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The Antarctic Impulsive Transient Antenna (ANITA) collaboration has reported a total of three
neutrino candidates from the experiment’s first three flights. One of these was the lone candidate
in a search for Askaryan radio emission, and the others can be interpreted as tau-neutrinos, with
important caveats. Among a variety of explanations for these events, they may be produced
by astrophysical transients with various characteristic timescales. We test the hypothesis that
these events are astrophysical in origin by searching for IceCube counterparts. Using seven
years of IceCube data from 2011 through 2018, we search for neutrino point sources using
integrated, triggered, and untriggered approaches, and account for the substantial uncertainty in
the directional reconstruction of the ANITA events. Due to its large livetime and effective area
over many orders of magnitude in energy, IceCube is well suited to test the astrophysical origin
of the ANITA events.
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1. Introduction

Despite the detection of high-energy neutrinos of cosmic origin by IceCube in 2013 [1, 2],
the origin of astrophysical neutrinos remains unknown. Although there is evidence for the first
identified neutrino source [3], the overwhelming majority of the measured neutrino flux remains
unexplained.

The Antarctic Impulsive Transient Antenna (ANITA) experiment is a balloon experiment pri-
marily designed to detect the ultra-high energy (UHE) cosmogenic neutrino flux [4, 5] from inter-
actions between UHECRs with the cosmic microwave background (CMB) [6, 7]. Among searches
for Askaryan emission, one Askaryan candidate (AC) event has been simultaneously identified in
one analysis and found to be subthreshold in another, but is noted to have signal shape consistent
with impulsive broadband emission that is characteristic of neutrino origin [5]. In addition to this
event, ANITA has now reported on two events that are consistent with an upgoing astrophysical ντ

[8, 9]. For a complete list of details of these events, see Table 1. In this scenario, a ντ undergoes a
charged-current interaction (CC) near the ice-air interface, producing a τ-lepton whose subsequent
decay in the atmosphere produces an extensive air shower (EAS). This signal is distinguishable
from downward moving cosmic-ray induced EASs, as the radio signals from cosmic-ray induced
EASs acquire a phase reversal from reflection off of the Antarctic ice, while an upgoing τ induced
EAS does not display this phase reversal.

Table 1: Properties of the neutrino candidate events from the first three flights of ANITA, from [5, 8, 9].
The two Anomalous ANITA Events (AAE) are those consistent with an upgoing ντ interpretation.
Localization uncertainties are expressed as major and minor axis standard deviations, position angle

AAE-061228 AAE-141220 AC-150108
Detection Channel Geomagnetic Geomagnetic Askaryan
Date (UTC) 2006-12-28 2014-12-20 2015-01-08
Time (UTC) 00:33:20.0 08:33:22.5 19:04:24.2
RA, Dec (J2000) 282◦.14, +20◦.33 50◦.78, +38◦.65 171◦.45, +16◦.30
Localization Uncertainty 1◦.5 × 1◦.5, 0◦.0 1◦.5 × 1◦.5, 0◦.0 5◦.0 × 1◦.0, +73◦.7
Reconstructed Energy (EeV) 0.6 ± 0.4 0.56+0.30

−0.20 ≥ 10
Earth Chord Length (km) 5740 ± 60 7210 ± 55 -

However, under Standard Model assumptions, the upgoing neutrino interpretation poses many
challenges. First, EeV neutrinos traversing the required chord lengths through the Earth have
extremely small survival probabilities [8]. Second, if these events are of diffuse flux origin, they
would imply fluxes that exceed bounds set by multiple experiments, including self-inconsistencies
in ANITA data alone because of the unfavorable arrival directions of the events [10].

If the events from ANITA are considered to have arisen from individual cosmic accelerators,
then there is no inconsistency with diffuse flux limits, especially those with short characteristic
timescales of emission. Thus, the detection of a single event with EeV energies by ANITA, if
created by an E−γ power law flux, suggests a large excess of TeV-PeV neutrinos, to which neutrino
telescopes such as IceCube would be sensitive. This excess should be especially apparent if the
sources which can produce EeV neutrinos have a small source density, while an underestimation of
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the source density could lead to an overestimation of the expected flux [11]. Here, we use IceCube
to investigate the hypothesis that the ANITA events were from neutrino sources.

2. Data Sample

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
[12] between depths of 1450 m and 2450 m, completed in 2010. Reconstruction of the direction,
energy and flavor of the neutrinos relies on the optical detection of Cherenkov radiation emitted
by charged particles produced in the interactions of neutrinos in the surrounding ice or the nearby
bedrock.

At the reconstructed directions of the ANITA events, the Earth attenuates the majority of the
atmospheric muon flux and the background is dominated by atmospheric neutrinos from cosmic-ray
air showers [13]. All of these analyses use an event selection which was optimized for point-source
searches, and more details of this event sample’s properties, such as effective area, are described
in [14]. For these analyses, we consider data from the full detector configuration of 86 strings and
about 8.97 ·105 events from 2532 days are analyzed.

3. Unbinned likelihood analyses

To search for counterparts to ANITA events, we perform three separate analyses that incorpo-
rate the information from the ANITA events through a joint likelihood, as described in [15]. At
discrete locations on the sky, xs, we maximize the likelihood, L , with respect to the parameters ns

and α , given by

L = λ

N

∏
i=1

(
ns

ns +nb
S(xi,xs,α)+

nb

ns +nb
B(xi,xs)

)
PA(xs), (3.1)

where nb is the expected number of background events, ns is the fitted number of signal events,
{xi} are the reconstructed event properties of IceCube neutrino candidates, and PA is the spatial
probability distribution function (PDF) characterizing the uncertainty on the reconstruction of the
ANITA events. α represents any additional free parameters which are fit for, such as the best fit
spectral index, γ , and are later described for each individual analysis. B is a background PDF of
energy, direction, and time, and is parameterized from data. The signal hypotheses are encapsulated
by λ and S, which describe the number of events on the sky and the reconstructed properties of such
events, respectively, and are unique to each individual analysis. This technique of including ANITA
information through a prior is employed in three different search strategies: prompt, rolling, and
steady.

3.1 Prompt

The first analysis searches for spatial and temporal coincidence of IceCube and ANITA neu-
trino events by only considering time windows, ∆t, centered on each ANITA event, which we call
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IceCube
Preliminary

Figure 1: Skymaps (top) and TS distributions (bottom) for AAE-141220 for the prompt (left), steady (mid-
dle), and rolling (right) analyses. Observed TS values (shown in red) are compared to distributions from
time-scrambled data realizations to quantify the significance.

the on-time window. To help distinguish potential signals for time windows in which the expected
number of background events is small, we set

λ =
(ns +nb)

N

N!
· e−(ns+nb) (3.2)

as in [16, 17]. The likelihood is only maximized with respect to ns and the energy dependence in S
is fixed to an E−2 spectrum, culminating in the definition of a test statistic (TS), which arises from
the logarithmic likelihood ratio between the best-fit likelihood and that of the null hypothesis,

TS =−2 ns +
N

∑
i=1

2 log
[

1+
nsS(xi,xs)

nbB(xi)

]
+2log

[
PA(xs)

PA(x0)

]
, (3.3)

where x0 is the reported best fit location of the ANITA event. TS is calculated for all xs, and the
maximum value is reported. We perform a model-independent search by separately considering
constant emission over various time windows for each of the ANITA events, similar to previous
IceCube searches for gamma-ray bursts and fast radio bursts [16, 17]. Here, we consider time
windows of 10 s, 103 s, 105 s. AAE-061228 is excluded from this analysis because it occurred
before the start of our event selection. For AAE-141220, we only consider the largest two windows,
as IceCube was temporarily not collecting data at the time of the event, due to a run transition that
had begun approximately 0.5 seconds before the event and lasting for about one minute.

3.2 Rolling

The second analysis searches for spatial and temporal clustering of IceCube events in agree-
ment with the ANITA event PDFs, but does not require the IceCube events to be temporally coin-
cident with the ANITA events [18, 19]. Here, the signal PDF is defined as:

S = Psignal
i (xi,xs,σ) · εsignal

i (Ei,δi,γ) ·T signal
i , (3.4)
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where the three terms are a spatial, energy and a time PDF, respectively. The spatial term evaluates
the probability of an event originating from a certain location according to a two-dimensional
Gaussian function with best-fit direction and angular resolution xi and σi, respectively. The energy
PDF ε

signal
i (Ei,δi,γ) describes the probability of obtaining a reconstructed energy Ei for an event

produced by a source at declination δi of a given E−γ power-law energy spectrum. The time term
assumes signal events are distributed according to a one-dimensional Gaussian function in time,
with mean and standard deviation t0 and σt . The TS is defined as:

TS(n̂s, γ̂, σ̂t , t̂0; x̂s) =−2log

[
T√

2πσ̂t
× L (ns = 0)

L (n̂s, γ̂, σ̂t , t̂0)

]
, (3.5)

where n̂s, γ̂, σ̂t , t̂0, x̂s are the best-fit values from the TS maximization and T is the total livetime
of the data-taking period. The term that multiplies the likelihood function ratio in Eq. 3.5 is a
marginalization term to avoid undesired biases toward finding short flares. The TS(n̂s, γ̂, σ̂t , t̂0) is
calculated at every degree in declination and right ascension, beginning from the central coordinates
of the ANITA events and covering 3.5σ of the their two-dimensional spatial PDFs. The position
in the grid corresponding to the maximum value of TS is used as a seed to perform a further
TS(n̂s, γ̂, σ̂t , t̂0, x̂s) maximization, where also the direction xs of the source is reconstructed. An
example of the TS maximization over the defined sky grid is shown in the top-right panel of Fig. 1
for AAE-141220. The red dashed lines indicate the position of the most significant point-like
source as reconstructed from the likelihood fit.

3.3 Steady

A final analysis is performed to test for spatial clustering over the considered seven years of
data. As the total number of events is large, we set λ to 1, and the increase in statistics allows us
to fit for γ in the range 1 ≤ γ ≤ 4 in addition to ns, as is done in many previous IceCube analyses
[20, 21, 22, 23, 24], and using the same energy PDF, ε

signal
i (Ei,δi,γ), that is used in the rolling

analysis. In the regime where the expected number of background events is large, the ratio of
(ns +nb)/N approaches unity, so we explicitly set ns +nb to be equal to the number of events, N,
and at all xs we calculate the redefined TS

TS = 2 · log
[

L (xs, n̂s, γ̂)

L (xs,ns = 0)

]
+2log

[
PA(xs)

PA(x0)

]
, (3.6)

with best-fit values n̂s and γ̂ .

4. Results

No significant correlation is found in any of the analyses above the expectation from back-
ground. The p-values cited in this section are calculated from pseudo-experiments generated
from experimental data. In these realizations, events are assigned a random time while main-
taining their directional reconstruction in local detector coordinates, which effectively scrambles
the events in both right ascension and time [19]. The most significant observation results from the
time-integrated search for AAE-141220, with a p-value of 0.08, which we find to be completely
consistent with background.
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Figure 1 displays the unblinded skymaps for the prompt, steady, and rolling analyses from
left to right in the top panels for AAE-141220. Bottom panels of Figure 1 show the comparison
of the observed TS values for each analysis, at the position of the red lines, to their respective TS
distributions from pseudo-experiments using time-scrambled data.

In the absence of a significant signal, upper limits (90% confidence level) for the time-integrated
flux are set for each ANITA event using the triggered and time-integrated analyses (Figure 2). Lim-
its provided in Table 2 are set assuming an E−2 neutrino spectrum and that the source is in any
location consistent with the ANITA PDF.
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Figure 2: Sensitivity and upper limits (90% con-
fidence level) on the flux normalization for an E−2

source spectrum as a function of ∆t from the prompt
analysis, compared to the upper limits (solid) from
the time-integrated analysis. The central 90% in-
tervals of the expected neutrino energies for these
spectra are 1TeV-1PeV.
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Figure 3: Upper limits (90% C.L.) placed by cal-
culating the secondary neutrino flux (purple his-
togram) from an incident flux of EeV neutrinos
assuming constant emission over 103 s and com-
paring to the non-observation of IceCube events
in the prompt analysis. The flux implied by
the ANITA observations (black) using information
about ANITA’s acceptance [10] overshoots this up-
per limit (purple arrow) by many orders of magni-
tude. For comparison, upper limits on the muon-
neutrino flux from the prompt analysis are shown in
blue.

5. Discussion

For many astrophysical sources, power law spectra in photons are common, lending credi-
bility to the choice of testing power laws for corresponding neutrino spectra. For this analysis,
interpolating between the energy range at which IceCube is sensitive and that of ANITA may not
be justified.

However, the limits we set for TeV-PeV energies are still constraining for fluxes at EeV en-
ergies. As is shown in [25], any incident flux with an EeV ντ component that traverses the Earth
will result in a secondary flux of lower energy neutrinos of all flavors, to which IceCube would be
sensitive. Here, we analyze how constraining our limits are on any point source flux that includes
EeV neutrinos using the TauRunner code and prescription described in [25]. We inject a flux of
EeV tau neutrinos (Φ = φ0δ (E−E0) with E0 = 1 EeV) at an angle corresponding to that of AAE-
141220, and find the spectral shape of the secondary neutrino flux. Using the non-observation of
coincident events from the prompt analysis for a time window of 103 s, we find the maximum
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Table 2: Analysis results and upper limits. Upper limits (90% C.L) are on the time-integrated E−2 power
law flux from a point-source following the spatial probability distribution provided by ANITA.

Event Analysis Time Window p-value Upper limit (GeV · cm−2)

AAE-061228
Steady IC86-I - IC86-VII 0.606 0.195

Rolling
IC86-I 0.562 -

IC86-II - IC86-VII 0.208 -

AAE-141220

10s 1.0 -
Prompt 103s 1.0 0.053

105s 1.0 0.051
Steady IC86-I - IC86-VII 0.081 0.401

Rolling
IC86-I 0.342 -

IC86-II - IC86-VII 0.224 -

AC-150108

10s 1.0 0.040
Prompt 103s 1.0 0.041

105s 1.0 0.032
Steady IC86-I - IC86-VII 0.210 0.278

Rolling
IC86-I 0.636 -

IC86-II - IC86-VII 0.512 -

allowed flux normalization (with a 90% C.L.) for this incident flux, by comparing the cascaded
secondary flux to an observation of zero events by IceCube. The results are displayed in Figure 3.
Although IceCube’s sensitivity is peaked many orders of magnitude below the reconstructed ener-
gies of the ANITA events, the limits set on any potential neutrino source that created AAE-141220
are constraining.

6. Conclusion

Some of the recent detections of neutrino events by ANITA are considered anomalous due
to the small survival probability of EeV neutrinos traversing long chord lengths. For the non-
anomalous AC event, we have placed upper limits on the neutrino emission from a point source
whose location is distributed according to the event’s PDF. Additionally, for the AAE, the limits
placed on point source emission are below the implied fluxes, as long as the source density which
could have produced these events is small.

These new limits, in conjunction with the inconsistency of diffuse interpretations, could re-
quire a non-astrophysical interpretation of the AAE. While numerous explanations incite physics
beyond the Standard Model [26, 27, 28, 29], it has recently been suggested that the AAE could
be explained by downward-going CR-induced EAS that reflected off of subsurface features in the
Antarctic ice [30] or from coherent transition radiation from cosmic-ray air showers [31]. Regard-
less of the origins of the AAE, these studies highlight the necessity to have a deeper understanding
of the Antarctic ice for next generation neutrino and cosmic-ray experiments alike.
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