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Tracing very high energy neutrinos from cosmological distances in ice
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Astrophysical sources of ultrahigh energy neutrinos yield tau neutrino fluxes due to neutrino oscillations. We
study in detail the contribution of tau neutrinos with energies above 106 GeV relative to the contribution of the
other flavors. We consider several different initial neutrino fluxes and include tau neutrino regeneration in
transit through the Earth and the energy loss of charged leptons. We discuss the signals of tau neutrinos in
detectors such as IceCube, RICE, and ANITA.
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I. INTRODUCTION

Very high energy neutrinos can be unique probes of b
astrophysics and particle physics. They point back to th
sources, escape from the most extreme environments,
have energies much higher than those available in collid

The SuperKamiokande experimental data on atmosph
neutrinos@1# show evidence of nearly maximalnm↔nt mix-
ing. As a result, astrophysical sources ofnm become sources
of nm andnt in equal proportions after oscillations over a
tronomical distances@2#. We do not differentiate betwee
neutrinos and antineutrinos, since they cannot be dis
guished experimentally. The neutral current cross sect
for nm andnt are identical, and above;1 TeV the charged
current cross sections are identical as well. Nevertheless,
nals fromnt have the potential to contribute differently from
the nm’s because their propagation through matter is diff
ent. Tau neutrinos produce tau leptons via charged cur
interactions in the Earth. Having a short lifetime, the t
leptons decay, producingnt , which then interact and pro
ducet, resulting in a cascade that producesnt and t with
energies lower than the original flux@3,4#. The leptonic tau
decays also produce secondarynm andne neutrinos@23#. All
neutrinos from this cascade can then interact in the dete
The decays of taus in the detector also contribute to the
nal @5,6#. For muons, the electromagnetic energy lo
coupled with the long muon lifetime make regeneration
nm from muon decay negligible, and high energynm’s get
large attenuation as they propagate through the Earth.

Signals of neutrino interactions in the rock below the
or in the ice depend on the energy and flavor of the neutr
Muon neutrino charged current~CC! conversions to muons
are noted by the Cherenkov signal of upward going muon
a detector such as IceCube@7#. High energy electromagneti
showers fromne→e CC interactions produce Cherenko
radiation which is coherent for radio wavelengths@8#. The
Radio Ice Cherenkov Experiment~RICE! has put limits on
incident isotropic electron neutrino fluxes which produ
downward-going electromagnetic showers@9#. The Antarctic
Impulsive Transient Antenna~ANITA ! also uses the ice as
neutrino converter@10#. These balloon missions will monito
the ice sheet for refracted radio frequency signals with
effective telescope area of 13106 km2. All flavors of neu-
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trinos produce hadronic showers. In addition, tau dec
contribute to both electromagnetic and hadronic showers
could be detected by IceCube, RICE, or ANITA.

In this paper, we investigate the effect ofnt regeneration
from tau decays and tau energy loss for neutrinos with en
gies above 106 GeV, with a particular interest in the highe
energy range relevant for RICE and ANITA. Attenuatio
shadows most of the upward-going solid angle for neutrin
so we concentrate on incident neutrinos which are ne
horizontal or slightly upward going. Considering the corre
propagation of tau neutrinos is important for a number
reasons. The effective volume for the detection ofnt is larger
than for the other flavors due to the regeneration effects.
initial interaction happens far outside the detector, but
neutrinos~taus! produced in the neutrino interaction–tau d
cay cascade interact~decay! inside the detector. This can lea
to enhanced event rates for particular energies and traje
ries. The regenerated neutrinos and taus contribute, howe
at lower energies than the initial ones, so a detailed qua
tative analysis is necessary to understand where the re
eration effects are significant. In addition to the possible
hancement in the rates, a good discrimination between al
different neutrino flavors is important. The flavor compo
tion of the detected neutrino fluxes could provide a be
understanding of the sources of such neutrinos and neu
properties. The separate identification of each flavor could
important for this purpose@11#.

We illustrate our results with a variety of fluxes. We co
centrate our analysis on the flux of Greisen-Zatsepin-Kuzm
~GZK! neutrinos@12#. These are produced in the decay
pions from the interaction of cosmic ray protons with t
background microwave photons, so they are a ‘‘guarante
source. In addition, they are expected to dominate the n
trino flux at energies for which the radio Cherenkov dete
tion methods are most sensitive if theZ burst model dis-
cussed below is not an explanation of the highest ene
cosmic rays. Detection of GZK neutrinos could be essen
for the understanding of very high energy cosmic ray p
tons. The normalization of the GZK flux is somewhat unc
tain. Our results are based on a conservative value, w
considers ‘‘standard’’ cosmological evolution@12#. For
‘‘strong’’ source evolution the same general behavior of t
flux is valid, but the flux is a factor of 4 higher, leading
©2004 The American Physical Society04-1
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higher rates. Other studies@13# obtain fluxes different by up
to one order of magnitude. Since the normalization we us
the smallest, our results are conservative and rates could
tually be higher.

In order to discuss how the results depend on the shap
the initial flux, we also show two generic distributions 1E
and 1/E2. The 1/E flux describes well the neutrinos fromZ
burst models@14,15#. Z burst models could explain the high
est energy cosmic rays by extremely high energy neutri
scattering on nearby massive relic neutrinos. We also s
results for the neutrino fluxes from active galactic nuc
~AGN! for the model in Ref.@16#. This flux has an approxi-
mate 1/E2 behavior for E5106–109 GeV, so toward the
lower end of that energy range our 1/E2 results apply. All of
the fluxes used in our analysis are shown in Fig. 1, excep
the 1/E2 distribution, which would correspond to just a hor
zontal line.

In the following section we describe our methods of co
puting the fluxes of neutrinos and charged leptons a
propagation through the Earth. In Sec. III we discuss
effect of regeneration and lepton energy loss on the prop
tion of the initial neutrino fluxes. In Sec. IV we present o
results for the distributions of electromagnetic and hadro
showers from tau decays and neutrino interactions rele
to the different types of experiments. Other recent pap
@5,17# have focused on IceCube detection or on air show
Related work was recently presented at ICRC 2003@18#.
Here, we consider IceCube, as well as RICE and ANIT
which also use the ice as detector and have higher en
sensitivities. In the case of ANITA, one has dramatica
longer trajectories through the ice to consider.

II. NEUTRINO AND CHARGED LEPTON PROPAGATION

Neutrino attenuation and regeneration are governed by
teraction lengths and decay lengths. In Fig. 2, we show
neutrino interaction length~in water equivalent distance!, as
well as the tau decay length and the effective decay len
when one includes the tau energy loss in water@19,20#.

The upper curve for the neutrino interaction length
equally applicable to antineutrinos, since at high energies
neutrino and antineutrino cross sections with nucleons

FIG. 1. ~Color online! Initial neutrino fluxes.
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essentially equal because the cross sections are sea
dominated. The neutral current contribution to the total cr
section is about 1/2 of the charged current contribution.

To compare the interaction lengths with physical d
tances, we note thatD52R%cosur.63108 cm water
equivalent~w.e.! for u580° andD.23107 cm w.e. foru
589° whereR% 56.373108 cm is the radius of the Earth
Neutrino attenuation is clearly an important effect, even
nearly horizontal incident neutrinos. In the figures below,
mainly show results for a nadir angle of 85° where atten
tion and regeneration effects in the propagation ofnt’s are in
effect without dramatically reducing the flux. We also com
pare fluxes with those from incident 80° and 89° na
angles.

The effective decay length of the tau shows that, for e
ergies above about 108 GeV, the tau is more likely to inter-
act electromagnetically than to decay@20#. For an initial tau
energy of 1012 GeV, the average energy just before it deca
is a few3108 GeV, depending on the density of the mater
the tau is passing through. Its effective decay length is
order 50 km in water. We use a density ofr50.9 g/cm3 for
ice.

For tau neutrinos, we take into account the attenuation
charged current interactions, the shift in energy due to n
tral current interactions, and the regeneration from tau de
For tau leptons we consider their production in charged c
rent nt interactions, and their decay, as well as electrom
netic energy loss. The tau neutrino and tau fluxes satisfy
following transport equations:

]Fnt
~E,X!

]X
52NAs tot~E!Fnt

~E,X!

1NAE
E

`

dEyFnt
~Ey ,X!

dsNC

dE
~Ey ,E!

1E
E

`

dEy

Ft~E,X!

lt
dec

dn

dE
~Ey ,E!, ~1!

FIG. 2. Neutrino interaction length~solid line! and tau effective
decay length neglecting energy loss~dashed line! and including
electromagnetic energy loss in water~solid line!.
4-2
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]Ft~E,X!

]X
52

Ft~E,X!

lt
dec~E,X,u!

1NAE
E

`

dEyFnt
~Ey ,X!

dsCC

dE
~Ey ,E!, ~2!

2
dEt

dX
5a1bEt . ~3!

Here Fnt
(E,X)5dNnt

/dE and Ft(E,X)5dNt /dE are the
differential energy spectra of tau neutrinos and taus, res
tively, for lepton energyE, at a column depthX in the me-
dium defined by

X5E
0

L

r~L8!dL8. ~4!

We use the average densityr(L) of the medium along the
neutrino path, as given by the preliminary earth model@21#.
We note that Antarctica is covered by a sheet of ice wit
few kilometers thickness, so that some of the neutrino tra
tories can go mostly or even entirely through ice rather th
rock. For the neutrino interaction cross sections we
CTEQ6 parton distribution functions@22# and their extrapola-
tion in the regions of interest to us@19#. The decay length of
the tau islt

dec(E,X,u)5gcttr. We use the decay distribu
tions dn/dE written explicitly in Ref. @4#, and we approxi-
mate the energy distribution of the neutrino interaction p
cess byds/dy(E,y).s(E)d(y2^y&) with y5(E2E8)/E
for incident neutrino energyE and outgoing lepton energyE8
and ^y&50.2.

Equation~3! describes the approximate energy loss of
tau. The parametera is determined by the ionization energ
loss and is negligible at high energy. The parameterb is due
to radiative energy loss through bremsstrahlung, pair prod
tion, and photonuclear scattering. The photonuclear sca
ing becomes dominant at very high energies. As a first
proximation we useb50.831026 cm2/g for the t energy
loss. There is a negligible change (& a few percent! if one
uses a more realisticb(E)5@0.1610.069 log10(Et /GeV)#
31026 cm2/g @20#, except at very high energies (Et
.1010 GeV), where the flux is extremely low. We use a
energy loss parameterb5731026 cm2/g for the muons.

It should be added here that forn̄e the additional scatter
ing on electrons should be considered because of theW bo-
son resonance at 6.33106 GeV. However, this resonance
extremely narrow~narrower than the energy resolution of th
experiments! and it contributes a negligible amount to tot
rates@6,19#.

In @23# it was pointed out that the secondary fluxes ofn̄e

and n̄m from the tau decays could also have a signific
contribution for a flux of monoenergetic neutrinos. In@24# it
was shown, however, that secondary neutrinos have a n
gible contribution for large nadir angles~i.e., foru.60°) for
generic initial neutrino fluxes 1/E and 1/E2. The fluxes of
secondary neutrinos are described by a transport equa
similar to Eq.~1!, with the decay distributiondn/dE charac-
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teristic of each of the secondary neutrinos, and we inclu
them here, even though they are very small.

III. NEUTRINO AND TAU FLUXES

From Eqs.~1!–~3! for t ’s, and from suitably modified
equations for muons, we evaluate the charged lepton flu
at the end of the trajectory of a neutrino incident with na
angleu.

For most astrophysical sources, the neutrinos are p
duced in pion decays, which determine the flavor ra
ne :nm :nt to be 1:2:0.After propagation over very long
distances, neutrino oscillations change this ratio to1:1:1
because of the maximalnm↔nt mixing. For the GZK flux,
the ne and nm incident fluxes are different because of th
additional contributions fromn̄e from neutron decays andne
from m1 decays@12#. Because of this, the flavor ratio at th
Earth is affected by the full three-flavor mixing and is diffe
ent from 1:1:1. Given fluxes at the sourceFne

0 , Fnm

0 , and

Fnt

0 , the fluxes at the Earth become

Fne
5Fne

0 2 1
4 sin22u12~2Fne

0 2Fnm

0 2Fnt

0 !, ~5!

Fnm
5Fnt

5 1
2 ~Fnm

0 1Fnt

0 !

1 1
8 sin22u12~2Fne

0 2Fnm

0 2Fnt

0 !, ~6!

where u12 is the mixing angle relevant for solar neutrin
oscillations. We have assumed thatu23, the mixing angle
relevant for atmospheric neutrino oscillations, is maxim
and u13 is very small, as shown by reactor experiments,
well as atmospheric and solar data. We use the initial G
flux evaluated by Engel, Seckel, and Stanev@12# for standard
evolution and we get the fluxes at the Earth from Eqs.~5!
and ~6!. The fluxes ofnm and nt are still equal, due to the
maximalnm↔nt mixing. The main effect of the three-flavo
oscillations is to transform some of the low energyne’s into
nm andnt . This could be useful since IceCube has very go
sensitivity for detecting tracks, which are enhanced in t
case.

To illustrate the effect of the charged lepton lifetime a
electromagnetic energy loss in propagation, we begin w
muon and tau distributions. Figure 3 shows the tau and m
distributions for the GZK neutrinos at the end of the traje
tory through the Earth with a nadir angle of 85°, with an
without taking into account the energy loss of the charg
lepton. As noted above, the incidentnm and nt fluxes are
equal. It is clear from here that the energy loss is extrem
important and strongly limits the fluxes at very high energ
Including energy loss, the difference between thet and m
fluxes above 107 GeV comes from thent pileup from inter-
action and regeneration, as well as to the difference in de
length and energy loss for taus and muons. Most of
charged leptons are produced in the last step of neut
propagation. The muon flux below 107 GeV dominates the
tau flux because of the much longer decay length of
muon.
4-3
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Figure 4 shows the distribution ofnt , nm , andne fluxes
after propagation through the Earth for the same initial fl
and angle. Forne and nm the transport equations are effe
tively decoupled from those of the charged leptons and t
propagation is given by Eq.~1! in which the last term is no
present. On the same figure we show the flux of second
nm neutrinos, which is the same as that of the secondaryne .
It can be seen that their contribution is negligible, with ma
mum corrections of the order of a few percent arou
107 GeV and much smaller for most energies. At larger na
angles, the secondary neutrino contribution will be an e
smaller fraction of thene and nm fluxes. At smaller nadir
angles, the secondary flux will be a larger percentage of
overall neutrino flux, but the flux will become more strong
attenuated.

Figure 5 shows the sament distribution as in the previous
figure, together with the distributions obtained if the ene
loss of tau leptons or the shift in energy due to neutral c
rent is not included in the propagation. Electromagnetic
ergy loss is extremely important at energies above 108 GeV,
and this effect causes strong suppression of the neu
fluxes at very high energy. If the tau did not lose energy in
propagation, the regeneration effect would be much bigge

FIG. 3. ~Color online! Charged lepton distributions for GZK
neutrinos, at a nadir angle of 85°.

FIG. 4. ~Color online! Neutrino distributions for GZK neutrinos
at a nadir angle of 85°.
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high energy. Thent→t→nt regeneration is a significant ef
fect for energies between 106 and 108 GeV, as can be see
more clearly in Fig. 7 below. The neutral current interactio
of the neutrinos are also very important, as can be see
Fig. 5 by comparing the flux ofnt after correct propagation
with a simple attenuation with exp@2D/L int

n (E)# for column
depthD and interaction lengthL evaluated using the charge
current cross section. The difference can be as large as
orders of magnitude at very high energy.

Figure 6 shows thet and nt distributions for the same
initial neutrino flux, but for different nadir angles. As th
neutrinos pass through more matter, the regeneration eff
become relatively more important, but the overall fluxes
significantly attenuated. At a nadir angle of 80° the Earth
already opaque to neutrinos with energies above 1010 GeV.

Figure 7 shows the ratio of the tau neutrino flux aft
propagation to the incident tau neutrino flux, for 89°, 85
and 80°. This ratio illustrates a combination of the regene
tion of nt due to tau decay and the attenuation of all neutr
fluxes. For 89°, where both the total distance and the den
are smaller, the attenuation is less dramatic, and the flux
be significant even at high energy. The regeneration in
case can add about 25% corrections at energies between7

FIG. 5. ~Color online! Tau neutrino distributions for the GZK
flux, at a nadir angle of 85°.

FIG. 6. ~Color online! The t andnt distributions for GZK neu-
trinos for different nadir angles.
4-4
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and 108 GeV. For 85° the relative enhancement is arou
80% and peaked at slightly lower energies, while at 80° i
almost a factor of 3 at low energy. At 80°, however, the fl
is very strongly attenuated for energies above a f
3107 GeV.

It is already clear from Fig. 7 that the total rates will b
dominated by the nearly horizontal trajectories that
through a small amount of matter. The largest pileups oc
when the trajectory of the neutrino passes through a la
column depth. For the higher energies relevant to RICE
ANITA, this does not translate to higher fluxes ofnt’s. At-
tenuation is the main effect at those energies. Rates can
significant enhancements at low energies where the regen
tion from tau decays adds an important contribution even
longer trajectories.

IV. SHOWERS

The above distributions illustrate the effects of the pro
gation through matter on the initial neutrino fluxes. We no
turn to the experimentally relevant observables, which
the showers.

We consider hadronic showers produced innt interac-
tions, as well as electromagnetic and hadronic showers f
t decays in ice. All other flavors of neutrinos will contribu
to the hadronic showers, whilene will also contribute to
electromagnetic showers. The shower distributions will
different for each type of experiment, depending on the
tector setup.

We start by considering contributions to electromagne
and hadronic showers in a depth of;1 km of ice, relevant
for experiments like IceCube and RICE.

We use Eqs.~1!–~3! and the corresponding ones fore and
m flavors to obtain the tau and neutrino distributions@Ft(Et)
andFn(En)] after propagation up to the last few kilomete
of ice. We then estimate the shower distributions that
produced over the distanced; few km. The contributions of
neutral currents and regeneration over a few kilometer
small and here we neglect them for the last part of the
jectory, which is where the showering takes place. This
no longer be done when showers are detected over long

FIG. 7. ~Color online! Rationt
f inal/nt

init ial for GZK neutrinos, at
nadir angles of 80°, 85°, and 89°.
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tances, as will be the case for ANITA.
There are two contributions to electromagnetic show

from tau decays. One is from the decay of the taus produ
outside the detector that decay electromagnetically inside
detector, giving ‘‘lollipop’’ events in IceCube and electro
magnetic showers in RICE. The distribution of these show
is given as a function of the energy of the electron produ
in the decays by

Fsh,t
em,1~Ee!5E

Ee

Emax
dEtE

0

dr

dxFt~Et!e
2x/lt

dec(Ete2bx)

3
1

lt
dec~Ete

2bx!

dnt→e

dEe
~Ete

2bx,Ee!, ~7!

whereF(E)[dN/dE is the flux of taus just before the fina
column depthd in ice andr50.9 g/cm3 is the density of ice.
For negligible energy loss~which is a very good approxima
tion below 109 GeV in 1 km of ice! this becomes

Fsh,t
em,1~Ee!5E

Ee

Emax
dEtFt~Et!~12e2dr/lt

dec(Et)!

3
dnt→e

dEe
~Et ,Ee!. ~8!

The other contribution comes from the taus that are produ
and decay electromagnetically inside the detector.
IceCube these correspond to ‘‘double bang’’ events. The
tribution is obtained from

Fsh,t
em,2~Ee!5E

0

dr

dxE
x

dr

dyE
Ee

Emax
dEnt

E
Ee

En
dEtFnt

~Ent
!

3e2xNAsCC(En)NA

dsCC

dEt
~Ent

,Et!

3e2y/lt
dec(Ete2by)

1

lt
dec~Ete

2by!

3
dnt→e

dEe
~Ee ,Ete

2by!. ~9!

When energy loss is negligible, this becomes

Fsh,t
em,2~Ee!

5E
Ee

Emax
dEnt

E
Ee

En
dEtFnt

~Ent
!NA

dsCC

dEt
~Ent

,Et!

3
dnt→e

dEe
~Ee ,Et!S 1

NAsCC~Ent
!11/lt

dec~Et!

3~12e2dr[NAsCC(Ent
)11/lt

dec(Et)] !

2
1

NAsCC~Ent
!
e2dr/lt

dec(Et)~12e2drNAsCC(Ent
)!D .

~10!
4-5
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The main source of electromagnetic showers comes f
the ne charged current interactions given by

Fsh,n
em 5E

Ee

Emax
dEnFn~En!~12e2drNAsCC(En)!

3
1

sCC~En!

dsCC

dEe
~En ,Ee!. ~11!

Hadronic showers from tau decays are given by Eq.~8! with
the electrons replaced by hadrons.

The hadronic showers fromnt interactions are given by

Fsh,n
h 5E

Eh

Emax
dEnFn~En!~12e2drNAs(En)!

3
1

s~En!

ds

dEh
~En ,Eh!. ~12!

In Eq. ~12!, s is the total cross section and the hadron
energy comes from the energy transfer to the target nucl

Hadronic showers are also produced innm andne neutral
current and charged current interactions. These are also
tained from Eq.~12!, using the corresponding fluxes.

We briefly describe below all types of interactions a
their signatures in the various experiments. We then sh
shower distributions relevant in each case.

A. Showers in kilometer size detectors: IceCube, RICE

A km3 Cherenkov detector in ice, IceCube@7# has sensi-
tivity to high energy neutrinos up to;108–109 GeV, the
energy range where distinguishing the effects of tau neu
nos from muon and electron neutrinos could be possible

Neutral current interactions of all types of neutrinos p
duce hadronic showers. Charged current interactions one
contribute to both hadronic and electromagnetic shower
is likely that IceCube would observe a big shower with t
total energy of the incoming neutrino rather than being a
to separate the two components~hadronic and electromag
netic!. Charged current interactions ofnm give a hadronic
shower and a muon. The muon track is the main signa
IceCube, so these events are easily identifiable, containi
shower and a long track emerging from it. At high energi
however, the same signal could be produced by ant interac-
tion, since the decay length of the tau becomes longer t
the size of the detector for energies above a few tim
107 GeV.

Charged currentnt interactions can have very differen
signatures depending on energy. At 106 GeV, the tau decay
length is;50 m, and the shower~hadronic or electromag
netic! from the tau decay cannot be separated from the h
ronic shower from the initialnt interaction. At a few times
106 GeV the range of the tau becomes a few hundred me
and can give the characteristic signal of the ‘‘double ban
events@25#. These are events where the shower from
neutrino interaction and the shower from the tau decay
be separated and are both observed in the detector, tog
with the tau track. At a few times 107 GeV the tau decay
03300
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length is already longer than 1 km, and the taus look l
muons. What is seen is the shower from the neutrino in
action and then a track.

Taus produced in neutrino interactions outside the de
tor can generate ‘‘lollipop’’ events. The initial shower from
the neutrino interaction that produces the tau is missed,
what is seen is the track of the tau and the shower from
decay, which IceCube can identify as electromagnetic
hadronic from the existence of muon tracks in the showe

RICE @9# uses dipole antennas in the Antarctic ice to me
sure radio frequency Cherenkov radiation from high ene
showers. For energies around 109 GeV the effective volume
of the detector is;15 km3 sr. At present, RICE limits the
fluxes of downwardne with energies between a few time
107 and 1012 GeV @9#. Interactions modeled by a Mont
Carlo simulation at an energy of 109 GeV are detected from
within a depth of 1 km from the surface and out to a rad
distance of about 4 km. The effective volume of the detec
has a strong dependence on energy below 109 GeV. Had-
ronic and electromagnetic showers can be separately id
fied, with somewhat different effective volumes, depend
on energy. The RICE experiment can therefore measure e
tromagnetic showers fromne interactions, hadronic shower
from the charged and neutral current interactions of all
vors of neutrinos, and electromagnetic and hadronic show
from tau decays.

Figure 8 shows the electromagnetic shower distributio
at a nadir angle of 85°. In the absence of tau neutrinos, o
ne interactions lead to electromagnetic showers. Thesene
→e CC conversions still dominate at high energies, ev
when tau neutrinos produce tau leptons that decay elec
magnetically. At lower energies, however, the taus add a
nificant contribution to the electromagnetic shower sign
Tau decays give their most important relative contribution
electromagnetic showers at electron energies of a few ti
107 GeV. These decays are separated into ‘‘double ba
and ‘‘lollipop’’ events on the same plot. It can be seen th
the contribution of the ‘‘double bang’’ is relatively smal

FIG. 8. ~Color online! Electromagnetic shower distributions fo
GZK neutrinos, at a nadir angle of 85° for a kilometer size detec
The t decay curve is the sum of the lollipop and double ba
curves.
4-6
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TRACING VERY HIGH ENERGY NEUTRINOS FROM . . . PHYSICAL REVIEW D69, 033004 ~2004!
These events do not contribute significantly to total ev
rates, but even in very small numbers they are important
characteristic signature for taus. Secondaryne interactions
also produce electromagnetic showers, but it can be seen
their contribution is very small.

Figure 9 shows the hadronic shower distributions. T
features seen in the neutrino fluxes are recovered in the
ronic showers as well. The shower rates fromnt , nm , andne
are nearly identical at shower energies above 108 GeV. The
tau neutrino pileup is important below 108 GeV. Between
107 and 108 GeV, tau decays give the main contribution
the hadronic shower rate. Showers fromne andnm secondary
neutrinos are also shown and their contribution is negligib

Figure 10 shows the ratio of the electromagnetic sho
rates at nadir angle 85° in the presence and absence o
cillations for the GZK andZ burst neutrino fluxes. This ratio
illustrates the effect of the oscillations on the signal and
particular the possible enhancements due to tau pileup. In
absence of oscillations, the only contribution to electrom
netic showers comes fromne interactions. In the presence o
nm→nt oscillations, electromagnetic decays of taus from

FIG. 9. ~Color online! Hadronic shower distributions for GZK
neutrinos, at a nadir angle of 85° for a kilometer size detector.

FIG. 10. ~Color online! Ratio of electromagnetic shower rates
the presence and absence ofnm→nt oscillations for GZK and 1/E
neutrino spectra for a nadir angle 85° for a kilometer size detec
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neutrinos add significant contributions to these rates at e
gies below 108 GeV. At the same time, for the GZK flux
ne→nm,t oscillations reduce the number ofne’s at low en-
ergy, such that below a few times 106 GeV there are fewer
electromagnetic showers than in the absence of oscillatio

Figure 11 shows the ratio of the hadronic shower dis
butions in the presence or absence of oscillations for
same fluxes and nadir angle. Without oscillations, the h
ronic showers come fromne andnm interactions. In the pres
ence of oscillationsnt and thene and nm secondaries from
tau decay contribute as described above. For hadronic sh
ers the enhancement due to the presence ofnt is ;50% at
energies of a few times 107 GeV. For hadrons there is als
some small enhancement for shower energies between8

and 109 GeV, which is not present for the electromagne
showers.

The tau contribution can be even more clearly seen
some of the other flavors can be separately identified.
previously discussed, IceCube can identify showers fromnm
andnt charged current interactions by them or t tracks that
emerge and exit the detector. Once these can be remo
what remains are hadronic showers from neutral current
teractions of all flavors of neutrinos,ne CC interactions in
the detector, as well as the hadronic showers fromt decays
in the detector~both from taus produced within the detect
and from taus produced outside the detector that propaga
and then decay!. The enhancement in the ratio is even high
in this case, about 80%.

Figure 12 also shows the hadronic shower distributio
for GZK neutrinos, but at a nadir angle of 89°. As expecte
there are more showers for this distance than for the lon
one, but the relative contribution of the tau is smaller in th
case. This is because both the attenuation and the rege
tion effects are much smaller for smaller column densitie

The experimental angular resolution for high ener
showers is about 10° to 25°. Averaging over such angles,
effect of the pileup is somewhat reduced~to ;10% of the
event rate!, since the total rates are dominated by the traj
tories that go through a small amount of matter. Howev
rates can get significant enhancements at low energies wr.

FIG. 11. ~Color online! Ratio of hadronic shower rates in th
presence and absence ofnm→nt oscillations for GZK and 1/E
fluxes for nadir angle 85° for a kilometer size detector.
4-7
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JONESet al. PHYSICAL REVIEW D 69, 033004 ~2004!
the regeneration from tau decays adds an important co
bution even for longer trajectories. Consequently, an exp
ment with a low energy threshold has a better chance
detecting the effect. IceCube has a low energy threshold
an energy resolution of;10%, so it is in a good position to
look for pileup effects, given a high enough neutrino flux

The same general features remain true for different ini
fluxes. However, the energy distributions are different
each, and the enhancement due to regeneration appea
somewhat different energies. The regeneration effects
also smaller for fluxes steeper at high energy. For exam
from Figs. 10 and 11 it can be seen that for the 1/E flux,
predicted, for example, forZ burst ~ZB! models @14#, the
pileup is slightly bigger, but at a lower energy than for t
GZK neutrino flux. This is just as expected, because
GZK flux is steeper at higher energy, but does not fall
rapidly at intermediate energies.

Figure 13 shows the electromagnetic shower distributi
for a 1/E flux, for example, predicted forZ burst, and for a
1/E2 generic flux for a nadir angle of 85°. The 1/E2 distri-

FIG. 12. ~Color online! Hadronic shower distributions for GZK
neutrinos, at a nadir angle of 89° for a kilometer size detector.

FIG. 13. ~Color online! Electromagnetic shower distribution
for a nadir angle of 85° for 1/E and 1/E2 characteristic fluxes for a
kilometer size detector fromne interactions and fromt decays.
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bution has a normalization of 1010 GeV21 km22 yr21 sr21,
about an order of magnitude below the present AMAND
limit @26#. For the ZB flux the normalization is
1 GeV21 km22 yr21 sr21 up to 2.531012 GeV. Above this
energy the flux is cut off and drops as 1/E3. The steepness o
the 1/E2 flux results in a small pileup and thus the relati
contribution of taus is much smaller in this case. Figure
shows the same shower distributions for a nadir angle
89°. As for the GZK flux, the attenuation in this case
smaller than for 85°, particularly at high energy. The effe
of attenuation at high energy is striking, especially for theZ
burst flux. At 85° there is almost no flux left at energi
above 1010 GeV, while at 89° the neutrino flux is almos
unattenuated and still has the 1/E shape, being orders o
magnitude higher than for the longer path length. Howev
the effects of regeneration become smaller for 89° even
the less steepZ burst flux. It can be clearly seen that, depen
ing on the energy threshold of the detectors, the contribu
to event rates comes from different trajectories. At high e
ergies the paths that go through the material with small c
umn density will dominate event rates. However, at energ
below 108 GeV trajectories that go through 10–15 tim
more material can contribute equally due to the pileup a
additional tau decays.

Figure 15 shows the hadronic shower distributions for
fluxes used in the previous figures, for a nadir angle of 8
The energy distribution of the hadronic showers is differe
from that of electromagnetic ones due to the different de
distributions. Taus decay mostly to hadrons and these h
rons carry most of the energy of the taus. Consequently,
tau contribution to hadronic showers is much higher, big
than the nt contribution at energies around a few tim
107 GeV and extends to higher energies.

Figure 16 shows the electromagnetic distributions for
AGN flux in @16# for nadir angles of 85° and 89°. This flu
is also steep at high energy and consequently the regen
tion effects are small. The relative contribution of the taus
bigger for 85°, but the overall rates are higher for 89°.

FIG. 14. ~Color online! Electromagnetic shower distribution
for a nadir angle of 89° for 1/E and 1/E2 characteristic fluxes for a
kilometer size detector.
4-8
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TRACING VERY HIGH ENERGY NEUTRINOS FROM . . . PHYSICAL REVIEW D69, 033004 ~2004!
The energy threshold of RICE is high and for the energ
where the experiment has good sensitivity thent enhance-
ment is limited by the long lifetime of the tau lepton and
its energy loss, such that it cannot be observed. We wan
investigate if this remains true in the case of ANITA, whic
has a much larger effective volume and consequently has
potential to detect many more taus decaying over long
jectories.

B. Showers in ANITA

The ANITA experiment also uses the ice as a neutr
converter @10#. The long duration balloon missions wi
monitor the ice sheet from 40 km in altitude to a horiz
approaching 700 km for refracted radio frequency sign
with an effective telescope area of 13106 km2. The geom-
etry of the experiment is rather complicated, as it has to t
into account the Cherenkov angle of the radio emission w

FIG. 15. ~Color online! Hadronic shower distributions for a na
dir angle of 85° for 1/E and 1/E2 characteristic fluxes for a kilo-
meter size detector from neutrino interactions and tau decays.
ne distributions are identical to thenm distributions. For the 1/E2

flux all neutrinos distributions are almost the same.

FIG. 16. ~Color online! Electromagnetic shower distribution
for the Mannheim-Protheroe-Rachen AGN model@16# for a kilome-
ter size detector.
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respect to the particle trajectory, its refraction at the ice s
face, and the position of the balloon. The huge volume c
ered gives ANITA remarkable sensitivity for detecting ve
high energy neutrinos. While IceCube and RICE can o
detect showers produced in a km3 volume, ANITA can detect
all the showers produced over long distances in ice.

For example, for a nadir angle of 89°, the entire trajecto
(;222 km) of the neutrino is in ice, at less than 1 km dep
and all showers produced over this distance can be obser
For a nadir angle of 85°, observable showers~at less than 1
km depth! could be produced over a distance of;12 km.
Given the very large detector area, a trajectory is not fu
defined by the nadir angle of the incident neutrino at
entrance point, and one also needs the position of
entrance/exit point with respect to the icecap and the ballo
The trajectories that maximize the path through ice, rat
than the ones that combine ice and rock, are the ones li
to dominate event rates because of the much smaller att
ation. Those going through more rock give largerrelative
enhancements due to regeneration. They could in princ
contribute as much as the others in the region where
regeneration is effective.

As previously discussed, due to the showering over en
trajectories, we can no longer use Eqs.~8!–~12!, but rather
we have to combine the propagation and showering from
beginning in order to correctly take into account neutral c
rent interactions, energy loss of tau leptons, and neut
regeneration from tau decay.

Figure 17 shows the electromagnetic shower distributi
for the GZK and ZB initial fluxes over a trajectory of 222 km
in ice. Qualitatively, these are similar to the showers o
tained in kilometer size detectors for the same trajecto
However, in this case the rates are larger by up to th
orders of magnitude, depending on energy, due to the m
larger surface of the detector. The energy distribution
somewhat different, being more spread out toward hig
energies. Due to the longer detectable path length, hig
energy taus, with decay length much longer than 1 km,
now decay producing observable showers.

he

FIG. 17. ~Color online! Electromagnetic shower distribution
for detection over 222 km of ice.
4-9
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JONESet al. PHYSICAL REVIEW D 69, 033004 ~2004!
Figure 18 shows the hadronic shower distributions for
same initial fluxes and trajectory. The regeneration of thent

neutrinos in this case is very small andnm distributions are
almost the same as thent ones. For the ZB flux, thene

distribution is the same as fornm , while for the GZK neu-
trinos it is different due to the difference in the initial fluxe

Figure 19 shows the ratio of electromagnetic and hadro
shower rates in the presence and absence ofnm→nt oscilla-
tions corresponding to the distributions in the previous fi
ures. The maximum enhancement due to the presence ont

is about 40% at this angle, as expected since this trajec
has low column density. However, as previously discuss
the enhancement occurs in a larger energy range and it p
at higher energy than in the case of small size detectors.
km only taus with energies below a few times 107 GeV have
a significant probability of decay, while much higher ener
taus can decay over the total distance of more than 200

FIG. 18. ~Color online! Hadronic shower distributions for detec
tion over 222 km of ice. Thenm distribution for GZK neutrinos is
the same as that ofnt . For the 1/E flux all neutrino distributions are
almost the same.

FIG. 19. ~Color online! Ratio of electromagnetic and hadron
shower rates in the presence and absence ofnm→nt oscillations for
GZK and 1/E fluxes of neutrinos for detection over 222 km of ic
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V. CONCLUSIONS

We have studied in detail the propagation of all flavors
neutrinos with very high energy (E>106 GeV) as they
traverse the Earth. Because of the high energies, we h
limited our consideration to nadir angles larger than 80°.
are particularly interested in the contribution from tau ne
trinos, produced in oscillations of extragalactic muon neu
nos as they travel large astrophysical distances. After pro
gation over very long distances, neutrino oscillations cha
an initial ~source! flavor ratio of1:2:0 to 1:1:1because of
the maximalnm↔nt mixing. For GZK neutrinos, the flavo
ratio at the Earth deviates from 1:1:1 because the incid
fluxes are different. At lower energies and smaller na
angles, tau neutrino pileups from regeneration viant→t
→nt @3,4# enhanced electromagnetic and hadronic signal
kilometer sized detectors. Our aim here was to see if th
are similar effects at high energy.

In our propagation of neutrinos and charged lepto
through the Earth, we have focused on kilometer sized n
trino detectors, such as IceCube and RICE, and on a dete
with much larger effective area which uses Antarctic ice a
converter, ANITA. Our study can easily be generalized
other experiments and to propagation in materials other t
ice.

We have found that thent flux above 108 GeV resembles
the nm flux. The lore that the Earth is transparent to t
neutrinos is not applicable in the high energy regime. T
neutrino pileups at small angles with respect to the horiz
are significantly damped due to tau electromagnetic ene
loss aboveEt;108 GeV if the column depth is at least a
large as the neutrino interaction length.

At lower energies,E<108 GeV, regeneration ofnt be-
comes important for trajectories where the other flavors
neutrinos are strongly attenuated. The regeneration effec
pends strongly on the shape of the initial flux and it is larg
for flatter fluxes. The enhancement due to regeneration
depends on the amount of material traversed by neutr
and leptons, i.e., on nadir angle. For GZK neutrinos, we h
found that the enhancement peaks between 106 and a few
times 107 GeV depending on trajectory. For 85° the e
hancement is about a factor of 2, while for 80° it is a fac
of 3.

We have translated the neutrino fluxes and tau lep
fluxes into rates for electromagnetic and hadronic shower
selected angles to see the effect of attenuation, regenera
and the different energy dependences of the incident flu
We have focused on comparing thent contribution to thene
andnm contributions to determine in what range, if any,nt’s
enhance shower rates.

The nt flux enhancements depend on the shape of
initial flux. The electromagnetic showers are more sensit
to this shape than hadronic ones. The relative enhancem
in hadronic showers is also smaller than for the electrom
netic showers. This is because for the electromagnetic si
the only contribution in the absence of taus is from elect
neutrinos, while for hadrons the tau contribution is compa
to a much larger signal, from the interactions of all flavors
neutrinos. We have included contribution from second
4-10
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TRACING VERY HIGH ENERGY NEUTRINOS FROM . . . PHYSICAL REVIEW D69, 033004 ~2004!
neutrinos, which we find to be relatively small for all fluxe
For kilometer sized detectors, at, for example, a na

angle of 85°, the maximal enhancement due tont contribu-
tion to electromagnetic shower rates for the GZK flux
about 50% at 33107 GeV, while for the 1/E flux, it is even
larger, about 70%, at slightly lower energy. In the case
hadronic showers for which the events identified by mu
tracks have been removed, thent contribution peaks at abou
23107 GeV and it gives an enhancement of about a fac
of 1.8 for the GZK flux. These energy ranges are relevant
IceCube, but not for RICE. For energies relevant to RIC
tau neutrinos do not offer any appreciable gain in elec
magnetic shower signals compared tone→e CC interactions,
and they contribute at essentially the same level asnm to
hadronic shower rates through neutral current~NC! interac-
tions.

One of the reasons that tau neutrinos do not contrib
large signals to kilometer-sized detectors at very high en
gies is that high energy tau decay lengths are very large
the probability of a tau decaying in the detector is low. F
detectors like ANITA which can sample long trajectori
through the ice one would expect a larger tau neutrino c
tribution to the signal from tau decay. Despite the long t
jectory ~222 km with a maximum depth of 1 km for a neu
trino incident at 89° nadir angle! the tau contributions to the
electromagnetic shower rate is quite small for fluxes
pected to contribute in the ANITA signal. For hadronic sho
ers, the suppression oft decay to hadrons relative tone NC
interaction contributions is about the same as for electrom
netic showers compared tone→e. Thent contribution to the
hadronic shower rate from interactions is the same as thne
contribution. In summary, for ANITA, tau neutrinos do n
give any additional signal beyond what one would evalu
based on no regeneration fromnt→t→nt due to tau elec-
tromagnetic energy loss atE*108 GeV.

Detection of GZK neutrinos would be an important co
firmation of our current understanding of ultrahigh ener
cosmic rays. Because the high energy flux of neutrinos
relatively small, detection of these neutrinos will be a gr
challenge. Our interest in this paper was to explore the p
sibility that the tau neutrino component, a result of neutr
oscillations over astronomical distances, could enhance
number of observable GZK events. As we have shown in
previous sections, the electromagnetic energy loss of h
energy tau leptons makesnt induced events at high energie
a small fraction of the total number of GZK neutrino even
Computing accurate event rates for the ANITA detector
difficult because of the details of the dependence of the
ceptance on energy and angle. It is clear from Fig. 17, h
ever, that at energies aboveE;108 GeV relevant for the
ANITA experiment, event rates are completely dominated
,
hy

03300
ir

f
n

r
r
,
-

te
r-
so
r

-
-

-
-

g-

e

is
t
s-
o
he
e
h

.
s
c-
-

y

the ne flux. Estimates of the GZKne induced event rate are
of the order of 1 event/10 days of flight for the standa
Engel et al. flux, enhanced by a factor of 4 for the stron
evolution model@10#. For RICE the present limit is about
factor of 50 above the GZK flux. In IceCube, because of
lower energy threshold, the relativent contribution is poten-
tially bigger. The total rates are, however, very small. For
flux in @12# that we use, we obtain abou
0.1 hadronic showers/km2/yr. These are mostly from neutri
nos coming from above, the contribution of those comi
from below being smaller by about a factor of 50. The
values are consistent with those of Yoshida@18#. It is to be
noted, however, that the flux we use is the smallest one,
the uncertainty in the normalization of the GZK flux is qui
large, such that all the above rates could be larger by fac
of 10 or even more. Detectors even larger than IceCube
also envisioned, and the effects discussed here may bec
observable in the future.

In addition to the experiments discussed here, there
many studies concerning the possibility for detection of ra
Cherenkov emission from showers in materials other th
ice. It has been noted@27# that rock salt formations have
similar properties to the Antarctic ice and can therefore
used as large scale neutrino detectors. Salt has a higher
sity (rsalt52.2 g/cm3) than ice (r ice50.9 g/cm3), so it is
possible to achieve an effective detection volume of sev
hundred km3 water equivalent in salt. This is somewh
larger than RICE, achieved with a much smaller actual
tector size. The threshold for detecting the radio signal fr
showers in salt is of the order of;107 GeV, similar to
RICE, but lower, such that detection of extra signals fromnt
enhancements would be more promising.

Also proposed is LOFAR@28#, a digital telescope array
designed to detect radio Cherenkov emission in air show
LOFAR has sensitivity in an energy range
;105–1011 GeV, so it can detect showers at much low
energies than other radio Cherenkov experiments. LOF
will likely be configured to detect horizontal showers fro
skimming neutrinos as well. With its low energy thresho
LOFAR has an excellent opportunity to observe the show
enhancement at lower energies due tont regeneration and
tau pileup, which is not easily accessible in ANITA.

ACKNOWLEDGMENTS

This research was supported in part by the Natio
Science Foundation under Grant No. PHY99-07949 a
under DOE Contracts DE-FG02-91ER40664, DE-FG0
95ER40906, and DE-FG02-93ER40792. I.M. and I.S. tha
KITP Santa Barbara for hospitality. M.H.R. and I.S. tha
the Aspen Center for Physics for hospitality while this wo
was being completed.
@1# Super-Kamiokande Collaboration, Y. Fukudaet al., Phys. Rev.
Lett. 81, 1562~1998!.

@2# D.V. Ahluwalia, C.A. Ortiz, and G.Z. Adunas
hep-ph/0006092; H. Athar, M. Jezabek, and O. Yasuda, P
 s.

Rev. D62, 103007~2000!.
@3# F. Halzen and D. Saltzberg, Phys. Rev. Lett.81, 4305~1998!;

S. Iyer, M.H. Reno, and I. Sarcevic, Phys. Rev. D61, 053003
~2000!; 64, 113015~2001!.
4-11



,

.L

n

v

v.

r-

,

le

Pa-

ce
nd

rt.

ys.

://

n-

.L.

JONESet al. PHYSICAL REVIEW D 69, 033004 ~2004!
@4# S. Iyer Dutta, M.H. Reno, and I. Sarcevic, Phys. Rev. D62,
123001~2000!.

@5# D. Fargion, Astrophys. J.570, 909~2002!; J.L. Feng, P. Fisher
F. Wilczek, and T.M. Yu, Phys. Rev. Lett.88, 161102~2002!.

@6# J.J. Tseng, T.W. Yeh, H. Athar, M.A. Huang, F.F. Lee, and G
Lin, Phys. Rev. D68, 063003~2003!.

@7# http://icecube.wisc.edu; IceCube Collaboration, J. Ahre
et al., astro-ph/0305196.

@8# G.A. Askarian, Sov. Phys. JETP14, 441 ~1962!.
@9# RICE Collaboration, I. Kravchenkoet al., astro-ph/0206371;

astro-ph/0306408.
@10# ANITA Collaboration, P. Gorham et al., http://

www.ps.uci.edu/;barwick/anitaprop.pdf
@11# G. Barenboim and C. Quigg, Phys. Rev. D67, 073024~2003!.
@12# R. Engel, D. Seckel, and T. Stanev, Phys. Rev. D64, 093010

~2001!.
@13# S. Yoshida, H. Dai, C. Jui, and P. Sommers, Astrophys. J.479,

547 ~1997!.
@14# D. Fargion, B. Mele, and A. Salis, Astrophys. J.517, 725

~1999!; T.J. Weiler, Astropart. Phys.11, 303 ~1999!; S.
Yoshida, G. Sigl, and S. Lee, Phys. Rev. Lett.81, 5505~1998!.

@15# Z. Fodor, S.D. Katz, and A. Ringwald, Phys. Rev. Lett.88,
171101 ~2002!; J. High Energy Phys.06, 046 ~2002!; O.E.
Kalashev, V.A. Kuzmin, D.V. Semikoz, and G. Sigl, Phys. Re
D 65, 103003~2002!.

@16# K. Mannheim, R.J. Protheroe, and J.P. Rachen, Phys. Re
63, 023003~2001!.

@17# X. Bertou, P. Billoir, O. Deligny, C. Lachaud, and A. Letessie
Selvon, Astropart. Phys.17, 183~2002!; S. Bottai and S. Giur-
gola, ibid. 18, 539 ~2003!; K. Giesel, J.H. Jureit, and E. Reya
ibid. 20, 335 ~2003!; D. Fargion, M. Khlopov, R. Konoplich,
P.G. De Sanctis Lucentini, M. De Santis, and B. Me
03300
.

s

.

D

,

astro-ph/0303233; J.F. Beacom, N.F. Bell, D. Hooper, S.
kvasa, and T.J. Weiler, Phys. Rev. D68, 093005~2003!.

@18# S. Iyer Dutta, I. Mocioiu, M.H. Reno, and I. Sarcevic,Pro-
ceedings of the 28th International Cosmic Ray Conferen,
edited by T. Kajita, Y. Asaoka, A. Kawachi, Y. Matsubara, a
M. Sasaki~Universal Academy Press, Tokyo, 2003!, p. 1435;
E. Bugaev, T. Montaruli, and I. Sokalski,ibid., p. 1381;
S. Yoshida,ibid., p. 1487.

@19# R. Gandhi, C. Quigg, M.H. Reno, and I. Sarcevic, Astropa
Phys.5, 81 ~1996!; Phys. Rev. D58, 093009~1998!.

@20# S. Iyer Dutta, M.H. Reno, I. Sarcevic, and D. Seckel, Ph
Rev. D63, 094020~2001!.

@21# For the preliminary Earth model~PREM!, A.M. Dziewonsky,
and D.L. Anderson, Phys. Earth Planet. Inter.25, 297 ~1981!;
for the reference Earth model~REM!, S.V. Panasyuk,
http://cfauvcs5.harvard.edu/lana/rem/index.htm; http
mahi.ucsd.edu/Gabi/rem.html; P. M. Shearer,Introduction to
Seismology~Cambridge University Press, Cambridge, E
gland, 1999!; B. Romanowicz, Geophys. Res. Lett.28, 1107
~2001!.

@22# CTEQ Collaboration, J. Pumplin, D.R. Stump, J. Huston, H
Lai, P. Nadolsky, and W.K. Tung, J. High Energy Phys.07, 012
~2002!.

@23# J. Beacom, P. Crotty, and E.W. Kolb, Phys. Rev. D66, 021302
~2002!.

@24# S. Iyer Dutta, M.H. Reno, and I. Sarcevic, Phys. Rev. D66,
077302~2002!.

@25# J. Learned and S. Pakvasa, Astropart. Phys.3, 267 ~1995!.
@26# AMANDA Collaboration, P. Desiatiet al., astro-ph/0306536;

P. Niessen, astro-ph/0306209.
@27# P. Gorhamet al., Nucl. Instrum. Methods Phys. Res. A490,

476 ~2002!.
@28# H. Falcke and P. Gorham, Astropart. Phys.19, 477 ~2003!.
4-12


