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Searching for nµ\nt oscillations with extragalactic neutrinos
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We propose a novel approach for studyingnm→nt oscillations with extragalactic neutrinos. Active galactic
nuclei and gamma ray bursts are believed to be sources of ultrahigh energy muon neutrinos. With distances of
100 Mpc or more, they provide an unusually long baseline for possible detection ofnm→nt with mixing
parametersDm2 down to 10217 eV2, many orders of magnitude below the current accelerator experiments. By
solving the coupled transport equations, we show that high-energynt’s, as they propagate through the Earth,
cascade down in energy, producing the enhancement of the incomingnt flux in the low energy region, in
contrast with the high-energynm’s, which get absorbed. For an AGN quasar model we find thent flux to be
a factor of 2 to 2.5 larger than the incoming flux in the energy range between 102 GeV and 104 GeV, while for
a GRB fireball model, the enhancement is 10–27 % in the same energy range and for zero nadir angle. This
enhancement decreases with larger nadir angle, thus providing a novel way to search fornt appearance by
measuring the angular dependence of the muons. To illustrate how the cascade effect and thent final flux
depend on the steepness of the incomingnt , we show the energy and angular distributions for several generic
cases of the incoming tau neutrino flux,Fn

0;E2n for n51, 2 and 3.6. We show that for the incoming flux that
is not too steep, the signal for the appearance of high-energynt is the enhanced production of lower energym
and their distinctive angular dependence, due to the contribution from thet decay intom just below the
detector.

PACS number~s!: 96.40.Tv, 14.60.Pq, 98.54.Cm, 98.70.Rz
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Recent Super-Kamiokande~SuperK! measurements of th
low atmosphericnm /ne ratio and the strong zenith angle d
pendence of thenm events@1# suggest oscillations ofnm into
nt with the parameters sin22u.0.7 and 1.531023,Dm2

,1.531022 eV2 @1#. This is in agreement with previousl
reported results on the atmospheric anomaly by Kamioka
@2# and MACRO@3# and is consistent with limits from othe
experiments, e.g., CHOOZ@4#. Confirmation ofnm→nt os-
cillations and determination of neutrino mixing angles wou
be a crucial indication of the nature of physics beyond
standard model. The firmest confirmation of this hypothe
would be via detection oft leptons produced by charge
current interactions ofnt’s resulting from oscillations of
nm’s, which is extremely difficult with current neutrino ex
periments.

In this paper, we propose a study ofnm→nt oscillations
with extragalactic neutrinos. Large volume neutrino det
tors and the prospect of astrophysical neutrino sources punt

detection in the realm of possibility@5#. The large distances
involved for astrophysical sources, on the order of one
thousands of Megaparsecs, make the next generation of
trino experiments potentially sensitive to neutrino mass
ferences as low asDm2;10217 eV2 @6#. Over such long
baselines, half of the neutrinos arriving at the Earth would
nt’s in oscillation scenarios, the other half beingnm’s. By
observing bothnm andnt from extragalactic sources such
gamma ray bursts~GRBs! @7# and active galactic nucle
0556-2821/2000/61~5!/053003~4!/$15.00 61 0530
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~AGN! @8#, neutrino oscillation hypothesis would be co
firmed and models of these sources would be tested.

The effect of attenuation of the neutrino flux due to inte
actions of neutrinos in the Earth is qualitatively different f
nm andnt . Muon neutrinos are absorbed by charged curr
interactions, while tau neutrinos are regenerated by tau
cays. The Earth never becomes opaque tont , though the
effect of nt→t→nt interaction and decay processes is
degrade the energy of the incidentnt . The identical spectra
of nm and nt incident on the Earth emerge after passa
through the Earth with distinctly different spectra. The pre
erential penetration ofnt through the Earth is of great im
portance for high energy neutrino telescopes such
AMANDA, NESTOR and ANTARES.

We considernm and nt propagation through the Eart
using a similar procedure to the one outlined fornm in Ref.
@9#. We show that the energy spectrum of thent becomes
enhanced at low energy, providing a distinctive signature
its detection. The degree of enhancement depends on
initial neutrino flux. We consider initial fluxesFn

0;E2n for
n51,2,3.6, a GRB flux@7# and an AGN flux@8#. We solve
the coupled transport equations for lepton and neutr
fluxes as indicated below.

Let Fnt
(E,X) and Ft(E,X) be the differential energy

spectrum of tau neutrinos and tau respectively at a colu
depthX in the medium defined by

X5E
0

L

r~L8!dL8,
©2000 The American Physical Society03-1
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wherer(L) is the density of the medium at a distanceL from
the boundary measured along the neutrino beam path. T
one can derive the following cascade equation for neutri
as

]Fnt
~E,X!

]X
52

Fnt
~E,X!

lnt
~E!

1E
E

`

dEyFFnt
~Ey ,X!

lnt
~Ey! G dn

dE

3~ntN→ntX;Ey ,E!

1E
E

`

dEyFFt~Ey ,X!

rt
dec~Ey!

G dn

dE

3~t→ntX;Ey ,E!1E
E

`

dEyFFt~Ey ,X!

lt~Ey! G dn

dE

3~tN→ntX;Ey ,E! ~1!

and for taus as

]Ft~E,X!

]X
52

Ft~E,X!

lt~E!
2

Ft~E,X!

rt
dec~E,X,u!

1E
E

`

dEyFFnt
~Ey ,X!

lnt
~Ey! G dn

dE
~ntN→tX;Ey ,E!.

~2!

The first term in Eq.~1! is a loss due to the neutrin
interactions, the second is the regeneration term due to
neutral current, the third term is a contribution due to the
decay and the last term is the contribution due to tau in
actions.

In Eq. ~2!, the first term is a loss due to tau interaction
the second term is a loss due to the tau decay, while the
term is a contribution from neutrino charged current inter
tions. Tau decays are more important than tau interaction
the energies considered here, below 106 GeV. Tau charged
current interaction length and the photonuclear interac
length both become comparable to the tau decay lengt
E.108 GeV. The tau energy loss, in principle, affects t
shape of the tau neutrino energy spectrum by enhancing
lower energy part@10#. However, for the fluxes that we con
sider, which are quite steep at energies above 108 GeV, this
effect is negligible. Thus, we neglect the tau interact
terms in Eqs.~1! and ~2! in what follows.

Here l(E) is the interaction length andrt
dec(E,X,u) is

the decay length for tau. They are defined as

1

ln~E!
5(

T
NTsnT

tot~E!,

rt
dec~E,X,u!5gczt%~X,u!
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whereNT is the number of scatterersT in 1 g of themedium,
snT

tot(E) is the total cross section for thenT interactions and
the sum is over all scatterer types (T5N,e, . . . ), zt is the
mean lifetime of tau and% is the density of matter in the
earth. Scatterings of neutrinos and taus with nucleons~N! are
most important, so we approximate

1

ln~E!
.N0snN

tot~E!,

whereN0 is Avogadro’s number. We use the CTEQ5 part
distribution functions to evaluate neutrino cross sectio
@11#. We have previously calculated charged and neutral c
rent energy distributions,dn/dE, and the total cross section
snT

tot(E) taking into account recent improvements in o
knowledge of the small-x behavior of the structure functio
@12#.

To simplify the solution to the equation for the tau flu
we approximate theX andu dependent density of the eart
by the average of the density along the column depth
angleu:

%~X,u!.%avg~u!.

Following Ref. @9#, let us define the effective absorptio
lengthLn(E,X) by

Fn~E,X!5Fn
0~E!expF2

X

Ln~E,X!G . ~3!

It is convenient to define

Ln~E,X!5
ln~E!

12Zn~E,X!
~4!

whereZn(E,X) is a positive function~we will call it Z factor
in analogy with the hadronic cascade theory! which contains
the complete information about neutrino interaction and
generation in matter.

Assuming that there is no significant contribution to t
neutrino flux from decaying particles~as would be the case
for muon neutrinos! using the above equation we can find
implicit equation forZ from the transport equation@9#,

Zn~E,X!5E
0

1

hn~y,E!Fn
nc~y,E!F12e2XDn(E,Ey ,X)

XDn~E,Ey ,X! Gdy,

~5!

where

Dn~E,Ey ,X!5
1

Ln~Ey ,X!
2

1

Ln~E,X!

hn~y,E!5
Fn

0~Ey!

Fn
0~E!~12y!

dsnN→nX~y,Ey!

dy
5Fn

nc~y,E!snN
tot~E!
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and dsnN→nX(y,E)/dy is the differential cross section fo
the inclusive reactionnN→nX ~with Ey the incoming neu-
trino energy andy the fraction of energy lost! and Ey
[E/(12y).

Naumov and Perrone@9# have shown that by iteratively
evaluating Eq.~5!, starting with Z(0)50, the solution for
muon neutrinos quickly converges for a wide range of st
ing fluxes.

By a similar procedure, the coupled differential equatio
for tau neutrinos including tau production and decay can
iteratively solved. The tau flux generated by charged curr
interactions including the loss term due to its decay is

Ft~E,X!

Fn
0~E!

5expF2
X

rt
dec~E,u!

G E
0

XE
0

1Fn
cc~y,E!

ln~E!
hn~y,E!

3expF2
X8

Ln~Ey ,X8!
GexpF X8

rt
dec~E,u!

GdX8dy.

~6!

The Z factor for the tau neutrino flux is then

Z5Zn1Zt ~7!

whereZn is given by Eq.~5! and

Zt5F 1

XG E
0

XE
0

1 ln~E!

rt
dec~E,u!

Fn
dec~y,E!hn~y,E!

3expF2
X8

Ln~Ey ,X8!
GFt~Ey ,X8!

Fn
0~Ey!

dX8dy. ~8!

We include decay modes inFn
dec(y,E) as in Ref.@13# and

a constant energy distribution for the remaining branch
fraction not included there. In Eqs.~5! and~8!, theZ factors
implicit in Ln areZ5Zn1Zt .

In the iterative solution of the equation forZ, one has the
option of picking the initial valueZ(0). We have chosen the
X and E dependent solution to the cascade equation for
nm flux, namely the solution to Eq.~5!.

To demonstrate the importance of regeneration of tau n
trinos from tau decays, we evaluate the tau neutrino flux
several input neutrino spectra and compare to the attenu
nm flux. For the incoming neutrino spectrum we use@9#

Fn
0~E!5KS E0

E D n

fS E

Ecut
D , ~9!

whereK, n, E0 andEcut are parameters andf(t) is a func-
tion equal to 0 att>1 and 1 att!1. We usef(t)51/@1
1tan(pt/2)# (t,1) and Ecut5331010 GeV and E051
PeV. Forn51, we introduce a smooth cutoff by multiplyin
Eq. ~9! by a factor (11E/E0)22 and by settingE05100
PeV. To evaluate the depth as a function of nadir angle,
density profile of the earth described in Ref.@12# is used.

In Fig. 1 we show the nadir angle dependence of the ra
of the fluxes calculated via Eqs.~1!–~8! to the input flux
Fn

0(E). All fluxes are evaluated as a function of nadir ang
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at theX value for the surface of the earth and for energ
104 GeV, 105 GeV and 106 GeV for nm and nt assuming
Fn

0(E) given by Eq.~9!. For an incoming flux,n51, we find
that thent flux is enhanced~relative to the incomingnt flux!
for all nadir angles forEnt

5104 GeV and 105 GeV, and for

u.50° for Ent
5106 GeV. The peak of the enhanceme

gets shifted toward the higher nadir angles as the ene
increases. This is due to the fact that high energynt can
remain high energy if the column depth is small, i.e. for lar
nadir angles. In case of the steeper incoming flux,n52, we
find that nt’s are less attenuated than thenm’s, and the ex-
pected enhancement at low energy is not evident due to
steepness of the flux. For even steeper flux,n53.6, the dif-
ference betweennt andnm flux is very small.

In Fig. 2 we show the energy dependence of the ratio
fluxes for nadir anglesu50, u530° andu560° for nm and
nt with Fn

0(E) given by Eq.~9!. For small nadir angles,u
50 and 30° andFn

0(E);1/E we find that enhancement o
tau neutrinos is in the energy range of 102 GeV and 105

GeV, while for u560°, the enhancement extends up to 16

FIG. 1. The nadir angle dependence of the ratio of fluxes
energies 104 GeV, 105 GeV and 106 GeV for thenm andnt assum-
ing Fn

0(E);E2n with n51, 2 and 3.6.

FIG. 2. The energy dependence of the ratio of fluxes for na
anglesu50, u530° andu560° for nm and nt assumingFn

0(E)
;E2n with n51, 2 and 3.6.
3-3
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GeV. In contrast thenm flux is attenuated for all the nadi
angles. When the incoming flux is steeper,n52, thent flux
appears to be attenuated at high energies, although less
thenm flux. For n53.6, the energy dependence of these t
fluxes is very similar, they are both reduced at high energ
and the effect is stronger for smaller nadir angle, since in
case the column depth is larger and there are more cha
current interactions possible.

In case of the AGN quasar model@8#, we find that thent
flux is a factor of 2 to 2.5 times larger than the input flux, f
nadir angle,u50. This is shown in Fig. 3. For larger angle
the effect is smaller. Detection of AGN neutrinos would
optimal for small nadir angles and fornt with energy of 102

GeV to 104 GeV.
We also present results for thent flux for the case of GRB

fireball model@7#. We find that due to the steepness of t
input flux for Ent

.100 TeV, thent flux is enhanced only by
about 10–27%, depending on the energy and nadir angle
show the energy spectrum of the ratio ofnt flux to the input
flux Fn

0 in Fig. 4.
We expect that the next generation of neutrino telesco

will be able to detect the high energy neutrinos from AG
and GRBs. We have previously shown that most of the
tragalactic neutrino fluxes exceed the atmospheric neut
background for neutrino energy greater than;10 TeV which
may enable the detection of the extragalactic neutrinos@12#.
Detection of PeVnt might be possible via ‘‘double-bang’
events, namely a big hadronic shower from the incomingnt
charged-current interaction, at track and after about 100 m
another big particle cascade from thet decay@5#.

FIG. 3. The energy dependence of the ratio of fluxes fo
Stecker-Salamon AGN model@8#.
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For TeV energies, searches fornt appearance would look
for enhanced muon rates. The enhanced rates of muons c
from muonic decays of thet produced bynt charged current
interactions in or near the instrumented detector volume.
muon rates would be enhanced at low energy (;102100
TeV! and for small nadir angles. In the case of an AG
quasar model, we find that thent flux enhancement is very
distinct, while for a GRB fireball model, the effect is on
10–27%. This is due to the fact that GRB inputnt flux is
much steeper, thus there are not many high-energynt’s that
would contribute to the enhancement at low energy. We h
also shown that the low energy pile up is significant only
incoming fluxes that are less steep than 1/E2 in the high
energy region. For an incoming flux which is proportional
1/E, we find the angular distribution ofnt’s to be signifi-
cantly different than for thenm’s.

We have proposed a novel way of detecting appearanc
extragalactic high-energynt by measuring the angular an
energy distribution of muons with energy above 10 Te
This would give an experimental signature ofnm→nt oscil-
lations withDm2 as low as 10217 eV2.
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FIG. 4. The energy dependence of the ratio of the fluxes fo
Waxman-Bahcall GRB model@7#.
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