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How opaque is the Earth to ultrahigh energy neutrinos?
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We carry out a numerical calculation of ultrahigh energy neutrino propagation through the Earth, taking into
account the neutrino regeneration process in both neutral current and charged current neutrino interactions. The
attenuation of neutrinos traversing the Eaftfhadow effedtis determined, and the fluxes ofinduced
upward-going leptongmuon and tauare obtained at the Earth’s surface and for two configurations of the
neutrino flavor in the incident neutrino fluw(— v, mixing). The implications of these results are discussed
in the context of the possibility of detection ofinduced leptons in the next round of fluorescent telescopes
such as the AUGER detector.
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[. INTRODUCTION extragalactic blazar objects MRK421 and MRK501 by the
Whipple Collaboratiorj7,8], caused considerable interest in
An understanding and description of the sources, accethe study of active galactic nucléAGNs), which are be-
erator mechanism, and process of diffusion of ultrahigh enlieved to be the most powerful sources of high eneyggys
ergy cosmic rayUHECR) particles is still far from being and.neutnnos in thg universe. Several mechanisms of accel-
achieved. Of particular interest is the search for the nature dfration of Iﬁ)aétchlest these objects have been propodse(_:i agd
those particles with energies above?16V, because if they Ege 151? called AGN neutrino energy spectra were derive
are charged particle@rotons and their sources are far ex- *° = . . .
tragalactic objectébeyond 100 Mpy; their energy spectrum In order to test the hypothesis mentioned above, which

o ’ ! . suggests a universe filled with high and extremely high en-
must eglr;'b't the Greisen-Zatsepin-Kuz :ﬂhﬁ’ZK) cutoff at ergy diffuse neutrino fluxes from AGNs and from cosmologi-
~5x10" eV due to their interaction with the COSMIC MICro- 5’54\ rces as well as point sources, several neutrino tele-
wave background. However, the absence of a GZK cutoff INscopes are partially deployed and currently operating.

the experimental data “opens the door” for many scenarios - Neutrinos in the GeV energy region become detectable in
and speculations about the origin and nature of thesgngerground experiments when they undergo a charged cur-
UHECR particles. Are they gamma rays or neutrinos? Okent (CC) interaction within the rock surrounding the detec-
new exotic particles beyond the standard modé® a re-  tor and the produced muons reach the detector, Kamiokande
view, see[1,2].) Even if these UHECR particles were pro- [12], IMB [13], Baksan[14], Macro[15], or Frejus[16,17.
tons, UHE neutrinos would be expected as products due tim the TeV up to EeMor more energy region, the neutrino
the photopion production in the proton-phot@microwave  flux is expected to be very low, and large active areas are
interaction. Such neutrinos are called GZK neutrinos. necessary. The neutrino telescopes consist of a huge volume
On the other hand, the first results for UHECR particles(~Km?®) of a transparent medium, water or ice, in which
[3] are consistent with an isotropic distribution of sources.neutrinos interact via the CC and the leptons produced
This characteristic together with the absence of a GZK cutoffmuons, tauscan be seen and reconstructed through the de-
are the main ingredients of the so-called top-down modelstection of their Cherenkov light or through the shower initi-
In this scenario the so-called topological defe¢®Ds) ated after neutrino interaction or after the lepton decays or
formed in the symmetry breaking phase transition in theboth (double bang signatureas was suggested [A8] for
early universd4,5]; they may produce the bulk of the UHE the case ofv, at PeV energies. Nowadays, there are in op-
particles with energies up to the grand unified the@WT) eration the Lake Baikal detect¢f9], the Antarctic Muon
scale, typically 18—10'® GeV, through their collapse or de- and Neutrino Detector ArraAMANDA ) detector{20], and
cay in a volume of 100 Mpc around the Earth, where theRICE [21] at the South Pole, and the discontinued Deep
GZK cutoff is not relevant. Leptons and hadronic jets areUnderground Muon and Neutrino DetectéDUMAND)
emitted from the decay of these supermassive@articles project[22] in the Pacific Ocean. There are also two under-
such as magnetic monopoles and superconducting strings.ater telescopes Antares and Neg@B], both in the Medi-
is expected that a hadronic jet would produce even moreerranean, and an underice telescope ICECUBH at the
neutrinos than nucleons. Such neutrinos are called TP neutr$outh Pole, all in construction or advanced planning. A com-
nos. plete and up to date review of these topics can be found in
In addition, transient high energy phenomena such af25].
gamma ray burst§GRB9 may also be a source of UHE In addition there are projects to use ground level fluores-
neutrinoq 6] (GRB neutrinos Both UHECRs and GRBs are cence telescopes to detect neutrinos in the EeV or higher
distributed isotropically in the sky and the rates of GRBs areenergy region through the upward-goimginduced leptons
close to those of UHECRSs. These similarities suggest a conin the Earth, because a fraction of these charged leptons can
mon origin for them. emerge from the Earth. In this case the atmosphere is used as
The discovery of TeVy-ray emission from two nearby a Cherenkov medium. The decays also induce an atmo-
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spheric shower. The electromagnetic component of this vr ¥ vr T o ¥r
upward-going shower produces light due to the nitrogen -
fluorescence. Both the Cherenkov and fluorescence radia- 'rffx N W X

tions can be detected by fluorescence telescopes, like the S LN ——
existing HiRes detector, the next Pierre Auger teles¢@pg / C ’ C

and the Telescope Arrd27] (both under constructionThe @ b)

main goal of this paper is the study of the neutrino compo-
nent of UHE cosmic rays and theirinduced upward-going
leptons leaving the Earth and the rates expected at the A
GER fluorescence telescope.

So far, the upward-going muon flux in the GeV energy
region has been measured in the underground experimentﬁ .
Kamiokande[12], IMB [13], Baksan[14], and Macro[15]. C a_trged lepton. In the_z case of , the charged current mter-
These muons are induced in the Earth by atmospheric ne&l_cnons remove neutrinos from the flux, because the interac-
trinos with energies below $0GeV and constitute the main 10N Produces au that has a large decay lengthee Sec.
background in the detection of extraterrestrial neutrjizgg. | E)- For the case ob,, the mechanism of charged current
A review of these topics can be found i89]. At energies mteracupn is e§sent|ally the same; the interaction produces a
above 16 GeV, the Earth’s diameter exceeds the interactiory’ but with the important modification that thehas a decay
length of neutrinos, or, in other words, the Earth is opaqu engt_h considerable shorter than .th.e muon decay Iength. In
for them, especially in some directions not far from the hori-2ddition, ther energy loss by radiation is around ten times
zontal. lower than the energy loss by muons, and in altlecay

However, due to the neutral currefNC) neutrino inter- modes there is always anothey in the final statd 30]. The

actions, the probability for successive neutrino interaction i€nergy of thisv. is on average~0.3 of the = energy. In
not negligible and they can still penetrate to give observabl§hort, for thev the CC and NC interactions are the mecha-
lepton muongtaug. This means that théNC) neutrino in-  Nism of neutrino regeneration. _ o
teraction is a regeneration process. In addition, the possible A Schematic picture of thev -nucleon interaction is
presence of tau neutrinos in the beam due to neutrino oscifhown in Fig. 1, wher¢a) and (b) represent the neutral cur-
lation (v,— v, mixing) also permits the inclusion of neu- rent and charged current neutrino interactions, respectively.
trino regeneration process in the charged current neutrino
interaction, as has been suggested by Halzen and Saltzberg B. Neutrino-nucleon cross section
[30]. A spectacular consequence of this mechanism is that for  cajculations of the cross section for the inelastic neutrino-
energies above the PeV region the Earth is transparent.to  nycleon interaction involve some uncertainties which arise
Then the Earth shadowing cannot be very dramatic, even om the different parton distributions used in its determina-
EeV energies. tion. The discrepancies increase as the neutrino energy in-
To generate upward-goinginduced leptons, we have de- creases.

veloped a Monte Carlo program. It generates neutrino inter-  The structure function has been measured at values as low
actions inside the Earth in the direction of a chord with nadiryg 1574 at the DESYep collider HERA. However, extrapo-
angle between 0° to 89° and tracks them down to leptongytion tox~ 1078 is necessary. Diverse extrapolations of the
(v,u,7) at the other side of the Earth’s surface. We focus thesircture function data at TO<x< 108 differ by as much
energy region above EeV, because in this region the fluoresgg 20%31,32. We adopted the CTEQ4 deep inelastic scat-
cence Aug_er telescope is not fully serjsitive to conventiona{ering (DIS) distribution [33] which is shown in Fig. 2. Re-
atmospheric cascades, and the effective aperture of the telgantly, the neutrino cross section has been obtained based on
scope for the detection of upward-going lepton reaches itthe unified Balitskii-Fadin-Kuraev-LipatovBFKL) evolu-
maximum value. Consequently, the telescope can be eXion equation at smak [34], and from a comparison with the
plored as a neutrino detector throughinduced upward- CTQ4 DIS cross section discrepancies between 17% and
going leptons. 19% for EeV energies or above are observed.
Following Fig. 2 we can see that for energies above
Il. THE INPUT 106 GgV the differe_nces between the neutrino and an-
tineutrino cross sections can be neglected.
Let us first briefly summarize the simulation input as- On the other hand, under the assumption that the interac-

FIG. 1. v,-nucleon deep inelastic scatterin@ represents the
d]_eutral current neutrino interaction asid) represents the charged
current(CC) neutrino interaction. Both are, neutrino regeneration
processes.

sumptions of lepton transport in the Earth. tion length has an exponential distribution
A. Neutri leon interacti an r{ ‘ 1
. Neutrino-nucleon Interaction ——=eXp — =,
dz Lint(Ev)

If a neutrino of energyE, interacts via neutral currents

(vN—vX) the interaction produces another neutrino of en-th tri trat deatbefore int i . b
ergy (1-y)E, . This mechanism of regeneration is valid for € neutrino penetrates a depthefore interaction given by

both v, and v.. However, if the neutrino interaction is via
charged currents N—1X), the interaction produces a z=—L;XInU, 2
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£ R~ Recently, upper limits on the ultrahigh energy electron
; ] neutrino flux from diverse sources have been reported by
RICE (radio ice Cherenkov experiment37]. The Cheren-
kov radiation in the radio-wavelength region associated with
ve-induced ice showers is detected by using a cubic array
(2.0x10° m®) of dipole radio receivers at the South Pole
and at 100—-300 m depths colocated with the AMANDA ex-

10%

107

10 periment.
. : The RICE upper limitg95% confidence levelassuming
“E 10| an incident power law neutrino energy spectraiN/dE,
107 E _ .
A E ~E™7 at EeV energies can be expressed as
z I ~15
z 10°F N 1 Ev -1
6 : dE, 7.93x10 (GeV (GeVentssh (4
10 g
E and
107 ) | N E —-2.0
B 3 - -5 v -1
E dE, 1.58x 10 (GeV) (GeVentssy~t (5
10% 3
F o oo v vt o oo ool o ol s o From a comparison between the electronic neutrino flux
10" 10° 10° 10* 10° 10° 107 10° 10° 10" 10" 10" model prediction and the corresponding RICE upper limits, it
E (GeV) is possible to associate approximately the flux with spectral

index 2.0 with GZK neutrinos and that with the index 1.5
FIG. 2. CC and NC neutringantineutrind nucleon cross sec- With neutrinos from topological defect3P neutrinog On
tion as a function of neutrino energy, according to the CTEQ4 DISthe other hand, fluxes in the energy region below EeV and

distribution[33]. with spectral index 3.5, 3.0, and 2.5 are linked with AGN
neutrinos.
whereU is a random number in the intervi, 1], andL,, is The RICE results are in agreement with the AGASA up-
the mean neutrino interaction length per bound on the UHR,, flux for index 2.0 with 95% C.L.
[38] obtained fromv-induced horizontal air showers.
1
Lint= o EJNL’ (3 D. Density profile of the Earth

If a neutrino is inside the Earth surface with a nadir angle
Oy, it travels in the Earth along a chord of lengtf¥y)
=2Rscos6y, whereRt (=6371 km) is the Earth’s radius.
As the Earth is not a homogeneous medium the lengths of

Following Fig. 2 it is found also tha.t the prpbabilities of he chords are transformed to cm weentimeters of water
charged current and neutral current interactions are 0.66£q,iyajent. For instance, in this outline, the Earth’s diameter
and 0.333, respectively, and both are basically independent

=2XRy) is equivalent to a column whose depth is 1.1
of energy. The neutrino enerdy, produced in the NC neu- raxlolo chr: w.e. . P

trino interaction or the leptony( or 7) energyE, produced Seismological measurements of the Edi@9] provide
in the CC neutrino interaction are related to the neutringenowledge of the Earth’s density radial distributiqir)
energy byE,=(1-y)E, andE/=(1-Yy)E,, respectively. with good accuracy. The length of the chord for a certain

According to the CTEQ DIS distributioy)~0.25 in the  nadir angle is obtained by a numerical integration:
EeV rangd 33,35. A random selection of from thedo/dy

distribution, also taken from Refg33,35, is adopted in this 2Rrcos by
work. 193,39 15 adop ()= fo plr(2,00)1d7, ®)

with N,=6.022<x10°cm 2 (water equivalent the
Avogadro number.

C. Ultrahigh energy neutrino sources with the constraint condition

There are large uncertainties in the derivations of the neu- r’=z+ R%—Zz Rrcoséy . 7
trino flux from cosmological sources. On the other hand,
until the last International Cosmic Ray Conferenétam-  We have determined the lengths of the chords for nadir
burg, August 2001l the searches for diffuse flux as well as angles in the region G2 #y<89° in steps of 1°, because
point sources of, neutrinos by the AMANDA-II telescope 6y=90° represents the horizon, where the Earth’s atmo-
[36] were negative and only upper limits had been reportegphere has a depth of 3.6x10* cmw.e. Results of an
in the energy region below $£0GeV. These experimental analysis of neutrino propagation in the atmosphere near the
limits already exclude some models of AGN neutrinos. horizon will be reported in a separate paper.
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E. Continuous charged lepton energy loss and decay First, as the tau travels in the Earth via a chord, we di-

The energy loss for EeV charged leptons is governed byided the chord into bins of width
radiation processes and they are bremsstrahlung, pair produc-

tion, and photoproduction. The two first processes (ase Az=zi+1—zi=RT(E)de°ay, (11)
ymptotically) energy independent and in the very high en- n

ergy region only the photoproduction processesnaisakly)

energy dependent. whereR(E)gecay is the average range of the tau lepton in

The energy loss by radiation is proportional to the leptonthe absence of energy loss given by
energy and large fluctuations are expected. However, we are
interested only in leptons with ultrahigh energy threshold, R(E)gecay=1I"Xct;, (12)
around 18 GeV or above, and this characteristic permits us .
to make some simplifications in the analysis of the continu\Where I'=E/m. is the Lorentz gamma factorct,

ous lepton energy loss processes. =86.93um is the tau decay length, amdis a whole num-

The average lepton energy loss rate is ber. The larger this number, the better the accutaeyadopt

n=20).
dE Second, the average energy loss can be expressed as
—{ g% = «(E)+ BE)XE; ®
B(E) 1<AE> " | = ) (13
=—={—)=——In| =—|;

here X is the thickness of materialwe adopt units of E\Az Az \Ejiq

cmw.e). At high energy the first term of Eq8) [«a(E) ] 6 -

~2 MeV(cmw.e.) 1], which represents the ionization en- at energies around i@GeV B,~0.8x10°° (cmw.e)

ergy loss, is negligible and only the terg(E) that repre- [43]- Following Eq. (13), we can see that in the present

sents the loss energy due to radiative processes is consideré§heme the loss of energy of thés considered every time it

It has a weak dependence on the energy. crosses the bin. As the width of the_ bitaz, is smaller thgn
In the case of muons the weak energy dependengg,of 1/8,, the f_Iuctuatlons can be taken into account according to

is taken from Fig. gsolid line) of Ref.[40]. We can see that the following scheme. If the value o8, changes by an

at energies around i@GeV, B,~6.0x 10 (cmw.e.) L, amountA B, the r radiation lengttR . should be changed by

Due to the relatively long lifetimes of muong,=2.197 an amountAR,

x 10 ® s, the probabilityP that a muon produced with an

energyE survives until an energl,,, is basicallyP=1. This AB, _ AR,% E (14)

means that before the muon decays it either loses its energy B R, R,

below the energy threshold or emerges from the Earth. Under

these conditions, it is possible to calculate the muon rangé random selection of, from a Gaussian distribution with

for initial energyE up to energyE,, as mean and variance given by the relatidd8) and(14), re-
spectively, permits us to obtain the fluctuation that is adopted
E[//dE\\? 1 E in this work.
R,L(E)Zf (<ﬁ>) dE~ ,B_In(E_)’ ) Third, to generate lepton decays betweemndz; . ; ac-
Eth # th cording toP=exd —zZ/R(E)], z is obtained as
and fluctuations in the muon range can be obtained by using z=—RE)XIn[ry,+UX(r{—ry)], (15
the relation

with ry=exd —z/R(E)] andr,=exd —z,1/R(E)].
R,=—RL(E)XIn(U). (10 Fourth, if z<Az the tau decays; otherwise we evaluate
the energy loss and the survival probability in the next bin.
A more accurate scheme to take into account the fluctuationshe process is repeated until the tau lepton decays, giving
is reported in41], because the introduction of a cuteff,;  anotherv, neutrino, or its energy decreases below the thresh-

in the fraction of the muon energy loss is necessary to avoi@|d. If the 7 is produced near the Earth’s surface it can also
divergences in the radiative cross section. The method re&smerge from the Earth.

quires large computing time, especially if small values of
Ycut @re chosen. However, in the very high energy region, the
choice of the value o is not essential, and the relation-
ship (10) is a good approach. Let us now summarize the simulation output. As has al-

For the case of the lepton the situation is rather different ready been indicated, we focus on the EeV energies, because
because the tau has a lifetime€2.906< 10 1% s) consid-  in these regions or above, the fluorescence Auger telescope is
erably shorter than the muon lifetime. In order to take intonot fully sensitive to conventional atmospheric cascades, and
account the continuous energy loss of the tau leptons in thethe background associated with the downward-going par-
propagation in the Earth, the following scheme has beeticles is reduced. On the other hand, so far, the neutrino flux
implemented, including the exponential decay Monte Carlaupper limits reported by RICE at EeV energies are basically
algorithm reported by the Particle Data Groui2]. linked to the GZK and TP neutrinos.

Ill. THE OUTPUT
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FIG. 3. Shadowing factor, defined as the relative intensity of FIG. 4. Shadowing factor, defined as the relative intensity of
transmitted neutrinos as a function of nadir angle far transmitted neutrinos as a function of nadir angle fér,
>10"-10 GeV neutrino threshold energies. Solid lines aresfor  >10°-10'° GeV neutrino threshold energies. Solid lines arefor
neutrinos and dotted lines are foy, neutrinos. A power law neu- neutrinos and dotted lines are fef, neutrinos. A power law neu-
trino spectrum is assumed with indgx 1.5 in the upper figure and trino spectrum is assumed with index 1.5 in the upper figure and
index y=2.0 in the lower figurd37]. index y=2.0 in the lower figurd37].

A. Attenuation of UHE neutrino flux by the Earth ample, the fine structure of the central Earth’s core better.
Under the assumption of isotropic neutrino fluxes at theThe de'germ|nat|on OT the Earth's mternal dgnsny through as-
ophysical observation of energetic neutrinos as well as the

Earth’s surface, the attenuation of neutrinos traversing th tion of neutrin ; b . itation have been
Earth can be determined through a shadowing factor definegcaton of neutrino sources by core occultation have bee

as the relative intensity of transmitted neutrinos: proposed in s_everal pape[r4;4_—4ﬂ. . .
The behavior of the neutrino attenuation also permits us

I(>E,, 6y to know the relative flavor composition in the neutrino beam

S(>E,,O0n)= Ty (5E) (16)  and can be a signature to obtain evidence of the neutrino

0 v oscillation in cosmological neutrinos and to obtain the oscil-
] o ) lation parameters. It is observed too that the attenuatior) of
where I (>E,) is the initial neutrino flux at the Earth’s s yery sensitive to the neutrino threshold energy; the attenu-
surface. The shadowing factor as a function of the nadigtion increases as the energy increases. For an energy thresh-
angle is determined for an incident neutrino spectrum such 85,4 apove 18 GeV the central Earth’s core is opaque for
the power lawdN/dE,~E, ” and for two different indices  them. while the central Earth's core is already opaquefor
y=1.5 andy=2.0 as shown in Fig. Bupper and lowerfor 4t 10 GeV, in this case, the neutrino regeneration process is

neutrino threshold energy 1010° GeV and Fig. 4(upper  due only to the NC interaction33%) and that is translated
and lowej for a threshold of 19-10°° GeV. In all cases, the into a very hard attenuation.

solid lines are forv, and the dotted lines are far, . Fol-
lowing these figures, it is possible to see that the relative
intensity of transmitted neutrinos, especially for the case of
v, is sensitive to the radial density distribution of the Earth. The v-induced upward-going leptons have been deter-

The superdense Earth’s core appears in the neutrino shaghned by using the RICE upper limits fof, neutrinos with
owing factor. This suggests that the attenuation by the an incident spectrum like a power law with indices-1.5
Earth can be used to obtain the incident neutrino spectrunandy=2.0. Under the assumption that the dominant mecha-
Once the spectrum is known, it is possible to do a type ohism for neutrino production is the hadron decay, the relative
“neutrino tomography” of the Earth and to know, for ex- populations of neutrino flavors will be,, :v,=2:1.

B. v-induced upward-going leptons
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FIG. 5. Upper limits of v-induced lepton integral flux K, FIG. 6. Upper limits of v-induced lepton integral flux K

>10° GeV) as a function of the cosine of the nadir angle. Solid>10" GeV and 16° GeV) as a function of the cosine of the nadir
lines are forv, :v,=1:1 and dotted lines are for, :»,=1:0,both  angle. Solid lines are fow,:».=1:1 and dotted lines are for
at the Earth’s surface. A power law neutrino spectrum is assumed, :»,=1:0, both at the Earth's surface. A power law neutrino

with index y= 1.5 (upper figur¢ and indexy= 2.0 (lower figure. spectrum is assumed with index=1.5 (upper figurg and index
v=2.0 (lower figure.

It is known that the most plausible explanation for the _ : N . .
anomalies in the lepton ratios produced by atmospheric nedPteraction length. If a,, interacts in this region via the NC
trinos and observed by underground experiments is the oscilt ¢€@n emerge from the Earth without becoming a muon,

lation of muon neutrinos to tau neutrinp48]. The probabil-  While @ v, neutrino can emerge from the Earth without be-
ity of neutrino oscillatiorP, ., traveling through the Earth COMiNg & tau even if the interaction is via the CC. The effect

. woor is a reduction of the difference between the fluxes with
(path<2XRy) is expected to be less than 10

However, the probability of oscillation can be very large vu:v;=1:1 andv, :v,=1:0. The efect Increases W'th. the
(=1) for ex’tragalactic UHE neutrinos, traveling from their Cﬁarﬁed flepton. thr_eihglq als IS shc;]wn ";] F'fgll' 6.f|n ﬂ_“S case
sources to the Earth. A more realistic inclusion of this effect € flux forv,:v,=1:0 s larger than the flux fov,, v,
in the simulation requires a more precise determination of =~ "
the oscillation parameters and is the main goal of long base-
line accelerator experiments. The effect of the oscillation
must be a modification in the neutrino flavor composition at  In addition to knowledge of the-induced lepton fluxes,
the Earth’s surface. We assume the two casgsv,  an estimate of event rates requires knowledge of the effective
=1:0,1:1. aperture of the telescope for their detection. Due to the low

If a v-induced upward-going charged leptop (Or 7) fluxes expected, telescopes with very large apertures are re-
emerges from the Earth, the last neutrino interaction in thejuired to gather even modest statistics. Nowadays the high
Earth was via the CC interaction. Figure 5 shows the upperesolution(HiRes Fly’s Eye fluorescence detector is in op-
limit of the v-induced lepton integral fluxd,>10° GeV) as  eration. The effective aperture for almost horizontal UHE
a function of the cosine of the nadir angle. The calculationdeptons through their decay to induced showers has been
are for two casesy,:v.,=1:1 (solid lineg and v,:v, reported[49].
=1:0 (dotted lineg, both at the Earth’s surface. The effectof As has already been commented, there is also a more
the neutrino regeneration process is evident due to the N@mbitious projectAUGER projec} in progress to study cos-
and CC interactions, because the lepton flux fgr:v,  mic rays with energy above 1YeV. It will use hybrid tech-
=1:1 is larger than the lepton flux for, :v,=1:0. niques: a surface array to measure the lateral distribution of

However, at nadir angles close to but below the horizorthe air showers at the ground, and a fluorescence detector to
the thickness of the chords is compatible with the neutrinaneasure the longitudinal development of the shower.

C. Event rates
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0
rate=27TD f cosfyd cosfy
1

xj dE.F(E,,cosdy)(AQ).s:. (18)
ET

We assume for the rate calculation a ye®ir=(3.15x 10’ s)
running with duty cycle of 10% =0.1), because dark

—_ (moonles$ nights are necessary to operate the fluorescence
] detectors.

In Table | we show the event rates thus obtained for sev-
eral sets ofv, :v, and lepton energies. The rates have been
calculated by using the RICE upper limits of the UHE neu-
trino flux. According to RICE, these upper limits are some
2-3 orders of magnitude above the model predictions.

IV. CONCLUSIONS

In this paper we examined some aspects of the propaga-
tion of UHE neutrinos in the Earth through a Monte Carlo
simulation. Special attention is given to the inclusion of two
; different flavor compositions in the incident neutrino flux,

10 PP due to the possible neutrino oscillatiow,(— v, mixing).
10 10 10 10 The aim of this study is to obtain the expected UHE
E, (GeV) v-induced upward-going charged lepton fig@merging from
the Earth, taking into account explicitly the NC and CC

FIG. 7. Energy dependence of the effective apert&@)s for  neutrino interactions as neutrino regeneration processes
vT-induceo_I upward-going taus through their decay to induced elecr:ig. 1) and their expected rates by using the fluorescent
tromagnetic showers. HiRes and AUGER telescopes.

The shadowing factor defined as the relative intensity of

The configuration of the AUGER fluorescence detector igransmitted neutrinos is obtained fo, and v, as a function
such that the aperture is expected to be more than ten tim@§ nadir angle. The results are shown in Fig. 3 and Fig. 4. We
greater than the HiRes telescope. The result is obtained frofan see that the shadowing factor has a strong dependence on
a comparison of expected event rates between the HiRes aff¢f neutrino threshold energy. At PeV energies the Earth is
AUGER telescopes reported ifL,50]. Figure 7 shows a transparent to; [30] since ther produced in a CG, inter-
comparison of the energy dependence of the effective apefCtion always decay back inte, before losing significant
ture (AQ).s of the HiRes and AUGER telescopes for energy. However, the energy loss by rqdlatlon processes is
neutrino-inducedr leptons and detected through their decayproportlonal to ther energy, and fpr energies above’ 1BeV
to an electromagnetic shower. the 7 energy loss can be very S|gn|_f|ce(r_hiel_ow the_ thresh-_

By using the simulation output of the-induced lepton old) .espeC|aIIy when the pfopagatlon IS In a h'gh density
flux expressed as medlum such as the Earth.s core. Exagtly in this area the

absorption ofv, is larger, as is shown in Fig. 3. These results
suggest that the . neutrino attenuation can be used to obtain
d¢(E.,costy) (17) the incident neutrino spectrum. The calculations have been
dcosf\dE, ' made using an algorithm implemented in order to take into
account the continuous energy loss foteptons(see Sec.
INE).
the rate is calculated as Using the incident upper limits of UHE neutrino flux from

F(E,,cosby)=

TABLE I. Upper limits of annual event rates for neutrino-induced UHE upward-going leptons expected at
the AUGER fluorescence detectors, taking into account a power law neutrino in@RI&H) spectrum with
indicesy=1.5 andy=2.0 and two sets o, : v.

v,iv,=11 v,v,=1:0
E (GeV) dN/dE,~E; *® dN/dE,~E; 2° dN/dE,~E; *® dN/dE,~E; 2°
>10° 30.81 49.04 14.38 21.36
>10%° 2.16 1.28 4.04 2.33
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Ref. [37] we obtain the integrated-induced upward-going served in the next round of fluorescence telescopes like the
charged leptons as a function of the cosine of the nadir anglAUGER project.
The charged lepton flux emerging from the Earth depends on We believe that the original question, “How opaque is the
the slope of the incident neutrino flux as well as on the inci-Earth to UHE neutrinos?,” has been answered at least in part
dent neutrino flavor ratio. It is clear that the above results arand can be improved with a better understanding of neutrino
in part due to the neutrino regeneration processes that for thghysics. In this way, the neutrino attenuation in the Earth
case ofv, are from both CC and NC interactions. The effectappears to be an excellent signature to obtain evidence of
at nadir angles near the horizon is a reduction of the ememeutrino oscillations of cosmological origin in the very high
gent tau lepton flux, because the regeneration process energy region. Future investigations already begun with
competes with the process of neutrino conversion ta&  BAIKAL's and AMANDAS pioneer work will tell us more
leaving the Earth. The effect is larger for high lepton energyabout the nature of neutrino particles and their cosmological
threshold (above 1&° GeV). In this case thev,-induced  sources. Theoretical developments as well as experimental
muon flux (v, :v,=1:0) leaving the Earth becomes domi- data are called for.
nant over the lepton fluxi(,:».=1:1) (see Fig. 6. The
effect can also be observed in the expected event fages
Table ). We point out that the RICE neutrino flux upper
limits used in the calculatiofinput) are some 2—-3 orders of The authors wish to express their gratitude to Professor C.
magnitude above model predictions. M. G. Lattes for his encouragement. One of (GGE.N) is

In short, the effect of the inclusion of the charged currentgrateful to M. G. Amaral and R. C. Shellard for information
neutrino interaction as a regenerative neutrino process rend references, especially about the AUGER project. We also
duces the rates of leptons in the range of #®GeV or  thank M. Olsen for reading the manuscript. This work was
above. Even so, the expecteeinduced upward-going lep- partially supported by FAPERJRio de Janeiro State
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tons still give significant event rates, capable of being obAgency).
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