Proceedings of ICRC 2001: 12@® Copernicus Gesellschaft 2001 | C R C 2 OO 1

UHE and EHE neutrino induced taus in the Earth

S. Bottai and S. Giurgola
University of Florence and INFN Florence

Abstract. The propagation of extremely energetics and

7's through the Earth is studied by means of a detailed Monte
Carlo simulation. All major mechanisms of interactions
andr energy loss as well as all its relevant decay modes are
properly taken into account. The probability fds emerging
from the Earth is determined for several energy thresholds.

1 Introduction

The Earth is completely transparent to neutrinos in the GeV
energy range but it is expected to become opaque for suf-

ficiently high neutrino energy. As to muon neutrinos, the rig 1 Graphical examples of atmospheric showers induced by neu-
charged current (CC) interaction length inside the Earth equajgnos. Electron neutrinos in atmosphere will give the most strength
Earth’s diameter for energy aroudd TeV (Gandhi et al.,  signature. Upward going.'s could be detected as upward going
1996). It has been recently pointed out (Fargion, 1997; Halzeshowers induced by decay.

ad Saltzberg, 1998; lyer et al., 2000; Becattini and Bottai,

2001) that the behavior efneutrinos, whose existence should

be guaranteed in a neutrino-oscillation scenario, should b€ Simulation

significantly different fromy,, andv,. Whilst muon and elec-

tron neutrinos are practically absorbed after one CC interacThe Montecarlo simulation has been performed following
tion, ther lepton created by the. CC scattering may decay neutrinos and charged leptons along their path inside the Earth.
in flight before losing too much energy, thereby generatingThe Earth model considered is the preliminary the Earth model
a newr, with comparable energy. Hence, ultra high energy of A.M. Dziewonski and D.L. Anderson, 1981. During par-
7-neutrinos should emerge from the Earth instead of beingdicle propagation the occurrence of interactions relevant for
absorbed. At the same time some of theroduced in the energy loss, decay or leptons production has been simulated
Earth, because of their relative long decay length at high enby a unidimensional approach. The only secondary particles
ergy, could emerge from the Earth surface and eventually dewhich have been followed are the’s produced by- decays

cay inside the atmosphere (fig. 1). Such kind of events couldand 7’s arising fromv, charged current interactions. Deep
be detected by atmospheric shower detectors as upward ginelastic neutrino-nucleon scattering is the dominant interac-
ing showers. For a correct evaluation of the energy’sf  tion of energetic neutrinos into conventional matter. Charged
emerging from the Earth, it has to be taken properly into ac-and neutral current differential cross sections used in this
county, interactions as well as energy loss and decay. In work (see Becattini and Bottai 2001 for more details) have
the present work a detailed Monte Carlo calculation,of 7 been calculated in the framework of QCD improved parton
system propagation through the Earth has been performed fanodel. We have used the parton distribution set CTEQ3-
energy up ta 0?2 eV including ther energy loss. DIS(H. Lai et al., 1995) with NLO-DGLAP formalism used
for @ evolution of parton distributiong(x, Q%) and assum-
Correspondence tdS. Bottai (bottai@fi.infn.it) ing for very low momentum fraction the same functional
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Fig. 2. Effective depth for creation of exiting’s. The dotted line  Fig. 3. Scatter plot for final energies of emergints (E£y) ver-
shows the expected result for no interactirig created with the  sus emerging zenith angles. The simulation has been performed at
same neutrino energy and decaying after owiecay length. E, = 10?°eV for an isotropic flux

form measured at = O(10~°). The electromagnetic inter- the ground. The- decay length, at first approximation, can
actions of muons with matter, at the actually considered enbe used to fix the order of magnitude of the depth below the
ergies, are dominated by radiative processes rather than iof=arth surface to be considered active for such evesitsd-
isation. The cross sections for electromagnetic radiative protive deptf). At energies below0'*eV , for which the neu-
cesses of are lower than muon’s but radiative interactions trino interaction length in the Earth crusts 400km, the
still remain the dominant process foenergy loss. The cross neutrino interactions inside the last part of the Earth crust are
sections used for radiative electromagnetic interactions of approximately homogeneously distributed. Even if the cor-
leptons are based on QED calculation for bremsstrahlungect results for fluxes emergmgfromthe Earth will be given
(Petrukhin and Shestakov, 1968), for direct pair productionas they come out from a detailed and complete montecarlo
(Kokoulin and Petrukhin, 1970) and for photonuclear inter- Simulation, it is interesting to evaluate teéfective depttn
actions (Bezrukov and Bugaev, 1981) by replacing muon orthe approximation considered above for quite low energy and
electron mass withr mass (only formulae with explicit lep- homog_eneous dlstrlk_)uted |n_teract|on_s. For that reason we
ton mass dependence in the original paper have been consifiave simulated.. CC interactions coming from vertical neu-
ered). For all above processes we have implemented stocha§inos and homogeneously distributed in the Earth below the
tic interactions for = (E; — E;)/E; > 10~ and a con-  surface. For each neutrino energy we can define the effective
tinuous energy loss far = (B — F;)/E; < 1073, where  depth as the limit :
E; andEf are ther energies before and after the interaction Lejs= lim  L-e(L)
respectively. L—Lgartn
Itis worth mentioning that bremsstrahlung cross section scalgg,arer, is the maximum depth considered for the simulation
as the inverse square of lepton mass whereas direct pair pro-, L . cxiting T's
: ; . of neutrino interactions ane(L) = A .
duction approximately scales accordingtQ/m; (Tannen- : ; neutrino interactions
; The results of such simulations are shown in fig. 2 where
baum, 1991). As a consequence, the dominant processes of . . L
: : . .~ they are compared with the simple approximation foy ¢
lepton energy loss are direct pair production and nuclear in- iven by the value of decay lenath with.. — E
teractions rather than bremsstrahlung photon radiation. The y y leng [N

. . At low energyL.s/E, slowly rises withE, because the
7 decay has been simulated by using the TAUOLA paCkagefraction of energy carried by the increases with energy in
(Jadach et al., 1993)

the CCv, interactions. Aboves 10'7eV the effect ofr

energy loss becomes important, the degradation'oen-

3 Results and conclusions ergy prevents them to reach the surface and consequently
L.s¢/E, drops down.

Tau neutrinos interacting in proximity of the Earth surface In order to evaluate the fluxes of exitings the results

can produce’s which in turn can survive until they exitfrom given for L.¢r should be used together with neutrino total
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E <€v> going neutrino interactions in the atmo-
v sphere overhanging the Earth surface is
shown

cross sections and neutrino fluxes as they should appear closarger than some hundreds of kilometers neutrinos interact
to the surface after having crossed the whole Earth (Becattinguite soon, far away from the Earth surface, and the pro-
and Bottai 2001). Such a procedure can be avoided using thducedr’s lose energy or decays (eventually being regener-
results of a complete simulation following leptons propaga-ated from the new,) before exiting from the Earth. Due
tion from the entering point on the Earth surface to the exitingto this mechanism the energy of thg-r system decreases
one. The simulation performed takes into account all phys-as the zenith angle increases (fig 3). As the energy of the
ical phenomena described in the previous section and propr,.-r system decreases the probabilityrotiecay increases
erly considers the degradation in energy of ther system  while the probability ofv,, CC interaction which generates
during its propagation inside the Earth in the energy rangea newr decreases. Hence the probability for,ato exit as
102eV < E, ., < 10?2¢V. Once a neutrino is injected ar drops, in case of7, = 10%°eV, for zenith angles larger
into the Earth surface, the probability that such a particlethan100°. For primary energy lower thaf, = 102%eV the

will emerge above a given energy threshold assirongly  behavior of thev.-7 system is similar but shifted to larger
depends on the amount of crossed matter and hence on thalues of zenith angles. At lower energy thanteraction
zenith angle of the emerging particle. Because of the risdength increases and even at larger zenith angles the first
with energy of neutrino cross sections and due to several eninteraction can happen close to the surface, hence without
ergy degradation processes involved in the propagation, pal significant energy degradation of the-r system before
ticles at extreme high energy are expected to emerge onlgmerging from the Earth.

as almost horizontal events. In fig 3 the result of a simula- The results given in fig 4 can be used for simple calcula-
tion at extreme high energy using an isotropic flux of neu-tion of the number of’s exiting from a given Earth surface
trinos hitting the Earth with energ¥, = 102°eV is pre-  for any given isotropic extraterrestrial neutrino flux. For each
sented. Most ofr’s having zenith angles larger thaa® neutrino energy’,, we define an effective aperturbfff}(sr):
emerge with energies in the)'%eV-10'7eV range, where

the tau decay length is comparable with tau radiation Iength.Asz;(sr) = /P(I/T — 7(E; > E)) - |c05(0zenitn)| A
Since forE,, = 10%2%eV thev interaction length in the crust

reaches 70km, for high zenith angles with total path length where P(v, — 7) is the probability that a given; hitting
the Earth surface will exit as®g, ©...::1, iS the zenith angle
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contribute to increase the probabilityd$ escaping from the
g 0*2 E. = 3+10™ eV Earth. This probability continues its fast rise as far as the in-
crease of the cross section enhances the production’sf
Around E,, = 10'8eV the cross section of neutrinos is so
high that the probability for neutrinos to have at least one in-
teraction is close to one for most of zenith angles. Above this
energy the rise of neutrino cross section does not further con-
tribute to increase the number of produeesibut for a very
narrow region of almost horizontal events. At the same time
the rise of cross section abo¥8'3eV induces neutrinos to
interact far from the exiting surface and hence ither sys-
tem undergoes a higher degradation of energy. Moreover the
increase of decay length prevents most of the extreme high
full 7 interactions energy events to produce a detectable shower inside the at-
no decay selection mosphere (only’ decaying within600g/cn? slant depth are
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bremsstrahlung only retained). Due to these mechanisms the valuégf; (sr) at
ve otm. extreme high energy gets an almost flat beheaviour with en-
= 5 Ll o L 22‘ ergy and strongly depends on the requestetergy thresh-
10 10 10 10 old.
E, (eV) The comparison between emerginlg and neutrino in-
teractions in the atmosphere leads to the conclusion that the
Fig. 5. Effective aperture for different energy loss mechanisms enhancement effect of neutrino interaction in the Earth is ef-
and in case of standardenergy loss without any decay selection. fective in the energy range)°eV-102%eV in case of low en-
The energy threshold B, = 3 - 10%eV/ ergy threshold, while for very high energy thresholés,( >
10'eV) the number of emergings from a given Earth sur-
face is much lower than the number of neutrino interactions
in the atmosphere above the same surface.
The effect ofr energy loss has been found to be very
important for extreme high energies. In fig 5 the values of
Acrs(sr) for an energy threshold of - 10'%eV are given

AN for normal 7 energy loss, for nuclear interaction switched
ABen (E,)dE, off and for only bremsstrahlung contribution to energy loss.

N-(Er = Ey) = / dE. teff
v Such very important differences in the results demand further

where we also have imposed the condition that the exitingnvestigations about the extrapolation-otross sections at
T must decay within an atmospheric slant depth larger tharfxtreme high energies.

600g/cm? in order to develop a detectable EAS. For each de-
tector monitoring an Earth surfacethe number of upward
going 7’s above threshold per unit time will be given by the
productS - N-(E7 > Ey). Infig 4 itis also displayed the  Gandhi et al., Astropart. Phys., 5, 81, 1996

previously defined effective aperturk ;¢ (sr) for CC inter- D. Fargion, "The Role of Tau Neutrino Ultrahigh-energy astro-
actions for downward going electron neutrinos inside the at- physics in km**3 detectors”, astro-ph/9704205, 1997
mosphere. In this case the convolutionAf; ;(sr) with an F. Halzen, D. Saltzberg, Phys. Rev. Lett., 81, 4308, 1998
extraterrestrial isotropic neutrino flux will result in the num- F. Becattini, S. Bottai, Astropart.Phys., 15, 323-328, 2001

ber of neutrino interactions inside the atmosphere overhangS- Iyer etal., Phys. Rev. D61, 2000

ing the unit surface per unit time. In case & ;(sr) for AM. D_ziewonski and D.L. Anderson, Physics Earth and Planetary
atmospheric interactions we did not consider any thresholdH '[‘;?re"t’;sl 2F>SH 25923\?8'31 51 4763, 1995

condition since the whole neutrino energy is transferred to Op'a Petrukhin, 3\’/\/ Shestakov, Can. J. Nucl. Phys, 46, S377, 1968
the produced EAS. The effective apertwte;;(sr) for at-

R.P. Kokoulin and A.A. Petrukhin, Acta Phys. Hung. 29 Suppl. 4,
mospheric interactions in fig 4 rises with energy according to 277,1970

the rise of neutrino cross section. For quite low energy the| g Bezrukov and E.V. Bugaev Sov. J.Nucl. Phys. 33, 635, 1981

rise of Acy(sr), in case of exitingr's , is steeper because M.J. Tannenbaum, Nucl. Inst. Meth. A300, 595, 1991
the rise ofv cross section and the rise oflecay length both S, Jadach, Z. Was, R. Decker, J. H. Kuhn, CERN-TH 6793/93, 1993

of the emerging particles. The convolution of tmf‘h

with a typical isotropic tau neutrino quﬁe will give the to—
tal number of exiting’s per unit surface and unit time above
a given energy thresholf,;, :
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