ne):F(nm):F(nt)
50:1:1, theregion for the cases ofNn53 with LMA and VO lie
above this point, whereas most of the region for the case ofNn

54 without BBN constraints lie to the left of this point.
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high-energy cosmic neutrino flux ratios differ from the sta
dard one, namely fromF0(ne):F

0(nm):F0(nt)51:2:0. In
the examples considered in this work for the nonstand
intrinsic high-energy cosmic neutrino flux, a relatively low
final flux for cosmicne is obtained. The situation of non
standard intrinsic cosmic neutrino flux may arise, for i
stance, if some of the muons lose their energy in the re
tively intense magnetic field in the vicinity of the source.

A simultaneous measurement of the three cosmic neut
flavors may be useful to obtain information about a particu
neutrino ~mass and! mixing scheme depending on the re
evant achievable resolutions for typical km2 surface area
neutrino telescopes.

Irrespective of the numbers of neutrino flavors, in each
the neutrino~mass and! mixing schemes discussed in th
work, the final flux of high-energy cosmic tau neutrinos
essentially comparable to that of non tau~active! neutrinos,
even if it is intrinsically negligible. This may, at least i
principle, be useful to constrain the relevant nonstandard
ticle physics or astrophysics scenarios.

In this work, we have considered the effects of vacuu
neutrino flavor oscillations on high-energy cosmic neutri
flux in the context of three as well as four flavors. The
oscillations result in an energy independent ratio,Rab

[Na /Nb (aÞb;a5b5ne ,nm ,nt) of the number of
events detected for the neutrino flavorsa and b. It is so
because the various neutrino flavor precession probabil
given in Sec. II@see Eq.~5! and Eq.~17!# are essentially
independent of neutrino energy. In the following paragra
we briefly describe the prospects offered by the typical k2

surface area underice or water neutrino telescopes which
currently under construction or planning to possibly ident
the cosmic neutrino flavor and hence the ratio,Rab @8#.

We ignore the possible observational difference betw
cosmic neutrinos and anti neutrinos for simplicity in the fo
lowing discussion and assume that the flavor content in
cosmic neutrino flux is equally distributed because
vacuum flavor oscillations. Several of the recent discussi
suggest that the absorption of high-energy cosmic neut
flux by earth is neutrino flavor dependent@8#. The upward
going electron and muon neutrino fluxes are significan
attenuated typically forE0>53104 GeV, whereas the up
ward going tau neutrinos withE.E0 may reach the detecto
with E<E0 because of the short lifetime of the associat
tau lepton and may appear as a small pile up with fairly
zenith angle dependence. ForE>E0, the upward going cos-
mic neutrino event rates range typically asNnm

;O(101)

whereasNnt
;O(100) in units of per year per steradian fo

typical km2 surface area neutrino telescopes, if one uses
current upper high-energy cosmic neutrino flux limits@2#.
Let us note that forE>E0, presently the high-energy cosm
neutrino fluxes from AGNs dominate above the atmosphe
neutrino background. For downward going high-energy c
mic neutrino flux, the event rate ranges typically asNne

;O(101.5),Nnm
;O(102), whereasNnt

;O(101) in units of
per year per steradian for the same high-energy cosmic
trino fluxes. ForE.E0, the downward going cosmic ta

by
7-6
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neutrinos typically produce a two bang event topology su
that the two bangs are connected by am-like track. The size
of the second bang is on the average a factor of two la
than the first bang. The downward going electron neutri
produce a single bang at these energies whereas the m
neutrinos typically produce a single shower along with
zippingm-like track in km2 surface area neutrino telescope
Based on these rather distinct event topologies, cosmic
trino flavor identification may be conceivable. The abo
order of magnitude estimates indicate that the typical k2

surface area neutrino telescopes do offer some prospect
n.
,

.
y

v.

an

a
7

b

w-
in

is-
7
tp

-
o

ni
b

a,

o

, s
on

10300
h

er
s
on

.
u-

for

observations of high-energy cosmic neutrino flavor rat
Rab , or at least may constrain it meaningfully.
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