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Characterizing the search for UHE neutrinos with the ARIANNA detector
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Abstract: The ARIANNA experiment exploits unique properties of the Ross Ice Shelf, namely its radio transparency
and radio reflectivity at the ice-water boundary beneath the shelf, to search for UHE neutrinos. Simulation studies show
that, with the full array, we can expect to detect ∼ 40 GZK events/year using the ESS model. The excellent sensitivity
results from the low energy threshold (> 3 × 1017 eV), large volume (513 km3), and viewing slightly more than half
the sky. We have developed simulation tools to estimate the sensitivity to all neutrino flavors. In this paper, we will also
present the angular coverage and energy dependent sensitivity of the detector.
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1 Introduction

The ARIANNA experiment is being developed [1, 2] to
study ultra-high energy (UHE) neutrinos (a) from the
by-products of interactions of energetic cosmic-rays with
the cosmic microwave background (the Greisen-Zatsepin-
Kuzmin process leading to GZK ν’s [3]), or (b) originating
fromGRBs and other point, possibly exotic, sources. It will
consist of an array of autonomous stations, each equipped
with 4 to 8 linearly polarized radio antennas, operating just
under the surface of the Ross Ice Shelf (RIS) and listen-
ing for Askaryan pulses [4], i.e. radio Cherenkov radiation
from interactions between UHE ν’s and the nuclei in the
ice.
At EeV energies, the low neutrino flux, compounded by
the tiny neutrino-nucleon cross-section, requires a detector
with a large effective volume. ARIANNA takes advantage
of the radio transparency, quietness and reflectivity of the
ice shelf to achieve a large enough aperture to search for
such neutrino signals. A full array with stations spanning
30 km×30 km, with a 570 m shelf thickness, equates to a
detector volume of 513 km3 (or ∼ a half a teraton of ice).
Early simulation work (see [5]) was carried out to under-
stand the detecting capabilities of densely packed arrays:
stations separated by 0.3 km. Here, our goal is to better un-
derstand the sensitivity and characteristics of the individual
station. Specifically, we seek to understand the station sen-
sitivity with Eν for all ν flavors, its energy resolution and
angular coverage. Compared to previous studies, new fea-
tures have been added. For instance, we account for the
angular dependence of the antennas, ντ regeneration and
shadowing effects in the simulation. For reconstruction,
we now use time domain information of waveforms.

2 Simulation work

We select the energy spectrum of ESS [6] to benchmark the
sensitivity over the energy range of 1017-1021.5 eV, which
assumes (1) pure proton composition, (2) injection spec-
tra proportional to E−2 and with an exponential cutoff at
1021.5 eV, (3) sources of cosmic ray evolution as a function
of redshift in the same way as AGN, and (4) the concor-
dance cosmological model; we call is the ESS(standard)
flux. The electron and muon neutrino fluxes are summed,
and redistributed by oscillations into a 1:1:1 flavor ratio.
Neutrino interactions create showers that generate
Askaryan pulses. As Table 1 shows, hadronic showers are
initiated by neutral current (NC) and charged current (CC)
events. The outgoing lepton in CC νe events initiates a
co-located electromagnetic shower that is modified by the
LPM effect. For ντ interactions, due to the double-bang
mechanism, typically two hadronic showers are generated:
one at the interaction vertex and another by the τ -decay.
The simulation assumes (incorrectly) that both hadronic
showers occur at the same position, selecting only the
shower with the greatest energy, which is a somewhat
conservative approximation of the ντ rates. In the work
reported here, the outgoing muon in CC νμ is ignored.
The distribution of the inelasticity, y (= (Eν − El)/Eν),
where El is the energy of the outgoing lepton) is chosen
according to [7]. Considering the relative cross-sections
between NC and CC interactions over the relevant energy
interval, about two-thirds of the interactions are CC.
The diffuse flux of GZK ν’s will arrive isotropically, so
neutrino directions are picked randomly, and interaction
vertices are selected at random within a fiducial volume of
4 km × 4 km × 0.57 km (deep). The ARIANNA station is
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current flavor fem fhad
νe 1− y y

charged νμ - y
ντ - y (>0.5)

neutral all - y

Table 1: Fractional distribution of electromagnetic and
hadronic components of shower

frequency beamwidth (BW) gain
(MHz) E-plane H-plane (dBi)
<300 74◦ 144◦ 5.9
300-600 70◦ 128◦ 6.6
600-900 74◦ 134◦ 6.2
900-1200 78◦ 132◦ 6.0

Table 2: LPDA antenna parameters

centered in the middle on the upper surface, antennas fac-
ing down. Once the neutrino direction is selected, the sim-
ulation evaluates the radiated power that reaches a particu-
lar receiver antenna by considering the profile of the width
of the Cherenkov cone, absorption, polarization, reflection
and other factors. In addition, the neutrino events are as-
signed a weight to account for absorption by the Earth. The
weight for ντ is adjusted to accommodate regeneration ef-
fects, whereby τ leptons decay to lower energy ντ ’s [8].
At this point, ντ interactions must begin within the fidu-
cial volume, which underestimates the interaction rate for
horizontal directions.
The radio emission from the interactions is parametrized
by theoretical models [9] that have been validated by ac-
celerator measurements [10]. For electromagnetic showers,
the LPM effect is approximately included by reducing the
width of cone (i.e. the Δθem in the electromagnetic coun-
terpart of Eq. 2 below) but maintaining the magnitude of
the electric field at the Cherenkov angle, θc [11].
The temperature gradient in the RIS, ranging from −28◦C
at the surface to ∼ −1◦C at the water-ice boundary, im-
pacts the attenuation length of signal propagation. A sim-
ple linear model of the temperature gradient is used to com-
pute a depth-dependent average attenuation length that in-
tegrates over the path between the interaction point and the
surface station for direct and reflected rays. At present, al-
though the frequency dependence of the attenuation length
can be explicitly treated, the results reported here use a sim-
ple average that is integrated between 100MHz and 1 GHz.
Since the details of the frequency dependence attenuation
will affect the shape of the waveforms, we plan to include
a detailed study of frequency-dependent attenuation in the
near future to help with energy and angular reconstruction.
The density of the upper 100 m of the RIS increases with
depth, varying exponentially between 0.36 gcm−3 to 0.92
gcm−3 [12]. The variation creates a depth-dependent vari-
ation in the index of refraction ranging between 1.3 at the

surface to 1.8, which is modeled to begin at a depth of 100
m and remains 1.8 down to the water-ice interface. The
graded index causes signal paths to curve away from the
surface, giving rise to shadow regions surrounding the the
ARIANNA station. The shadow regions reduce the sen-
sitivity for direct events but has relatively little impact on
reflected events which dominate the event rates.
Signals that reflect from the water-ice surface are conserva-
tively assumed to reflect with 50% power, although recent
measurements [13] show that the ice-water boundary may
reflect more power. We also assume that polarization of the
signal is preserved at the boundary, again, compatible with
recent measurements.
The baseline design of the ARIANNA station includes 4-8
log periodic antennas (LPDAs) arranged in a geometrically
symmetric pattern, facing downward, and with the top of
the antenna buried ∼1 m below the surface of the snow. In
this paper, we assume 8 antennas per station, with a nom-
inal majority logic criteria of 3/8, but similar sensitivities
are obtained with a majority logic of 4/8 or even 2/4 due to
the symmetry (essentially, both of the parallel antennas sur-
rounding the ARIANNA station typically see the same sig-
nal amplitudes). We use the manufacturer’s specification to
obtain the frequency dependent gain and angular response,
and confirm the basic properties with a simulation package
from [14]. The properties are summarized in Table 2.
To take advantage of the new capabilities of the waveform
digitizer, designed by Kleinfelder [15], we model two trig-
ger methods. The first is the more traditional method of
triggering on a signal amplitude exceeding a specified level
compared to the root mean square voltage fluctuations of
the signal chain (due to the antenna, amplifier, and digi-
tizer). The voltage threshold is nominally set to 5·Vrms, but
studies show that varying it from 3·Vrms to 8·Vrms causes
the sensitivity to decrease by a factor 2 only. So while the
threshold value has modest impact on the station sensitiv-
ity, it has a dramatic impact on the rate of triggers due to
random thermal fluctuations. The second method investi-
gates noise suppression in each antenna channel due to a
specific pattern of trigger conditions (eg. we may require
that a signal contain a large positive value followed by a
large negative value, or vice-versa). The pattern trigger se-
lects on general features of the expected Askaryan pulse
from a neutrino interaction, while greatly reducing the rate
of triggers due to thermal noise.

3 Results and discussion

One advantage of ARIANNA is its large field of view. As
seen in Fig. 1, the station views more than half sky. The
solid angle coverage, Ω, is 2.8π. The plot also shows the
higher detection rate of reflected events: they systemati-
cally account for at least 90%. The direct events occur ex-
clusively around the horizon, and inclusion of the ντ regen-
eration effects significantly enhances their rate.
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Figure 1: Preliminary angular sensitivity. On the horizontal
axis, 0 is the horizon, and negative values are downgoing
neutrinos. The solid black line shows an enhancement of
events around the horizon due to ντ regeneration effects.
The dotted black line is the same simulation without the
effect.
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Figure 2: Effective aperture for a single station.

Projection maps of interaction vertices indicate that direct
events are clustered closer to the station, while a small frac-
tion of reflected events extend up to 1000-1500 m. There-
fore, locating stations at least 1 km apart means that they
essentially behave as independent detectors.
Fig. 2 gives the effective volume as a function of energy
for a single station, averaged over neutrino flavor. For an
array of independent stations, the total effective volume es-
sentially scales linearly with the number of stations. Sim-
ulation shows that a 31× 31 station array has the potential
to observe ∼40 GZK ν’s/year from the ESS [6] model pre-
dictions.
The sensitivity to different flavor neutrino for a ESS (stan-
dard) flux is given in Fig. 3. ARIANNA will detect neutri-
nos in the range 1017.5 to 1020 eV, with a peak response in
the “sweet spot” of GZK spectrum and a low energy thresh-
old.
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Figure 3: Flavor sensitivity based on ESS (std) GZK flux.

Energy resolution For a single station, the spatial loca-
tion of the vertex can only be determined for nearby in-
teractions. For the majority of events, the direction to the
shower constrains the maximum distance to the vertex, and
simulations are used to determine a mean distance, aver-
aged over all events, for a given measured propagation di-
rection of the Askaryan pulse, 〈d(θ)〉. Waveform informa-
tion such as maximum amplitude, relative timing between
receivers, polarization, and details of the time profiles are
used to reconstruct event parameters such as direction and
energy.
The neutrino energy is calculated by sequence of steps: (1)
use waveform information to compute the amplitude of the
Askaryan signal at a reference distance of 1 m from the
vertex, which is related to shower energy by standard pa-
rameterization [9], and (2) the neutrino energy is computed
by dividing the shower energy by the inelasticity, averaged
over neutrino energy and neutrino flavor. The averaging is
required at this point because the inelasticity for a given
event is unknown. In addition, there is no attempt to iden-
tify neutrino flavor in the reconstructions presented here.
The signal observed by the ARIANNA antenna, Vobs, is
computed from the electric field, Es at the antenna con-
volved with the antenna response. In the frequency domain,
we have:

Vobs = Es ⊗ [K · 〈fE〉 · e(−2 ln 2(
θinc

〈θBW〉 )
2)
] (1)

where fE is the component of the signal within the E-plane
of the LPDA. The exponential term is responsible for the
angular dependence in the gain of the antenna averaged
over E and H plane response; θBW are taken from Table 2,
and θinc to the angular components in the E and H antenna
planes of incoming ray. In this analysis, fE is averaged over
angle and θBW is averaged over frequency. The constant
term, K, contains effective height term as a function of fre-
quency and the gain of the antenna.
The surface field is related to the benchmark field at 1 m
from the interaction, E0, by including attenuation and re-
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flection losses, propagation, and geometrical effects asso-
ciated with the propagation direction of the detected pulse
with respect to the Cherenkov cone:

Es ≈ E0 ·〈fhad〉·
e−〈d(θ)〉/〈L〉

〈d(θ)〉 ·e(− ln 2( θv−θc
〈Δθhad〉

)2) ·
√
R (2)

For νe interactions, a similar term involving fem must be
added to the expression, but in the absence of flavor ID, it is
ignored. Simulations were used to obtain the hadronic frac-
tion 〈fhad〉 = 0.8, averaged over flavor and energy spec-
trum. The reflectivity factor, R, which accounts for reflec-
tive losses for events that reflect from the water-ice bound-
ary, is set to 0.5, despite a small admixture of direct events.
Since the vertex position is not reconstructed, the depth de-
pendent attenuation length must be averaged over the ice
thickness, 〈L〉. The second exponential term accounts for
the finite width of the Cherenkov cone. Time profile in-
formation can be used to obtain (θv − θc) [16] and it is
assumed that the resolution is within 1◦. Finally, Δθhad
describes the frequency dependent width of the cone, and
averaged over frequency in the event analysis. No distinc-
tion is made between hadronic and electromagnetic show-
ers in the reconstructions.
Once E0 is extracted from Eq. 2, standard parameteriza-
tions [9] relate it to the shower energy, given by Emeas.

ν .
Fig. 4 shows the fractional energy resolution for neutrino
events that strike a single station for all flavors combined
and each flavor separately. It shows that the neutrino energy
can be measured to within a factor of 2.4 without a vertex
position or flavor ID. The resolution is dominated by the
uncertainty in the measured propagation angle with respect
to the Cherenkov cone and the unknown inelasticity. We
plan to study the time profiles of the Askaryan waveforms
more carefully to improve energy estimates.

Multi-station prospects The hexagonal radio array,
HRA, consisting of 7 ARIANNA stations, provides ad-
ditional information for the higher energy (mostly direct)
events that can trigger several stations. Flavor ID proce-
dures can be enhanced if, for example, each shower of a
double-bang event is detected by separate stations.

4 Summary

Simulation studies show that ARIANNA detects GZK neu-
trinos between 1017.5-1019.5 eV, roughly independent of
flavor. The angular sensitivity is approximately flat over
half the sky, and the event rate of events near or just be-
low the horizon is enhanced by tau-regeneration, and mer-
its additional study. The rate of reflected events dominates
the rate of direct events, which are largely clustered near
the horizon. The energy dependent effective volume per
station indicates that 40 events per year are expected for
proton dominated GZK models. Finally, initial reconstruc-
tion techniques have achieved a fractional energy resolu-
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Figure 4: Preliminary fractional energy resolution of a AR-
IANNA single station

tion of 2.4, dominated by the measurement uncertainty in
the propagation angle with respect to the Cherenkov cone.
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[9] Alvarez-Muñiz, J., et al 2000, Phys.Rev.D, 62, 63001
[10] Gorham, P. W., et al, 2007, PRL, 99:171101
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