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Abstract

Extensive Air Showers at large zenith angles # > 70° (Horizontal Air Showers, HAS) are observed at the EAS-TOP array
at Campo Imperatore (Gran Sasso Laboratories). The rate of these events exceeds the one due to primary cosmic rays (at
this angles) and therefore these showers have to be generated by penetrating particles. Assuming that they are produced by
atmospheric muons we derived the muon flux as F,,(> 30 TeV) = 1.1 x 10~ cm™2 s~! sr™!, in good agreement with the
underground measurements. The upper limits for diffuse neutrino radiation from these measurements is 1, (> 10° GeV) <
1.5 x 107* cm™2 57! sr™! for “all-flavour” neutrinos and dly, (Eo) /dEs, < 7.6 x 10™"8 em™2 s~! st=! GeV~!, for the

resonant (Ey = m¥ /2m. = 6.4 x 10° GeV) neutrinos.

1. Introduction

The near horizontal directions in the study of Exten-
sive Air Showers (EAS) provide a remarkable low-
background channel for the detection of penetrating
particles such as high energy atmospheric muons, cos-
mic neutrinos and some suggested hypothetical high-
energy particles, which can be produced in the cos-
mic sources or from the decays of cosmological su-
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perheavy relic particles.

The low background at large zenith angles is
provided by large depth of the atmosphere (x ~
3000 gr/cm? at & > 75°) and by the exponential
(with A ~ 220 gr/ cm?) decrease of the rate of
nuclear-electromagnetic showers (see Fig. 1). Fig.
2a gives a scheme of the muon-produced showers.
A high energy muon is produced in the shower near
the top of the atmosphere. Due to bremsstrahlung,
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Fig. 1. The measured zenith angle distribution of the detected EAS.
The solid line shows the exponential behaviour of the angular
distribution of primary cosmic rays.
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Fig. 2. A typical picture of horizontal air shower production: a)
HAS produced by UHE muon (shown by thick line). The remnant
low energy muons from the nucleon produced shower are shown
by the thin lines. b) HAS produced by neutrino.

u+Z — Z+ u+ 7y, or deep-inelastic scattering,
i+ N — u -+ hadrons, it can initiate a shower at the
depth appropriate for the detection. In case of EAS-
TOP [1-5] we can detect two components of these
events: the e.m. shower produced by the high-energy
muon and the “remnant” low-energy muons from the
initial shower.

UHE neutrinos can produce showers detectable by
EAS arrays too (see Fig. 2b). This channel for the
detection of high energy cosmic neutrinos is one of
the oldest suggestions for UHE neutrino astronomy

{6]. More recently it was developed numerically in
Ref. [7] and [8].

Neutrinos produce showers through the CC-
interactions:

(7)v+ N=> I* + hadrons, CC-events (n

through NC-interactions

(7))v;+ N = (9#))v; + hadrons, NC-events (2)

where | = ¢ or u, and through resonance production
V. + e~ = W~ = hadrons (3)
where the resonant neutrino energy is

Eo =m%,/2m, = 6.4 x 106 GeV 4

Electron neutrinos are more effective for the gen-
eration of showers since in the process (1) the total
neutrino energy is transferred to the cascade, while for
muon neutrinos with E, ~ 10 = 100 TeV the fraction
of energy transferred amounts to only ~ 30%. Reac-
tion (3) is analogue of the Glashow resonance [9]
P, + e~ — u~ + ,. For high-energy neutrino as-
tronomy for the case of heavy W-boson it was first
discussed in Ref. [10].

From the experimental point of view only accu-
rate measurements of arrival directions can allow to
extract the neutrino-produced showers from the large
background due to primary protons and nuclei. Such
problem of background is illustrated by the fact that
the electromagnetic detector of EAS-TOP is recording
events above 70° at a rate of ~ 1 event/day against a
total number of triggers of 1.5 x 10° events/day.

Detection and first interpretation of HAS was made
early in seventies by Bohm and Nagano [11] (see
also more recently [12]).

In this paper we discuss the rate of HAS selected
only on arrival direction measurements. We show that
this rate provides a good measurement of the UHE
muon flux, and we derive the upper limit to the ex-
traterrestrial neutrino flux (a detailed discussion of the
phenomenology of HAS and of the interpretation of
the u flux is not within the aims of this paper and will
be presented elsewhere).
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2. The array

The EAS-TOP array [1] is located at Campo Im-
peratore (2000 m a.s.l., National GRAN SASSO Labo-
ratories). It consists of detectors of UHE cosmic rays
(Ep = 10'* <+ 106 eV) through different EAS com-
ponents, namely:

i) electromagnetic: 35 modules of plastic scintillators
(10 m? each) distributed over an area of ~ 10° m?
[2] on the slope of Mount Aquila (average slope
= 15°, that guarantees even for zenith angles 6 =
75° asignificant internal area for a range of azimuth
angles A¢ ~ 180°);

ii) muon-hadron: 140 m? calorimeter, 920 g/ cm?
thick, made of 9 iron layers, seen by limited-
streamer and quasi—proportional tubes for muon
tracking and hadron calorimetry [31;

iii) Cerenkov telescopes [4], and radio antennas [5].
We will essentially discuss, here, the results of the

electromagnetic, and partially of the muon detectors.

Relevant to the present analysis are the triggering
requirements and the accuracies in the measurements
of the arrival directions of the EAS.

Concerning the electromagnetic detector, the trig-
gering condition for the events under discussion is
provided by the firing of a subarray made of 6 (or
7) contiguous modules, the central one recording the
largest number of particles. The energy threshold is
set at 30 % of energy loss of a vertical minimum ion-
izing particle (m.i.p.). In the following, events will be
discriminated by cuts on the energy losses in the trig-
gering modules (A Epn). Arrival directions are mea-
sured from the time of flight technique; the angu-
lar resolution of the array is measured from the self-
consistency of data, and checked from the measure-
ment of the shadowing effect of the moon on the flux
of primary cosmic rays [2]. For the quoted trigger
conditions such resolution, confirmed by the two tech-
niques, is gg,,, = 0.83°. For very inclined directions
(8 > 60°), the angular resolution, obtained from the
self-consistency of data, is og,,, = 1.5°.

The muon detector is triggered by the electromag-
netic one; its acceptance for 8 ~ 75° is A, =40 m?.
Arrival directions are obtained from the muon track-
ing; the angular resolution is oy, < 1°, obtained from
self-consistency of data [13].

3. The data

At zenith angles # > 70° an excess of events is
observed above the rates of EAS as expected from their
attenuation length in the atmosphere (Fig. 1) [11,14].

In this analysis we use only events with e >
75°, for which the contamination from cosmic ray
hadron showers is & 1 %, and the contaminations from
events with § < 75° (obtained from the shape of the
angular distribution and the detector angular resolu-
tion) is & 20%. We therefore subtract from the sam-
ple the 20% events with worse angular reconstruction
(x? > 2/degree of freedom).

After such procedure, in 326 observation days we
obtain 36 events with 8., > 75°:21, 15 and 7 of them
with energy losses in the 6 (or 7) triggering scintil-
lators larger respectively than AE;, = 8.2, 16.4 and
32.8 MeV (corresponding to 1, 2, 4 vertical m.i.p.).

In a previous paper [14] we have shown that the
“anomalous” arrival direction of such fraction of
showers is confirmed by different approaches, namely:
- the quoted measured arrival direction accuracy for

the very inclined events (o, = 1.5° for 8 > 60°);

— the absence of events from the direction of the sky
shaded by the top of the mountain on which the
array is located (0 events detected against 12 cal-
culated on the basis of a uniform distribution, that
would be expected if they were originated by ran-
dom error measurements);

- the agreement between the arrival directions as re-
constructed by the electromagnetic and the muon
detectors. For the events in which at least one u
is present in the calorimeter we have (for fey >
70° and x* < 2/dgf): O (6m—0,) = 4.7°, which is
smaller than the same quantity measured for the
hadron showers recorded with 8 < 15° and y? <
2/dgf O (Bem—0,) = 9.5°.

The acceptance of the EAS array is calculated as a
function of the EAS primary energy (Egas), the pro-
duction height above the observation level (x), the
triggering requirement (A Epyy,), and the zenith angle
(6). The acceptance area has been evaluated by a sim-
ulation. Cascades are calculated following the HEMAS
code [15], and a shape of longitudinal development as
parameterized in Ref. [16] both for electromagnetic
and hadron primaries. The fluctuations in the shower
development (total number of ionizing particles: Ne =
Ne(Egas, x)) have been included [17], and the tran-
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sition effect in the scintillators has been obtained using
the EGS code [18]. We obtain for the effective areas:
Aem(AEp, = 8.2 MeV)

~ 10°(cos 8/ cos 70°) 6 (Ne/10°)? cos 6 m?.

Aem(AEmin = 32.8 MeV)
~ 10°(cos 8/ cos 76°)>*(Ne/10°) 28 cos § m?.

4. The muon flux

If we assume that all observed events are produced
by muon interactions, which is their most natural in-
terpretation, then from the event rate fexp, we can de-
rive the UHE muon flux § (> E,,).

For a power law muon spectrum o< E¥ we have:

Jexp E“("“l)—l— (5)

S#(>EM)=fb+fph gooy—1

where:

fbph—/dQ/dE /dEEAs/dx

em(EEgas, X, 60, AEnin),
(6)

are the calculated rates of showers produced by
bremsstrahlung and photoproduction, respectively.

For v =3.70, Ey = 30 TeV (mean muon calculated
energy), and by using the rate of events with AE;, =
8.2 MeV (fexp =21/326d7"), we obtain:

g3

00

-2 1

S,(>30TeV) =11 x 107 em2 s~ sr! (7)

with statistical error 22% and systematic errors 10%
and 6% due to the calculations of the effective area
and the uncertainties in y (30.05), respectively. This
is well consistent, within the experimental errors, with
the extrapolation of MUTRON spectrum [ 19], the un-
derground measurements [20], and calculations [21].

From the flux (7) the expected number of events
with AE;, = 32.8 MeV in the triggering modules is
11 while the measured one is 7, which shows that the
rate of the larger size showers is also explained by the
muon interaction rate.

5. Upper limits to the diffuse neutrino fluxes

Since all the events with threshold AE.;, =
32.8 MeV can be explained by the muon interac-
tions, we can derive upper limits to the flux of other
penetrating particles as neutrinos.

The event rate, for a neutrino flux 7,, and processes
(1) and (2) is given by

fo= / 4o / dx / dEzssAem(Egas, %, 0, AEmin)

doi(Ey, Egas)
8
xZ/dE] AFrds (8)

where Egag here is the energy transferred to a shower
in »N interactions, index » indicates summation over
all » flavors (v = v, P, ¥4, 9,), and k over CC and
NC interactions (k=CC,NC).

For the shape of neutrino spectrum /,(E, ) we used
the calculations of Ref. [22] of the v, 47, fluxes from
AGNs. These fluxes must be accompanied by v, and
p,—fluxes of the same origin. As an approximation,
we used the asymptotic flavor ratios for py-neutrino
production of Ref. [23],i.e. I,,45, =045 I, 45,

The differential # N-cross-sections were calculated
using the Eichten et al. [24) parameterization of the
quark distributions in nucleon with the extrapolation
for very small x, described in Ref. [7].

The maximum contribution to the showers rate (~
80%) comes from the energy interval E, = 10° =
10% GeV. With the assumed spectrum, the detection of
one event per year corresponds to 1, (> 10° GeV) =
5.9x107° cm™2 s~! sr~!, while the expected rate for
the intensity calculated in Ref. [22] is f, =2.9x10~*
events/day.

For the resonant events 7, +e¢~ = W~ = hadrons,
i.e. process (3), the calculation of the event rate is
analogous to (8) with the following expression for
the production rate of the showers with the resonant
energy Ep per one electron in the atmosphere [25]:

Vees (Ep) = 2moestEs, 15,(Ep) )

where oo = (3m/v2)Gr = 3.0 x 10732 cm? is the
effective cross-section.

Comparing the calculated rates with the upper lim-
its to the number of observed events, 2.3 for 90%
confidence level, we obtain the following upper limits
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Fig. 3. Comparison of the present upper limits with the calculated
diffuse v, + 7, ~fluxes from AGNs. Notations: atm — atmospheric
neutrinos flux; SP - Szabo & Protheroe [22].

to the diffuse neutrino fluxes. For “low” neutrino en-
ergies 10° + 10 GeV, where processes (1) and (2)
dominate, the limits to the integral flux is:

L(>10°GeV) < 1.5x10" 8 ecm=2 s~ sr=!.  (10)

For the differential flux in the same energy interval
10° + 10° GeV and for a spectrum o« E; 2, valid for
AGN models, we obtain:

-2
dl, 13 [ 10°
5 () <15x10 (E

em 2 s~ sr! GeVl. (11)

For the resonant process (3) at E;, = Ep = 6.4 X
10° GeV the limit is:

I
jEI/g (Ei/,) < 7.6x 10_18 em—2 s~ gr~1 Gev—!
D,
(12)

These limits are shown in Fig. 3 together with the
expected atmospheric neutrino flux and the one calcu-
lated by Szabo & Protheroe for neutrinos produced in
AGNs [22]. For muon neutrinos a global constraint
to the models predicting a diffuse flux from AGNs,
obtained by deep underground measurements, is re-
ported in Ref. [26].

We have searched also for the events from the
Galactic Center, Cyg X-3, Sco X-1 and 3C273 inside

angular bins of size 17.6 degrees®. No events from
these bins were detected. The corresponding upper
limits (at 90% c.l.) are:

-2
dl, 1 [10°
E)<16x10712( —
35 (En) < 16x ( E

cm~2 s GeV~! (13)

for the energy interval 10° < E, < 10% GeV.

Data (11), (12) represent, in the energy range 10%+
107, GeV new limits to the extraterrestrial diffuse neu-
trino flux. Although these limits are one-two orders
of magnitude higher than the fluxes predicted from
AGNs and other extraterrestrial sources [22, 27-30],
these results demonstrate the potential effectivity of
the HAS technique for UHE neutrino astronomy.
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