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1. Introduction

ANITA is a NASA long-duration balloon payload designed to detect the highest energy cosmic
neutrinos via the radio technique. Neutrinos generate radio emission via the Askaryan radiation,
which is impulsive, coherent radio Cherenkov emission emitted by particle cascades in dense di-
electric materials like ice. ANITA takes advantage of the long attenuation lengths of ice and its
high flight altitude (35-40 km) to monitor a large volume of ice.

ANITA also observes coherent radiation from air showers. Air showers generate radio emis-
sion dominated by the geomagnetic effect due to time-varying currents generated as an air shower
develops in the Earth’s magnetic field. Most cosmic rays in ANITA are observed as reflected events
where the electric fields generated by the downgoing showers have inverted in polarity relative to
the direct, unreflected cosmic rays.

Two anomalous air shower events were observed in the first and third ANITA flights [1, 2].
Both events were impulsive and their polarization angle correlated with the expectation from the
Earth’s geomagnetic field, as expected for a typical air shower event. However, both also have
polarity consistent with direct cosmic rays, but arrive from steeply upgoing angles of —27.4° and
—35° with respect to the horizon.

We considered in Ref. [3] the hypothesis that these two events are due to an isotropic flux of
tau neutrinos. We concluded that both the steepness of the events and the limits from the stan-
dard search with ANITA, IceCube, and Auger exclude this possibility based on a comprehensive
estimate of the upper bound on the ANITA exposure to the air shower tau channel. In this pro-
ceeding, we summarize the analysis of the tau neutrino air shower channel and update it to include
the ANITA-IV flight. We conclude by making an order of magnitude estimate of the sensitivity of
ANITA to a point source of tau neutrinos via the air shower channel.

2. Monte Carlo of ANITA Exposure to an Isotropic Tau Flux

In this section, we describe our model for the ANITA acceptance and exposure to an isotropic
flux of tau neutrinos via the air shower channel. Several optimistic assumptions are made in an
effort to estimate the maximum possible exposure of ANITA to tau neutrinos.

As shown in Fig. 1, an upgoing tau neutrino may be observed at the ANITA payload after
undergoing a charged current interaction in the Earth to produce a tau lepton that decays in air.
Both the neutrino and tau lepton propagate along a direction defined by 7,.. The tau exits at a
point defined by the Earth angle 6z and zenith angle local to the exit point 6,,; and decays at an
altitude above the ice surface of thickness D. Several decay products of the tau lepton can result in
extensive air showers, specifically the hadrons, electrons, and gammas. The extensive air showers
produce impulsive, radio frequency radiation that can be observed at the ANITA payload at an
altitude above sea level 4 and at an angle from the decay point, Oyjey .

In the Monte Carlo, both charged current and neutral current interactions of tau neutrinos in
the Earth are tracked in terms of their energy loss and probability that a tau lepton will exit, P,
through NuTauSim [4]. We allow for a range the cross sections that fall within the uncertainties
allowed by the Standard Model [5] and two models for energy loss of the tau lepton [6, 7]. The tau
decay point is exponentially sampled within a decay length of Lyecqy = 49 km (E;/EeV). Events
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that decay beyond the detector do not contribute to the acceptance, which is particularly important
at high energies. We model the radio emission from the tau decay using a modified version of the

ZHA:ireS that produces radio emission from upward-going tau lepton decays.

The most common decay mode injects 98% of the tau lepton
energy into pions (7’7~ v;) and we use this decay mode modeled
with TAUOLA [8] for the ZHAireS simulations. In the previous
analysis [3], we assumed that all the tau energy was deposited
into the shower, but in this analysis we refine this calculation to
account for energy that goes into non-showering particles. The
fraction of energy transferred from the tau lepton to the shower
is estimated by sampling a distribution of Pythia [9] simulated
decays. The energy fraction distributions have a mean of 0.56
and a 68% confidence interval of ranging from 0.25 to 0.87.

Showers were simulated with a magnetic field of 60 uT for
a range of zenith angles and decay altitudes. The magnetic field
is oriented perpendicular to the direction of the shower to max-
imize the electric field strength in this upper limit calculation.
The electric field is filtered in the 180-1200 MHz band to match
the trigger band of ANITA-III. For ANITA-IV, the magnitude of
the loss due to the programmable notch filters called the TUFFs
(see Sec. 3) are modeled as Gaussians in the frequency domain,
as shown in the blue curve in Fig. 2. A ring-like radio emission
pattern forms evident in the lateral distribution functions shown
on the right in Fig. 2. The peak of the lateral distribution function
does not uniformly increase with decreasing distance, but rather
the decrease in the density of the atmosphere and the decrease
of the distance from the shower to the observer with increasing
decay altitude causes the showers to become more extended and
not fully developed before reaching the detector. An additional
loss of coherence due to variations in the view angle between the
shower and the detector further contributes to the decrease of the
peak electric field at higher altitudes.

Following the description in Ref. [3], the radio emission
beam patterns are parameterized as a function of zenith angle
at the decay point and decay altitude above the ice. The fits are
represented by the combination of a Gaussian and Lorentzian
centered on the peak 6Oy along with a Gaussian centered at
Byiew = 0°. The shape is given by
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Figure 1: Detection geometry
from Ref. [3]. An incoming
neutrino (blue dashed line)
impacts a spherical Earth with
polar radius Rg that has an
additional layer of ice of
thickness D above it. If the
neutrino undergoes a charged
current interaction, a tau lepton
is produced that propagates
along the same direction, 7y, as
the neutrino. The tau may then
exit the Earth’s surface at an
exit point defined by the Earth
angle 6 and the exit angle
Ocxit- The tau lepton then decays
at a point above the ice surface
and may produce an extensive
air shower. The air shower
generates radio emission that is
viewed by ANITA flying at
altitude i above Rg at an angle
Oyiew from the decay point.
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and the electric field is

—1
Epeak(@ﬁ'rar; 6View) = <101€TCV> (;;)) S(GViSW)' (2.2)
where rg is the distance from ANITA to the 7 lepton decay point. Fig. 2(right) shows the param-
eterization for the 180-1200 MHz band that includes the model of the TUFF response. We use a
simplified model of the ANITA trigger that assumes an electric field threshold and approximates a
voltage threshold at a single frequency (300 MHz). If the electric field of a simulated tau event is
above this threshold at the payload, it results in a trigger.

The final numerical estimate of the acceptances multiplies the maximal aperture by the summed
probabilities of events thrown in the Monte Carlo. The maximal aperture is estimated semi-
analytically in Motloch et. al to be Ag = 2n2Rgh/ (14 h/RE).
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Figure 2: (left) The loss induced by applying the two programmable notch filters (the TUFFs) in ANITA-
IV. The loss model (blue solid line) at the trigger level assumed in the Monte Carlo compared to the loss
measured in the digitizer signal chain (black dotted line), which has loss at high frequencies not present at
the trigger level. The peak electric field vs. Byiey from ZHAireS simulations of a 10!7 eV 7 lepton decay at
emergence angle 30° and for decay altitudes from 0 km to 9 km (dots) compared with the parameterized fits
(lines).

3. ANITA Electric Field Thresholds

There have been four flights of the ANITA experiment. With each flight, the experiment has
lowered its electric field threshold to cosmic rays by either lowering the voltage signal-to-noise
ratio (SNR) at which the trigger reaches its 50% point or the system temperature, Ty, as shown in
Tab. 1. Additionally, the bandwidth of the antennas used on ANITA-III and IV was expanded to
180-1200 MHz from the earlier ANITA-I and II bandwidth of 200-1200 MHz.

For each flight, the electric field thresholds are assumed to be scaled based on the weakest
cosmic ray event observed in ANITA-I (A; in Eqn. 3.1). The electric field threshold for the i-th
ANITA flight is given by:

SN RA i Tvys,i
SNRy, \| Tiysa,

Ein = Epa, 3.1
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ANITA Flight I I v
Livetime (days) 174 | 17.4 | 24.25

SNR at 50% Trigger Efficiency | 54 | 3.9 3.7

System temperature (K) 245 | 295 | 160

Electric Field Threshold (mV/m) | 446 | 287 | 234

Table 1: Livetimes and electric field thresholds for air showers assumed in the Monte Carlo and flight
times as described in text. The ANITA-II trigger was biased against horizontally polarized triggers, and is
therefore, not included here.

During the ANITA-III flight, continuous wave (CW) radio-frequency interference (RFI) from
satellites from the North significantly impacted the exposure of the instrument, because the re-
gions of the payload pointed towards the north were masked from the trigger (an effect called phi-
masking) such that the masked fraction of the payload was always below 30%. Masking impacts
the total exposure of the ANITA-III instrument, but not the acceptance.

During ANITA-IV, programmable notch filters called TUFFs, allowed the instrument to achieve
a factor of 2.8 higher livetime than ANITA-3. Two notches were enabled for the entire duration of
the ANITA-IV flight. Notch 1 had a center frequency of 260 MHz; Notch 2, 375 MHz. The average
loss shown in Fig. 2 (left) due to the TUFFs was measured on the SURF-v3 digitizers, which have
significant loss at higher frequencies that is not present in the trigger signal chain. We additionally
assume that the 10% reduced bandwidth from the two notches used on ANITA-4 lowered the elec-
tric field threshold by 1/90%. Because the signal received at the trigger is lower, the loss at lower
frequencies affects the overall acceptance of ANITA-IV.

4. ANITA Acceptance and Exposure to an Isotropic Tau Flux

Fig. 3 (left) compares the upper bound on the acceptance of ANITA’s air shower channel to an
isotropic tau neutrino flux to the acceptances of IceCube [10] and Auger to the Earth-skimming v,
channel [11]. The ANITA air shower channel has a comparable acceptance to IceCube and Auger
within a factor of 2 at energies above 3 x 10'® eV. While the acceptance to the air shower channel
plateaus above this energy because an increasingly larger fraction of taus decay at higher altitudes
or beyond the detector, the acceptance of ANITA to tau neutrinos via the Askaryan channel grows
with energy. However, because the air showers are in general closer to the detector than the in-ice
showers, the air shower channel has a lower energy threshold.

The lower trigger threshold and wider bandwidth of ANITA-III resulted in a higher overall
acceptance for ANITA-III than ANITA-I. Even though ANITA-IV has a lower trigger threshold
than the previous flights, the acceptance achieved by ANITA-IV is a factor of two lower than
ANITA-IIL. This is because the two TUFF notches were in the lower portion of the frequency band
and the radio signal is low-frequency dominant.

The total upper bound to the summed exposure of the three ANITA flights is shown on the right
in Fig. 3. The blue band brackets variations on the energy loss model of tau leptons propagating in
the Earth, the thickness of the ice, and the ranges of Standard Model cross-sections. Even though
the acceptances are comparable, ANITA’s air shower channel has a substantially smaller exposure
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Figure 3: Upper bound estimates of the ANITA acceptance (left) and summed exposure (right) to tau neutri-
nos (blue lines and band) compared to the Earth skimming (ES) v; channel of Auger (dashed grey lines) [11],
IceCube v; (dot-dashed darker grey line) [10], and the ANITA Askaryan search for in-ice showers from v;’s
(red dashed line) [12]. (left) The acceptance of ANITA-LIII, and IV to t-lepton air showers (blue lines) as-
suming mean values of cross section, an ALLM [6] energy loss model and 2.0 km ice thickness. (right) The
blue-shaded band includes the range of variations due to assumptions on the ice thickness (1-4 km), neutrino
cross section, and T energy loss models. The minimum exposure (dashed blue line) assumes a high cross
section, the ALLM [6] energy loss model, and 1 km ice thickness, while the maximum exposure (dot-dashed
blue) assumes a low cross section, the ASW [7] energy loss model, and 4 km ice thickness. The solid blue
line assumes a mean value for the cross section, ALLM energy loss model, and ice thickness of 2 km.

than IceCube, Auger, and the ANITA Askaryan channel. Variations in the cross section, energy
loss model, and ice thickness contribute to at most a factor of 3 change in the total exposure.

5. Point Source Sensitivity

While the exposure of ANITA to an isotropic tau neutrino flux via the air shower channel is
significantly suppressed compared to other long running experiments, ANITA has a deep effective
area in the direction of the horizon. We report in this section preliminary bounds on ANITA’s point
source sensitivity both in the directions of the anomalous events and towards the horizon where
the effective area is the deepest. This estimate is accurate only to within an order of magnitude for
showers of energy 0.6 EeV and will be updated with the refinements applied to the isotropic tau
flux.

The effective area can be estimated by calculating the maximum geometric effective area for
a radio receiver at a given detector altitude and multiplying that by the combined probabilities
that a tau lepton will exit the Earth, that it will decay and that the shower will be detected. We
evaluated the maximum geometric effective area for a neutrino coming from a point source in a
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Flight (A), Emergence Angle P Pz shower (A)err
ANITA-I | 5.54 km? 26.8° 8x107° | <5%x1072 | <2.2m?
ANITA-III | 5.75 km? 34.5° I1x107% | <5%x1072 | <0.3 m?

Table 2: Upper bound on the effective area of ANITA to a point source of tau neutrinos.

Eshower P, exit g E shower <A> peak
108ev | 25x 1073 0.5 1.9 x 10° m?
109evV | 3.5x 1073 0.5 2.6 x 10° m?

Table 3: Upper bound on the effective area of ANITA to a point source at an emergence angle of 3.9°
given direction 7, (equivalent to ry, in Fig. 1) with a Monte Carlo as:

N
<A>(f\/) :AOZﬁE'f*@)(ecut_eview)a (5-1)
i=0

where the normal vector at the exit point, 7ig, and view angle, 0, are as illustrated in Fig. 1. The
heaviside step function, @(6.,; — 6, ) requires that only events observed within a certain view
angle are detectable. We assume an altitude of 35.5 km and an ice thickness of 4.0 km. We assume
that all events within the radio beam pattern of a view angle of 6., = 1° trigger the instrument,
consistent with the beam patterns shown in Fig. 2 (right). All of the events decay before reaching
the detector, since ANITA is more than 60 km away from the exit point, and we assume that all the
taus decay immediately upon exiting the Earth’s crust.

We can first estimate the effective area at the angles associated with the anomalous events,
using the calculations of the exit probabilities and exiting tau energies calculated by Alvarez-Muiiiz
et. al [4]. The probability that a tau will exit converges to the values shown in the table for all initial
tau neutrino energies for angles above 20° [4]. The observed shower energies of 0.6 EeV lie outside
the 95% confidence interval of distributions of the energies of the tau lepton at the steep angles of
the two anomalous events. Thus we assume the probability that a tau shower results from a tau
neutrino interaction to be less than 5 x 1072, The resulting effective area is at most 2.2 m? for
ANITA-I and 0.3 m? for ANITA-III, as summarized in Tab. 2. Given that the total livetime of
IceCube is substantially longer than three flights of ANITA, we conclude that ANITA’s sensitivity
to repetitive transient sources at the observed shower energies and steep angles of the anomalous
events is substantially lower than IceCube’s sensitivity [13].

We can additionally consider the sensitivity of ANITA near the horizon, where ANITA achieves
its peak geometric effective area of 150 km? at an emergence angle of 3.9°. The electric field thresh-
olds assumed for ANITA-I and III in Tab. 1 translate to threshold shower energies of 10'7 eV and
10'7# eV. Based on inspection of the tau lepton energy distributions, the threshold shower energies
are ~50% likely to result from a tau neutrino interaction [4]. We estimate that the upper bound on
the effective area of ANITA is ¢(10°) m? in the two energies shown in Tab. 3, which is comparable
to the peak effective area of Auger [14].
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6. Discussion

We presented an updated estimate to ANITA’s acceptance and exposure to an isotropic tau
neutrino flux that includes ANITA-IV. The estimate is an upper bound based on a comprehensive
Monte Carlo that models the tau neutrino interaction, tau decay and radio emission, and ANITA
trigger. Given that other experiments, including the ANITA Askaryan search, achieve exposures
that are factors of 40 to several orders of magnitude higher than what is achieved with the tau
channel, we find that an isotropic tau neutrino flux is disfavored.

Additionally, we make an order-of-magnitude estimate of ANITA’s sensitivity to point sources
and find that while the effective area at the steeply inclined angles observed in the ANITA anoma-

2

lous events is on the few m~sr scale, ANITA’s sensitivity to transient point sources at the horizon is

comparatively deeper.
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