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Limits on Topological Defect Neutrino Fluxes from Horizontal Air Shower Measurements
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We obtain the horizontal air shower rate from the (EeV) high energy neutrino flux predicted in some
topological defect scenarios as the source for the highest energy cosmic rays. Emphasis is made on the
different character of the events depending on the neutrino flavor and type of interaction. We show that
the bound for muon poor showers in th&’—107 GeV energy range is violated by maximal predictions
for superconducting cosmic string neutrino fluxes, we compare it to other neutrino flux limits, and we
discuss the future of such measurements to further constrain these models. [S0031-9007(97)03017-2]
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The establishment of cosmic rays of energies above Large scale high energy neutrino detectors are expected
10%° eV [1] and the prospects for the construction of ato further test these models [6]. As the Earth becomes
giant air shower array for their study, the Pierre Augeropaque for neutrinos already in the 100 TeV to 1 PeV
project [2] have stimulated great activity in the search ofrange, EeV neutrinos can be detected only for zenith
theoretical models for the production of these particlesangles between vertical down going and horizontal. In
The annihilation of topological defects (TD’s) has beensuch a case the experiment must have some control over
recently proposed as the origin of the highest energyhe energy of the muon to separate the neutrino signal
cosmic rays [3], although there is some controversy aboutom that of atmospheric muons, which poses a seri-
this possibility [4]. This mechanism avoids the mainous background. Underground muon experiments rely on
difficulties in the conventional shock acceleration andtheir overburden for this purpose. For high energies they
would imply large fluxes of gamma rays and neutrinosmust search for close to horizontal neutrinos where the
up to energies in the EeV range and well above [5].overburden and energy uncertainties are largest. Detec-
Active galactic nuclei (AGN), the most powerful known tors in water or ice may, in addition, detect Cerenkov
objects, have also been suggested as the possible oridight from neutrino showers with the advantage of be-
of the highest energy cosmic rays [6]. If the very highing also sensitive to the electron neutrino. They require
energy gamma rays detected from AGN [7] come fromgood directional and shower reconstruction capabilities to
pion decay, in proton acceleration models, they must alseeparate neutrino showers from those induced by muons.
emit high energy neutrinos. Models for acceleration inHorizontal air shower (HAS) measurements provide a
the AGN jets predict neutrinos also extending to the EeMhird alternative as they are due to high energy penetrat-
range [8—11]. ing particles such as muons and neutrinos [17] (including

Some of these models have already been shown telectron neutrinos), and shower size determinations can be
predict secondary photon and neutrino fluxes in conflicused as an energy threshold. Existing air shower arrays
with experiment. TD models are significantly constrainedcan constrain neutrino fluxes [18,19], and their relevance
by the observations of the diffuse gamma ray flux in thefor direct neutrino detection will become more important
100 MeV region [12]. Also the Fréjus underground muonwhen the Pierre Auger project is constructed [20,21].
detector has not observed the muon neutrino prediction In this paper we calculate the HAS rate due to neu-
for superconducting cosmic strings (SCS) [13]. Clearlytrino fluxes from TD and recent AGN models separat-
there are many uncertainties in these models such as tlireg explicitly the muon poor HAS in order to compare it
normalization, the mass of thE particle in the grand to the bound published by the AKENO group [22]. For
unified theory (GUT) scal&fy, the extragalactic magnetic TD models we take two modelg, = 0 and p = 0.5 in
field, the fragmentation functions involved, as well asRef. [23], corresponding to two different injection rates.
the propagation of each of the produced particles in th&he v, + 7, flux prediction in the maximal supercon-
extragalactic magnetic field and background radiationsgucting string model violates this bound. We compare
taking into account the evolution of the Universe. Whilethe different shower channels in this model showing that
some authors disfavor [14] or even claim to rule outabout half the totab, + 7, contribution is muon poor.
these models as the source of the highest energy cosmithie muons produced by charged current muon neutrino
rays [15], others argue that tuning the free parameters imteractions in the atmosphere dominate the “standard” at-
the model {x, the maximum of the injection spectrum mospheric muon flux at high energies and we calculate
and the extragalactic magnetic field), it is still possiblethe HAS contribution from secondary bremsstrahlung from
to explain the ultrahigh energy (UHE) cosmic eventsthese muons. This is the dominant contribution to muon
avoiding the 100 MeV gamma ray constraints [16]. poor showers fronw, + 7,. We finally compare the
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AKENO bound to other bounds emphasizing the differ-applies withy = 1, because all the energy is transferred
ences in energy range, and we briefly address the potentitd the shower; and a more complicated shower size de-
capabilities of typical existing and planned air shower arpending ony and combining both parametrizations has
rays to detect neutrino induced horizontal showers. been used. The expression neglects shower fluctuations.

Horizontal air showers—HAS have been observed in While first point interaction fluctuations are irrelevant for
the 1960s by several groups for shower sizes betweetle neutrino calculation shower size fluctuations will en-
10°-10° particles [24]. The shower rate observed ishance the horizontal shower rate for a spectrum that drops
consistent with conventional muon production by hardin energy. For typically flat TD fluxes, the corrections
bremsstrahlung [18,24—26]. For shower sizes abidve are, however, small [30].
particles, AKENO has published an upper bound on muon We have performed the previous calculations using the
poor air showers at zenith angles greater thah[BB). neutrino flux predictions from topological defects [23] and

There are multiple shower channels for neutrino showfrom AGN models [9], and we have assumed that the fluxes
ers. Deep inelastic scattering (DIS) interactions of theor v,, 7., v,, and7, are in the ratio 1:1:2:2. In Fig. 1
neutrino with air nucleons via charged and neutral curwe show thev, + 7, differential fluxes in these models
rents produce a hadronic shower of enesdy,, where compared to atmospheric neutrinos. For the neutrino cross
y is the energy fraction transferred to the nucleon. Insection we have used the MRS(G) parton distribution
charged current electron-neutrino (antineutrino) interacfunctions [31] extrapolated to low as described in [20].
tions the emitted electron (positron) generates an eledAe have checked that our results are not sensitive to using
tromagnetic cascade carrying the remaining energy of thalternative parametrizations for shower size such as that of
initial neutrino(1 — y)E, that is superimposed to the cas- Fenyveset al.[32], nor to the multiplicity of hadrons in
cade initiated by the hadron debris. For muon neutrinoshe DIS interactions. In Fig. 2 we show the total integral
the charged current interaction produces a secondary fluxorizontal air shower rates for the TD and AGN models
of high energy muons which could in turn induce hori- as a function of the shower size, compared to Tokyo data
zontal showers further into the atmosphere in the samp4] and to expectations from atmospheric muons.
way atmospheric muons do. The interaction of neutri- Muon poor showers—The AKENO bound on horizon-
nos with atomic electrons is in general suppressed by thtl air showers has been obtained on the basis of searching
ratio of the electron to the proton rest mass except fofor muon poor showers. This has allowed the search for
the Glashow resonance, + ¢~ — W™, which domi- showers of zenith angle already above® @it it means
nates over all other processes at the resonance enerthat only the muon poor fraction of the HAS produced by
E5, ~ 6.4 X 10° GeV [27]. The decay of thév boson a hypothetical neutrino flux has to be compared with this
into an electron and an antineutrino generates a purelgound. Electron-neutrino charged current interactions in
electromagnetic shower with energy~ 3 X 10° GeV.  which the hadronic component carries less than the 20% of
Its decay in the muon channel will also contribute to thethe initial energyE, (y < 0.2) produce muon poor show-
horizontal muon flux at these energies, while the tau charers according to AKENO requirements. Since the average
nel will in turn decay into hadrons 64% of the times and(y) at high energies approaches 0.2 [27] a good fraction of
into a muon or an electron 18% of the times each.

Following Ref. [18] the differential rate of horizontal

cascades at fixed shower si2g, is obtained similarly 109 T T .
for neutrinos and muons integrating the parent flux,the
differential cross section of the corresponding interaction noEASSTOP 565 MODEL 0mt
and the atmospheric depth 1073 = EAS-TOR e
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produces the shower. For muon bremsstrahlung the en- & b N
ergy of the photon which originates a shower at a given S N
depth and of a given shower size is determined, on aver- _ _, , N
age, by the inverse of the Greisen parametrizaki¥,, r) 103 108 B, (Ge¥) 109 1012

[28]. The energy of the parent muon is given Byy. _ _
The factordE/dN, is just the Jacobian of the transfor- FIG. 1. Differential(v,, + 7,) fluxes of Ref. [23] forp = 0

mation. For neutral current interactions the energy ofSelid line) and forp = 0.5 (dotted). The dashed line is the
the hadron debris is inferred inverting the parametrizapredlcnon of Ref. [8] and the dot-dashed line is the atmospheric
. X . flux. Also shown are some published limits as marked. The
tion of hadronic showers due to Gaisser [29]. In the casehree parallel lines illustrate the change in the limits for

of charged current electron neutrino interactions, Eq. (1¥lifferent spectral indices (1.1, 2, and 3 from bottom to top).
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FIG. 2. Integral horizontal shower rate as a function ofFIG. 3. Partial HAS channels for the TD model with= 0.

shower size(N,) for different models. TD neutrinos with From top to bottom: Total rate, + 7.) DIS contribution,

p = 0 (solid line), p = 0.5 (dotted), AGN neutrinos (dashed), the muon poor(v, + 7,.) DIS contribution, the total resonant
and atmospheric muons (dot-dashed). Diamonds represent t@ntribution(7,), the secondary muon bremsstrahlung, and the
HAS data from Ref. [24]. Horizontal lines marked &s B,  resonant contribution into the electron channel.

and C represent the expected limit of nhonobservation in a year

made with ideal detectors of ares® m? (4), 10> m? (B), and

101 m? (C). See text. given by [33]. The shower rate calculated in this way

at 90 represents approximately 50% of the “direct” elec-
tron neutrino showers with a cut in < 0.2. Secondary
the electron neutrino showers are muon poor. Both theseremsstrahlung is the most important channel for muon
contributions are calculated as described in the previougoor showers induced by muon neutrinos and has a strong
section. For the SCS model we compare the total rate adlependence on zenith angle. The result of secondary
HAS to that from electron neutrinos and antineutrinos onlymuon bremsstrahlung HAS in the SCS model, averaged
separating the DIS and the resonant contributions in Fig. ver the zenith angles from 6@ 90, is also compared
We also plot in the same figure the results for muon pooto the other channels in Fig. 3. The contribution repre-
horizontal showers as described above separating the resents less than a 10% effect on the total number of muon
nant and DIS channels as well. Of all the electron neutringpoor showers because of this averaging.
HAS, about 50% are muon poor at high energies. In Fig. 4 we display the results for muon poor showers

Any channel for producing muons can also givein the considered models together with the AKENO bound
pure electromagnetic showers through secondary muomhere it is shown how the model with = 0 is ruled
bremsstrahlung or electron positron production. In spiteout by an ample margin. The figure also illustrates how
of the suppression due to a double process, its contrihe model with different time evolutiofp = 0.5) is not
bution can be relevant for muon poor showers at largéar from being tested with current experiments assuming
zenith angles. We consider muons produced in chargeidhprovements in statistics. We have included in Fig. 2
current muon-neutrino interactions and those produced rough theoretical estimate of the 90% confidence upper
in the resonant interaction decaying into a muon and &mit for no observations during a year. We assume no
muon antineutrino, these muons carry most of the energgrdinary cosmic ray showers penetrate at angles above
of the interaction. Muons produced in hadronic showers5° and ideal air shower arrays of three areak)® m?,
or tau decays have lower energy and can be neglected in10> km?, and ~10* km?>. These are typical order of
comparison to other uncertainties. magnitude sizes of existing and planned arrays.

For incoming muon neutrinos, we have first calculated Limits.—The information provided by Frejus, HAS,
the muon flux produced by the charged current interand Fly’'s Eye, ruling out the same types of models,
action of horizontal muon neutrino fluxes through theis complementary in the sense that they relate to very
36000 gcm 2 slant depth. This flux will give rise to different parts of the neutrino spectrum and because HAS
purely electromagnetic horizontal showers due to harépply to electron neutrinos as well. It is interesting to
processes of energy loss such as bremsstrahlung and eleompare the limit derived from the AKENO bound with
tron positron production. These showers will generallyother limits for high energy neutrino fluxes. At lower
develop well after the first shower initiated by the nu-energies(~3 TeV), the Fréjus limit [13] rules out the
cleon debris is absorbed. The calculation of this chanTD prediction with p = 0. The Fly’s Eye limit [19]
nel uses Eq. (1) with the secondary muon flux, the muoralso rules out this prediction at much higher energies
cross section, ang = y. We consider the dominant con- ~10° TeV. The limit from AKENO lies in between, in
tribution, bremsstrahlung, and we use the cross sectiothe PeV region. The EAS-TOP Collaboration [34] has
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