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We report on an upward traveling, radio-detected cosmic-ray-like impulsive event with characteristics closely
matching an extensive air shower (EAS). This event, observed in the third flight of the Antarctic Impulsive
Transient Antenna (ANITA), a NASA-sponsored long-duration balloon payload, is consistent with a similar
event reported in a previous flight. These events could be produced by the atmospheric decay of an upward-
propagating τ-lepton produced by a ντ interaction, although their relatively steep arrival angles create tension
with the Standard Model (SM) neutrino cross section. Each of the two events have a posteriori background
estimates of <∼ 10−2 events. If these are generated by τ-lepton decay, then either the charged-current ντ cross
section is suppressed at EeV energies, or the events arise at moments when the peak flux of a transient neutrino
source was much larger than the typical expected cosmogenic background neutrinos.

The ANITA instrument is primarily designed for the de-
tection of the ultra-high energy (UHE) cosmogenic neutrino
flux via the Askaryan effect in ice [1–3], but is able to trigger
on a wide variety of impulsive radio signals. During the first
ANITA flight, 16 unexpected events due to ultra-high energy
cosmic ray (UHECR) EAS were found during a blind search
for isolated non-anthropogenic events [4]. ANITA observes
UHECR via radio impulses that occur when geomagnetically-
induced charged-particle acceleration occurs in the propaga-
tion of an EAS in the atmosphere. Conventional down-going
UHECR EAS produce downward-propagating radio impulses
that are observed in reflection off the surface of the ice, lead-
ing to phase inversion of the waveform, flipping the polar-
ity [5]. UHECR events detected by ANITA also include a sub-
set of horizontally-propagating stratospheric EAS seen just
above the horizon, which point directly at the payload, and
show no phase inversion of the waveform [6]. These observa-
tions have established a baseline for identification of events of
UHECR origin in ANITA data.

In the ANITA-I flight one such UHECR-like event was
observed with characteristics similar to the direct, horizon-
tal cosmic rays, but from a direction well below the horizon,
without the phase inversion due to a reflection [6]. The esti-

mated chance anthropogenic background was ≤ 10−3 events,
leading us to consider whether it could arise from a high-
energy charged-current neutrino interaction in the ice, produc-
ing a lepton which exits the ice surface and decays or interacts.
Electrons from νe interactions shower within tens of meters
range in ice, and muons from νµ interactions at these energies
have decay lifetimes of hours; thus τ-leptons from ντ interac-
tions, with a decay length of order 10 km, are far more proba-
ble for a roughly equally flavor-mixed neutrino flux [23, 24].
The resulting lepton decay then produces an EAS that prop-
agates upward in the atmosphere. This single event, the only
one found in the ANITA-I data, was not by itself adequate to
confirm this possibility.

The third flight of the ANITA instrument took place from
Dec. 18, 2014 to Jan. 8, 2015, with 22 days at float at an
altitude of ∼ 34-38 km. Unexpected strong continuous-wave
(CW) interference from geosynchronous satellites limited the
effective full-payload exposure to about 7 days of equivalent
time. Despite this loss of sensitivity, a set of 20 radio-detected
UHECR events were identified in a template-based analy-
sis [7]. Because phase-inversion was the primary characteris-
tic that would distinguish reflected events from direct events,
including possible upward-going EAS, we blinded our analy-
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sis to the event polarity throughout the analysis to avoid bias.
The geomagnetic field in Antarctica is predominantly vertical,
and thus the Lorentz-force acceleration of the e+e− pairs in
the shower leads to lateral charge-separation that produces an
almost completely horizontally-polarized (Hpol) signal, with
very distinct temporal and spectral properties compared to an-
thropogenic background events observed. Despite their small
size, the residual horizontal components of the geomagnetic
field still provide for a detailed confirmation of the geomag-
netic correlation of UHECRs. Unlike mid-latitudes [8], very
large transient atmospheric electric fields (such as caused by
convective cloud formation) are unknown, and deviations in
the ambient DC electric field due to driven snow or strong
winds are not large enough to affect these results [9].

In a local cartesian basis, the geomagnetic field B =
(Bx,By,Bz) satisfies Bx, By � Bz as noted above. ANITA’s
observation geometry also favors EAS with primary parti-
cle momenta with zenith angles of 60◦ or more, and thus
their longitudinal velocity will follow vx, vy � vz in gen-
eral. From Feynman’s rule [10], the radiation field per par-
ticle will be aligned with the observer’s apparent angular ac-
celeration of the charge, which is given by the magnetic por-
tion of the Lorentz force, F = q v×B. Neglecting terms that
are second order in the acceleration, and recognizing that
the magnetic deflection is nearly perpendicular to the direc-
tion of radiation, the observed radiation field vector satisfies
E ∝ (vyBzx̂−vxBzŷ)+(vxBy−vyBx)ẑ . The first term in paren-
theses on the right hand side gives the Hpol component of the
field, and because it involves the strongest components of both
v and B, it is the much stronger of the two radiation fields. The
second term gives the vertically-polarized (Vpol) field com-
ponent, and is significantly weaker because it depends on the
much weaker transverse magnetic field vector components.

In addition, there is a small contribution from Askaryan
emission, but because of the strong Antarctic geomagnetic
field, this is limited to about 4% of the total [11–13] and
is neglected here. Because ANITA is designed to do accu-
rate pulse-phase polarimetry with both Hpol and Vpol re-
ceiving antennas, the transverse B-field component is read-
ily detectable. Since the geomagnetic field is well-modeled
in Antarctica, it provides a strong confirmation of geomag-
netic association for a given UHECR impulse, whereas sig-
nals of anthropogenic origin are uncorrelated to the geomag-
netic field. Fig. 1 shows the geomagnetic-correlated results for
the UHECR events selected in ANITA-III, The expected po-
larization is corrected for the Fresnel coefficient of reflection
where appropriate. Measurement errors were determined by
measurements of comparable calibration pulses, and include
systematics.

The unblinded polarity of the ANITA-III CR events showed
that the two above-horizon events among the sample had the
expected non-inverted pulse phase, consistent with their ori-
gin as stratospheric, atmosphere-skimming EAS. However, as
noted above, one of the remaining events also had a clearly
non-inverted polarity, inconsistent with a reflection, but in all
other ways consistent with UHECR origin. Fig. 2 shows the
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FIG. 1: Geomagnetic correlation of 20 UHECR events detected in
ANITA-III, with event planes-of-polarization determined via Stokes
parameters for each event. The two above-horizon non-inverted CRs are
shown in red, and the anomalous non-inverted, below-horizon CR-like event
15717147 is shown in magenta.

overlain normalized Hpol waveforms from each of the 20 can-
didate events, with the 17 inverted-polarity reflected events
now un-inverted for direct comparison of the waveform shape.
The events have the instrumental response deconvolved, and
are normalized in amplitude to their maximum magnitude.
They are remarkably similar in shape once the inversion is
removed.

FIG. 2: Horizontally-polarized waveforms of 20 UHECR events detected
in ANITA-III, with amplitudes all normalized to their peaks. The 17 reflected
CRs have been flipped to match the non-inverted polarity.

For the final 20-event UHECR selection, candidates were
verified to be spatially and temporally isolated from any other
events like them, and showed a high degree of correlation with
a waveform template determined by well-established models
for UHECR radio emission. We have identified no known
physics backgrounds for these events. Potential background
comes from anthropogenic radio signals that might mimic the
UHECR characteristics, or unknown processes which might
lead to non-inverted polarity on reflection from the ice; fur-
ther investigation of polarity is given in ref. [14]. Two inde-
pendent background estimates for anthropogenic origin were
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made. The first, using the likelihood that the event was a sta-
tistical outlier of sub-threshold events within its nearby locale,
gave a background estimate of B = 1.2× 10−3 events for the
20-UHECR sample [7]. The second method uses a probability
for a single isolated UHECR-like background event, derived
from the frequency of UHECR-like events that appeared in
known anthropogenic clusters of events and charted bases or
camps. Because the rate of actual UHECR events is such that
some inevitably do get included (and therefore lost to the anal-
ysis) as part of these clusters, this latter estimate provides only
an upper limit to the background, B≤ 3×10−3 events for the
entire 20 UHECR sample [14]. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Using methods we have applied to our other radio-
detected CR events [26], we estimate 15717147’s shower en-
ergy to be E = 0.560.3

−0.2× 1018 eV, assuming the shower was
initiated close to the event’s projected position on the ice
sheet. For a shower initiated at a height of 4 km above the
ice, the energy is reduced by about 30% to E = 0.40 EeV.
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FIG. 3: The three non-inverted polarity events are shown in panels A,B,C.
Panel A shows the anomalous event, with the same polarity as the
above-horizon events B and C. Panel D shows the waveform for an inverted
UHECR that had an upcoming angle close to that of the anomalous CR
15717147. The inversion of the normal reflected CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [35]. In both of these anal-
yses, all events must be uncorrelated spatially and temporally
with human activity and with other detected events, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even

when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [6] are at the
>∼ 3σ level.
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FIG. 4: Top: Interferometric map of the arrival direction of the anomalous
CR event 15717147. Bottom: ANITA combined amplitude spectral density
for the event, from 40-800 MHz, including data from the ANITA Low
Frequency Antenna (ALFA). A simulated upward-propagating EAS
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow signals from up to
15 antennas, drawn from up to 5 azimuthal sectors of the pay-
load, to be coherently combined. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25◦, 0.65◦

in elevation and azimuth, respectively [25]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle φ is with respect to the payload
heading at the event arrival time. Mapping is done for 360◦

in φ to verify that the mapping solution is unique. Weak side-
lobes at 15-25◦ above the horizon are rejected at very high
significance.

ANITA-III flew a separate low-frequency Hpol antenna,
the ANITA low-frequency antenna (ALFA), covering the fre-
quency band from 40 to 80 MHz. ALFA’s goal was to pro-
vide radio-spectral overlap of ANITA UHECR measurements
with ground-based data which generally favors bands below
100 MHz. Roughly 3/4 of the UHECR event sample reported
here were also detected in the ALFA, and of those detec-
tions, the ALFA data for 15717147 was among the events
with the highest signal-to-noise ratio, in this case ≥ 5σ above
the thermal noise. Fig. 4(bottom) shows the combined am-
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plitude spectral density for this event, including the ALFA
data. The overlain curve gives the simulated spectral density
expected from a τ-lepton initiated EAS, with characteristics
consistent with this event [33]. While similar spectral density
would be expected for a normal UHECR EAS seen in reflec-
tion [12, 26], these data further strengthen event 15717147’s
identification as arising from an EAS-like process.

An alternative explanation of the similar ANITA-I event as
due to transition radiation (TR) of an Earth-skimming event
has also been proposed [27]. In this model, the plane-of-
polarization correlation to geomagnetic angles would be co-
incidental. Since the event observed in ANITA-III is also
well-correlated to the local geomagnetic angle, coinciden-
tal alignment for both appears probable only at the few per-
cent level. In addition, our simulations and existing literature
on analogous TR emission from lightning [28, 29] indicate
the TR pulse shape is a nearly symmetric bipolar pulse in
ANITA’s geometry. We have tested the waveform for event
15717147 against phase models for the nearly unipolar pulses
from UHECR events, and bipolar pulses, and we find that
the UHECR-like pulse shape is favored by 3.4 σ over bipo-
lar in our data. Combined with the geomagnetic tension, TR
is strongly disfavored as a possible explanation for 15717147.
This result applies also to other possible explanations involv-
ing Askaryan emission from an in-ice shower with an un-
usual geometry, since bipolar pulses are also produced in such
events. In addition, Askaryan emission has an amplitude spec-
trum that rises linearly with frequency in the ALFA band, and
should produce signals a factor of 4 lower than what is ob-
served at ∼ 50 MHz, in clear tension with Fig. 4(bottom).

TABLE I: ANITA-I,-III anomalous upward air showers.

event, flight 3985267, ANITA-I 15717147, ANITA-III
date, time 2006-12-28,00:33:20UTC 2014-12-20,08:33:22.5UTC

Lat., Lon.(1) -82.6559, 17.2842 -81.39856, 129.01626
Altitude 2.56 km 2.75 km
Ice depth 3.53 km 3.22 km
El., Az. −27.4±0.3◦,159.62±0.7◦ −35.0±0.3◦,61.41±0.7◦

RA, Dec(2) 282.14064, +20.33043 50.78203, +38.65498
E (3)

shower 0.6±0.4 EeV 0.56+0.3
−0.2 EeV

1 Latitude, Longitude of the estimated ground position of the event.
2 Sky coordinates projected from event arrival angles at ANITA.
3 For upward shower initiation at or near ice surface.

Table I gives measured and estimated parameters for both of
the anomalous CR events, with sky coordinates derived from
the arrival direction of the radio impulses.

In our report of the ANITA-I anomalous CR event, we con-
sidered the hypothesis that such events could arise through
decay of emerging τ-leptons generated by ντ interactions be-
neath the ice surface. However, the interpretation of these
events as τ-lepton decay-driven EAS, arising from a diffuse
flux of cosmic ντ, faces the difficult challenge that the chord
lengths through the Earth are such that the SM neutrino cross
section [36], even including the effect of ντ regeneration [30],
will attenuate the flux by a factor of 10−5 [33, 34].

Assuming the RF source direction as a proxy for the direc-
tion of the parent event, 15717147 emerged from the ice with
a zenith angle of ∼ 55.5◦, implying a chord distance through
the Earth of ∼ 7000 km, or 3×104 km water equivalent, a to-
tal of 18 SM interaction lengths at 1 EeV. For the τ-decay
hypothesis, the implied SM Earth-attenuation of the parent
neutrino flux is extreme. Even with combined effects of ντ

regeneration, and significant suppression of the SM neutrino
cross section above∼ 1018 eV, an alternative model, such as a
strong transient flux from a source with compact angular ex-
tent, is required to avoid exceeding current bounds on diffuse,
isotropic neutrino fluxes.

Suppression of the cross section may occur even within the
SM for the extremely low values of the Bjorken-x parameter
that obtain at ultra-high energies. For example, ref. [37] shows
examples where higher-than-expected gluon saturation at x <
10−6 causes the UHE deep-inelastic neutrino cross section
to saturate at 1018 eV, remaining essentially constant above
that energy. This yields a factor of 3-4 suppression compared
to the SM at 1019 eV, approaching an order of magnitude at
1020 eV. More recent studies show similar types of suppres-
sion are possible, giving factors of 2-3 at 1018−19 eV [38, 39].
Such SM-motivated scenarios would certainly decrease the
exponential attenuation for the Earth-crossing neutrinos rel-
evant to our case, but unless the suppression is an order of
magnitude or more, a large transient point-source flux is likely
still required. Thus we consider also a search for potential
candidate transients that may be associated with this event.

If event 15717147 is a τ-lepton-initiated EAS, the angular
error relative to the parent neutrino direction is∼ 1.5◦, arising
from both the width of the emission cone [26], and the instrin-
sic statistical errors in our estimate of the arrival direction of
the RF signal. To investigate this hypothesis further, we point
back along the apparent arrival direction, giving sky coordi-
nates shown in Table I. With these parameters, we search ex-
isting catalogs for associations with two transient source types
for which source confusion is not excessive: gamma-ray burst
(GRB) sources, and supernovae. GRBs have been considered
as possible UHE neutrino sources for many years, although
there are no detections to date. Supernovae (SNe) have also
been proposed as UHE sources in a variety of scenarios, both
in core-collapse SNe, and more recently even in type Ia SNe,
which are believed to originate in the ignition of a white dwarf
(WD) progenitor. In the latter case, tidal ignition of a WD
by interaction with an intermediate-mass black hole has been
proposed as a potential source of UHECRs [41–43].

In our search, no concurrent GRBs are observed, and one
Blazar association is found, with J0322+3948, but is not sta-
tistically significant. A SN candidate is found to be associated
with possible significance: SN2014dz, a nearby type Ia SN
at z = 0.017, is within 1.19◦, well within our expected angu-
lar uncertainty on the sky. This relatively bright SN was dis-
covered ∼ 7 days before maximum, on 2014-12-20.146 [40].
Our event time follows the initial discovery by just over five
hours. Using catalogued SNe discoveries during our flight,
and a Bayesian estimator [14], we find the a posteriori prob-
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ability of a chance association with any confirmed SN, at any
redshift, within the estimated likely time period of detectabil-
ity for this SN, is P' 3.4×10−3, or 2.7σ.

If SN2014dz is the source of the putative neutrino can-
didate, the implied peak isotropic neutrino luminosity must
likely far exceed the estimated bolometric luminosity of LB =
4.4× 1042 ergs s−1. The lower limit comes already from
assuming a much lower cross section than the SM. Alterna-
tively, a beaming hypothesis would significantly relax these
constraints.

Both the IceCube [31] and Auger observatories are sensi-
tive to τ-leptons, IceCube through events transiting the detec-
tor, or via τ−decay within the detector, and Auger via Earth-
skimming τ−decay-initiated air showers within a few degrees
of the horizon [32]. In this case, the declination for IceCube
implies an additional ∼ 4300 km water equivalent column
density, but if the SM cross section is suppressed, the∼ 1 km2

geometric area of IceCube is still comparable to ANITA’s ef-
fective point-source geometric area of ∼ 4 km2 at this arrival
angle. Auger has potentially a much larger effective point-
source area, but only limited exposure around the time of our
event. However if the transient flux was as large as it appears,
coincident detections in archival data may be possible.

A search of the projected position given by the similar
anomalous event from ANITA-I in 2006 yielded no SNe or
any other significant association, but the sky position for this
event is within∼ 10◦ from the galactic plane, and thus extinc-
tion leads to low SNe detection efficiency for this region of
the sky.

We thank NASA for their generous support of ANITA, and
the Columbia Scientific Balloon Facility for their excellent
field support, and the National Science Foundation for their
Antarctic operations support. This work was also supported
in part by the US Dept. of Energy, High Energy Physics Divi-
sion.

[1] G. A. Askaryan, Excess Negative Charge of an Electron-Photon
Shower And Its Coherent Radio Emission, JETP 14, 441
(1962); also JETP 21, 658 (1965).

[2] D. Saltzberg, P. Gorham, D. Walz, et al., “Observation of the
Askaryan Effect: Coherent Microwave Cherenkov Emission
from Charge Asymmetry in High Energy Particle Cascades,”
Phys. Rev. Lett., 86, 2802 (2001).

[3] The ANITA Collaboration, P. W. Gorham, S. Barwick, J.
Beatty, et al., “Observations of the Askaryan Effect in Ice,”
Phys. Rev. Lett. 99, 171101, (2007).

[4] S. Hoover et al, [ANITA collaboration], Observation of Ultra-
high-Energy CRs with the ANITA Balloon-Borne Radio Inter-
ferometer, Phys. Rev. Lett. 105, (2010).

[5] We note that it can be difficult for the non-specialist to main-
tain a clear distinction between polarization and polarity, as
the terms sound similar, and appear in closely-related context,
although the refer to quite different characteristics of the sig-
nals in our work. Polarization refers to the orientation of the
electric vector in a propagating electromagnetic wave, thus for

the linearly-polarized signals that concern ANITA, the electric
vector oscillates within a plane, called the plane of polariza-
tion. Polarity is a measure of the sign of the dominant mode
or sequence of modes in a waveform. Reflection from a dielec-
tric surface typically inverts the sign of these modes, so that a
positive-going impulse becomes negative-going.

[6] P. W. Gorham et al, [ANITA collaboration], Characteristics of
Four Upward-pointing Cosmic-ray-like Events Observed with
ANITA, Phys. Rev. Lett. 117, 071101, (2016).

[7] B. Rotter, 2017, unpublished PhD. dissertation, University of
Hawaii at Manoa.

[8] T. N. G. Trinh et al., “Thunderstorm electric fields probed by
extensive air showers through their polarized radio emission,”
Phys.Rev. D95 (2017) no.8, 083004.

[9] M. Kubicki, A. Odzimek, M. NeskaJerzy, B. Michnowski,
“First Measurements of the Earth’s Electric Field at the Arc-
towski Antarctic Station, King George Island, by the New Pol-
ish Atmospheric Electricity Observation Network,” Acta Geo-
physica, December 2016, Volume 64, Issue 6, pp 2630?264.

[10] R. P. Feynman, The Feynman Lectures, section 34-1.
[11] “Practical and accurate calculations of Askaryan radiation,”

Jaime Alvarez-Muniz, Andres Romero-Wolf, and Enrique Zas
Phys. Rev. D 84, 103003 (2011).

[12] “Coherent radiation from extensive air showers in the ultrahigh
frequency band,” Jaime Alvarez-Muniz, Washington R. Car-
valho, Jr., Andres Romero-Wolf, Matias Tueros, and Enrique
Zas Phys. Rev. D 86, 123007 (2012).

[13] K. Belov et al. (T-510 Collaboration) “Accelerator Measure-
ments of Magnetically Induced Radio Emission from Parti-
cle Cascades with Applications to Cosmic-Ray Air Showers,”
Phys. Rev. Lett. 116, 141103 (2016).

[14] See Supplemental Material at [URL will be inserted by pub-
lisher] for further details on this analysis. This material also
includes references [15]-[22].

[15] P. W. Gorham et al. [ANITA Collaboration], “Antarctic Surface
Reflectivity Measurements from the ANITA and HiCal-1 Ex-
periments,” Journ. Astronom. Instrument. vol. 6, no. 2, 1740002
(2017).

[16] D. A. Smith, M. J. Heavner, A. R. Jacobson, X. M. Shao, R.
S. Massey, R. J. Sheldon, and K. C. Wiens, “A method for
determining intracloud lightning and ionospheric heights from
VLF/LF electric field records,” RADIO SCIENCE, VOL. 39,
RS1010, doi:10.1029/2002RS002790, 2004.

[17] S. Hoover, unpublished PhD. dissertation, UCLA, 2010.
[18] SIMBAD astronomical database: http://simbad.

u-strasbg.fr/simbad/
[19] “Detection of a type IIn supernova in optical follow-up ob-

servations of IceCube neutrino events,” M. G. Aartsen, et al.
arXiv:1506.03115, (2015).

[20] S. E. Hansen, S. Y. Schwartz, H. R. DeShon, and V/ Gonzalez
“Earthquake Relocation and Focal Mechanism Determination
Using Waveform Cross Correlation, Nicoya Peninsula, Costa
Rica,” Bulletin of the Seismological Society of America, Vol.
96, No. 3, pp. 10031011, June 2006, doi: 10.1785/0120050129

[21] Juhwan Kim, Jeong-Ung Woo, Junkee Rhie, Tae-Seob Kang
“Automatic determination of first-motion polarity and its ap-
plication to focal mechanism analysis of microseismic events,”
Geosciences Journal, October 2017, Volume 21, Issue 5, pp
695702

[22] S. E. Woosley, D. Kasen, S. Blinnikov, and E. Sorokina4, “Type
Ia Supernova Light Curves,” The Astrophysical Journal, Vol-
ume 662, 487.

[23] J. L. Feng et al., Observability of Earth-skimming Ultra-high
Energy Neutrinos Phys.Rev.Lett. 88 (2002) 161102



6

[24] D. Fargion, Prog. Part. Nucl. Phys. 57: 384, (2006).
[25] A. Romero-Wolf, S. Hoover, A.G. Vieregg, et al, An interfero-

metric analysis method for radio impulses from ultra-high en-
ergy particle showers, Astropart. Phys. 60, 72, (2015).

[26] H. Schoorlemmer, et al. [ANITA Collaboration], “Energy and
Flux Measurements of Ultra-High Energy Cosmic Rays Ob-
served During the First ANITA Flight,” Astropart. Phys. 77, 32,
(2016); also arXiv:1506.05396.
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