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Propagation of extremely high energy leptons in Earth:
Implications for their detection by the IceCube neutrino telescope

Shigeru Yoshidd, Rie Ishibashil and Hiroko Miyamoto
Department of Physics, Faculty of Science, Chiba University, Chiba 263-8522, Japan
(Received 12 December 2003; published 17 May 2004

We present the results of numerical calculations on the propagation of extremely high éfldEgyneu-
trinos and charged leptons in Earth for trajectories in the whole phase space of nadir angles. Our comprehen-
sive calculation has shown that not only the secondary produced muons but also taus survive without decaying
in the energy range of 10—100 PeV with an intensity approximately three orders of magnitude lower than the
neutrino flux regardless of the EHE neutrino production model. They form detectable horizontal or downgoing
events in a 1 krhunderground neutrino telescope such as the IceCube detector. The event rate and the resulting
detectability of EHE signals in comparison with the atmospheric muon background are also evaluated. The
90% C.L. upper limit of EHE neutrino fluxes by a Rndetection area would be placed BtdF/dE=3.7
X108 GeV/cent secsr forv, and 4.6<10° 8 for v, with energies of 1D GeV in the absence of signals with
an energy loss in a detection volume of 10 PeV or greater.
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[. INTRODUCTION plex. The accurate understanding of the EHE neutrino and
charged lepton propagation in the earth is, thus, inevitable
It is well known that there exist extreme|y h|gh energy for an EHE neutrino search by Underground neutrino tele-
(EHE) particles in the Universe with energies up to SCOPEs. _ _ o _
~100 eV [1]. These EHE cosmic ray$EHECRS may Therg ha; been_ considerable discussion in the Iltgrature
originate in and/or produce neutrinos by various mechaffom this point of view. In Ref[8], the transport equations
nisms. For example, collisions of EHECRs and cosmic mi-nainly focusing onv, and = were solved and the resulting
crowave backgroundCMB) photons photoproduce cos- PaT“C'e fluxes after propagation have k_)een sho_wn for trajec-
mogenic neutrino$2], a consequence of the process knowntor'esf’f seyeral nadir angle{s in the horlzontal directions such
as the Greisen-Zatsepin-Kuzmi@ZK) mechanisnj3]. The as 8.5 - It is true that a major fTaC“.O” of EHEtracks are .
possible production of EHECRs in the present Universe dugggz% ffcr)(r)rgHtgenehuot:flgztaéu?';egtr:):;ebrfglil:ii% Essrg;_ 1S
};Ouéneagr::(l)hr:?;I;ZSO;:(;DII:)?pcSOesr%(fi?%%%filgegggi:)n- vatory such as I<_:_e(_:_ube is essentially & 4letector with
erate EHE neutrinos with energies even reaching grand un(:omparable sensitivities to both muons and taus, and calcu-

i i _ lation of the EHE particle energy spectra of both muons and
fied theory(GUT) scale[5,6]. EHE neutrinos provide, there- 5,5 over the whole solid angle space including downward

fore, a unique probe to explore the ultrahigh energyeyent trajectories would be important to evaluate detectabil-
Universe, which is one of the centerpieces of high energyy with reasonable accuracy. Furthermore, they utilized the
neutrino astrophysics. often used continuous energy Io&EL) approximation that

It has been argued that the underground neutrino telefllows only the leading cascade particles. It is a good ap-
scopes being operated and/or planned to be built are capaljigoximation for taus, but the secondary particle fluxes con-
of detecting such EHE neutringZ]. In their travel through tributed from the nonleading particles are not negligible for
Earth to the detection volume in a telescope, EHE neutrinomuons at EHEs where their decay does not play a visible
collide with nuclei in rock due to the enhancement of therole. Calculations on the Earth-skimming EHE have also
cross section at EHE range and produce secondary leptobgen made in some det@B]. These authors used approxi-
such as muons and taus. The expected mean free path risations to neglect the contributions of the leptons generated
~600(p;0ck/2.65 gcm 3) " Y(o,/107 %2 cn?) "L km  which  from tau interactions and decay in Earth, which would be
is far shorter than the typical path length of the propagatiorvalid enough for consideration of Earth-skimming neutrino-
in Earth. Moreover, the decay lifetime is long enough atinduced air showers. It has been pointed out, however, that
EHEs for the producegt andr to survive and possibly reach the secondarily produced, and v, from tau decay would
the detection volume directly. Successive reactions of interalso enhance the total neutrino fl{k0], which would be a
action and decay are likely to occur in their propagation, andenefit for an underground neutrino observatory. Following
the propagation processes of EHE particles are rather conall propagating leptons and taking into account the contribu-

tions from particles not only skimming but propagating
deeper in Earth are, therefore, essential for an underground-
*Electronic address: syoshida@hepburn.s.chiba-u.ac.jp; URLbased neutrino observatory.

http://www.ppl.phys.chiba-u.jp/ In this work, we numerically calculate the intensity and
"Now at Ushio Denki, Co.Ltd., 2-6-1 Oote-machi, Chiyoda-ku, energy distribution of EHE neutrinos and their secondarily
Tokyo 100-0004, Japan. producedu’s and 7's during propagation in Earth for the
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application to a kr scale neutrino observatory. The result-  TABLE I. Interactions and decay channels involved in the EHE
ing fluxes are shown as a function of nadir angle from downPparticle propag_ation in Earth. Rows are primary and columns are
ward to upward going directions. All the relevant interactionsdenerated particles.

are taken into account and we folloal particles produced

in the reactions whereas the CEL approximation follows only Ve Vw Y ely p 7 hadron

the leading cascade particles. The initial flux is mainly as-, . nc2 cch CC/NC

sumed to be the bulk of the cosmogenic neutrinos, generat NC cc CCINC
. . 12

from the decay of pions photoproduced by EHE cosmic ray, NC cC  CC/NC

protons colliding with the cosmic thermal background pho- " D D/CC PYBYD P p PN/CC

tons, since the cosmogenic neutrino model is appropriate as a D D DIcCC PRBID PID P PN/CC/D
benchmark as the flux prediction is on the solid theoretical
foundation. Its implications for detection by the IceCube®\eutral current interaction.
neutrino telescopgll], which is currently under construc- °Charged current interaction.
tion at Antarctica, are then discussed in some detail. ‘Decay.

The paper is outlined as follows. First we briefly review %Pair creation.
the interaction and decay channels involved with EHE par®Bremsstrahlung.
ticle propagation in Earth in Sec. Il. The method of our nu-"Photonuclear interaction.
merical calculations is also briefly explained. In Sec. Il we
show the calculated results: the energy distributions and intevy-Maor (ALLM ) parameterization of the structure func-
tensities of muons, taus, and neutrinos after their propagaion [16], which is considered to be the most reliable
tion. The energy spectra of these EHE particles are shown fqsrediction. We artificially switch off the photonuclear inter-
the cosmogenic neutrino model. Implications on the detecaction to see its systematic uncertainty in the results later in
tion by the IceCube neutrino telescope are discussed in Sethis paper. Furthermore, the weak interactibhN— X
IV and the detectability considering the possible backgroundausing muon and tau disappearances, and the heavier lepton
in the experiment is discussed in detail. The sensitivity topair production such ag*u~ [12], are also taken into ac-
EHE neutrino fluxes by a kineutrino observatory is also count in the present calculation, which leads to a visible
shown. We summarize our conclusions and make suggesontribution to the particle fluxes at EHEs.

tions for future work in Sec. V. An EHE neutrino is subject to charged curré@C) and
neutral curren{NC) interactions with nucleons. As there is
Il. DYNAMICS OF THE PROPAGATION IN EARTH no direct measurement of the relevant interactions in the

EHE range, the predictions for thé\ cross sections rely on

EHE neutrinos during propagation do not penetrate Eartlincompletely tested assumptions about the behavior of parton
but are involved in charged or neutral current interactiondistributions at very small values of the momentum fraction
that generate charged leptons and hadronic showers becauseSince we do not have further clues to investigate EHE
their cross sections are expected to be enhanced in the ultraeutrino interactions in our hands, we limit our present
high energy regime. Secondarily produged and7’s travel  analysis to the range of standard particle physics and use the
in Earth, initiating many radiative reactions to lose their en-cross section estimated by REt7] using the CTEQ version
ergy. Higher order interactions like™ pair productionf12] 5 parton distribution functiongL8].
and charged current disappearance reactionsuike- v, X Decay processes are also major channels and compete
regenerate charged leptons and neutrinos which are subjewsith the interaction processes depending on energy. ghe
to further interactions. Moreover, thés decay channels like and 7 leptonic decay distribution can be analytically calcu-
T—v,uv, regenerates . A primary EHE neutrino particle, lated from the decay matrix using the approximation that the
therefore, results in a number of particles with various energenerated lepton mass is negligible compared to that of the
gies and species which would pass through an instrumenteaarent leptor19]. Forz= EV|/E| (I=pw or 7) it is written as
volume of an underground neutrino telescope. The resulting

energy spectra and their intensities are consequences of the dn 5 , 4, (1 , 8.,

chain processes of interaction and decay. Table | summarizes 4z 3 —3z°+ 32 —(§ —-3z°+ 37 ) (1)
the interaction and decay channels as a function of primary

and generated particle species. The main energy loss proces _

for secondarily produceg’s and 7’s are e™ pair creation, afid fory,= EVe/E“ (n decay, E”w/ET (7 decay,
bremsstrahlung, and photonuclear interactions. The relevant

cross sections are formulated in REE3] for pair creation, _n_2_6yz+é,ry3_(_2Jr 12y —18y2+8y3) )

Ref.[14] for bremsstrahlung, and R€flL5] for photonuclear dz

interaction. Among these the photonuclear cross section has

the largest theoretical uncertainty because it relies on the The hadronicr decay has various modes and its accurate
details of the nuclei structure function, which has to be estitreatment is rather difficult. Here we use the two-body decay
mated from extrapolation from the low energy data. In theapproximation as in Ref20].

present calculation we use the estimation based on the deep- The transport equations to describe particle propagation in
inelastic scattering formalism with the Abramowicz-Levin- Earth are given by
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g 4] ‘895deg | | '89.5deg | FIG. 1. The energy distribu-
=} I tion of EHE leptons after propaga-
E tion in Earth with nadir angle of
2 Vi =V, 89.5°. u's and r's are secondarily
E : vl produced. The left panel shows
w 1075 1 — the distributions of leptons witje
§’ E Vi =W 1 flavor while the right panel shows
2 V—=|L the case ofr flavor. The input
° spectrum is 18 GeV monochro-
10_1{ L L l i —=_ o matic with»,, andv . having equal
10° 10 10" 10'2 10° 16 10'° 10'2 intensity of 1 in these arbitrary
Energy [GeV] Energy [GeV] units.
dJ, m 1 dn! mal distances as described in Rdf22,23. The energy dif-
=—Npo,ncornedyt —df dE,— —J,(E) ferential cross sections are derived from the ones for the
dX ' cpT E, dE, inelasticity parametey=1—E'/E, i.e.,do/dy. Let us show
two examples to show the behavior of the EHE particle
N f dE’ d‘TvN,NCJ (E") propagation in Earth. Figure 1 shows the energy distribution
A v dE Vv of EHE leptons after propagation in Earth, entering with na-
Y dir angle of 89.5°. The corresponding propagation distance
don.cc in Earth is ~110 km. The primary input spectrum is a
+NAJ dE/ dE Ji(E)), (3 monochromatic energy distribution of #0GeV of », and
v v, with equal intensities. Sizable amounts of the secondarily
producedu’s and 7's are found. As thew bulk from v is
ﬂ_ N J— my 3 mainly generated fromr decay, which occurs less frequently
dx _ ATINY cpr'E, ! in the high energy region, their intensity decreases with
higher energy. For the same reason, the secondanyergy
do,ncce distribution is harder than that @f’s. Note thatr originated
+NAf dE,———J,(E)) in primary v, denoted as’,— 7 in the right panel in the
dE figure are produced in heavy lepton pair creatign
doy —prtT . ,
+ NAI dE/ —J,(E/) _ The intensities of “prompt” muons and taus, whqse ener-
dE, gies are approximately the same as those of the primary neu-
g trinos, are four to five orders of magnitude lower than the
m , 1 dn , primary neutrino flux as indicated in the figures, but the low
+ CpﬂdJ dE Ed_EJ'(E' ), (4 energy bulk of the secondary muons and taus which have
|

suffered energy loss during their propagation makes a sig-
. ) nificant contribution to the flux for a given neutrino energy
where J,=dN,/dE, and J,=dN,/dE, are the differential  ghactrym. It should also be remarked that the muons gener-
fluxes of charged leptons and neutrinos, respectivlyis — ateq from secondarily produced tau decay, denotedas
Avogadro’s numberp is the local density of the medium —.u, constitute a major fraction of the intensity below
(rock/ice in the propagation pathy is the relevant interac- 158 Gev. We see in the next section that they form a sizable
tion cross sectiondnf‘/dE is the energy distribution of the f,x for the EHE neutrino model producing a hard energy
decay products, which is derived from the decay rate per unigpectrum like the cosmogenic neutrinos generated by the
energy and given by Eqsl) and(2), c is the speed of light, GzK mechanism.

andm; and {' are the mass and the decay lifetime of the ~\when particles are propagating more vertically upward,

leptonl, respectively. The density profile of the rogkL),  i.e., their propagation distance is longer, all the prompt com-
is given by the preliminary Earth modg21]. A column den-  ponent disappears and no particles essentially survive in the
sity X is defined be:f(%p(L’)d L. EHE range, because of the significant energy losses. A typi-

Equation (3) describes neutrino propagation. The firstcal case is shown in Fig. 2 for nadir angle of 70°. One can
term is a loss due to the neutrino interaction, the secong@ee that most of the secondary muons and neutrinos are ab-
represents a contribution due to the decay, and the rest of tlsrbed and they remain only in the low energy range.
terms account for generation of neutrinos by the neutrino and The energy distributions and intensities of EHE particles
charged lepton interactions. The fourth term represents negpropagating in Earth are, consequently, strongly dependent
trino appearance by CC interactions such 88— v ,X. on the zenith(or nadip angle of the trajectory, and also on
Equation(4) describes charged lepton propagation and hashe initial neutrino energy spectrum. One must solve the
similar terms to those of Eq3), but also a term to represent transport equation in the entire phase space in the zenith
loss due to lepton decay. angle in order to make accurate estimations of the fluxes we

We calculated these equations numerically by building thesee in an underground neutrino telescope for a given neutrino
matrices describing the particle propagation over infinitesidinitial flux.
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FIG. 2. Same as Fig. 1, but for nadir angle of 70°. Shown are
the distributions of leptons witje flavor when the inpuv,, andv.
is monochromatic energy of 10GeV.

FIG. 3. Fluxes of EHE particles at the IceCube depth for the
scenario of neutrino production by the GZK mechanism. Two cases
of nadir angle are shown in the figure.

lll. THE COSMOGENIC NEUTRINO FLUX AT
UNDERGROUND DEPTH tions of neutrinos are far shorter than the propagation dis-
tance. This implies that most of the upgoing events in a

In this section, we discuss the case when the initial ﬂuxe?]eutrino observatory come from horizontal directions

of v, and v, are given by the GZK mechanism, EHE neu- o :
. m T 2 N The v, flux becomes dominating over that of, in the
trino production by collisions of EHECRs with CMB pho- low energy range where the decay is significantly more

tons in extragalactic Space, as thls_model has been thoughtﬁ%portant than interactions. This enhancement is caused by
be the most conventional mechanism to generate EHE ney;

he v,— 7—v_ regeneration process. Note that the small

trinos without new physics and/or speculative assumption_sbump in thew, spectrum is not a propagation effect but gen-

The biggest uncertainty in the intensity of the cosmogenic, .4 primarily by EHECR neutron decay in sph2e, 24,

fluxes is related to the cosmic ray source distributions. As- The intensity strongly depends on the nadir angle. Figure
suming homogeneously distributed astrophysical SOUrCe$y s the dependence of the secondary muon.and tau

gg\gfgiré \gg{?t;)rgsreo;rﬁzteegq:gnr'touxcij;a(ifelthsvitr;]eirl:tgr}gcig:(fluxes on the zenith angles. Strong attenuation by Earth can
PP y be seen but the fluxes are more or less stable in the region of

.Of. 10.[24]' Although _assunyr;g an extremely hard cosmic "®Ythe “downward” events where ca&=0. Particles in this
injection spectrum like~E™ " or very strong source evolu-

tion allows larger fluxes which can still be consistent with range are propagating in ice0.917 g/cm) to enter into

. the detection volume. We numerically solved the transport
Wwe it the present caloulations 1 the conventional case th&fdU30N in the ce medium to derive the downward fluxes.
homogeneously distributed astrophysical sources are respo he downward fluxes constitute a major fraction of events in
. > O underground neutrino observatory. The detection issues
sible for the observed EHECR flux below?@V. are discussed in Sec. IV
We solve Eqgs(3) and(4) to evaluate the particle fluxes at T
an underground depth where a kilometer-scale neutrino ob-

servatory is expected to be located. The IceCube neutrino GZKV ‘
telescope is constructed at 1400 m depth below the ice sur- "E > 10PeV
face and we take this number as a representative depth. It has +_ i

been found that changing this depth within a factor of 2 2 oL

would not affect the overall EHE particle intensity in a sig- §,

nificant manner and the conclusion remains the same. Neu- °-‘E

trino oscillation with full mixing is assumed and the, ini- oL

tial flux is identical to that ofv.. For the parameters e 1r
constrained by the SuperK experimd@6], the oscillation '5'

probability in the earth in the EHE range is negligible, how- i

ever, and we do not account for the oscillation in the present gles &0 £y
calculation on propagation. =1 -05

cos(0)

Figure 3 shows the fluxes with nadir angle of 85° and
70°. The initial primary cosmogenic neutrino fluxes are gig. 4. Dependence of the muon and tau fluxes originating in
taken from Ref[22]. Taus notably dominate muons becauseéthe cosmogenic neutrinos on the cosine of zenith angle. The inte-
their heavy mass makes them penetrate Earth and becaug@ted flux above 10 PeV is plotted on a linear scale. The atmo-
decay is less important than interactions for the relevant enspheric muon fluxes are also shown by the solid curve for a con-
ergy range. The case of nadir angle of 70° exhibits the strongervative estimation with low energy extrapolation and by the
attenuation, however, due to the fact that the mean free pathimshed curve for &@orsika-based estimation. The details of the
of all the relevant interactions including the weak interac-atmospheric fluxes are discussed in Sec. IV.
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FIG. 5. Energy spectra of,,v, ,v,,u, 7 originating in the cosmogenic neutrinos at the IceCube depth. The intensities are integrated over
solid angle and shown for the upward region (6s9, left panel and the downward region (c@s=0, right panel. The two dashed lines
represent the atmospheric muon intensities. The upper line shows a conservative estimation based on simple extrapolation from the
calculation at 5 TeV, while the lower line is derived by Monte Carlo simulation withctbrsika package.

The energy spectra integrated over zenith angle are showghotonuclear interactions results in a factor of 2 variance in
in Fig. 5. Secondary muons and taus form a potentially dethe intensity, which would represent the error range of the
tectable bulk with intensity~ three orders of magnitude secondary tau flux estimations in a conservative manner.
lower than the neutrino fluxes. The main energy range is 10
PeV to 10 EeV €10 GeV). Regardless of the neutrino |v, DETECTION BY A KILOMETER-SCALE NEUTRINO
production model, the intensity @f and 7 relative tov,, and OBSERVATORY

v, remains approximately unchanged. It should be remarked . .
that the intensity of the downward going muons and taus is The event rate for a neutrino observatory can be estimated

larger than the upward one by an order of magnitude. As alsBY integrating the energy spectra shown in Fig. 5 above a
seen in Fig. 3, the tau flux dominates over the muons abovireéshold energy multiplied by the effective area of the de-
1P GeV. Enhancement of. intensity by regeneration also tector, which is 1 krh |n.the.case of I_cepube. The downwar.d
appears in the upward going trajectories. events are major contributions and it is necessary to consider
The uncertainty in the muon and tau flux estimationsth® atmospheric muon background, however. The atmo-
mainly arises from the fact that we do not know the photo_spherlc muon flux estimation in the_ relevant energy range is
nuclear cross section accurately in the EHE range. For ex20t straightforward because there is no measurement avail-

ample, using the updated approach to deduce the phot@ble and numerical calculation is also time consuming as one
nuclear cross section including the soft part of theMust fully simulate EHE air shower cascades. Here we use

photonuclear interaction would lead t030% enhancement WO methods to estimate the flux. One is to extrapolate the
of the total tau energy loss in the EHE ran@¥]. To be  calculation at 5 Te\{28] which has been confirmed to be

conservative, in Fig. 6 we show a comparison of the fluxesonsistent with the measurement. Because the cosmic ray

. . . . . —2.7; H H H
with and without photonuclear reactions. Switching off the€nergy spectrum follow& ™" in the TeV region while high
energy cosmic ray spectra above 10 PeV are steeper, follow-

ing E~3, this extrapolation would overestimate the flux, but
it gives a conservative evaluation. The other method is to run
the CORSIKA air shower simulation29] with the energy
spectrum of the observeH 3 dependence under the as-
sumption that the whole mass composition is protons, and
count the number of high energy muons reaching the ground.
Then we solve the transport equations for the derived muon
fluxes at the surface. The results obtained for the background
intensity in downward events are shown in the right panel of
. Fig. 5 by two dashed lines. One can see that the muon back-
ground spectrum is quite steep. Setting a higher threshold
energy, therefore, would allow elimination of the background
12 contamination. The flux dependence on the zenith angle is
shown in Fig. 4 when the threshold energy is 10 PeV. It is
clearly seen that the muon background attenuates faster than
FIG. 6. Dependence of the muon and tau upward fluxes orihe neutrino-induced EHE muons and taus, and there is a
photonuclear interactions. The integrated fluxes over nadir angles ofindow where the signals dominate the muon background.
0° to 90° are shown. Table Il summarizes the intensity with threshold energy of 10

-10 ——— T
| —— Photonuclear Interaction (ALLM)
I ---- Switch off Photonuclear Interaction

1
-
jury

T

\
\
1
1
|
I
|

Lo v v by oy

Ea ="

log(dN/dE E® [GeV cmZsec’])

L ! L L L I L | L L !
10° 108 10" 10
Energy [GeV]
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TABLE II. Integral flux intensities for several EHE neutrino models.

l,, (E=10 PeVv)? | ,(E=10 PeV) I (E=10 PeV) | ,(Ejoss=10 PeV) | (E;0ss=10 PeV)

(cm ?sec 27 Y) (cm ?sec’?) (cm ?sec?) (cm ?sec’t) (cm ?sec?)
GZK P downward 5.9% 10 16 5.90x 10 1° 5.97x10°1° 47510 1° 3.28<10°1°
GZK upward 5.9% 10 16 3.91x10°2° 6.63< 1020 2.57x10°2° 2.64x 1020
TD © downward 9.9x10°1° 5.48< 10718 5.11x 1018 3.75x 10718 2.94x 10718
Atmosphericu — 2.06x10°18 — 1.74x1071° —
Atmosphericy ¢ — 7.25x10° 10 — 5.34x 10" % —

4ntensity at surface before propagating in Earth.

Cosmogenic neutrinos withn(,Z ) = (4.0,4.0) in Ref[22].

‘Topological defect scenario using supersymmetry-based fragmentation function it Ref.
dEstimation based on theorsika simulation.

PeV for the various EHE neutrino models together withlarger than or comparable to the muon background intensity
those of the atmospheric muon background. in all the zenith directions in this energy-loss-based criterion.

In fact, what neutrino detectors can measure in a direcThis indicates that it is probable that an EHE neutrino search
manner is not the energy of muon or tau tracks but the endsing downward events can be made under an almost
ergy loss in the detection volume. The relation between enbackground-free environment.

ergy and energy loss is approximatehd E/d X~ BE. Here It should be noted that the tau flux is lower than the muon
B is the average inelasticity given by flux with this criterion. This is because the heavier mass of
the tau suppresses the energy loss compared to that of muons
Ymax do with the same energy. This situation is illustrated in Fig. 9
B= dy'Y'F- ) where the tau fluxes are plotted as functions of energy and
Yiin y energy loss in ice during 1 km propagation. The intensity

above 16 GeV is reduced because of the energy loss sup-
pression. Higher energy loss takes place in the form of had-
ronic cascades initiated by the photonuclear interaction.
Table 1l lists the intensity of muons and taus above 10 PeV
of the energy loss for the fluxes of the cosmogd2] and

For the e™ pair creation of muons in ice,3=1.3
X 10" ® cmP/g. Therefore the average energy loss fraction
due to the pair creation is

= B¢ AX top-down[6] models. The event rate under this criterion is
found to be 0.274+ 7)/km?yr for cosmogenic neutrino

ot fluxes with moderate source evolution. Note that the down-
_ B Pice ( AL ) () ward event rate is 0.25/khyr and dominates in the overall

" 11.3x107%/10.92 genmr2/\1 km/)’ rate. The event rates for the various neutrino production

models are summarized in Table lIl.
indicating that 10% of the muon primary energy is deposited The IceCube sensitivity to EHE neutrinos can be evalu-
in a detection volume. Because radiative interactions likeated by the event rate per energy decdd¥d logE. For a
bremsstrahlung have a stochastic natwE, fluctuates sig- given energy of primary neutrinos, the secondary muon and
nificantly on an event by event basis, however. We carriedau fluxes are calculated by the transport equations &js.
out a Monte Carlo simulation to see the fluctuation. Theand (4) as a function of zenith angles. The probability that
simulation code uses the same cross section and decay tables

but calculates the energy of a particle after an infinitesimal 10— T
propagation lengtiA X with the Monte Carlo method instead [ Moo -

of solving the transport equations. Figure 7 shows the distri- g e

bution of the energy loss of muons in running over 1 km in 102 |

ice. The energy loss distribution due to the pair creation may
be narrow enough for the CEL approximation; this is not the
case for the distributions due to the other interactions, how-
ever. It is not appropriate to approximate the entire distribu-
tion by a & function, which implies that the energpss
rather than the energy would be better to describe the event
characteristics. 0
As a more realistic criterion, we introduce the threshold of
the energy loss in ice instead of the energy itself. Figure 8
shows the GZK integrated flux dependences on the zenith FIG. 7. Distribution of energy loss in propagation of muons over
angle in the case of the 10 PeV threshold of the energy 10S9. km in ice. The primary energy of muons is'2@eV. Contribu-
One can see in comparison to Fig. 4 that the GZK fluxes aréons from each interaction are shown separately.

PhotoNucl.

dF/dLogE [Aribitrary Unit]
—h
q

16‘°' T
Energy Loss in Ice [GeV]
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FIG. 8. Dependence of the muon and tau fluxes originating in

the cosmogenic neutrinos on the cosine of zenith angle. The integral FIG. 9. The tau fluxes at IceCube depth originating in the cos-

flux above 10 PeV of the energy loss is plotted on a linear Scalemogenic neutrinos as a function of enexgiye dashed curyetotal

The atmospheric muon fluxes are also shown by the solid curve foénergy loss in icethe solid curvi energy loss in the form of

the conservative estimation with the low energy extrapolation anqelectromagnetic cascadébe dash-dotted curyeand in the form
by the dashed curve for theorsika-based estimation. of hadronic cascadeghe dotted curve

energy loss with the threshold value or greater occurs is es- : .
timated by a Monte Carlo simulation and convoluted with €XPected EHE neutrino flux in the burst model31], the

flux integration over energy and zenith angle to give the rateScenario that the collisions of EHE neutrinos with the cos-

Figure 10 shows the resulting sensitivity of the IceCube deMological background neutrinos explain the EHECR fluxes
tector with 1 kn? detection area. The various model predic- Without the GZK cutoff, is well below the IceCube bound if

. . B . _1 . .
tions are also shown for comparison. The 90% C.L. uppe he injection neutrino spectrum 5™+ as described in Ref.
limit, i.e., 2.3 event/energy decade/10 yr is plotted for a 1 32]

PeV and 1 PeV threshold of the energy loss, respectively, Although less significant, there age and 7 events pro-
The v, sensitivity is better than that for. below the duced by neutrinomsidethe detector instrumented volume.

108 va region because muon energy loss in a detectiol this case the charged leptons produced propagate in only a

volume is larger than that of taus with the same energy, bup@'t of the observation volume. We carried out the same
tau decay, which results in a large energy deposit in the dd¥ionte Carlo simulation deriving the results of Fig. 7 but in
tection volume, makes the dominant contributionvinsen-  Which », andv. were initially entering into the ice \éolume.
sitivity in this relatively low energy range, forming a slight The probability that neutrinos interact inside the 1°kvol-

bump structure in the sensitivity curve. The 90% C.L. upper“Me and that the produced muon or tau loses energy greater
limit of EHE neutrino fluxes in a kiidetection area would than 10 PeV was estimated and convoluted with the neutrino

be placed aE2dF/dE=3.7x 10" GeV/cn? secsr forv intensity at the IceCube depth. The detection sensitivities by

and 4.6<10°8 for v with.energies of 19GeV in the ab- this channel are shown as thick dashed curves in Fig. 10. In

sence of signals with energy loss in a detection volume of 11€ EHE regime above 10° GeV, the intensity of internally
produced muon and tau events is too small to contribute to

PeV or greater. o . .
This %ound would not exclude the cosmogenic neutrinothe overall sensitivity because the neutrino target volume is
limited by the size of the detector, i.e., 1&mBelow

production model but strongly constrains the cosmic ray in- F . . ] .
jection spectrum in the model. Cosmic ray nucleon injectiont0 G€V, on the other hand, including this channel improves

spectra harder thai~ 15 would violate the bound25]. On the sensitivity in a sizablle manner becausg the energy Ios_ses
the other hand, as long as the injection spectrum is softe(?f muons and taus during their propagation over long dis-
than E~2, which is very likely in the case of astrophysical 211Ces are more likely to transfer them out of the energy
cosmic ray sources, the IceCube bound would constrain thg"ge above the 10 PeV threshold, which leads to reduction
source evolution less as seen in Fig. 10, where we plotted aff 1€ €ffective neutrino target volume for producing EHE

extreme scenario of cosmological evolutiont{)® wherez
is the redshif{25]. Stronger evolution possibilities than this
case are inconsistent with the diffuse backgroynadgy ob-
servation by EGRET30], since the GZK mechanism also
initiated electromagnetic cascadgx?,23,25 via photopro-

TABLE Ill. The event rates for several EHE neutrino models.
The notation for the model name is the same as in Table II.

N,,(Ejoss=10 PeV) N, (Ejps=10 PeV)

—2\1 -2 1
duced = decay ande™ pair creation by EHECR collisions (km "y ) (km "y )
with CMB photons, forming the photon flux below 100 GeV GZK downward 0.15 0.10
which is constrained by the observation. GZK upward 0.0081 0.0083

The topological defect scenario, on the other hand, wouldD downward 1.18 0.93
be severely constrained by the absence of EHE event detestmosphericu 0.055 —
tion by IceCube. The expected event rate iSAtmospherici (CORSIKA) 0.016 —

~2 events/yr kri as one can calculate from Table Il. The
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FIG. 10. The IceCube sensitivities to the EHE neutrino fluxes. 90% C.L. limits with a®ldatection area with 10 yr observation are
drawn. The left panel shows the casewgfand the right panel shows the case. Labels refer to GZK22] for the lower curve[25] for
the upper curve TD [6], andZ burst[32]. The dashed curves show the sensitivities determined by events of neutrinos interacting inside the
detector volume.

muons and taus outside the detector volume. There is littlare heavy nucl€i34] and may not constitute a background in

gain in EHE neutrino searches, however, because the préhe EHE neutrino search. Even if the prompt muon intensity
posed EHE neutrino models have their main energy rangts sizable, their energy spectrum will still be much steeper
above 18 GeV. than the expected spectrum in the proposed EHE cosmic
neutrino models, however, and one can easily distinguish the
signal detections from the prompt muon background events
if the neutrino observatory has reasonable resolution for the

We calculated the propagation of the EHE neutrinos and@nergy loss of muon and tau tracks. The detector resolution
charged leptons in Earth to derive their intensities and theilSSues require detailed detector Monte Carlo simulations for
dependence on nadir angle. The secondarily produced muoffther investigations. The AMANDA experience in rela-

and taus form detectable fluxes at the IceCube depth, with afivély low energy muon reconstruction would lead to energy

intensity three orders of magnitude lower than the neutring€Solution ofA log E=0.3[35]. The development of a detec-

fluxes. A realistic criterion, requiring energy deposit greatertor Monte Carlo 5|mulat|(_)n IS In progress and its application
than 10 PeV in 1kmh volume of ice. leads to © the present results will be important future work toward

~0.27 events/yr for the cosmogenic neutrinos in the case otpe search for EHE neutrinos by the IceCube observatory.
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V. SUMMARY AND OUTLOOK
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