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Abstract

The ARIANNA experiment seeks to observe the diffuse flux of neutrinos in the 10® — 10'° GeV energy
range using a grid of radio detectors at the surface of the Ross Ice Shelf of Antarctica. The detector
measures the coherent Cherenkov radiation produced at radio frequencies, from about 100 MHz to 1 GHz,
by charged particle showers generated by neutrino interactions in the ice. The ARTANNA Hexagonal Radio
Array (HRA) is being constructed as a prototype for the full array. During the 2013-14 austral summer,
three HRA stations collected radio data which was wirelessly transmitted off site in nearly real-time. The
performance of these stations is described and a simple analysis to search for neutrino signals is presented.
The analysis employs a set of three cuts that reject background triggers while preserving 90% of simulated
cosmogenic neutrino triggers. No neutrino candidates are found in the data and a model-independent 90%
confidence level Neyman upper limit is placed on the all flavor v + 7 flux in a sliding decade-wide energy
bin. The limit reaches a minimum of 1.9x1072% GeV ! cm2s ! sr~! in the 1085 — 109 GeV energy bin.
Simulations of the performance of the full detector are also described. The sensitivity of the full ARTANNA
experiment is presented and compared with current neutrino flux models.
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1. Introduction of such high energy particles remain a mystery. No
known galactic source could accelerate particles to
such energies, and no particular sources of the very
highest energy particles, with large rigidities, have
been found [ZHO]. Potential sources of such ultra-
*Corresponding author high energy (UHE) cosmic rays are limited to our

Email addresses: cjreed@uci.edu (C.Reed), s
jtatareuci.edu (J.Tatar) local supercluster (within about 50 Mpc) due to

While the flux of cosmic rays has been measured
to energies greater than 10'° GeV [0, the sources
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their interaction with the cosmic microwave back-
ground (CMB) [@ [7]. The mesons produced by this
process promptly decay to leptons, leading to a flux
of UHE neutrinos [BHIO].

Cosmogenic neutrinos may reveal cosmic accel-
erators beyond our local supercluster, as the mean
free path of neutrinos through the CMB is larger
than the visible universe. Such neutrinos would be
produced within about 50 Mpc of the cosmic ray
sources and would travel to Earth without deflec-
tion by magnetic fields, potentially pointing back
to the accelerating objects.

Several large projects (AMANDA [II, Ice-
Cube [M2 O3], ANITA [4HI6] and RICE [T
[I8]) exploit the fact that ice is transparent to
Cherenkov radiation (at both optical and radio
wavelengths) in order to search for cosmogenic
neutrinos. These experiments complement cosmo-
genic neutrino searches by air shower detectors
such as the Pierre Auger Observatory [[9, 20] and
HiRes 211 B2]. Below energies of 10'° GeV, Ice-
Cube currently provides the best constraints on the
UHE neutrino flux and in the 10* — 10® GeV range,
IceCube has observed an extra-terrestrial diffuse
neutrino flux [23].

A new generation of neutrino experiments is
emerging with the efforts of ARA [24] 28], GNO [24]
and the Antarctic Ross Ice Shelf Antenna Neutrino
Array (ARTANNA, described in this paper). These
experiments seek to extend the neutrino flux mea-
surements to ultra-high energies by constructing ra-
dio Cherenkov detectors that are orders of magni-
tude larger in effective sensitive volume than cur-
rent experiments using well-understood and inex-
pensive technology. Preparation is underway for
the next generation of ballon-borne experiments as
well 7], with efforts like that of EVA [2§]. A
large number of models predict cosmogenic neu-
trino fluxes that are measurable by such experi-
ments with improved sensitivity to neutrinos above
10® GeV, particularly in the 10® — 10'° GeV range.
See Sect. for examples of such models.

The ARIANNA and ARA experiments are
proposing the construction of arrays of radio de-
tectors in Antarctica that will reach effective vol-
umes O(100) km®. A third radio experiment, GNO,
is exploring the construction of a radio neutrino
telescope in Greenland. These experiments will
measure the radio-frequency (RF) pulse emitted by
the charged particle shower resulting from a UHE
neutrino interaction in ice via the Askaryan ef-
fect 291 BO]. The Askaryan radio pulse has been

measured in a variety of dielectric materials us-
ing particle accelerators to induce charged particle
showers [BI1 B2].

The ARTANNA collaboration plans to construct
a 36 x 36 km? array of 1296 independent, au-
tonomous radio detector stations just below the sur-
face of the Ross Ice Shelf. The ice to water inter-
face below the Ross Ice Shelf serves as a mirror for
radio waves, allowing the stations to observe neu-
trinos arriving from the sky above the detector as
well as from the horizon. The detector will measure
radio frequencies between about 100 MHz — 1 GHz.
This bandwidth is sensitive to the linear increase
in power of the Askaryan pulse with frequency up
to ~1 GHz for signals measured on the Cherenkov
cone [33].

The ARIANNA site is roughly 100 km from the
McMurdo Antarctic Station, which provides logis-
tical support during construction. Despite the rel-
ative closeness of McMurdo, the ARIANNA site
is free of anthropogenic RF noise due to its be-
ing buffered by Minna Bluff to the north and the
Transantarctic Mountains to the west.

Properties of the ice at the ARIANNA site have
been measured by transmitting polarized radio
pulses into the ice and observing the reflected pulses
at multiple locations. These measurements indicate
that the ice to water interface is a near perfect mir-
ror. The attenuation length, measured to be be-
tween 400 and 500 m for radio frequencies, is found
to be comparable to the average thickness of the
Ross Ice Shelf. The ice shelf thickness has been
measured to be 576 + 8 m [B4] including a firn layer
within the upper 60-70 m [B5] (approximately). The
firn layer is characterized by a monotonic increase
in mass density as a function of depth. A more
complete discussion of the ice properties at the AR-
TANNA site is presented in Ref. [34].

The construction of the ARTANNA Hexagonal
Radio Array (HRA) is approved for completion
during the 2014-2015 austral summer. This array
of seven ARTANNA stations serves as a research
and development project for the full ARIANNA ar-
ray [B0]. Each HRA station consists of four log-
periodic dipole antennas (LPDAs), a high-speed
data acquisition (DAQ) system, wireless communi-
cation peripherals and local renewable power gen-
eration.

The expected performance of the full ARTANNA
telescope is presented in Section The perfor-
mance of the HRA stations is discussed in Section Bl
A first search for neutrino signals in the HRA data



is described in Section Ml

2. The ARIANNA Telescope

The ARIANNA experiment plans to measure the
cosmogenic neutrino flux using a large surface ar-
ray of radio receivers. ARIANNA will build upon
previous UHE neutrino searches by greatly increas-
ing the size of the detector. This will improve the
sensitivity to neutrinos of 108 — 10'° GeV by a fac-
tor of 13 or more, depending on model, relative to
the current best limits (see Sect. . In order
to maximize the effective volume of the telescope,
each ARIANNA station of the 36 x 36 array will
be separated from neighboring stations by 1 km, so
that a typical neutrino pulse will be observed by a
single station. The stations will measure the ampli-
tude and direction of the incoming radio pulse using
multiple antennas, allowing the energy and source
direction of the primary neutrino to be determined.

The ice to water interface at the bottom of the
Ross Ice Shelf provides a near perfect mirror for ra-
dio waves [34]. This allows the surface detectors to
measure reflected radio pulses produced by down-
going neutrino-induced showers, in addition to di-
rectly measuring the Askaryan radiation of hori-
zontal showers. As the Earth is opaque to UHE
neutrinos, this (greater than) 27 sr solid angle ac-
ceptance contributes heavily to the high sensitivity
of the ARTANNA telescope. The sensitivity of the
experiment also benefits from a low energy thresh-
old (below 10® GeV) and from the large number
of detector stations made possible by the ease of
installation at the ice surface.

The flagship measurement of the ARIANNA tele-
scope will be the observation of the flux of cos-
mogenic neutrinos in the 108 — 10'° GeV range.
The predicted flux of these neutrinos depends on
the chemical composition of UHE cosmic rays, the
cosmic ray injection spectrum and the cosmic ray
source evolution [37]. A measurement of the neu-
trino flux will provide additional input to help
constrain these parameters and thus improve the
understanding of both neutrino and cosmic ray
sources.

The observation of a significant number of neu-
trinos by ARIANNA would allow further measure-
ments to be performed. The shape of the neutrino
energy spectrum can help distinguish a flux due to
strong source evolution from one due to a soft in-
jection spectrum [B8 BY. A search for point-like
sources of UHE neutrinos will be a primary goal

[~ neutrino antenna
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\

Figure 1:  An illustration of the antenna arrangement in
a single ARIANNA station. For simulations of cosmic ray
showers, all ten antennas are included in the simulation. For
simulations of the detector response to neutrino signals, only
the eight downward facing antennas are simulated. The sta-
tions built for the HRA detector use a smaller subset of only
four downward facing antennas, arranged in a square.

and has the potential to reveal particle accelerators
at distances beyond our local supercluster. Further,
the neutrino-nucleon cross section can be measured
at center of mass energies around 10 TeV through
the angular dependence of the flux [0 HI]. In ad-
dition, the flavor composition of the neutrino flux
may be explored [A2]. Once the flux of neutrinos is
known, such observations may be improved by rede-
ploying the surface detectors in order to maximize
angular and energy resolution.

Even the lack of a measurable neutrino flux would
have profound consequences. Such a scenario would
imply that either the sources of the highest energy
cosmic rays are local, or that the sources have as-
trophysically interesting properties, such as an iron-
dominated composition with a hard energy injec-
tion spectrum and an acceleration energy cutoff be-
low the photo-fragmentation threshold [3].

The expected performance of the full ARTANNA
experiment, described in Sect. 2.2] is determined
through the simulation of stations with eight down-
ward facing LPDAs, as shown in Fig. Studies
of cosmic ray air showers suggest that ARIANNA
may trigger on radio pulses from such events. To
that end, the addition of two antennas that are di-
rected upward at a 45° angle has been studied, as
presented in Sect.

2.1. Simulation Methods

The performance of the ARTANNA telescope, de-
tailed in Sect. 2.2] has been characterized by simu-
lating the production and detection of radio signals



in the frequency domain. An additional simulation
package, presented in Sect. has been devel-
oped to study the response of the detector in the
time domain. The analysis of HRA data, discussed
in Sect. 4l combines both simulation tools in order
to estimate expected neutrino signals.

2.1.1. Frequency Domain

A set of simulation tools has been developed and
used to calculate the sensitivity and model the per-
formance of the ARTANNA telescope. A summary
of the simulation is provided below, and further de-
tails may be found in Ref. 4]. These tools sim-
ulate the production of the Askaryan radio pulse
resulting from neutrino interactions and propagate
it through the ice and firn to the detector.

Neutrino interactions are simulated by forcing
neutrinos to interact within a fiducial volume and
weighting the resulting events by the probability
with which they would occur. This probability
accounts for neutrinos lost to absorption within
the atmosphere and the Earth’s crust, as well as
tau neutrinos recovered due to v, regeneration ef-
fects [@3]. The neutrino-nucleon cross section fol-
lows the parametrization presented in Ref. [46],
e.g. 1.45 x 10732 cm? at E, = 10° GeV. As AR-
TANNA stations are designed to be independent,
simulations are focused predominately on calculat-
ing the response of a single ARIANNA station. For
this purpose, the interaction volume is chosen to be
a rectangular prism having a height 575 m, roughly
equal to the ice thickness (see Sect. , and a hor-
izontal cross section ranging from 3 to 10 km?,
depending on the neutrino energy. Consistent ice
depth measurements at multiple locations, sepa-
rated by 1 km, have been performed at the AR-
TIANNA site [B4]. These measurements have mo-
tivated the use of a simple uniform ice thickness
model in the simulations. The neutrino interaction
vertices are uniformly distributed within the fidu-
cial volume and the neutrino arrival directions are
isotropically distributed.

The neutrino energy is selected randomly accord-
ing to a specified flux. For the results presented
in this article, the ESS cosmogenic flux [B8] de-
scribed in Sect. has been used. Neutrinos
of each flavor have been simulated with equal ar-
rival rates, consistent with the 1:1:1 flavor ratio
expected of neutrinos generated by pion decay at
distant sources [A7]. Roughly two-thirds of the neu-
trinos undergo a charged-current interaction, while
the remainder interact via the neutral current. The

fraction of the neutrino energy carried over to the
resulting hadronic shower, the inelasticity y, is ran-
domly chosen following the distributions presented
in Ref. [48]. This leads to an average inelasticity of
20% for cosmogenic neutrinos in the energy range
of interest to ARIANNA.

The maximum strength of the electric field is
parametrized [B3] on the Cherenkov cone 1 m from
the neutrino interaction vertex. This field strength
is proportional to the fraction of neutrino energy
deposited into the hadronic shower. The strength
of the electric field at angles off the Cherenkov cone,
00, is parametrized by a Gaussian whose width is
calculated according to Ref. 9 for hadronic and
Ref. B0 for electromagnetic showers.

For charged current v, interactions, the field
strength is increased by radiation from the prompt
electromagnetic shower. For such interactions at
energies above ~ 10° GeV, however, the longitu-
dinal shower profile increases faster than log E,,,
rising as fast as 1/ F,, [BI]. These elongated show-
ers lead to a sharper reduction of the electric
field strength at angles off the Cherenkov cone.
This Landau-Pomeranchuk-Migdal (LPM) effect is
simulated by reducing the Gaussian width of the
Cherenkov cone spread by an amount proportional

to E,jel/s.

The electric field is then propagated from the
neutrino interaction vertex to the detector. The
ice is modeled by a 75 m firn layer atop a 500 m
ice shelf. The bulk ice is taken to have a refrac-
tive index n = 1.78 [B2]. The index of refraction
in the firn layer is calculated as a function of depth
using the Schytt model [B3] combined with previ-
ous ice core measurements taken from the Ross Ice
Shelf [B4], varying from n = 1.30 at the surface to
n = 1.78 in the ice.

Radio signals propagating through the ice are
attenuated by a factor that depends only on col-
umn depth. The frequency dependence of the at-
tenuation length is averaged over the bandwidth
of the LPDA, taken to be around 100 MHz to
1 GHz [B5]. The variation of attenuation length
with depth arises from the changing temperature
of ice with depth, ranging from roughly -30° C at
the surface of the ice to -2° C at bottom of the ice
shelf. This depth variation results in an average at-
tenuation length of 400+ 18 m. Further power may
be lost for radio pulses reflecting off the ice-seawater
boundary. The simulations halve the power of the
pulse (-3 dB) upon reflection, although in situ mea-



surements show the reflectivity, R, of the boundary
to be between v R = 0.82 + 0.07 [34].

2.1.2. Time Domain

The time domain response of the detector has
been studied by constructing a collection of “wave-
form templates” that quantify the voltage measured
by an antenna over time for an Askaryan radio
pulse. Each waveform template is calculated for
a radio frequency (RF) pulse arriving at a partic-
ular angle with respect to the antenna, as well as
for a particular observation angle §6, relative to the
Cherenkov cone.

The electric field produced by the Askaryan ef-
fect in ice is calculated as a function of time [56, B7]
for an electromagnetic particle shower of a specified
energy. The charge excess is modeled as a pancake
with a charge profile that varies as the shower prop-
agates. The effect of the lateral structure of the
particle shower on the electric field is parametrized
as a function of time using a form factor obtained
from shower simulations [B3].

The measured responses of the ARIANNA ampli-
fier and LPDA are convolved with the electric field
in order to produce the voltage observed by an an-
tenna as a function of time. The propagation of the
electric field through the ice reduces the strength of
the field, but has a negligible effect on the relative
frequency content compared to the impact of the
hardware response. The antenna response is quan-
tified in bins of two angles, both relative to bore-
sight: one in the plane of the tines (the E-plane)
and one normal to the plane of the tines (the H-
plane).

Full details of the procedure used to calculate the
time-dependent waveform templates may be found

in Ref. [55].

2.2. FExpected Performance

The properties of neutrino interactions that pro-
duce a radio pulse at a station with sufficient power
to trigger the detector have been studied. Studies
of the angular and energy resolution of ARIANNA
are performed using a simulation of an eight down-
ward LPDA station configuration. Simulated sta-
tions are triggered when the observed radio signal
is larger than four times the noise on at least three
out of the eight downward facing antennas. This
threshold level has been achieved in situ with sta-
tions running a two out of four antenna channel

trigger (see Sect. [3.2)).
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Figure 2: The number of neutrino triggers observed in each
bin relative to the total number of cosmogenic [3§] neutrino
triggers as a function of the local zenith neutrino arrival
angle. The station triggers on neutrinos arriving from the
horizon through either direct or reflected radio pulses. The
majority of triggers are due to reflected pulses from locally
down-going neutrinos. Figure adapted from Ref. [4].

Figure 3: The angular coverage in Galactic coordinates.
The color scale represents the fraction of livetime that a
patch of the sky is visible. The solid line shows the sky
visible to an ARTANNA-like detector at the South Pole.

2.2.1. ARIANNA Aperture

Neutrinos that trigger an ARIANNA station ar-
rive predominately from the sky above the station,
creating a radio pulse that reflects off the ice and
water interface at the bottom of the ice shelf. Fig-
ure[2]shows the relative sensitivity of an ARIANNA
station to neutrinos, averaged over flavor, as a func-
tion of local zenith angle. In addition to down-going
neutrinos, ARTANNA is also sensitive to neutrinos
arriving from the horizon. Such events may be trig-
gered either through a reflected pulse or by a direct
observation of the Cherenkov wavefront, depending
on geometry.

The portion of the sky that ARTANNA observes
with this angular sensitivity is shown in Galactic
coordinates in Fig. [8] The line in the figure rep-
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Figure 5: The number of neutrino triggers observed in each
bin relative to the total number of cosmogenic neutrino
triggers as a function of the true simulated neutrino energy.
Figure adapted from Ref. [4].

resents the view of an ARIANNA-like detector lo-
cated at the South Pole. Note that the local zenith
acceptance of an ARA-like detector falls off rapidly
for neutrinos originating more than 45° above the
detector [24]. Thus, an ARA-like detector would
have reduced visibility of the sky around the south-
ern polar region.

The effective volume of the full ARTANNA tele-
scope in which neutrino interactions will be trig-
gered has been studied as a function of energy,
presented in Fig. [l and is compared to that of
the ARA-37 experiment [2]. The effective volume
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Figure 6: The all flavor v 4 v differential sensitivity of a

1296 station ARIANNA telescope running for 58% of three
years with a signal efficiency of 83% (see Sect.[£.4). The sen-
sitivity is calculated in a sliding decade-wide neutrino energy
bin. See text for a discussion of the width of the sensitivity
band. Limits on the flux of neutrinos are shown for several
experiments [E8HGT], with ANITA [I5] [I6] providing the most
stringent limits at the highest energies and IceCube at
lower energies. The cosmogenic neutrino flux predicted by
several models is shown for different assumptions of the cos-
mic ray composition [37].

shown in Fig. [4] is integrated over the viewing an-
gle of ARIANNA, allowing the expected number of
neutrino triggers due to a neutrino flux, ®, to be
calculated as

6Veﬁf (E) Q

where dN is the number of neutrinos in an energy
bin, F is the average neutrino energy in the bin,
dE is the width of the bin, € is the efficiency with
which neutrino triggers are preserved by an analy-
sis, Vegr is the effective volume at the trigger level, €
is the viewing angle in steradians, L, is the water-
equivalent interaction length of neutrinos in the ice
(=10% km at 10° GeV) and t;,. is the livetime of
the experiment.

This effective volume leads to an energy distri-
bution of cosmogenic neutrino triggers that has
90% of detected neutrinos between 1034 GeV and
10'%4 GeV, as shown in Fig. On an absolute
scale, the all flavor v + v sensitivity of ARTANNA
to trigger on neutrinos is presented in Fig. [6] This
sensitivity has been calculated for 1296 ARIANNA
stations running for three calendar years, with a
livetime equal to 58% of each calendar year, and a
signal efficiency of 83% (see Sect. [1.4). The frac-
tional livetime corresponds to stations powered by
batteries and/or solar panels and is based on the

dN(E) = ®(E) tiive dE (1)



observed behavior of previously and currently de-
ployed prototype stations. The sensitivity is calcu-
lated as the average Neyman upper limit with an
expected Poissonian background of 0.3 events (see
Sect. ; i.e. dN = 2.47 neutrinos in the sliding
decade-wide energy bin.

The systematic uncertainty band on the sensitiv-
ity shown in Fig. [f]accounts for uncertainties on the
models used to describe various physics processes in
the simulations. The neutrino-nucleon cross section
is calculated from parton distribution functions ex-
trapolated to the as yet unmeasured low-x values
appropriate for E,>107 GeV, an estimation that
may over or underestimate rates. The simulation of
the LPM effect does not fragment the charge excess
into separate clumps, which would give rise to com-
peting effects: a reduction of the overall RF signal
strength and an increase of the relative amplitude
at angles away from the Cherenkov cone.

Other models employed by the simulations are
understood to either increase or decrease expected
rates. No RF contribution of the p lepton arising
from charged current v, interactions is simulated,
which underestimates trigger rates [d2]. However,
the v, trigger rates are likely overestimated since
the 7 lepton resulting from a v, interaction is not
propagated. Instead, the shower with the greater
energy, either from the v, interaction or the 7 de-
cay (if it produces a shower), is simulated at the
neutrino interaction location. Thus, 7 lepton de-
cays that produce very high energy showers outside
the fiducial volume are allowed to trigger a station.

Uncertainties on the ice properties used in the
simulations also contribute to the sensitivity band.
Simulated pulses lose half their power upon reflec-
tion, however measurements at the site suggest a
significantly larger reflection coefficient. Similarly,
ice property measurements at the site suggest the
RF signal loss due to refraction and attenuation in
the firn layer is likely overestimated.

2.2.2. Expected Neutrino Rates

The number of neutrino triggers that ARTANNA
can expect to record after 3 calendar years of run-
ning is presented in Table [1| for a variety of neu-
trino flux models. Unless otherwise stated, neu-
trino fluxes are generated through photopion pro-
duction by a flux of cosmic rays. The evolution of
cosmic ray sources follows the evolution of potential
source populations, such as the star formation his-
tory. This is typically approximated by an increas-
ing emissivity per co-moving volume proportional

to (1 + 2)™ out to a first break point at z = 24z,
where z is the redshift of the source.

The ESS model B8 shown in Table [I] assumes
cosmic sources evolve with m=4 and z,,,, =1.9 in
a flat universe. The WB model [62] follows the lu-
minosity density evolution of quasi-stellar objects
(QSOs) with m = 3 for 24 = 1.9. The Yuksel
et al. [63] model parameterizes a very strong source
evolution according to the gamma ray-burst (GRB)
rate, with m = 4.8 up to z;e: = 1. Three of the
Kotera et al. [64] models vary the source evolution
of a flux of protons, with m=3.4 up to z,e,; =1 for
a star formation rate (SFR1) evolution. The GRB2
model from Kotera et al. closely follows the SFR1
evolution, but continues to gradually increase be-
yond z> 4. The Kotera et al. FRII model employs
a very steep evolution out to 2,4, =4. The Yoshida
and Teshima [G5] also assumes a strong evolution,
m=4, out to zymay =4. The Ahlers et al. [60] models
take m = 4.6 until z,,,, = 2 and constrain the en-
ergy spectra of particles injected to the cosmic ray
accelerating source using gamma ray measurements
taken by the Fermi-LAT. The cross-over energy be-
tween galactic and extragalactic cosmic rays is pa-
rameterized by a lower energy break in the injection
spectra of E,,i, =100 GeV.

The possibility of a chemical composition of the
cosmic ray flux that is not purely proton is also ex-
plored. The Kotera et al. mixed composition model
assumes that the chemical composition of particles
injected to the cosmic ray source matches the com-
position of the low energy galactic cosmic ray flux.
The Kotera et al. pure iron model tests the case of a
purely iron nucleus composition. In both cases, the
sources evolve according to the SFR1 parameteri-
zation. The Ave et al. [67] model also uses a purely
iron composition, but includes a stronger source
evolution of m =4 out to z,4: = 1.9. The Olinto
et al. [A3] tests a purely iron composition combined
with a uniform source evolution and a cutoff in the
source acceleration at F,,q./Z =10 GeV.

The Aartsen et al. 23] flux represents the best
fit to the neutrino flux measurement obtained by
the IceCube collaboration after the observation of
37 neutrino candidate events with energies up to
2 PeV. A measurement of this flux by ARTANNA
would extend the currently measured spectrum to
higher neutrino energies by at least two orders of
magnitude.

ARIANNA can also search for alternative sources
of UHE neutrinos such as young pulsars that accel-
erate particles through surrounding supernova rem-



Neutrino Model Model Type N, Triggers (E, >10% GeV)
ARTANNA | IceCube [12]

ESS (2001) B8] m=4, Qp =1 55

WB (1999) [62] E;2 QSO source evolution 65

Yuksel et al. (2007) [63] | E,? GRB source evolution 100

Kotera et al. (2010) [64] | Protons, SFR1 evolution 7.3 0.46 (0.64)

Kotera et al. (2010) Protons, GRB2 evolution 9.0 0.48 (0.67)

Kotera et al. (2010) [64] | Protons, FRII evolution 48 2.9 (4.0)

Yoshida et al. (1993) [65] | m=4, zpe =4 34 2.0 (2.8)

Ahlers et al. (2010) B8] | Eyuin =101 GeV (best fit) 26 1.5 (2.1)

Ahlers et al. (2010) [68] | Emin =10 GeV (maximal) 58 3.1 (4.3)

Kotera et al. (2010) [64] | Mixed composition 7.4

Kotera et al. (2010) [64] | Pure Iron 2.5

Ave et al. (2005) 67 Pure Iron, m=4, 2y =1.9 18

Olinto et al. (2011) [43] Pure Iron, E,,q./Z =101 GeV | 0.097

Aartsen et al. (2014) 3] | E, 23 IceCube best fit 2.8

Fang et al. (2013) [68] Young pulsar sources 43

Table 1:

The expected number of triggers due to neutrinos of all flavors with F, >10% GeV in 1296 ARIANNA stations after

running for 3 calendar years given different models of the cosmogenic neutrino flux. A flavor ratio of 1:1:1 at Earth is assumed.
A realistic livetime of 58% per year and a signal efficiency of 83% (see Sect. . has been used for the ARTANNA rates. See
text for an explanation of the model types. For reference, if 0.3 background events are expected in the data set (see Sect. [4.4] -,
6.4 neutrino events would push the number of observed events beyond a 50 background fluctuation in 50% of experiments
(prior to any trial factor penalties). Published neutrino rates for IceCube with 333.5 days of IC40, 285.8 days of IC79 and
330.1 days of IC86 data [I2] are shown where available. The numbers in parentheses show the IceCube rates increased by 39%

to facilitate direct comparison with the ARIANNA 3 year rates.

nant material, as modeled by Fang et al. [68]. In
this model, sources evolve according to the star for-
mation rate.

ARIANNA can expect to see about 13 times as
many neutrinos above 108 GeV as IceCube, depend-
ing on the flux model, and a comparable number of
neutrinos to ARA [24] for similar model parame-
ters. This increase in sensitivity relative to current
limits will create the opportunity to study nearly
all mixed composition models (currently favored
by Auger data) that include a power law injection
spectrum, and to probe alternate scenarios of cos-
mic ray acceleration such as young pulsar sources.

2.2.8. Angular Resolution

The angular resolution of an ARIANNA sta-
tion has been estimated through the use of a sim-
ple reconstruction procedure on simulated neutrino
events. The arrival direction of the radio pulse is
found by fitting the time difference between pulses
in different antennas, on a single ARIANNA sta-
tion, to a planar wavefront. Thanks to the better
than 100 ps timing of ARTANNA stations [69], the
angular error on the direction of the RF signal at

the station is better than 1° [70].

To determine the direction of the neutrino, how-
ever, it is necessary to estimate both the signal
propagation direction as well as the signal polariza-
tion direction. For example, a signal arriving verti-
cally upward and on the Cherenkov cone would be
produced by a neutrino with a zenith angle equal
to the Cherenkov angle. Any azimuth angle would
produce the same upward propagating signal. The
polarization angle serves to break this degeneracy,
as the polarization is perpendicular to the signal
propagation direction and points away from the
shower axis.

An ARIANNA station with eight downward-
facing LPDAs has been simulated in order to quan-
tify the neutrino angular resolution. The polar-
ization of the incoming radio pulse is determined
by the relative amplitude of the pulses recorded by
non-parallel antennas. The voltage recorded by an
antenna is proportional to the component of the
electric field vector in the direction parallel with
the tines of the LPDA. The constant of proportion-
ality depends on the incoming direction of the radio
signal and on the in-ice antenna response.
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Figure 7: The angular difference between the reconstructed
and true neutrino direction in the local zenith direction. A
resolution of oy = 2.9° is found for an eight-antenna ARI-
ANNA station. Figure adapted from Ref. [44].

The polarization is reconstructed by first finding
the antenna with the largest recorded pulse. The
voltage recorded by each of the two adjacent an-
tennas is then used to obtain the magnitude of the
electric field component that is parallel to the tines
of that antenna. The ratio of these electric field
components gives the tangent of the azimuth angle
of the polarization vector (the component in the
plane of the ice surface). The reconstruction is im-
proved by averaging the signal of each antenna with
its parallel counterpart antenna prior to calculating
the ratio. This improves the signal to noise of the
measurement of each electric field component and
gives a more accurate estimate of the azimuth angle
of the polarization vector.

The zenith angle of the polarization vector is then
constrained by the requirement that the polariza-
tion and signal propagation vectors be orthogonal.
This yields two degenerate polarization vectors,
each having the same azimuth angle and each be-
ing perpendicular to the signal propagation. Given
that only the signal propagation vector is needed
to measure the energy of the neutrino, this degen-
eracy does not affect a measurement of the diffuse
neutrino flux. For point source searches, however,
it will result in two possible neutrino source direc-
tions. The correct degenerate direction will always
roughly point back to the source, while the incor-
rect degenerate direction will vary depending on the
station orientation (and time). Thus, only a single
point of excess signal would be expected for a given
neutrino source.

The angular resolution expected for this method
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Figure 8: The angular difference between the reconstructed
and true neutrino direction in the local azimuth direction.
A resolution of 04 = 2.5° is found for an eight-antenna AR-
TANNA station. Figure adapted from Ref. [4].

is shown in Figs. [7] and [8] The resolution is cal-
culated using the more accurate (compared to the
true direction) of the two degenerate candidates,
since this is the relevant quantity for a neutrino
point source search. The local zenith and azimuth
angular resolutions are oy = 2.9° and o4 = 2.5°,
respectively.

These values are conservative, in that they have
been obtained by a reconstruction that assumes
that each antenna is observing the electric field ex-
actly at the Cherenkov cone, i.e. 66, = 0. In fact,
on average 00, is found to be about 2.2°, and some
triggers are produced by antennas observing signals
up to 15° off-cone. The assumption that all sig-
nals are on the Cherenkov cone is a major source
of inaccuracy in the reconstruction of the neutrino
direction. Determining the §6. to within 1.5° im-
proves the neutrino direction angular resolution by
over 50% in zenith and over 20% in azimuth.

2.2.4. Energy Resolution

The energy of an individual neutrino event is
reconstructed by determining the strength of the
electric field at the station and propagating it back
through the ice to the shower location. The shower
energy is proportional to the amplitude of the elec-
tric field at the shower. The constant of proportion-
ality is calculated using measured antenna response
properties. The energy of the original neutrino is
then estimated using the average fraction of neu-
trino energy transferred to a shower that results in
a trigger. The trigger requirement selects a subset
of neutrino interactions for which a large fraction of
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Figure 9: The energy resolution of an eight-antenna ARI-

ANNA station to a cosmogenic flux [3§] is o (log(Erec/Ev)) =
0.34, so that o(Ere./E,) = 2.2 for cosmogenic neutrinos,
summed over neutrino flavor. Figure adapted from Ref. [44].

the energy, about 0.8, is transferred to the shower.
An average path length of radio pulses is used in
lieu of a shower vertex reconstruction. The aver-
age path length is determined from simulations as
a function of the zenith angle of the radio signal
propagation, which itself is readily determined us-
ing timing (see Sect. [2.2.3).

There are two dominant sources of error on the
neutrino energy estimate. The first arises due to
the Gaussian dependence of the electric field ampli-
tude on d6.. Uncertainties on 56, form the largest
source of error on the energy estimate. The un-
known amount of energy transferred from the neu-
trino to the charged particle shower is the second
significant source of error on the energy estimate.
The distribution and average value of these two pa-
rameters depend on neutrino flavor, which is as-
sumed to be unknown in the current analysis. As
more sophistication is applied to event reconstruc-
tion, it should be possible to identify the flavor and
thereby improve the energy resolution. Errors due
to the inexact pulse propagation length, electric
field losses due to reflection at the ice and water
boundary and inaccuracies in the antenna response
are each on the order of 20-25%, and are negligible
by comparison.

In the analysis presented here, there is no at-
tempt to determine the angular deviation from the
Cherenkov cone, d6.. Inserting the average value
obtained from simulation studies, the energy res-
olution is found to be o(Eye./E,) = 5, under the
assumption that Fg,/E, =0.8 for triggered events,
where Fg, (E,) is the energy of the shower (neu-
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trino). However, because the frequency and phase
content of the Askaryan pulse depends on 46, it
can be exploited in future analyses to reduce this
uncertainty. Such a potential measurement of 46,
has been modeled in Ref. [44] in order to investi-
gate the reduction in energy resolution. The result
of this study is shown in Fig. [0] which indicates
that the average neutrino energy resolution is re-
duced to 0(Eyec/E,) = 2.2, an improvement by a
factor greater than 2.

2.8. Cosmic Ray Detection

Ultra-high energy cosmic rays are a plausible
source of (reducible) background for ARTANNA.
Charged particle showers in the atmosphere above
the telescope, produced by UHE cosmic rays, can
emit a detectable radio pulse. Much of this back-
ground is reduced naturally by the 15 dB decrease
in sensitivity of the LPDA back lobe relative to
boresight. The addition of two upward facing an-
tennas eliminates the remaining cosmic ray back-
ground. These antennas allow RF pulses originat-
ing from the atmosphere to be efficiently distin-
guished from neutrino pulses originating in the ice.

Dedicated cosmic ray simulations have been per-
formed to study the rate at which an ARIANNA
station triggers on air showers and the efficiency
with which such events are separated from neutrino
events. The simulation of the cosmic ray air showers
are performed using the CoREAS software [[TH73].
Proton interactions between 1034 and 10'0° GeV
are simulated by Corsika [74] using the QGSJetII-
04 [[3] hadronic model and weighted by the high
energy cosmic ray flux measured by the Auger ex-
periment [70].

Cosmic rays are studied over a local zenith an-
gle range from 0°-75° under the assumption of an
isotropic flux. The azimuth direction and interac-
tion vertex position relative to the station are varied
for each combination of energy and zenith direction.

The radio pulse from the charged particle shower
is generated and propagated to the surface of the
ice by CoREAS. The electric field at the station in
the frequency domain is convolved with the mea-
sured ARIANNA antenna response, the result of
which is then convolved with the measured ampli-
fier response to obtain the voltage expected on each
readout channel of the DAQ. A trigger is generated
if the signal in three or more of the eight down-
ward facing antenna channels is above four times
the noise (40). This is the same trigger criteria used
in Sect. [2.2]to study neutrino signals. Finally, finite
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Figure 10: The number of triggered cosmic ray events in

1296 ARIANNA stations per calendar year, with a livetime
of 58% per year, versus the cosmic ray energy, in tenth of a
decade energy bins.

bandwidth noise consistent with that observed by
HRA stations is added to the signal. The trigger
is applied prior to the addition of noise in order
to avoid over-counting due to events that will be
rejected by any analysis.

The rate of cosmic ray triggers in the full ARI-
ANNA telescope is shown in Fig. [I0]as a function of
cosmic ray energy. The rates are shown as the ex-
pected number of triggers per calendar year in each
(tenth of a decade) energy bin. A detailed measure-
ment of the backward lobe response of the LPDA
has not yet been performed, so a conservative esti-
mate of the cosmic ray rates has been obtained by
overestimating the gain of the antennas for signals
arriving from above the detector.

To study the reduction of this potential back-
ground, a ten LPDA station has been simulated
for the cosmic ray studies. This station has eight
downward facing antennas (see Sect. . In addi-
tion, two upward facing LPDAs have been added to
the station geometry to help discriminate between
RF pulses arriving from above or below the station.
These two antennas are oriented upward at a 45°
angle relative to the surface of the ice and do not
participate in the trigger. This geometry is shown
in Fig.[I]

The difference between the pulse amplitudes
measured by the upward and downward facing an-
tennas provides an efficient mechanism for distin-
guishing cosmic ray air showers from neutrino sig-
nals. On each antenna, the amplitude is taken as
the average of the two largest crests of the time de-
pendent waveform in order to reduce fluctuations
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Figure 11: The number of triggered neutrino and cosmic

ray events in 1296 ARIANNA stations per calendar year ver-
sus the difference in the average amplitude of upward facing
antennas and the average amplitude of downward facing an-
tennas. Requiring the difference to be < —1.2¢0 yields a
background rate of 0.1 cosmic rays in 3 calendar years of
data from the full array while preserving 99.7% of the trig-
gered neutrino events. The neutrino rate is arbitrarily scaled
to 10 v per year for illustration purposes.

due to noise. Figure shows the average upward
facing antenna amplitude minus the average down-
ward facing antenna amplitude for both cosmic ray
and neutrino events. Keeping only events with an
amplitude difference < —1.2¢ leads to a background
rate of 0.1 cosmic rays in the full 1296 station AR-
TANNA telescope after 3 calendar years of running
with 58% livetime per year. This cut preserves
99.7% of the cosmogenic neutrino events that trig-
ger the station.

3. The Hexagonal Radio Array

The ARIANNA Hexagonal Radio Array (HRA)
is being constructed on the Ross Ice Shelf and con-
sists of seven prototype stations arranged as shown
in Fig. This small array, begun in 2009 [T,
serves as a prototype for the development and study
of ARIANNA hardware, data acquisition (DAQ)
and radio data analysis. Three stations have been
installed at the ARTANNA site, Stations A, C and
G, to form the HRA-3 detector. The fourth station,
Station D, is of a preliminary design installed dur-
ing the 2011-2012 austral summer [7§]. This station
did not take radio event data during the 2013-14
season as its DAQ electronics were removed from
the station for calibration. A search has been per-
formed for cosmogenic neutrino signals using data
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Figure 12:  The locations of the seven Hexagonal Radio

Array stations. The HRA-3 station locations are shown by
the closed squares marked “A”, “C” and “G”, an earlier
prototype station location is marked “D”, while the approved
sites of the remaining four stations by open circles. Figure
from Ref. [69].

taken by the HRA-3 during the 2013-14 deployment
season.

3.1. The HRA-3 Stations

Three stations have been used to collect radio
data during the 2013 deployment season. Each sta-
tion consists of four downward facing LPDAs con-
nected to a local DAQ. The radio antennas are po-
sitioned symmetrically around the DAQ box which
lies at the center. Each antenna is 3 m from the
DAQ and is oriented such that the normal vector
of the plane containing the antenna tines points
toward the DAQ. The data acquisition is able to
transmit data from Antarctica in near real-time
while drawing an average of only about 7 W.

Radio signals measured by the LPDAs are am-
plified and digitized at the data acquisition box.
Signals are carried to custom amplifiers through
heavily shielded coaxial cables. The output of
each amplifier is then sampled at 1.92 GHz using
a custom Advanced Transient Waveform Digitizer
(ATWD) chip [[. The chip records waveform
data in 128 samples and voltages are digitized using
12 bit analog to digital converters.
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Two complementary communication systems are
used to transfer data taken by a station to off-site
locations. These systems are powered off during
data taking in order to minimize radio noise and
to conserve power. A long range wireless Ether-
net link is facilitated by an AFAR modem [80] that
connects to the Internet via a relay positioned on
Mt. Discovery and a receiver at McMurdo Station.
Each station is also equipped with an Iridium Short
Burst Data (SBD) modem [BI] that allows 320 byte
binary messages to be sent via satellite when an
AFAR connection cannot be established.

Station configuration parameters, such as trig-
ger thresholds, are specified remotely by shift crews
and transmitted to the stations using the commu-
nication peripherals. Each station periodically con-
nects to computers in California in order to trans-
mit diagnostic data. During the connection, radio
event data may be transferred and new configura-
tion parameters may be specified. This facilitates
near real-time data analysis and station monitoring
throughout the data taking season.

During the 2013 deployment season, events were
recorded by an HRA-3 station when the time-
dependent waveforms on two of four antenna chan-
nels matched a pattern trigger. The coincidence is
required to occur within 64 ns. The pattern re-
quires the crossing of both positive and negative
40 thresholds and is efficient for bipolar pulses of
frequencies within the LPDA and amplifier band-
widths. The bipolar pulse requirement reduces trig-
gers on random electronics noise while preserving
those due to neutrino-induced Askaryan pulses, as
the finite bandwidth of the LPDA and amplifier will
always yield a bipolar pulse (due to ringing).

To facilitate studies of the thermal environment
noise, the collection of data at random times is fa-
cilitated by software forced triggers. The stations
typically record such an “unbiased” event once ev-
ery 67 seconds.

A detailed description of the HRA-3 power, com-
munications and data acquisition hardware and
performance may be found in Ref. [GJ].

3.2. Operation of the HRA-3

The HRA-3 stations installed in the 2013 de-
ployment season took data until the lack of solar
power caused the batteries to deplete in April, 2014.
The communication systems functioned as expected
during the entire data taking season. Connections
over the wireless internet link began to fail in early
April due to the loss of reliable power at the relay on
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Figure 13: The rate of thermal triggers over time for Sta-
tion A. The letters indicate periods in which different fea-
tures are seen in the rates. During periods A and B, both the
small diurnal variations in rate as well as the overall grad-
ual increase in rate is due to variations in the temperature
of the amplifiers. The arrows indicate the two adjustments
made to the trigger thresholds. During period C, a large
storm passed through the ARITANNA site, resulting in large
fluctuations of the trigger rate. Figure from Ref. [69].

Mt. Discovery. Satellite connections over the Irid-
ium network continued to function until the loss of
station power in mid-April.

The bipolar trigger requirement on two of four
antenna channels, described in Section [3.1] allowed
the stations to run at low trigger rates while also
keeping thresholds low. As shown in Fig. the
trigger rate of Station A was typically below 0.1 Hz
and an average rate of 1073 Hz has been achieved
with 40 thresholds.

Several features in the triggering rates can be
found in Fig. during the periods marked by the
letters. Small diurnal trigger rate fluctuations seen
in periods A and B are attributed to daily tem-
perature variations of the amplifiers. The grad-
ual increasing of the trigger rate during period B
is caused by an overall cooling of the amplifier elec-
tronics. This cooling raised the gain of some ampli-
fiers more than others, leading to different effective
thresholds on different channels and allowing small
diurnal temperature fluctuations to affect trigger
rates during period B. Once the station is fully
buried in snow and thresholds are balanced, the
trigger rates are found to be stable. Such periods
are observed after each threshold tuning, marked
by the arrows. Other HRA-3 stations exhibited a
similar dependence of trigger rates on temperature.

The typical observed thermal trigger rates match
the rates expected for the threshold values. The
trigger thresholds were only adjusted twice during
the 2013-14 data taking season, denoted by the ar-
rows in Fig. The threshold adjustments pri-
marily served to re-balance the single-channel trig-
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ger rates. This allows each channel to participate
equally in the trigger requirement that at least two
out of four antenna channels have significant bipo-
lar signals.

An increase in the trigger rate during storms at
the ARIANNA site has been observed. One such
period, marked as period C, is visible in Fig.
The precise cause of these triggers continues to be
investigated. During periods of high wind speeds,
above roughly 20 knots, a correlated rise in rates
among all stations is seen. However, not all high
wind periods result in elevated trigger rates. The
events recorded during these periods are readily dis-
tinguishable from expected neutrino signals, as dis-
cussed in Sect. [

4. Search for Neutrino Signals in HRA-3
Data

4.1. The Data Set

Data taken by the HRA-3 between January 3
and April 9, 2014 has been analyzed to search
for neutrino-induced Askaryan signals. The former
date corresponds to the departure of the deploy-
ment crew from the Ross Ice Shelf. The latter date
is chosen to include all data successfully transferred
off of Antarctica. The entire data set taken by the
HRA-3 and transferred off site is included in the
analysis, resulting in a combined livetime for the
three stations of 170 days.

The bulk of the livetime deficit is not attributable
to operational deadtime. Towards the end of
March, the wireless Internet connection to the sta-
tions became less reliable, and a significant portion
of the data set taken during this period remained
on the stations. With the resumption of operations
in the austral summer, the remaining data will be
transferred off site and added to the data set for
analysis. In addition, the continuous taking of ra-
dio data by Station G was halted during a period
of severe weather at the site just prior to midnight,
February 12, 2014 (UTC). An unnecessary diode
train (not present on other stations) between the
solar panel and battery of the station failed, break-
ing the electrical connection between the two. To
conserve battery power, a short period each day was
used to collect radio data. The station was other-
wise kept in a low power configuration during which
the battery power supply was monitored. The sta-
tion continued to operate for 3 months without ex-
ternal charging. Removal of the diode train during



the following summer season allowed the station’s
batteries to charge.

The deadtime of each station during its nor-
mal data-taking operation was typically 6% or less.
During such periods, each station takes radio data
continuously, pausing only for periodic off site com-
munications and for brief calibration data collec-
tion, as described in Sect. The off site com-
munications typically last for 1 minute and occur
every half hour, accounting for a 4%-5% deadtime,
depending on the connection stability. A dead-
time of 1% results from the collection calibration
data, performed for for 10 minutes every 12 hours.
These two interruptions of radio data taking con-
stitute the entirety of the station deadtime during
normal operation. Deadtime due to triggering and
data acquisition is negligible as trigger rates are far
below the maximum acquisition rate. The inten-
tional disabling of radio data collection, such as the
low-power operation of Station G after its batteries
were no longer able to be charged, has not been in-
cluded in the calculation of the fractional deadtime
observed during data taking.

4.2. Neutrino Candidate Selection

The search for neutrino signals in the data set has
been performed using a simple analysis for which
the reconstruction of the radio signal direction is
unnecessary [82]. Neutrino candidate events are
required to meet three criteria. First, the event
should pass a filter designed to reject purely ran-
dom thermal triggers. Second, the event should
not show evidence of electronics noise character-
ized by sinusoidal waveforms. Third, to separate
neutrino candidates from non-thermal background
events such as those associated with strong winds,
the waveform observed by at least one LPDA is re-
quired to correspond reasonably well to the wave-
form expected for a neutrino.

The impact of the cuts on neutrino signals has
been estimated using simulations. Neutrino events
are generated according to a cosmogenic flux en-
ergy distribution and radio signals are propagated
to the detector station in the frequency domain,
as described in Sect. 2.1.11 These simulated neu-
trino events are required to pass the same trigger
requirement used in the HRA-3 data: at least 2 of 4
antennas must have bipolar signals beyond 40. The
time-dependent waveform measured by an antenna
is then determined by first choosing the appropri-
ate neutrino waveform template (see Sect.
based on the relative orientation of the LPDA and
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Figure 14: A comparison of the autocorrelation function

for a purely thermal noise waveform (from a software forced
trigger) and a neutrino template waveform. The dotted hor-
izontal line shows the cut value (a < —0.45) used in the
analysis.

the incoming radio signal direction. Each template
is then scaled such that its amplitude corresponds
to that calculated by the frequency-domain simu-
lation. Finally, finite bandwidth noise is added to
each waveform.

Purely random triggers are identified in the data
by noting that continuous white noise has an au-
tocorrelation function with a perfect correlation at
zero time offset, and no correlation at other time
offsets. This property is used to distinguish purely
random thermal triggers from non-thermal events.
Figure contrasts the autocorrelation of a wave-
form from a software forced trigger (purely thermal
noise) with that of a waveform expected for a typ-
ical neutrino signal.

Non-thermal events are taken to be those for
which the minimum value of the autocorrelation
function, «, falls below -0.45 on any antenna. All
other events are attributed to pure thermal noise.
This requirement correctly identifies as purely ther-
mal 99% of software forced triggers in the HRA-3
data set. Of the regularly triggered events (radio
signals, thermal noise, etc.), 69% are identified as
purely thermal. This filter is planned to be imple-
mented locally on the stations as a real-time “level
zero trigger.” Such a level zero trigger will reduce
event rates sufficiently to allow the near real-time
transfer of radio event data from the full 1296 sta-
tion ARTANNA detector using only low bandwidth
Iridium SBD communications.

As expected, the autocorrelation cut rejects very
few of the neutrino signal events, with 99.5% of the
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Figure 15: A comparison of the frequency spectrum of a

non-thermal event that has a very low number of high mag-
nitude frequency bins, in this case a single sharp peak at
120 MHz, and a neutrino template waveform with no noise.
Each spectrum is normalized to have its peak power at 0 dB.
The dotted horizontal line shows the cut value used in the
analysis (-6 dB).

neutrino events having v < —0.45.

Some non-thermal events are present in the data
that resemble detector electronic noise rather than
external radio noise. Such events are not associ-
ated with external conditions like high winds. In-
stead, they are characterized by strong sinusoidal
waveforms and timing between antennas that is in-
consistent with a physical external signal. While
the latter property facilitates a powerful rejection
based on signal direction reconstruction, the sinu-
soidal structure of the waveform is already sufficient
to identify the events. These events are identified
by a strong, narrow peak in the frequency spectrum
of the waveform recorded by at least one antenna.

Figure shows the frequency spectrum, mea-
sured in 10.6 MHz bins, of such a sinusoidal-like
waveform compared to that expected for a typical
neutrino signal. The frequency spectrum of a neu-
trino candidate waveform is required to have more
than 3 frequency bins at or above half of the magni-
tude of the frequency bin containing the maximum
magnitude. This variable is referred to as n. It is
equivalent to the number of frequency bins contain-
ing more than one quarter of the maximum power.

The 7 distribution of the thermal noise data has
been compared to the distributions in both software
forced triggers as well as simulated finite bandwidth
noise, as shown in Fig. This comparison shows
that the cut variable behaves as expected.

Events with a strong frequency peak, so that

15

b 1@ T T L L S S~
D = Simulated Noise E
g, 10t er— -- Unbiased (All Stns) ||
. . T e Pure Thermal (All Stns)| 3
s E
g ]
o E E
10° = =
10* =
5 L 1 ! | N
10779 5 10 25 30
n

Figure 16: Comparison of the n distribution of pure ther-

mal data, software forced (unbiased) triggered data and sim-
ulated finite bandwidth noise data.
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Figure 17:  The n distribution of events in the data (of

all stations) and the neutrino signal simulations. The cut,
n > 3, is shown by the dotted vertical line. Only events with
a < —0.45 are shown for each population.

n < 3, are rejected as being due to detector noise.
This cut removes 85% of the remaining non-thermal
triggered events across all three stations. The n > 3
requirement also preserves the vast majority of neu-
trino signals, with 97% of the neutrino events pass-
ing the cut. The distributions of # in the neutrino
signal simulations and in the data for events with
a < —0.45 are shown in Fig.

The third and final neutrino candidate selection
criteria requires that the waveform recorded in at
least one antenna resemble that expected for a neu-
trino signal. This is done by calculating the maxi-
mum correlation value (for any time shift) between
the waveform reported by an antenna with a refer-
ence neutrino signal template (see Sect.[2.1.2). The
relative amplitude between the waveform recorded
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Figure 18: Comparison of the x distribution of pure ther-

mal data, software forced (unbiased) triggered data and sim-
ulated finite bandwidth noise data.

in the data and the neutrino template does not af-
fect the Pearson correlation value [83].

As the signal direction is not reconstructed, the
relative geometry of the signal direction and an-
tenna orientation is not used to determine the
proper neutrino waveform template to be used as
a reference. Instead, the neutrino template corre-
sponding to a signal arriving with local E-plane and
H-plane angles (see Sect. of 30° is taken as
a reference for every antenna in every event. This
reference was chosen as it represents the average
relative geometry observed in the simulations.

The calculation of the correlation between a
waveform and the reference neutrino template is
complicated by the unknown relative polarity be-
tween the recorded signal and the reference tem-
plate. For example, an LPDA with its tines ori-
ented from East to West and its cable connector
facing South may record a bipolar pulse with a pos-
itive initial crest for some incoming signal. On the
other hand, rotating the LPDA by 180° so that its
cable connector faces North, with its tines oriented
from West to East, would result in a bipolar pulse
with a negative initial crest being recorded for the
same signal. To account for this effect, the correla-
tion is calculated for all possible unique combina-
tions of relative polarity between each antenna and
the reference template. The best correlation found
between the reference and any antenna, across all
possible polarity orientations, is referred to as .

A comparison of the y distribution of thermal
noise data, software forced triggers and simulated
finite bandwidth noise is shown in Fig. [18] This
comparison shows that the x variable behaves as
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Figure 19: The distribution of x in the data (of all stations)
and the neutrino signal simulations. The cut, x > 0.81, is
shown by the dotted vertical line. Only events with both
a < —0.45 and n > 3 are shown for each population. The
peak in the data around x ~ 0.68 is due to events associated
with high wind periods (see Fig. [20)).

expected.

Neutrino candidate events are required to have
a x > 0.81. This seemingly large correlation value
arises from the choice of cutting on the best cor-
relation. As shown in Fig. [[9] which compares
the x distributions of neutrino signal simulations
and events in the data having both a < —0.45
and n > 3, the cut value is not large compared
to the correlation value expected for neutrino sig-
nals. None of the remaining events in the data set
survive the x > 0.81 requirement. The requirement
that x > 0.81 preserves 93% of the remaining signal
events.

Figure [20]shows the x value as a function of time
for events with o < —0.45 and 7 > 3. The band
of events with y ~ 0.4 is formed by purely thermal
events that survive the rather loose autocorrelation
cut. Threshold tuning, indicated by the arrows, re-
sults in a sharp reduction of these events. Although
each station had its threshold tuned only twice, dif-
ferent stations were tuned at different times. An in-
crease in non-thermal background events is clearly
seen during high wind periods, indicated by the
labels “A” and “B.” While background rates in-
creased on all stations during these storms, Sta-
tion G recorded many more background events than
the other two stations during the storm indicated by
label A. It was during this storm that the batteries
of Station G stopped receiving charge. This period
accounts for both the larger number of background
events taken by Station G as well as the peak in the



Station A Station G Station C All Data Cosmogenic v’s
Triggers 203562 248772 512931 965265 100%
a < —0.45 | 51327 (25%) | 102599 (41%) | 142243 (28%) | 296169 (31%) 99.5%
n>3| 3159 (2%) 26868 (11%) 13461 (3%) 43488 (4.5%) 97%
x > 0.81 0 (0%) 0 (0%) 0 (0%) 0 (0%) 90%

Table 2: A summary of the number of neutrino candidates remaining with the successive application of each cut. The fractions
in parentheses are with respect to the totals. See text for a brief discussion of the excess background in the data from Station G.
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Figure 20: The x value of events with @ < —0.45 and

n > 3 on all three stations is shown as a function of time. A
sharp reduction in pure thermal events is seen after threshold
tunings, indicated by the arrows (each station was tuned
only twice, but not all on the same days). An excess of
non-thermal background events is seen during the high wind
periods indicated by “A” and “B.” The dotted line indicates
the neutrino candidate cut (x > 0.81) applied in the analysis.

data around x = 0.68, visible in Fig.

The application of all cuts preserves 90% of the
cosmogenic neutrino triggers while removing all
events recorded by the HRA-3 during the 2013-14
data taking season. A summary of the number of
neutrino candidates that remain after the successive
application of each selection criterion is presented
in Table 21

The analysis of the 2013-14 HRA-3 data has em-
ployed a similar procedure to that used on the
HRA-3 data from the 2012-13 season [82] and on
prototype HRA-1 data [84]. These analyses also
found high signal efficiency values using background
rejection procedures that produced no neutrino
candidate events.

4.3. Flux Limit

An upper limit on the total diffuse neutrino flux
can be determined due to the absence of any ob-
served events. With no observed events and no
background events, the Neyman formalism is used
to place an upper limit of 2.3 neutrino events at the
90% confidence level in each energy bin. Figure
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Figure 21: The 90% confidence level Neyman upper limit on

the all flavor v 4+ 7 flux, calculated in a sliding decade-wide
energy bin, arising from the lack of neutrino candidate events
in the HRA-3 data set collected during the 2013-14 season.
The limit is compared to that of the ARA TestBed as
well as to the current best limits set by Anita II [I5} [I6] at
high energies and IceCube at lower energies.

shows this limit translated to a limit on the all fla-
vor neutrino flux as a function of neutrino energy.
No neutrino flux model has been assumed in the
calculation of the limit. Instead, Eq. [I] is used to
determine the flux that would produce 2.3 neutri-
nos in a sliding decade-wide energy bin by taking F
to be the energy at the center of the bin, dV < 2.3
to be the limit on the number of neutrinos in the
energy bin and df = E1nl0dlogFE = E'Inl0 to be
the width of the decade-wide energy bin. That is,

paE) < 23 L(E)

2
— Inl0 €VeﬁQ tlive ( )

where V () is the single station effective volume,
averaged over neutrino flavor, shown in Fig.
Also shown in Fig. is the recent limit placed by
the ARA TestBed detector with 224 days of live-
time [25], as well as the current best limits from
Anita II [I5] [I6] at high energies and IceCube [[2]
at lower energies. Decade-wide energy bins have



been chosen to facilitate comparison with the dif-
ferential limits from ARA and IceCube.

4.4. The Full ARTANNA Detector

A search for neutrino signals in the data from
the full ARIANNA detector will make use of all in-
formation recorded by the detector in each event.
Full likelihood fits will be used to reconstruct the
radio signal direction, the incoming neutrino direc-
tion and the neutrino energy. This will facilitate the
use of further, and almost certainly more powerful,
selection criteria with which to separate neutrino
signals from radio backgrounds.

However, it is worthwhile to investigate how the
simple analysis presented in this article would per-
form for data taken by the full detector. For this
purpose, the full detector is taken to operate for
58% of the year, from mid-September to early April,
and to consist of 1296 stations.

The deadtime of the full detector will be reduced
relative to that of the HRA-3 stations. With the
autocorrelation filter implemented as a local level
zero trigger (see Sect. average event rates of
10~* Hz are easily achievable, even with 40 thresh-
olds. Each station can then immediately send every
event off site via the Iridium SBD satellite connec-
tion, allowing near real-time data transfer. With
such a setup, each station would transfer fewer than
9 events per day, leading to a deadtime of 2% due to
data transfer and communications. The calibration
data will likely be collected somewhat less often,
leading to a deadtime of < 1%.

Figure [22] shows the cumulative number of back-
ground events expected to pass a x > C cut as a
function of the cut value, C. The cumulative dis-
tribution is obtained by scaling that of the HRA-3
analysis (see Fig. up to the livetime expected for
a 1296 station detector running for 58% of 3 years.
An exponential function is fit to the tail of the cu-
mulative distribution in order to determine the cor-
relation cut necessary to admit only 0.3 background
events in the full detector data set. The extrapo-
lated correlation cut value of y > 0.87 preserves
83% of the cosmogenic neutrino triggers. This re-
sult assumes, by necessity, that no new type of
background event will be observed that changes the
shape of the tail of the correlation cut distribution.

The signal efficiency for an analysis with the full
ARIANNA detector should further improve, given
the expectation that a reconstruction of the neu-
trino angle and energy will strengthen the signal
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Figure 22: The cumulative background distribution from

the current HRA-3 analysis, scaled up to a livetime equiva-
lent to 1296 stations running for 58% of 3 years. The solid
grey line shows an exponential fit to the tail used to extrap-
olate the cut necessary to allow 0.3 background events in
the full detector data set. This cut preserves 83% of the
cosmogenic neutrino triggers.

and background separation. Also note that the ex-
trapolation of the HRA-3 data includes background
events caused by cosmic rays. The prior rejection
of cosmic rays using upward facing antennas, as de-
scribed in Sect. may reduce the background
further, allowing for a less strict x cut and a corre-
spondingly improved signal efficiency.

5. Conclusions

The ARTANNA experiment proposes the use of
the Askaryan effect to search for a diffuse flux of
neutrinos in the 10% — 101° GeV energy range. The
experiment will exploit the long attenuation length
of ice at radio frequencies by populating the sur-
face of the Ross Ice Shelf of Antarctica with a grid
of radio detectors to reach an effective volume on
the order of 100 km®. The ice to water interface
at the bottom of the ice shelf acts as a mirror to
radio pulses, making ARIANNA sensitive to neu-
trinos arriving from above the detector as well as
from the horizon.

The response of such a detector to the electric
fields generated by the Askaryan effect has been
simulated in both the frequency and time domains.
The angular resolution of the neutrino direction is
found to be about 2.9° in the local zenith angle
and 2.5° in the local azimuth angle. Determination
of the angle between the Cherenkov cone peak and
the observation angle of the detector to within 1.5°



improves the angular resolution on the neutrino di-
rection by 50% in zenith and 20% in azimuth. The
resolution on the energy of the neutrino is found
to be about a factor of 5 with no knowledge of the
Cherenkov observation angle, and a factor of 2.2 if
the angle is known to about 1.4° on average.

To facilitate the construction of the full ARI-
ANNA detector, a prototype of seven radio detector
stations, the HRA, is currently under construction
at the Ross Ice Shelf. During the 2013-14 austral
summer, three such stations collected radio data.
This data set has been analyzed in a search for
high energy neutrino signals. No neutrino-like sig-
nals were found in the data. The majority of data
collected consists of purely random thermal trig-
gers. Two other principal sources of backgrounds
were observed, one showing oscillatory waveforms
indicative of detector electronics effects and another
associated with periods of high winds at the site.

The rejection of these backgrounds by a simple
analysis that does not rely on reconstructing the ra-
dio signal direction is found to preserve 90% of cos-
mogenic neutrino triggers. A model-independent
differential upper limit has been placed at the 90%
confidence level on the all flavor v 4+ 7 flux in a slid-
ing decade-wide energy bin. The limit reaches a
minimum of 1.9x10723 GeV~'em~2s ' sr~! in the
1085 — 10%® GeV energy bin.

The analysis presented in this article has been
extrapolated to the full 1296 station ARITANNA ex-
periment being run during the austral summer for
3 years. Background rejection levels are found that
allow only 0.1 background events per year in the
entire detector while preserving 83% of cosmogenic
neutrino triggers. The actual performance of the
full experiment may be further improved by the re-
construction of the neutrino direction and energy.

The ARTANNA experiment has the potential to
extend the measurement of the diffuse neutrino
flux to higher neutrino energies by two orders of
magnitude in energy. The current UHE neutrino
flux measurement by the IceCube collaboration [G1]
would produce about 2.8 neutrinos in 3 calendar
years of ARTANNA data, even if there is no ad-
ditional source of high energy neutrinos, as shown
in Table [l A measurement of the neutrino flux
at such energies would likely generate comparable
levels of interest in the growing field of ultra-high
energy neutrino astronomy. Measurements of the
diffuse flux could be improved by expanding the ar-
ray, while dedicated point searches with improved
angular resolution could be performed by increasing
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the density of the array.
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