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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 neBtenb® (
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 (floeirth) 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 numbd(s): 14.60.Pq, 98.54.Cm, 98.70.Sa

[. INTRODUCTION neutrino flux has nonstandard ratio which may not be ob-
tained in charged pion decays.

High-energy neutrinof =10 GeV) astroparticle physics ~ The present _study is particularly useful as the new un-
is now a rapidly developing field impelled by the need for derice or water €renkov light neutrino telescopes, namely,
improved flux estimates as well as a good understanding AMANDA and Baikal (also the ANTARES and NESTOR
detector capabilities for all neutrino flavors, particularly in @S Well as the largéhorizonta) shower array detectors will
light of recently growing experimental support for flavor os- have energy, angle and possibly flavor resolutions for high-
cillations [1]. energy neutrinos originating at cosmological distancds

Currently envisaged astrophysical sources of high-energpeveral discussions are now available pointing towards the
cosmic neutrinos include, for instance, active galactic nucleP0ssibility of flavor identification for high-energy cosmic
(AGN) and gamma ray bur§GRB) fireballs[2]. The pro-  neutrinos[8]. _ _
duction of high-energy cosmic neutrinos other than the The plan of this paper is as follows. In Sec. Il, we discuss
AGNs and GRBs may also be possilpg. the effects of vacuum neutrino mixing in three as well as

High-energy neutrino production in cosmologically dis- four flavor sc_heme.s and numer!cally estimate t'he final
tant astrophysical systems such as AGNs and GRBs followdownward goingratios of flux for high-energy cosmic neu-
mainly from the production and decay of relevant unstabldfinos using the ranges of neutrino mixing parameters im-
hadrons. These unstable hadrons may be produced mainBjied by recent searches for neutrino oscillations. In Sec. Ill,
when the accelerated protons in these environments intera@e discuss the consequences of a hypothesis in which the
with the ambient photon fieldp(y) and/or protons ggp)  intrinsic cosmic neutrino flux does not have the standard

. : 0 .=0 .0 —1:9-
present there. The electron and muon neutrieoel corre-  ratio [F=(ve):F~(v,):F*(v;)=1:2:0]. In Sec. IV, we sum-
sponding anti neutringsare mainly produced in the decay Marize our results.
chain of charged pions whereas the tau neutrifasd
anti neutrinog are.mainly produce_d_ in the decay chain of |, EEFECTS OF NEUTRINO MIXING ON HIGH-ENERGY
E:E]armed mesons in the same collisions at a suppressed level COSMIC NEUTRINO FLUX

Previously the effects of vacuum neutrino mixing on the In py and inpp collisions, typically one obtains the fol-
intrinsic ratios of high-energy cosmic neutrinos, in the con-lowing ratio of intrinsic high-energy cosmic neutrinos flux:
text of three flavors, were briefly considered &. Here we  F°(v):F°(v,,):F°(»,)=1:2:<10"°. For simplicity, here
update the descriptiof6] and consider three and four neu- we take these ratios a‘so(ve):Fo(vﬂ):Fo(vT)=1:2:0. We
trino schemes with the most up-to-date constraints from thalso discuss the effects of vacuum neutrino mixing by vary-
terrestrial, solar and atmospheric neutrino experiments. Wing first two of these ratios from their above quoted values as
also discuss the case where the intrinsic high-energy cosmtbis might be the case under some circumstari®ésWe

count both neutrinos and anti neutrinos in the symbol for

neutrinos.
*Email address: athar@phys.metro-u.ac.jp We consider an order of magnitude energy interval essen-
"Email address: marek.jezabek@ifj.edu.pl tially around 16 GeV since the currently available models
*Email address: yasuda@phys.metro-u.ac.jp for high-energy cosmic neutrinos give neutrino flux above
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the relevant atmospheric neutrino background specificallyn the present convention for the mass pattern, the disappear-
from AGN cores within this energy interval. Also in this ance probability for the CHOOZ experimdi4] is given by
energy range the flavor identification for high-energy cosmic
neutrinos may be conceivable in new ksurface area neu-
trino telescope$8]. We have checked that for high-energy
neutrinos originating from cosmologically distant sources,
the change in the flavor composition of the high-energy cosand combining the negative result by the CHOOZ experi-
mic neutrinos due to vacuum mixing is essentially energyment[14] with the atmospheric neutrino data, we hafer
independent for the entire energy range relevant for observauantitative discussions, sg&5])
tions as the energy effects are averaged out in the relevant
neutrino flavor oscillation probability expressions. |Ugs|?<1. 3

It has been pointed out that there are no matter effects on
vacuum neutrino oscillations for relevant mass squared dif- As was mentioned in the Introduction, the matter effect is
ference values[O(10 ) <Am?eV?<®(1)] for high- irrelevant in our discussions, so let us consider the vacuum
energy cosmic neutrinos scattering over the matter particlegscillation probability in the case where the oscillation
in the vicinity of source$10]. Nevertheless, for high-energy length is very small as compared to the distance between the
cosmic neutrinos scattering over the relic neutrinos, in halosource and the detectfinereafter referred to as far distance
or other wise, during their propagation, there may be rela{approximation]. In vacuum, it is well known that the flavor
tively small (at most, of the order of few percenmatter  oscillation probability is given by
enhanced flavor oscillation effects under the assumption of
rather strongCP asymmetric neutrino backgrounid.1]. CIAELL
However, given the current status of high-energy cosmic P(va—vpiL)=dap= E %YV akU (1~ ).
neutrino flux measurements, vacuum flavor oscillations re- (4)
main the dominant effect and therefore from now on we
consider here the effects of vacuum flavor oscillations onlyln the limit L—cc, we have
For some other possible mixing effects, $&&]. The typical
distance to these astrophysical sources is takeh-as0? ] «
Mpc (where 1 pc=3x 10" cm). It is relevant here to men- P(va—vpiL=2)=0b0p~ “ U%iU iU kU i
tion that our following analysis is not necessarily restricted
to high-energy cosmic neutrinos originating only from AGNs B E U, [2|U 4|2 ©)
or GRBs as the above mentioned ratios of intrinsic neutrino 4 aj Bl
flux can in principle be conceivable from some other cosmo-
logically distant astrophysical sources as wW@ll. For sim-  \where we have averaged over rapid oscillations. Thus, we
plicity, we assume the absence of relatively dense objectgan represent the oscillation probability as a symmetric ma-

between the C05m0|Oglca”y distant hlgh energy neutrlnq”X P andP can be written as a product of a matix
sources and the prospective neutrino telescopes so as not to

2L
P(ve— ve) =1~ 4|Ugg|A(1—|U g )sm?( M3z ) 2

change significantly the vacuum oscillation pattern. Pee Peu Pes
P=| Pey, Puu Pu- =AAT, (6)
A. Three neutrino scheme Pe P.. P
It has been known in the two flavor framework that the
solar and the atmospheric neutrino problems are accountatdth
for by neutrino oscillations withAm2,_.~10"° eV? or ) ) )
1070 eVZ andAm, 4o~ 102 eV?, respectively Without Varl®  [Ueal®  |Uegl
loss of generallty we assume tHatm3 | <|Am3,| <|Am3| A= [Ul? [Ul? U], 7)
whereAm”—mI m] (i#j; i,j=1,2,3). If both the solar U2 [Un?2 |U.4?

and the atmospheric neutrino problems are to be solved by

energy dependent solutions, we have to hAve3,=AmZ  Now, the cosmic neutrino flux in the far distance can be
andAm3,=AmZ,,, i.e., we have mass hierarchy in this case.expressed as a product Bfand the intrinsic fluxF°(»,)
Here, the subscript® and atm stand for the mixing angles (a=e,u,7):

for the solar and atmospheric neutrino oscillations, respec-

tively- F( Ve) FO( Ve) FO( Ve)
In the three flavor framework, the flavor and mass eigen- F _p| Fo _AAT| FO
states are related by the MNS matrix[L3]: (vp) | =P (V) | =AA )] ®
F(v,) Fo(v.,) Fo(v,)
Ve 41 U Uez Ues ) ) )
v =ul v u=| U U U 1 Throughout this section we assume the standard ratio of the
wT 2], US| P Yz Yus ) @ nvinsic cosmic neutrino flux, i.eFO(ve):Fo(v,):F(v,)
v, V3 Ua Up Ug =1:2:0, sothat, we get
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FIG. 1. The representation of the ratio of the final fluX@dwn-
ward going high-energy cosmic neutrinos on earth with a unit
regular triangle. The andy coordinates of the points are given by 02 6 0oor 058 0572 0876 088
x=(2F ,+Fg)/\3, y=F, and the inside region of the triangle is T
given by 0=x=<2/\/3, O<y=1. The point with an asterisk stands ) ] ) ) ]
for the ratio without oscillations (ve):F(v,):F(»,)=1:2:0 and is FIG. 2. The ratio of the final flux of high-energy cosmic neutri-
given by the coordinate (143,1/3). nos in the far distance in the three neutrino scheme. The allowed
region is the inside of each contoub) is an enlarged figure qg).
The allowed region lies near the midpoint {/B/,1/3).
Fowa)| [ IUal? U JUal| [ 1 9 poit (8/113)

AT P Vu) |Uezl® |U#2|2 U l® 2 | F(ve) ratio of flux of different cosmic neutrino flavors experimen-
Fo(v,) |Uesl? |U,sl? U2/ \0 tally to a certain extent. Using this triangle representation,
) 5 the allowed region in the three flavor framework with the
1 [Uual*=[U constraints from the terrestrial, solar and atmospheric neu-
1) FOve)+ |UM2|2—|U72|2 FO(v,), trino data, is given in Figs.(2) and 2b). The allowed region
1 U 52— |U 4|2 is a small area around the midpoiR{v,)=F(v,)=F(v,)
13 3 =1/3 and the small deviation from the midpoint indicates the
(9 smallness ofUgg| and||U ,j|*—|U ;2.

where we have used the unitarity condition, iU ;|2

=1. When|U|?<1 and |Uﬂ3|:|UT3|, we have(|Um-|2 B. Four neutrino scheme

2 - H i . . .
—|U,i|*|<1(j=12,3), so the second term in E() is Let us now consider the case with three active and one
small. Hence with the constraints of the solar and atmosterile neutrino. Schemes with sterile neutrinos have been
spheric neutrino and the reactor data, we obtain studied by a number of authof$7—20. Here, we are inter-

ested in the four neutrino scheme in which the solar, atmo-
F(ve) 1 1 spheric and Liquid Scintillation Neutrino DetectdrSND)
F(v,) | =A[ 1 |F%ve)=| 1|F%w,), (10) experimenf21] are all explained by neutrino oscillations. By
F(v.) 1 1 generalizing the discussion on big-bang nucleosynthesis
T (BBN) from the two neutrino schem@?2] to four neutrino
case, it has been showr9,2Q that the neutrino mixing

where we have used the unitarity condition again. Therefore

we conclude that the ratio of the cosmic high-energy neugingles are strongly constrained not only by the reactor data

trino fluxes in the far distance is:1:1,irrespective of which [1ﬁ?] ?.Ut also tby BB’B‘ |f|one tdhema}nds tlhair:he numb?bg4
solar solution is chosen. This is because the MNS matri>‘§/I ective neutnnos be Jess than four. In this case,
elements  satisfy |Ugl?<1 U 5| =|U 4| and aki-Nakagawa-SakatdVINS) matrix splits approximately
1 y23 T . . .

FO(ve):F%(,):F(»,)=1:2:0. This is the feature that is "0 WO 2X2 block diagonal matrices. .
expected to be observed at the new?lsurface area neutrino Qn the other hand, some a_lutho_rs hav_e given conservative
telescopes in the case of the three neutrino oscillatiofy Stimate forN, [23] and if their estimate Is correct then we
scheme. no longer have strong constraints on the neutrino mixing

Using the allowed region for the MNS matrix elements angles. In this section, we discuss the final ratio of the cos-
given in[15], we have evaluated the final ratio of the cosmicMIC neutrino flux components W'th. and W'thOUt BBN con-
neutrino flux numerically. To plot the ratio of the three neu- Straints separately. Throughout this section we assume the
trino flavors, we introduce the triangle representation, Whicﬁollowmg mass pattern:
is introduced by Fogli, Lisi, and Scioscfa6] in a different
context. In Fig. 1, a unit regular triangle is drawn and the
position of the point gives the ratio of the final high-energy
neutrino flux withF ,=F(»,). One reason that we adopt this with corresponding\m3,, Am3, and Am3, standing for the
representation is because currently we do not know the premass squared differences suggested by the solar, atmospheric
cise total cosmic neutrino flux, while we may observe theneutrino deficits and the LSND experiment, respectively.

mi=mi<mi=m3, (11)
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1. Four neutrino scheme with BBN constraints has been knowr{26] that only the small mixing angle

Here, we adopt the notation fii9] for the 4x4 MNS (SMA) Mikheyev-Smirnov-WolfensteifMSW) solution is
allowed in thevg«— vg solar oscillation scheme, so in the

matrix:
present case, we také,,|<1. Thus, we have the following
Ueg Ue Ug Ugy ratio of the final cosmic high-energy neutrino flux:
u=| Yk Yrz Yus Upa F(ve) 10 0 O0\/1 0O 0 O
U U Us Ux F(v,) 0 0 Cim Sam||O O 0 1
Us Us Ug Ug F(v,) o o Sgtm cﬁtm 0 Cazum Sgtm 0
™ T ai F(vs) 01 0 0/\0 s, Cam O
= RSA( 5 934) R24( 024) st( E) e” 21N 3Ry 63) ® atm - amm
1 1
X e~ ohag BIOMTIR, (0 ) 2| 2= SiM20um|
= . - : - X F = . )
x e~ Biogd2621 26/ 3R (9, )~ 2926 3R (0, 0 (ve) Sir20,,. Ve)
(12) 0 0
. (18
wherecj;=cos#;, s;;=siné; and ] o
where, we have takef,,= 0,;,, which satisfie§27]

0.88<Sir’20=1. (19

is a 4X4 orthogonal matrix with ] _
In this case, therefore, we again havéve):F(v,):F(v,)

(Ti)im=1(8j1 Skm= SjmSk1) (14 =1:1:1.

We have also numerically obtained the allowed region by
and  2z=diag(1-1,00), 2/3\g=diag(1,1-2,0), letting Oy, 13, O14, 0oz, Oa4 and 6,4 to vary within the
26\ c=diag(1,1,1-3) are diagonal elements of the constraints obtained from the reactor, solar and atmospheric
SU(4) generators. From the constraint of the reactor data ofieutrino data. In the four neutrino scheme, the total flux of
Bugey [24], which strongly constrain the disappearanceactive neutrino is in general not the same as that at the pro-

probability P(ve— v¢) for the entire region of mass squared duction point, and in principle we have to use a unit tetrahe-

difference implied by the data of LSN[21] and E77625],  dron to express the ratio of the four neutrino flux. In practice,
we have[18-2Q however, we may not observe the cosmic sterile neutrino

events nor do we know the precise total flux of the cosmic
|Ug3l?+ |Ueq|?<1. (15  high-energy neutrinos, so it is useful to normalize the flux of

) ) each active neutrino by the total flux of active neutrinos:
On the other hand, from the BBN constraint that sterile neu-

trino be not in thermal equilibrium, we get F(ve) F(ve)
- 1
2+ [Ugyl?<1. 1 = F :
|US3| |US4| ( 6) f(vlu) F(Ve)'f‘F(V'u)'i_F(VT) F(VM) (20)
In this case, the oscillation probabilities in the far distance F(v,) (v7)
are given essentially by the following two neutrino flavor - . .
form%IaS' y by g After redefining the flux, we can plot the ratio of each active
' neutrino with the same triangle graph as in the three neutrino
1 1 case, and the result is depicted in Fig. 3. The allowed region
P(ve—ve,L=2)=1— §|Ue1|2|Ue2|2: 1- Esin22012, is again small and the reason that the region lies horizontally
is because of possible deviation @f,= 0, from =/4 [see
1 1 Eqg. (19)].
2 2 ;
P(Ve_”/s;l-zoc):_|uel| |Ue2| :_5"122012,
2 2 2. Four neutrino scheme without BBN constraints

1 1 In this subsection, we discuss what happens to the ratio of
P(v,—v,;L=x)=1- §|UM3|2|UM4|2= 1- Esin22024, the final cosmic high-energy neutrino flux if we lift BBN
constraints. Without BBN constraints, the only conditions we
1 1 have to take into account are the solar and atmospheric neu-
P(v,—v,;L=x) :_|Uu3|2| UM4I2=—Sin22 64, (17)  trino deficit data and the results of experiment of LSNBe
2 2 appearance experiment of — v,) [21], Bugey (the disap-

where, we have substituteéls= 6,,= 6,5= 63,=0 in Eq. Pearance experiment of— v,) [24] and CDHSW(the dis-
(12) and 6,,, 6,4 correspond to the mixing angles of the appearance experimentof— v,) [28]. For the range of the
solar and atmospheric neutrino oscillations, respectively. IAm? suggested by the LSND data, which is given by 0.2
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e SMA O
e CEEC

02 .
u T 035 04 045 05 055 08

n T FIG. 4. The ratio of the final flux of high-energy cosmic neutri-
nos in the far distance in the four neutrino scheme without BBN

FIG. 3. The ratio of the final flux of high-energy cosmic neutri- constraints{b) is an enlarged figure o). The allowed region of
nos in the far distance in the four neutrino scheme with BBN con-the | OW solution is a subset of that of the LMA solution.

straints. The allowed region lies near the midpointy@,/1/3).

5 ) ) ) and 6,3, the ansatz ir{30] implies hybrid ofv,« v, and
=Amigyp/eV"=2 when combined with the data of Bugey , .y oscillations in general, and one has to take into ac-
[24] and E77625], the constraint by the Bugey data is very count the constraint of the CDHSW experimd@s] also.
stringent and Following [30], we takeAm3,=AmZgp=0.3 €\?, which is

consistent with the negative result of the disappearance ex-
|Uea|?+[Ueq|*<1072, (21)  periment of CDHSW28] for the entire region of the mixing
angles obtained ih30].
has to be satisfield 8—20. Therefore, for simplicity, we take Combining the results di29] on solar neutrinos ani80]
Ug3=Ug=0, in the following discussion. on atmospheric neutrinos, we have evaluated the final ratio
The analysis of the solar neutrino data in the four neutrinaf the cosmic high-energy neutrino flux and the result is
scheme with ansatd .;=U.,=0 has been done recently by given in Figs. 4a) and 4b), where the allowed region with
Giunti, Gonzalez-Garcia and PeiGaray[29]. They have the SMA(MSW), LMA (MSW) and VO solutions are shown
shown that the scheme is reduced to the two neutrino frameseparately. Almost the entire allowed region with the SMA
work in which only one free parametet=|Ug|?+|Ug|?>  (MSW) solution lies above the linE (ve)=1/3, and this is
appears in the analysisTheir conclusion is that the SMA because the total normalizatid®(ve) + F(v,) +F(v,) =1

(MSW) solution exists for the entire region of<ics<1, —F(») becomes less than 1 whileF(rg)=(1
while the large mixing angléLMA ) and vacuum oscillation  —sir? 26;,)F°(v,) hardly changes due to smallness| 6
(VO) solutions survive only for &cs=0.2 and 6scs=0.4,  =|g.|. On the other hand, for most of the region with LMA
respectively. (MSW) and VO solutionsfF(v.)/F°(v,) becomes smaller

The analysis of the atmospheric neutrino data in the fou

than 1-F and the region lies below the linE
neutrino framework has been done by one of the aut&fis (v9) g (ve)

e =1/3. This four neutrino scheme without BBN constraint
more recently again with ansatfes=Ues=0. The conclu-  qies s clearly a distinctive pattern for the final ratio of the
sion of[30] is that the region- m/2< f3;=m/2 and 0< b3 ogmic high-energy neutrino flux, and observationally, if we
s_q-r/6 as well as &5577 is gon5|stent with the Su_perka— have good precision then it may be even possible to distin-
miokande atmospheric neutrino data of the contained anauish the SMA(MSW) solution from the LMA(MSW) or
upward goingu events, wherds, and 6,3 stand for, roughly o solutions. The allowed regions in Figga#and 4b) are
speaking, the ratio of, < v, versusv, < vs and the ratio of  stted for 5,=0 andé, = m/2. We observe that most of the
the  contributions  of  sMANG.L/4E)  versus gjiowed regions fors,=0 and &= m/2 overlap with each
SirP(AntsypL/4E) in the flavor oscillation probability, re- other and it implies that distinction betweg@=0 and &,
spectively, and; is the onlyCP phase left in this scheme. = 7/2 s difficult in this scheme of four neutrinos.

Notice that the recent claim by the Superkamiokande group \We note in passing that the allowed region of the low
[27] that v, < v¢ is almost completely excluded is based onprobability low mass(LOW) solution to the solar netrino
the hypothesis of two neutrine, « v oscillations with only  problem is contained in that of the LMA solution as far as
one mass squared differengenZ,,, and their claim is com-  sjr? 26 is concerned, and therefore the LOW solution gives
pletely consistent with the results [80], where the region us only a subset of the allowed region of the LMA solution
034~=* /2 and 6,5=0, which would lead to pure’,<vs in Figs. 4a and 4b).

oscillations, is excluded. For generic mixing anglesotof

IIl. NONSTANDARD RATIO OF THE HIGH-ENERGY

. i o ) COSMIC NEUTRINO FLUX
Yin the notation of29] this parameter is given by,= c3,c5,. We _
adopt different notation froni29] for the parametrization of the In Sec. Il, we have seen that the schemes of three neutri-
mixing angles, however, will use; for |Uy|?+|Ugl|?. nos and of four neutrinos with BBN constraints give us the
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r=1/2 r=0 high-energy cosmic neutrino flux ratios differ from the stan-
dard one, namely fronF%(ve):F°(v,):F%(»,)=1:2:0. In
the examples considered in this work for the nonstandard
intrinsic high-energy cosmic neutrino flux, a relatively lower
final flux for cosmicv, is obtained. The situation of non-
standard intrinsic cosmic neutrino flux may arise, for in-
) \ - 4 stance, if some of the muons lose their energy in the rela-
B &A tively intense magnetic field in the vicinity of the source.
- o ' h A simultaneous measurement of the three cosmic neutrino
FIG. 5. The ratio of the final flux of high-energy cosmic neutri- flavors may be useful to obtain information about a particular

nos in the far distance in a nonstandard scenario characterized WUI‘I’II’IO (mass ang m'X'”g scheme d_ependlng on the rel-
FO(1e):F%(v,):FO(».)=\/3:1~\/3:0. In (@), A = 1/2, the cases of evant achievable resolutions for typical kmsurface area
: W) . : :0. , ,

N,=3 with SMA andN,=4 with BBN constraints have small Neutrino telescopes. . _
region near the poinE (ve):F(v,):F(r,)=2:5:5, theregion for Irrespective of the numbers of neutrino flavors, in each of
the cases ofl,=3 with LMA and VO lie above this point, whereas the neutrino(mass ang mixing schemes discussed in this
most of the region for the case bf,=4 without BBN constraints  work, the final flux of high-energy cosmic tau neutrinos is
lie to the Ieft Of this point. As in Fig. 4, the aIIowed.region of the essentially comparable to that of non t@ctive) neutrinos,
LOW solution is a subset of that of the LMA solution. (h), A even if it is intrinsically negligible. This may, at least in
=0, the cases oN,=3 with SMA andN,=4 with BBN con-  principle, be useful to constrain the relevant nonstandard par-
S_tr(;i_"l‘t_sl rlﬁ\éfe §:)nnalflorrf|$é02a neeazmth_eg po.l?’l(t?\)/l.AF (a’;{a) \'/: (()VF)E ticle physics or astrophysics scenarios.
—0-1-5, Teregl Ses OV, = 3 Wit ! In this work, we have considered the effects of vacuum
above this point, whereas most of the region for the casbl,of tino fl ilati hiah . i
=4 without BBN constraints lie to the left of this point. neu _nno avor osciliations on high-energy cosmic neutrino
flux in the context of three as well as four flavors. These

ratio F(ve):F(v,):F(v,)=1:1:1, irrespective of which so- o0scillations result in an energy independent rat®,
lar solution is chosen. This is due to the fact that the intrinsiccN./Ng (a# B8,a=B=ve,v,,v,) of the number of
high-energy cosmic neutrino flux has the ratio events detected for the neutrino flavarsand g. It is so
Fo(ve):FO(vM):FO(vT)=1:2:0 and theoscillation of atmo- because the various neutrino flavor precession probabilities
spheric neutrinos is with maximal mixing whil&)5|><1. 1t given in Sec. ll[see Eq.(5) and Eq.(17)] are essentially
has been pointed o{i®] that the intrinsic flux of the cosmic independent of neutrino energy. In the following paragraph,
high-energy neutrinos may not have the standard ratiave briefly describe the prospects offered by the typicaf km
Fo(ve):FO(v,):F°(v,)=1:2:0, mainly because some of surface area underice or water neutrino telescopes which are
muons may lose their energy in a magnetic field. Here, wesurrently under construction or planning to possibly identify
discuss in a model independent way the consequences oftiae cosmic neutrino flavor and hence the raRqg [8].
generic  scenario  which is  characterized by We ignore the possible observational difference between
Fo(ve):FO(vﬂ):Fo(vT)=)\/3:1—)\/3:0, where\ is a free  cosmic neutrinos and anti neutrinos for simplicity in the fol-
parameter &\<1 (the standard ratio is obtained far  lowing discussion and assume that the flavor content in the
=1). cosmic neutrino flux is equally distributed because of
We have plotted the allowed region in Figgapand %b)  vacuum flavor oscillations. Several of the recent discussions
for \=1/2 and\ =0, respectively. We observe that the cos-suggest that the absorption of high-energy cosmic neutrino
mic high-energy neutrino flux with the nonstandard ratioflux by earth is neutrino flavor depend€i®]. The upward
gives relatively lower value of (ve). If relatively lower ~90ing electron and muon neutrino fluxes are significantly
value of cosmicy, flux is observed in the future experi- attenuated typically foE,>5x10" GeV, whereas the up-
ments, then it may imply that the possible oscillation sceWard going tau neutrinos with>E, may reach the detector
nario is the four neutrino scheme without BBN constraintsWith E<E, because of the short lifetime of the associated
and the intrinsic cosmic neutrino flux with the nonstandardtau lepton and may appear as a small pile up with fairly flat
ratio. Independent information on neutrino mixing param-Zenith angle dependence. FB¥ E,, the upward going cos-
eters as well as on relevant astrophysical inputs may bBlC neutrino event rates range typically m=“f,M~(9(101)

needed here to arrive at a more definite conclusion. whereasN,,T~ O(10) in units of per year per steradian for
typical kn? surface area neutrino telescopes, if one uses the
IV. RESULTS AND DISCUSSION current upper high-energy cosmic neutrino flux limig.

Let us note that foE=E,, presently the high-energy cosmic
geutrino fluxes from AGNs dominate above the atmospheric

(activel cosmic neutrino flavors because of vacuum flavorneutrlno background. For downward going high-energy cos-

mixing or oscillations, provided the astrophysical sources fof™c Neutrino flux, the event rate ranges WP'Ca”Y e,
these high-energy cosmic neutrinos are cosmologically dis= 0(101'3va#”0(102)' whereasN, ~O(10") in units of
tant, essentially irrespective of the neutrino flav@tsee or  per year per steradian for the same high-energy cosmic neu-
four). Nevertheless, this may not be the case if the intrinsidrino fluxes. ForE>E,, the downward going cosmic tau

In general, the final flux of high-energy cosmic neutrinos
is expected to be almost equally distributed among the thre

103007-6
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neutrinos typically produce a two bang event topology suclobservations of high-energy cosmic neutrino flavor ratio,
that the two bangs are connected by dike track. The size R,z or at least may constrain it meaningfully.

of the second bang is on the average a factor of two larger
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produce a single bang at these energies whereas the muonThe \work of H.A. is supported by the Japan Society for
neutrinos typically produce a single shower along with athe promotion of Science. The authors thank the hospitality
zipping u-like track in knf surface area neutrino telescopes. of the Summer Institute at Yamanashi, Japan, where this
Based on these rather distinct event topologies, cosmic newyyork was started. This research was supported in part by a
trino flavor identification may be conceivable. The aboveGrant-in-Aid for Scientific Research of the Ministry of Edu-
order of magnitude estimates indicate that the typicaf km cation, Science and Culture, Jap@No. 12047222, No.
surface area neutrino telescopes do offer some prospects f0640280.

[1] SuperK Collaboration, Y. Fukudat al, Phys. Rev. Lett81,

1562 (1998; Phys. Lett. B433 9 (1998; 436, 33 (1998;
Phys. Rev. Lett.82, 2430 (1999; Phys. Lett. B467, 185
(1999.

[2] V. S. Berezinsky and V. L. Ginzburg, Mon. Not. R. Astron.

Soc.194, 3(198); M. C. Begelman, B. Rudak, and M. Sikora,
Astrophys. J362 38(1990; F. W. Steckeret al, Phys. Rev.
Lett. 66, 2697 (1991); 69, 2738E) (1992; L. Nellen, K.
Mannheim, and P. L. Biermann, Phys. Rev. 4, 5270
(1993; A. P. Szabo and R. J. Protheroe, Astropart. Plays.
375 (19949; S. J. R. Battershy, B. Drolias, and J. J. Quenby,
ibid. 4, 151 (1995; E. Waxman and J. Bahcall, Phys. Rev.
Lett. 78, 2292(1997; Phys. Rev. D69, 023002(1999. For a
review article, see R. J. Protheroe, Nucl. Phy$PBoc. Supp).

77, 465(1999 and references cited therein.

[3] See, for a review, Thomas K. Gaisser, Francis Halzen, and

Todor Stanev, Phys. Re®58 173 (1995; 271, 355E)

Conference on Neutrino Physics and Astrophysisutrino
2000, 2000, Sudbury, Canada at URL http:/
ALUMNI.LAURENTIAN.CA/www/physics/nu2000/.

[8] T. J. Weiler et al, hep-ph/9411432; J. G. Learned and S.

Pakvasa, Astropart. Phy8, 267 (1999; F. Halzen and G.
Jaczko, Phys. Rev. B4, 2779(1996; R. Gandhi, C. Quigg,
M. H. Reno, and |. Sarcevic, Astropart. Phys.81 (1996);
Phys. Rev. D68, 093009(1998; F. Halzen and D. Saltzberg,
Phys. Rev. Lett81, 4305(1998; J. Capelleet al., Astropart.
Phys.8, 321(1998; J. Kwiecinski, A. D. Martin, and A. M.
Stasto, Phys. Rev. B9, 093002(1999; S. lyer, M. H. Reno,
and |. Sarcevic,ibid. 61, 053003 (2000; D. Fargion,
astro-ph/0002453 and references cited therein; F. Becattini and
S. Bottai, astro-ph/0003179; D. B. Cline and F. W. Stecker,
astro-ph/0003459; S. I. Dutta, M. H. Reno, and |. Sarcevic,
hep-ph/0005310; J. Alvarez-Mim F. Halzen, and D. W.
Hooper, Phys. Rev. B2, 093015(2000; H. Athar, G. Par-
ente, and E. Zasbid. 62, 093010(2000.

(1996, E. Zas, talk given in “Very High Energy Phenomena [9] Jag, P. Rachen, and P. Meaos, Phys. Rev. 58, 123005

in the Universe,” XXXlInd Rencontres de Moriond, 1997
(astro-ph/9704016and references cited therein.

Symposium, Sweden, Phys. S@i85, 117 (2000 and refer-
ences cited therein.

[5] J. G. Learned and S. Pakvasa in Ré&f.
[6] Preliminary results of this work were presented in the follow-[12] H. Minakata and A. Yu. Smirnov, Phys. Rev. B4, 3698

ing conferences: Sixth International Workshop on Topics in
Astroparticle and Underground Physi¢§AUP 99, 1999,
Paris, Francéto appear in its proceedings edited by M. Frois-
sart, J. Dumarchez, and D. Vignaud, hep-ph/9912417
scanned transparencies of the talk are available at URL http://
taup99.in2p3.frI TAUP99/Thursday/thursday.html; 9th Lom-
onosov Conference on Elemetary Particle Physics, 1999, Mos-
cow, Russidto appear in its proceedings edited by A. Studeni-

[10] See, for
[4] See, for example, E. Waxman, talk presented at the Nobel

(1998 and references cited therein.

instance, M. Anwar Mughal and H. Athar,
hep-ph/9806408; H. Athar, hep-ph/9901450; Astropart. Phys.
14, 217 (2000.

[11] C. Lunardini and A. Yu. Smirnov, Nucl. Phy®3583 260

(2000; and(in preparation

(1996; M. Roy, J. Phys. @2, L113(1996; G. Domokos and
S. Kovesi-Domokos, Phys. Lett. 810, 57 (1997); K. Enqgvist,

P. Keraen and J. Maalampibid. 438 295 (1999; P. Ker-

anen, J. Maalampi, and J. T. Peltonierbid. 461, 230(1999;

Athar Husain, Nucl. Phys. BProc. Supp). 76, 419(1999; S.

Sahu and V. M. Bannur, Mod. Phys. Lett.1&, 775(2000; H.

Athar and Jos&. Nieves, Phys. Rev. b1, 103001(2000 and

references cited therein.

kin, hep-ph/0001128; YITP Workshop on Theoretical Prob-[13] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. PR§s.

lems related to Neutrino Oscillations, 2000, Kyoto, Jafan
appear in its proceedings report, hep-ph/0004083rkshop
on Neutrino oscillations and their origin, 2000, Fujiyoshida,
Japan(to appear in its proceedings, hep-ph/000518th Asia
Pacific Physics ConferenddPPC 2000, 2000, Taipei, Tai-
wan (to appear in its proceedings, hep-ph/0008121; see also L.
Bento, P. Keraen, and J. Maalampi, Phys. Lett. 46, 205
(2000.

870(1962.

[14] M. Apollonio et al, Phys. Lett. B338 383(1998; 466, 415

(1999.

[15] O. Yasuda, Acta Phys. Pol. 80, 3089(1999.
[16] G. L. Fogli, E. Lisi, and G. Scioscia, Phys. Rev.92, 5334

(1995.

[17] J. Schechter and J. W. F. Valle, Phys. Rev22)2227(1980);

V. Bargeret al, Phys. Rev. Lett45, 692 (1980; V. Barger

[7] For recent updates on large high-energy neutrino detectors, see et al, Phys. Rev. D43, 1759(1991); D. O. Caldwell and R. N.
respective transparencies of presentations in 19th International ~Mohapatrajbid. 48, 3259(1993; J. T. Peltoniemi and J. W. F.

103007-7



H. ATHAR, M. JE?ABEK, AND O. YASUDA

Valle, Nucl. Phys.B406, 409 (1993; J. T. Peltoniemi, D.
Tommasini, and J. W. F. Valle, Phys. Lett.288 383(1993;
S. M. Bilenky and C. Giuntijbid. 320, 323(1994); Z. Phys. C
68, 495(1995; Z. G. Berezhiani and R. N. Mohapatra, Phys.
Rev. D52, 6607(1995; E. J. Chun, A. S. Joshipura, and A.
Yu. Smirnov, Phys. Lett. B57, 608(1995; R. Foot and R. R.
Volkas, Phys. Rev. 52, 6595(1995; Ernest Ma and Probir
Roy, ibid. 52, R4780 (1995; J. T. Peltoniemi,
hep-ph/9511323; E. J. Chun, A. S. Joshipura, and A. Yu. Smir-
nov, Phys. Rev. [54, 4654(1996; P. Krastev, S. T. Petcov,
and Q. Y. Liu,ibid. 54, 7057(1996; J. J. Gomez-Cadenas and
M. C. Gonzalez-Garcia, Z. Phys. T, 443(1996; K. Benakli
and A. Yu. Smirnov, Phys. Rev. Left9, 4314(1997; R. N.
Mohapatra, hep-ph/9711444; H. Nunokaeftal, Phys. Rev.
D 56, 1704(1997; V. Barger, K. Whisnant, and T. J. Weiler,
Phys. Lett. B427, 97 (1998; V. Bargeret al, Phys. Rev. D
58, 093016 (1998; J. R. Espinosa, Nucl. Phys. BProc.
Suppl) 62, 187 (1999; G. Cleaveret al, Phys. Rev. D57,
2701 (1998; M. Maris and S. T. Petcovibid. 58, 113008
(1998; Q. Y. Liu and A. Yu. Smirnov, Nucl. PhysB524,
5051(1998; D. O. Caldwell, Int. J. Mod. Phys. A3, 4409
(1998; N. Gauret al, Phys. Rev. D58, 071301(1998; B.
Bramachari and R. N. Mohapatra, Phys. Lett.4B7, 100
(1998; A. S. Joshipura and A. Yu. Smirnoibid. 439, 103
(1998; S. M. Bilenky, C. Giunti, and W. Grimus,
hep-ph/9809368; S. M. Bilenky, C. Giunti, and W. Grimus,
Phys. Rev. D68, 033001(1998; Prog. Part. Nucl. Phy43, 1
(1999; S. C. Gibbonst al,, Phys. Lett. B430, 296 (1998 E.
Ma, D. P. Roy, and U. Sarkaibid. 444, 391 (1998; N.
Fornengo, M. C. Gonzlez-Garcia, and J. W. F. Valle, Nucl.
Phys.B580, 58 (2000.

[18] S. Goswami, Phys. Rev. B5, 2931(1997).

[19] N. Okada and O. Yasuda, Int. J. Mod. Phys.1& 3669
(1997.

[20] S. M. Bilenky et al., Astropart. Phys11, 413(1999.

[21] LSND Collaboration, C. Athanassopoules$ al, Phys. Rev.
Lett. 77, 3082(1996; Phys. Rev. C54, 2685 (1996; Phys.
Rev. Lett.81, 1774(1998; Phys. Rev. (568, 2489(1998.

103007-8

PHYSICAL REVIEW D 62 103007

[22] R. Barbieri and A. Dolgov, Phys. Lett. B37, 440(1990; K.

Kainulainen,ibid. 244, 191 (1990; Nucl. Phys.B349 743
(199); K. Enqvist, K. Kainulainen, and M. Thomsoihid.
B373 498(1992; Phys. Lett. B288 145(1992; X. Shi, D. N.
Schramm, and B. D. Fields, Phys. Rev4B, 2563(1993.

[23] C. J. Copi, D. N. Schramm, and M. S. Turner, Phys. Rev. Lett.

75, 3981(1999; K. A. Olive and G. Steigman, Phys. Lett. B
354, 357(1999; P. J. Kernan and S. Sarkar, Phys. Re\64D
R3681(1996; S. Sarkar, Rep. Prog. Phy&9, 1 (1996; K. A.
Olive, talk at 5th International Workshop on Topics in Astro-
particle and Underground Physi¢§AUP 97), Gran Sasso,
Italy, 1997[Nucl. Phys. B(Proc. Supp). 70, 521 (1999]; K.

A. Olive, in Proceedings of 5th International Conference on
Physics Beyond the Standard Model, Balholm, Norway, 1997.

[24] B. Ackar et al, Nucl. Phys.B434, 503 (1995.
[25] L. Borodovskyet al, Phys. Rev. Lett68, 274 (1992.
[26] X. Shi, D. N. Schramm, and J. N. Bahcall, Phys. Rev. L&3f.

717(1992; V. Barger, R. J. N. Phillips, and K. Whisnatiitbjd.
69, 3135(1992; S. A. Bludmanet al, Phys. Rev. D47, 2220
(1993; L. M. Krauss, E. Gates, and M. White, Phys. Lett. B
299 95(1993; P. I. Krastev and S. T. Petcoihid. 299, 99
(1993; G. L. Fogli and E. Lisi, Astropart. Phy®, 91 (1994;
P. I. Krastev and A. Yu. Smirnov, Phys. Lett. 838 282
(19949; G. Fiorentiniet al,, Phys. Rev. D49, 6298(1994); N.
Hata and P. Langackeibid. 50, 632 (1994); E. Calabresu
et al, Astropart. Phys4, 159 (1999; P. I. Krastev and S. T.
Petcov, Nucl. PhysB449 605 (1999; P. I. Krastev, S. T.
Petcov, and L. Qiuyu, Phys. Rev. B4, 7057 (1996, P. I.
Krastev and S. T. Petcoihid. 53, 1665(1996); J. N. Bahcall,
P. I. Krastev, and A. Yu. Smirnovbid. 58, 096016(1998;
M. C. Gonzalez-Garciat al, Nucl. Phys.B573 3 (2000.

[27] T. Toshito, talk given at YITP Workshop on Theoretical Prob-

lems related to Neutrino Oscillations, 2000, Kyoto, Japan.

[28] CDHSW Collaboration, F. Dydagt al., Phys. Lett134B, 281

(1984.

[29] C. Giunti, M. C. Gonzalez-Garcia, and C."Re@aray, Phys.

Rev. D62, 013005(2000.

[30] O. Yasuda, Report No. TMUP-HEL-0010, hep-ph/0006319.



