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Abstract— The Pierre Auger Observatory has the capability of
detecting neutrino-induced extensive air showers by searching
for very inclined showers with a significant electromagnetic
component. In order to study the detector response of the surface
array of the Pierre Auger Observatory, Monte Carlo simulations
of up-going and down-going neutrino showers for all flavors were
performed. A set of relevant observables were determined to
discriminate these showers from the background of very inclined
hadronic showers and the identification efficiency was studied.
The acceptance and the expected event rates, based on the
assumption of the incoming neutrino flux, were finally calculated.

I. I NTRODUCTION
Searching for high-energy neutrinos (1018 eV or above)
emitted from astrophysical objects is one of the most challenging field in Astroparticle Physics. Neutrinos offer a unique
opportunity to open a new observation window, since they are
only weakly interacting and neutral [1]. After having traveled cosmological distances without being perturbed and/or
deflected in the interstellar medium, neutrinos behaves as
messengers of the most mysterious regions of astrophysical
sources.
Astrophysical neutrinos of any flavor, νl , are expected to
be observed by detecting the leptons, l, induced with Deep
Inelastic Scattering (DIS) processes on nuclei, N , of the traversed matter, in the charged current (CC) interaction channel
or in the neutral current (NC) interaction channel, according
to the following reaction:
[CC] νl + N → l + X,

(1)

[N C] νl + N → νl + X,

(2)

where X represents the outgoing fragments of hadrons. Neutrinos with energy Eν such that 1016 < Eν < 1021 eV
are predicted to have cross-sections which increase typically
1/3
as Eν [2]. The cross-section for NC ν-nucleon interaction
is expected to be 1/3 smaller than the cross-section for CC
interactions. Nevertheless, at the highest energies (or low
Bjorken-x, x . 10−5 ), extrapolation of the cross-section is
needed [3]. The more conventional cross-sections termed as
GRV98lo [4] will be considered in this work.
Several theoretical models predict a significant flux of
high-energy neutrinos associated to the emission of a flux
of particles (see e.g. [5]), generally called cosmic rays, at

macroscopic energies of about 1018 eV or larger along with
gamma rays (beam dump scenario). The emerging ν flux,
φνl = dN/dEνl , is distributed among the flavors according
to φνe : φνµ : φντ = 1 : 2 : 0 for a large range of different
spectra of parent particles. Neutrino oscillations, confirmed
by atmospheric and solar neutrino data [6, 7], modify the
expected flavor ratio during the propagation from the sources
to the observation point [8, 9] to φνe : φνµ : φντ = 1 :
1 : 1. Exotic phenomena can modify even drastically this
scenario [10, 11, 12].
An additional challenging observational window for neutrinos is from propagation of ultra-high energy cosmic rays in the
interstellar medium (GZK neutrinos [13]). In this scenario, ν is
expected to be produced by the interaction of primary cosmic
rays with the cosmic microwave background through inverse
photoproduction of a ∆+ resonance.
Extensive air showers (EAS) which are initiated by the
interaction of primary cosmic rays in the atmosphere, are continuosly detected on the ground by large arrays of detectors,
which sample their lateral distribution, and/or fluorescence
detectors, which reveal the ultraviolet radiation emitted by the
excitation of nitrogen during the passage of particles in the
atmosphere. The Pierre Auger Observatory [14] synthetizes the
two detection techniques in a hybrid technique and offers the
possibility to improve event reconstruction quality and reduce
systematic errors.
One of the observations, made possible by the observatory,
is the detection of high-energy neutrinos [15, 16, 17, 18]
and a limit was put by the Pierre Auger Collaboration in
case of up-going ντ [19]. At large zenith angles (θ & 70◦ )
ν showers may be distinguished from hadronic showers by
searching for the typical features of young showers (shower
maximum close to the ground) as well as of elongated and
asymmetric footprints. The background to neutrino detection
is mainly due to proton-induced showers, which are able
to survive to the ground as old showers (shower maximum
far from the ground). The surface array of the observatory
consists of an array of water Cherenkov detectors which can
differentiate signals produced by muons from signals produced
by electrons and, thus, to discriminate between young and old
showers. Down-going ντ and νe , and up-going ντ are expected
to be revealed in the huge background of detected hadronic
cosmic rays [20, 21, 22, 23]. Up-going ντ have a chance to

II. T HE SURFACE

DETECTOR ARRAY OF THE OBSERVATORY

The Pierre Auger Observatory [14], located near Malargue
in the province of Mendoza, Argentina, is being built as a
hybrid-detector. It combines the measurement of the particles
at the ground – by means of a huge array of water Cherenkov
detectors – with the measurement of the fluorescence light
produced by EAS in the atmosphere. The surface detector
array (SD) consists of about 1600 water Cherenkov detectors
(tanks) arranged in a triangular grid with 1.5 km spacing.
Each Cherenkov detector consists of three photomultipliers
(PMTs) on the top, which samples the shower signal with
a 40 MHz flash analog-to-digital converter (FADC). A Tyvek
coverage of the internal wall of each station guarantees a
complete diffusion of the Cherenkov light. At each station of
the surface detector, the FADCs sample the current generated
at the PMTs and return a measure of the light produced by
particles crossing the water Cherenkov station. The signal
detected at each station refers to a common calibration unit,
the so-called vertical equivalent muon or VEM [28]. Two
separate local hardware triggers are implemented at each
station. They form the first level trigger and are a simple
threshold trigger and a time-over-threshold trigger (ToT). In
particular, the nominal ToT trigger requires the signal to be
above 0.2 VEM in at least 2 PMTs for a minimum of 13
bins (325 ns) within a sliding time window of 120 time bins
(3 µs). The ToT trigger was designed to detect broader signals
and, thus, it is suitable to identify signals produced by the
electromagnetic component of showers. The threshold trigger
requires the signal to be above 1.75 VEM in at least 1 PMTs
for 25 ns and was designed to detect fast signals, typically
produced by the muonic component of showers. A second
level trigger selects multiplet of first level triggers and, finally,
a third level trigger may accept a multiplet as possible physical
shower on the basis of space-time coincidences.

Z [km]

induce detectable EAS only if their incoming direction ranges
up to few degrees below the horizon [24, 25], scratching
the Earth’s crust (Earth-skimming ν). The surrounding Andes
mountains enhance the sensitivity of the observatory to τ induced showers [26, 25, 19]. Not only do the expected
neutrino detection rates depend on the incoming flux, but also
the ν-nucleon cross-section and the τ energy loss at the highest
energies give rise to important contributions to the systematic
uncertainty of calculated rates [27].
In this work a study on detecting high-energy neutrinos
with the surface array of the Pierre Auger Observatory will
be presented. After a short description of the performances of
the surface detector array (Sec. II), the Monte Carlo (MC)
chain implemented to simulate ν-induced showers will be
discussed (Sec. III). Simulations are needed to study the
signatures expected from ν-induced showers and to define
suitable observables which allow their identification (Sec. IV).
Finally, sensitivity and expected event rates will be given
(Sec. V). An outlook to the upcoming future shows that further
studies to improve the present work can be forseen (Sec. VI).
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Fig. 1. Topography of the Southern site according to CGIAR-CSI data. The
center of the map corresponds to the center of the Auger array (latitude
φSO = 35.25◦ S, longitude λAuger center = 69.25◦ W). The Auger
position can be approximately localized in the center of the flat area.

In order to retain all the detector performances, a framework, called Off line [29], was designed to simulate and
reconstruct EAS.
III. S IMULATING ν- INDUCED

AND PROTON - INDUCED
SHOWERS

In order to study the signatures expected from ν-induced
showers at the surface array of the observatory, a full MC
simulation chain was set. Simulation of neutrino signatures
consists of three phases: propagation and interaction inside
the earth and atmosphere to produce primaries able to initiate
potentially detectable showers in the atmosphere; simulation
of lateral profiles of shower developments in the atmosphere
and, finally, simulation of detector response.
The initial incoming ν-flux is propagated through the encountered matter (Earth, its atmosphere or both), until an
interaction takes place by using an extended version of the
code ANIS [26]. First, for fixed neutrino energies, 106 events
were generated with zenith angles in the range [60◦ , 90◦ ]
(down-going showers) and [90◦ , 95◦ ] (up-going showers) and
with azimuth angles in the range [0◦ , 360◦ ] on the top of the
atmosphere. Then, neutrinos were propagated along their trajectories of length ∆L from the generation point to the backside of the detector array in steps of ∆L/1000 (≥ 6 km). At
each step of propagation, the ν–nucleon interaction probability
was calculated according to the parameterization of the crosssection GRV98lo [4]. The propagation of τ leptons through
the Earth was simulated by using the energy loss model
of Ref. [30]. Electrons, instead, were assumed to interact
immediately with the surrounding medium. If the interaction
takes place in the atmosphere, an EAS is, thus, produced. All
the computations were done by using digital elevation maps
(DEM, Fig. 1) [31] and, then, they were repeated by using
the spherical model of the Earth (SP), with its radius set to
6371 km (sea level). The flux of outcoming leptons as well as
their energy and decay vertex position were calculated inside
a defined detector volume. The geometrical size of the volume
was set to 50 × 60 × 10 km3 and it included the real shape
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Fig. 2. The inelascticity distribution in CC (solid line) and NC (dashed line)
interactions of 50 simulated ν events at Eν = 1018 eV, as obtained from
PYTHIA.

of the Auger Observatory on the ground at its completion.
The detector was positioned at 1430 m above sea level, which
corresponds approximately to the average altitude of the array.
In case of computations with the simple spherical model of the
Earth, the same size of the detector volume was assumed, but
the detector position was set at 10 m above the sea level. The
additional outcoming particle spectrum from deep inelastic NC
and CC ν-nucleon interactions was simulated by using the
event generator PYTHIA [32]. In Fig. 2 the distribution of
the inelasticity1 of νe CC and NC interactions is shown. Both
the distributions show a similar behaviour and the average
values agree quite well with the canonical value of 0.2. In case
of νe CC interactions, the outcoming electrons are expected
to induce electromagnetic showers at the same point where
the hadronic products induce hadronic showers. In case of
ντ CC interactions, the produced τ leptons can travel some
distance in the atmosphere and decay into particles which
can induce a detectable shower. Thus, outcoming hadronic
showers initiated by ντ are usually separated by a certain
distance from showers initiated by tau decay products. In
this particular case, tau decays were simulated by using the
additional package TAUOLA [33]. Finally, muons produced in
νµ CC interactions are expected to induce showers which are
generally weaker, with a smaller energy transfer to EAS, and,
thus, with a suppressed longitudinal profile and much fewer
particles on the ground. The detection probability is expected
to be strongly reduced. Interactions in the NC channel induce
only pure hadronic showers whose primaries are generated
with PYTHIA.
Lateral profiles (particle density distributions of secondaries) of shower developments were generated by using
PYTHIA and/or TAUOLA output as input for the EAS MC
generator AIRES [34]. A special mode was used to inject
1 The inelasticity is defined as the fraction of energy which the hadronic
component acquires at the interaction vertex.
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Fig. 3.
Average of the sum of rise and fall time of station signals
versus distance from the earliest triggering station. Quasi-horizontal up-going
ντ -induced showers, down-going νe -induced showers and down-going ντ induced showers at 0.3 EeV and 10 EeV, compared to inclined hadronic
showers (θ > 60◦ and θ > 80◦ ) are shown.

simultaneously several particles or primaries (namely, the
products of ν-nucleon interactions) at a given interaction point.
Showers induced by the products of up-going decaying τ
leptons with energies from 0.1 EeV to 100 EeV at altitudes
of decay points from 0 to 3500 m above the ground level,
with step 100 m, were simulated. At each altitude 40 events
were generated to cover the tau decay channels implemented
in ANIS. In case of down-going showers, the decay altitudes
were distributed from the ground level up to the altitude corresponding to the beginning of the atmosphere for fixed zenith
angle. For example, for down-going electrons, the particles
produced by PYTHIA were inserted at different slant depths
measured from the ground up to 3000 g/cm−2 with a step size
of 200 g/cm2. At zenith angles θ > 80◦ , the simulations were
done at slant depths, measured from the ground, starting from
50 g/cm2 up to 8000 g/cm2 with a step size of 200 g/cm2.
Finally, a thinning algorithm [35] was selected, with a thinning
level of 10−7 . The kinetic energy thresholds for explicity
tracking particles were set to: 100 , 100 , 0.25 , 0.25 MeV for
hadrons, muons, electrons and photons, respectively.
In this paper proton-induced showers, simulated with the
code CORSIKA [36] and considering the model QGSJET
01 [37] for interactions in the atmosphere, will be treated as
the main background to detecting ν showers with the surface
array of the observatory.
The detector response to AIRES simulated EAS was evaluated by retaining all the real performances of the surface
array [38] implemented in the Off line framework [29].
IV. I DENTIFYING AND

DISCRIMINATING

ν- INDUCED

SHOWERS

Hadronic showers develop after few atmospheric depths
and only high-energy muons can survive to the ground. As
a result, the detected showers have thin and flat fronts which
lead to short and fast signals (duration ∼ 150 ns). In young
ν-induced showers a significant electromagnetic component
is, instead, present at the ground as well. The shower fronts,

vij =

dij
∆tij

(3)

where dij is the distance between the couples, projected
onto the direction defined by the length of the footprint,
and ∆tij the difference in their signal start times [19]. The
mean apparent velocity is expected to be compatible with
the speed of light for quasi-horizontal showers, within its
statistical error σhV i . The determination of hV i is strictly
related to the goodness of the principal component analysis.
Wider footprints, typical for more energetic showers or less
inclined showers, might produce large uncertainties in the
estimate of the direction of footprint length and width.
Young showers are expected to trigger detector stations with
broad signals. Local ToT trigger signals are clearly broad
signals (Sec. II) and counting them can help in identifying
young showers. However, double muon or high energetic
single-muon signals may affect the set of selected ToT stations.
To strengthen the ToT condition, signals triggering for at
least 375 ns (equivalent to 15 time bins) were retained. In
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therefore, are curved and thick, and broad signals (duration
. 1000 ns) are expected to be detected [39]. On the ground
an early bulk of particles (electromagnetic component) is
expected to trigger the earliest stations of a ν-footprint as
broad signals while, later along the footprint, narrower signals
are expected (asymmetric signal duration). The attenuation
in the atmosphere affects also the topology of the footprints
such that a “broader” structure is present in the earliest
regions (asymmetric footprint structure). In ordinary hadronic
showers no difference in signal duration and asymmetry in
the footprints can be seen. In particular, asymmetry in the
signal rise and fall times, already presented in Ref. [40], can
be clearly seen in simulations of ν-induced showers (Fig. 3).
The signal for ν-showers is broader around the position of
the maximum of the shower development. At energies below
3 EeV broader signals can be observed in the two earliest
triggering stations, while above 10 EeV, broader signals can
be also observed in later stations since the complete ground
shower development can be detected at the ground.
The first step towards the identification of ν-events is the
discrimination between young and old showers. The topology
of footprints and the evolution of the station signals are
the basic ingredients. Elongated footprints indicate inclined
showers. A principal component analysis was used to evaluate
the length (L) over the width (W ) of patterns on the ground.
The positions of the stations are weighted by their signals. The
elongation of a footprint is defined as L/W [19]. A large value
for the L/W of a footprint is not enough to estabilish whether
the event, which has produced it, is inclined. Low-energy
events (below 1 EeV), expected to have low multiplicity of
stations, can still have quite large L/W since the transversal
development is not enough to trigger further stations. The
additional parameter which was taken into account is the socalled mean apparent velocity of a shower on the ground,
hV i. The mean apparent velocity is defined by averaging the
apparent velocity between couples of stations, defined as
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Fig. 5. Mean apparent velocity, hV i, versus its statistical uncertainty, σhV i .

addition, the ratio of integrated signals over their peak height
was required to be larger than 1.4. The number of such ToTs
over the total number of triggering stations is called T OT F .
A similar parameter was also used in Ref. [19]. Compact
configurations of selected ToTs complete the expected features
of young ν-shower footprints.
A final criteria for the identification is the observation of
the average rise time, hRT2 i, and the average fall time, hF T2 i,
calculated for the 2 earliest triggered stations.
Several distributions for the parameters described above can
be drawn to show the differences between proton-induced
showers and ν-induced showers. In Fig. 4–6 example of
distributions for showers induced by CC ν-interactions are
shown. In Fig. 4, it can be observed that the fraction of
young stations for hadronic showers decreases by increasing
the zenith angle (the electromagnetic component is attenuated).
For tau lepton showers, one expects that most of the stations
have broad ToT signals, according to the definition given
previously in this section, along with elongated footprints. In
Fig. 5, the apparent velocity depends clearly on the zenith
angle of the shower (in hadronic simulations), and, for quasihorizontal showers with zenith angle between 85◦ and 95◦ ,
it is tightly concentrated around the speed of light (range
0.30÷0.32 m/ns) with uncertainty below 0.02 m/ns. In Fig. 6,
the separation of hRT2 i and hF T2 i in ν-showers and proton
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Fig. 6. The average rise time hF T i2 as a function of the average fall time,
hF T i2 calculated for the two earliest triggered stations.

showers is more enhanced in the region where the average
rise time is larger than about 80 ns and the average fall time
is larger than 200 ns. These values can be also produced by
hadronic showers with θ < 70◦ but in this case the average
apparent velocity is expected to be larger than the speed of
light and concentrated around 0.35 m/ns. Thus, discrimination
of ν-showers from hadronic events is still possible at lower
zenith angles.
In order to evaluate the best set of cuts to
identify ν-showers, the program GARCON [41]
was used. The six-parameter phase space ~x
≡
{T OT F, L/W, hV i, σhV i , hRT2 i, hF T2 i}
was
used
to maximize
the functional F [S(~xcut ), B(~xcut )]
=
p
cut
cut
S(~x )/ S(~x ) + B(~xcut ), where S(~xcut ) is the number
of signal events (ν showers) passing the cuts and B(~xcut )
the number of remaining background events (proton-induced
showers) surviving the cuts.
The neutrino identification efficiency, Tef f (Ei , θ, h), is defined as the number of ν events triggering the detector and
passing the cuts (Ncut ) over the total number of simulated
AIRES showers (NAIRES ). The efficiency was calculated for

Fig. 7. Identification efficiency for CC ντ -induced showers at the surface
array of the Pierre Auger Observatory. Showers with 4 or more triggering
stations (4-fold events) are considered.

fixed zenith angle and energy of injected particles. An example

of efficiency for down-going τ -induced showers at 87◦ is
shown in Fig. 7.
V. E XPECTED EVENT RATES
The total observable rates (number of expected events) were
calculated according to
Z Emax
A(Eν ) × Φ(Eν ) × dE,
(4)
N = ∆T ×
Eth

where Φ(Eν ) is the isotropic ν-flux, ∆T the observation time
and A(Eν ) the acceptance for a given initial neutrino energy,
Eν . The acceptance was calculated with the following equation
−1
A(Eν ) = Ngen
×

Nk
XX
k

Pi (Eν , Ek , θ)

i=1

(5)

×Tef f,k (Ek , θ, h) × Ai (θ) × ∆Ω,
where Ngen is the number of generated neutrino events, Nk is
the number of particles of type k (leptons/hadrons for CC/NC
reactions) with energy Ek larger than the threshold energy of
the detector (Eth ) and for which the decay vertex positions are
above the ground and inside the detector volume, P (Eν , Ek , θ)
is the probability that a neutrino with energy Eν and crossing
the distance ∆L would produce a particle with an energy Ek
(this probability was used as ”weight” of the event), Aj (θ)
is the cross-sectional area of the detector volume seen by the
neutrino, ∆Ω is the space angle. At high energies the effect
of the mountains on the acceptance calculations is important
for ντ -induced showers. The enhancement of the event rate
for down-going ντ -induced showers is about 130% and for
up-going ντ -induced showers is about 19% [26, 42]. In Tab. I
the rates (number of events per year), for different injected νfluxes are listed. The rates labeled with “WB” are obtained
for the Waxman-Bahcall bound [43], Φ(Eντ +ν̄τ ) = 1 ×
10−8 E −2 (GeV s−1 cm−2 sr−1 ). Other rates are calculated
for the GZK flux [44] and Topological Defects (TD) flux [45].
VI. S UMMARY
A complete MC simulation chain to study the possibility
of detecting up- and down-going ν-induced showers with
the surface array of the Pierre Auger Observatory has been

presented. A more detailed study of background from deep
gamma and muon showers (e.g. [46]) needs to be performed
in order to predict their effective contribution to the total
background.
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