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A dedicated search for upward-going air showers at zenith angles exceeding 110° and energies E >
0.1 EeV has been performed using the Fluorescence Detector of the Pierre Auger Observatory. The search
is motivated by two “anomalous” radio pulses observed by the ANITA flights I and III that appear
inconsistent with the standard model of particle physics. Using simulations of both regular cosmic-ray
showers and upward-going events, a selection procedure has been defined to separate potential upward-
going candidate events and the corresponding exposure has been calculated in the energy range
[0.1-33] EeV. One event has been found in the search period between January 1, 2004, and December
31, 2018, consistent with an expected background of 0.27 + 0.12 events from misreconstructed cosmic-ray
showers. This translates to an upper bound on the integral flux of (7.2 +0.2) x 1072! ecm™2sr~! y~! and
(3.6 £0.2) x 1072 cm™2sr~! y~! for an E~! and E~? spectrum, respectively. An upward-going flux of
showers normalized to the ANITA observations is shown to predict over 34 events for an E~3 spectrum and
over 8.1 events for a conservative E~> spectrum, in strong disagreement with the interpretation of the

anomalous events as upward-going showers.

DOI: 10.1103/PhysRevLett.134.121003

The Antarctic Impulsive Transient Antenna (ANITA)
instruments, flown on long duration NASA balloons at
30-39 km altitudes above Antarctica, have detected radio
pulses that are consistent with coherent emission from
ultrahigh-energy cosmic-ray (UHECR) air showers. The
large horizontal polarization of the pulses is consistent with
the geomagnetic effect due to the Earth’s magnetic field [1].
The few pulses arriving from directions above the horizon
are interpreted as direct emission from air showers with
trajectories that do not intercept the surface of the ice (or
Earth, in general), here referred to as “Earth-missing
showers.” The majority of the pulses are reflected at the
air-ice interface and appear to arrive from the ice surface
(below the horizon). They thus display a characteristic
polarity inversion. In addition, several “anomalous” pulses
have been reported coming from directions below the
horizon [2-4]. These events show strong horizontal polari-
zation, but without the polarity inversion expected for
reflected pulses from UHECR showers. The first two such
events were detected with the ANITA I and III instruments,
respectively, at elevations of 27.4° [2] and 35.0° [3],
corresponding to zenith angles of 8 = 116.7° and 124.5°
at the intercept of the trajectory with the ice cap. They could

be induced by air showers developing in the upward
direction, as could be expected from tau lepton decays
produced in ultrahigh-energy tau-neutrino interactions
below the surface. However, the direction of the observed
pulses implies that the neutrinos would need to travel
about 6000-7000 km through the Earth before interacting
below the ice surface [2]. This corresponds to about 8—10
interaction lengths at the required neutrino energy FE, 2
0.2 EeV [5], causing severe attenuation and requiring a v,
flux that should have been observed with IceCube and the
Pierre Auger Observatory [6—8], the latter being particu-
larly sensitive to Earth-skimming tau neutrinos [9,10]. An
astrophysical explanation of the events under standard
model (SM) assumptions has also been severely con-
strained by IceCube [11].

The shower energy inferred from the pulse amplitudes
depends on the altitude, /, at which the shower is assumed to
start developing with respect to the ice level. Simulated
showers injected at 0 < & < 9 km indicate that the mini-
mum shower energy consistent with the ANITA I (ANITA
III) event depends on the unknown shower starting point
and is, e.g., ~0.2 EeV (~0.15 EeV) for showers starting at
h ~5 km (h > 5 km) [6]. Explanations based on subsurface
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reflections [12] or coherent transition radiation (TR),
expected as an UHECR shower intercepts the ice-air inter-
face, have also been suggested as a possible emission
mechanism. TR generated from upward-going showers
starting in the ice and intercepting the interface has been
ruled out [13], and, similarly, TR due to downward-going
UHECR showers intercepting the ice [14] is found to
have inconsistent polarity according to recent simula-
tions [15,16].

Given the difficulties in interpreting the anomalous
ANITA events, they have attracted a lot of attention.
Theoretical interpretations involving physics beyond the
SM have been put forward invoking new particles that
induce upward-going showers in the atmosphere (see, e.g.,
[17-23]). Given the relevance of these observations and
their discovery potential, a confirmation or a constraint
on upward-going air showers from an independent obser-
vation is of particular interest. In this Letter, we search for
these showers with the Fluorescence Detector of the Pierre
Auger Observatory. Similar approaches using optical
telescopes were reported in the context of searches for
Earth-skimming events induced by interactions of electron
neutrinos in the Earth’s crust [24] or by tau neutrinos
producing taus that decay in flight [25] and are also planned
for dedicated future experiments, e.g., [26].

The Pierre Auger Observatory is the largest cosmic-ray
detector ever constructed (3000 km?) for UHECR detec-
tion above 0.1 EeV [27,28]. It was completed in 2008 and
combines a surface detector (SD), an array of water-
Cherenkov detectors to detect the shower front at ground
level, and multiple telescopes, known as the Fluorescence
Detector (FD), to collect the fluorescence light emitted by
nitrogen as the shower front crosses the atmosphere above
the SD array. Three high elevation Auger telescopes
(HEATSs) were added in 2009 to better record low energy
showers [29]. UHECR showers typically develop in the
downward direction. The timing information from the SD
combined with the FD data constitutes a hybrid dataset that
allows for an improved geometrical reconstruction. The
hybrid exposure grows strongly with shower energy,
exceeding 300 km?sry for 1 EeV [30,31]. That of the
FD alone has not been investigated before, but can only be
expected to be larger.

Upward-going air showers with zenith angles larger than
110°, as considered here, are unlikely to trigger the SD, so
the search presented here uses events having only FD
information.

The standard FD reconstruction is carried out in two
stages: First, a geometrical reconstruction of the arrival
direction and the impact point of the shower on the ground
is made using the timing information from the triggered
pixels. Second, the signal traces in the pixels are exploited
to obtain the development of the energy deposition as a
function of the depth of atmosphere traversed, using the
Gaisser-Hillas profile [27,32,33].

Alternatively, a global fit (GF) reconstruction is used to
simultaneously find the arrival direction, the impact point,

and the Gaisser-Hillas energy deposition that best fit the
complete pixel data [34]. The analysis takes into account
the contribution of scattered Cherenkov light to the signal
and it can be used to combine data from several FD
locations. As it uses more information, it is more effective
in eliminating badly reconstructed events and noise. Both
the standard and GF reconstructions are applied in either
the upward or downward mode within the OFFLINE analysis
framework of the observatory [35].

When the impact point of a shower is in front of a
telescope inside the area covered by the SD, as is required
for hybrid events, the time sequence of the active pixels
clearly defines if it is an upward- or a downward-going
event. However, the sequence is reversed if the impact point
is behind the telescope (see [36]). When no SD information
is available, the reconstruction may be ambiguous with the
fits converging in both the upward and downward sol-
utions, one of them being a misreconstruction. Ordinary
cosmic-ray showers, which are reconstructed in the upward
direction, constitute an unwanted background. This is the
case for misreconstructed directions and for some Earth-
missing showers that are reconstructed with a zenith angle
exceeding 90°, relative to zenith at the center of the
SD array.

An important source of background in data is due to laser
pulses. Different types of laser shots are routinely fired
across the array from different positions at an average rate
of about 150 Hz to continuously monitor the atmospheric
quality and to test and evaluate the performance of both the
FD instrument and the reconstruction procedure [27].
These laser shots naturally mimic showers traveling in
the upward direction and are usually precisely time-tagged
so that they can be easily vetoed. However, a fraction of
order 0.01% of the laser events were not properly labeled
and cannot be vetoed. A dedicated effort has been made to
identify and discard them by making use of a sample of
10% of the available FD data up to December 31, 2018
(“burn sample”). A set of selection cuts, based on the
frequency and location of such events, has been defined to
clean the burn sample and, presumably, the full dataset of
all laser events.

Dedicated simulations of UHECR (background), as well
as upward-going showers (signal), have been produced
with CONEX [38] (we use SIBYLL2.3¢ [39,40] and URQMD1.3
[41] respectively for high and low energy hadronic inter-
actions) to optimize the final search in presence of possible
background. For the former, 166 x 10° showers of proton,
helium, nitrogen, and iron primaries have been produced in
the energy range 0.1-100 EeV. In the first batch, the
UHECR-induced showers were isotropically injected over
the surface of a sphere of radius 90 km, centered on the
array. The zenith angles, 6, relative to zenith at the array
center, extend to 100° to include Earth-missing showers. To
increase statistics, particularly for inclined events, a second
batch of 93 x 10° showers was simulated in the range
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60°-100° (where all the background was found in the first
batch; cf. [36]. The energy distribution of the full back-
ground sample is weighted to mimic the measured UHECR
spectrum [30,42].

To study the signal, an isotropic distribution of 6 x 107
upward-going proton showers has been similarly simulated
in the range 0.03—-10 EeV. We note that, due to shower
universality [43], protons stand in for arbitrary primaries
with minimal or no loss of generality, since the first
interaction points are directly set and all calculations use
the shower energy rather than the energy of the primary
particle. The combined efficiency for triggering and recon-
structing such showers was found to be negligible for
energies below 0.03 EeV. The simulated showers are forced
to develop at a uniformly distributed altitude above the
ground (the altitude of the observatory is taken to be
1400 m above sea level), A, in the range 0 < & < 9 km with
zenith angles, measured at the exit point on the Earth,
between 110° and 180°. Altitudes & > 9 km are not
considered because the exposures of Auger and ANITA
fall down rapidly here. This is mostly for geometrical
reasons (maximum elevation angles of the Auger FD
telescopes and a narrowing Cherenkov cone in case of
ANITA). The flat distribution of shower starting points
used in the simulations is no restriction, as any distribution
can be generated from this by applying corresponding
weights to the altitude bins (see below). The ground impact
(exit) points have been sampled in a square area of
100 x 100 km? centered on the SD array. This area extends
up to ~20 km behind each FD site to include simulated
trajectories with exit points behind the field of view of a
telescope [36]. Additionally, to increase statistics in the low
energy region, 5 x 10° proton showers have been simulated
between 0.1 and 0.3 EeV with impact points contained in a
circle with a radius increasing with energy from 12 to
23 km around HEATs but otherwise with the same
distributions.

The simulation of the FD signals and trigger, and the
subsequent event reconstruction, are done within OFFLINE
to study the performance of the reconstruction algorithms.
The reconstructed zenith angles correlate well with their
true value. However, as no cuts targeted to directional
reconstruction precision were applied, a tail in 0,,. — O, is
present leading to a 68% central interval of [—1.1°, 11°] (see
Ref. [36] for further details).

The selection of candidates compatible with upward-
going showers that exit the Earth’s surface was performed
making use of simulations to reduce the large background
to a minimal level. After deciding the entire selection
strategy, it was applied to the aforementioned 10% burn
sample for verification (see Fig. 1) before it was finally
applied blindly to the full FD dataset (7.6 x 10° events). In
the first step, the aforementioned laser cuts reduce the data
sample to 4.7 x 10° events. To guarantee a minimum data
quality [31], only time periods with a clean atmosphere and
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FIG. 1. Distributions of the discriminating variable /, as defined

in Eq. (1), for (i) a simulated isotropic background weighted and
normalized with the measured UHECR spectrum in the energy
range 10!7 to 10%° eV [42] (red histogram with an exponential fit
and its uncertainty band); (ii) the signal simulation with energy
10'66 to 1083 eV weighted with an E~3 spectrum and arbitrarily
normalized to one event (blue histogram); and (iii) the data
distributions, both for the 10% burn sample and the full dataset
(open and filled symbols). The cut value /. discriminating signal
and background is indicated by the vertical dashed line.

low cloud coverage [44], and only events with at least six
camera pixels contributing to the time-geometry fit of the
shower axis [28] are considered, leaving ~600 k events.
Out of these, 165000 events can be reconstructed as
upward-going in a simple time-geometry fit [28], if only
the time sequence and pointing direction of the triggered
pixels are considered.

The GF reconstruction is used to check whether the pixel
intensity is consistent with a showerlike dE/dX-profile,
eliminating many events where the dominant signal is from
Cherenkov light. Because of their time-compressed structure
they are misreconstructed as upward-going by the simple
time fit; cf. [36]. Only 2774 events survive this step. The GF
is then also applied in the downward mode and it is found that
the majority of the selected events allow both upward and
downward reconstructions. Only 986 events are left when
two further quality constraints are applied ensuring that the
interval of atmospheric slant depth, over which the shower
profile is observed, exceeds 80 g cm~2 and the reconstructed
shower maximum is above ground. To eliminate background
from misreconstructed and Earth-missing showers, a cut of
6 > 110° is applied leaving 928 events. Finally, events with
Xip = 1.230n are removed as the downward reconstruction
is clearly preferred over the upward reconstruction (the final
search criterion, discussed below, is based on comparing the
more precise likelihood ratios), reducing the sample to 255
events (cf. Fig. 1). The effects of cuts on data and simulation
are compared in the supplemental material.

A search criterion is finally needed to optimize discrimi-
nation between upward-going showers (signal) and cosmic-
ray events (background). For convenience, we use a function
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of the logarithm of the likelihood ratio of the upward and
downward modes, L/ Lgown

= arctan {In [max (Lyy, Ldown)/ Laown] % ¢}
a /2 ’

(1)

such that the discrimination variable [ ranges from
0<1<1, with larger values reflecting larger ratios
Lyp/Laown- When Ly, exceeds Ly, its value is [ = 0.
We note that, occasionally, some simulated cosmic-ray
showers can only be reconstructed as upward-going. In
such a case, the event is assigned a value of / = 1. Finally, the
scale parameter ¢ in Eq. (1) is chosen such that the signal
events uniformly cover the range [0,1]. Figure 1 presents the
resulting / distributions for both the UHECR background
(red) and the upward-going signal simulations (blue). While
the signal distribution is rather flat, the background drops
down by about 4 orders of magnitude across the range of /.

A final cut [ > [, is applied to minimize the UHECR
background while keeping a sufficiently large fraction of
the signal. To optimize /.., the [ distribution of the simulated
background has been fitted using several different trial
functions. For each fitted distribution, an optimal cut value,
[.., is chosen by performing a scan on [ to find the value that
minimizes the upper limit obtained for the integral flux of
upward-going showers, as discussed below. The flux limit
to be minimized in the /.. scan is obtained using an exposure
weighted over energy with power laws E~' and E2,
assuming uniform distribution in 4 and fixing the number
of observed events n,, to be equal to the number of events
expected from the cosmic-ray background ny,, for a given
value of /.. With these assumptions, the optimal value is
found at /. = 0.55 for both considered spectral indices
[45]. Above this value, the expected background for the full
dataset is nyp, = 0.27 4 0.12. (We note that all simulated
background events passing the / cut in Fig. 1 are found at
[ = 1. They have simulated zenith angles close to 90° and
are misreconstructed with 0. > 110°. See Ref. [36] for
further details.) Different parametrizations of the fit to the
UHECR background affect the upper limits within 10%.
This is included in the quoted uncertainty of the expected
background, nyy,.

Once a value of /.. is chosen, the full selection and search
procedure is completely defined. The sequence of selection
cuts is performed on the simulated showers in an identical
way as on the data, and it is shown to have similar effects
for both [36].

The distribution of events from the full dataset passing
the selection criteria agrees well with both the burn sample
and the background simulations (cf. Fig. 1 and [36]). After
unblinding, one candidate event with / =1 was found,
consistent with background expectations, with key features
depicted in Fig. 2. Its FD image sweeps a small portion
in the top corner of a HEAT camera, triggering only
six pixels, i.e., the minimum defined in the quality cuts.
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FIG. 2. Remaining event after the selection and search pro-
cedure. The top panel shows the triggered pixels of the camera,
the earliest one in purple and the last one in red. The bottom plot
shows the reconstructed profile that has been fit with the GF
reconstruction in the upward-going mode. The time evolution of
the signal across a pixel is divided into 50 ns bins to give
information from different atmospheric depths.

The reconstruction quality of such events is moderate and
in consequence, several poorly imaged events can be found
in the background simulations (cf. [36]).

Applying the event selection criteria to the simulated
signal allows us to calculate the effective area of the
detector for a flux of upward-going air showers as a
function of shower energy, E, and starting altitude, A.

An integral flux limit is then obtained by taking the ratio
of the maximum number of events allowed by the search to
the exposure for selected upcoming showers, (£)(E > Ey),
which is weighted with a given energy spectrum. The
maximum number of allowed events is taken to be the
Rolke limit [46] at 95% CL, N%% (nyyy, nops ), Where ngps is
the actual number of events observed after unblinding and
Ny the expected number of events for the cosmic-ray
background above the specified /. cut,

NQS% (nbkg’ nobs)

PRE> B) = TeiiE > &)

(2)

Injecting ng,, and ny, from above into this equation
and assuming power law spectra E~' and E~? in
E€0.1,33] EeV and a distribution uniform in #
and isotropic in 6, we find integral flux upper limits
at (72+£0.2) x 102! em™2sr'y™! and (3.6 £0.2) x
10720 cm~2 sr~! y~!, respectively. Preliminary results based
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FIG. 3. Exposure of the Auger Observatory (top) and the
ANITA I flight (bottom) as a function of shower energy, E,
and injection altitude, h, integrated over the zenith angle range
110° < 6 < 130° for an isotropic distribution of arrival direc-
tions. The gray area indicates insufficient statistics. In the white
cells on top of the exposure plots, we display the sums of the &
bins to facilitate comparison (see text).

on lower Monte Carlo statistics and using different energy
ranges have been presented in [45,47].

To relate the nonobservation of upward-going showers at
the Auger Observatory to the observation of the anomalous
events in ANITA, we calculate 2D exposure maps for both
observatories as a function of shower energy and shower
starting point in the atmosphere. This is done for three
zenith angle ranges: 110°-130°, 130°-145°, and 145°-180°
and is depicted in Fig. 3 (top) for the first angular bin that
largely overlaps with the ANITA anomalous events. The
acceptance of the ANITA detector to upward-going show-
ers has been calculated using an analytical approach
integrating the surface area and solid angle over a spherical
surface concentric with the Earth at altitude /. The accepted
solid angle is approximated by the maximum and minimum
off-axis angles (of the radio pulse relative to the shower
axis) within which the recorded peak amplitude is seen at
the detector above a fixed value. These angles are obtained
with a set of proton simulations at 0.1 EeV starting at &

between 0 and 9 km (above the ice surface) for zenith
angles in the range 90°-130° [6]. The pulses are assumed to
scale linearly with shower energy. Threshold values of 446
and 284 pV m~! have been used respectively for ANITA I
and III instruments [6]. The exposure for the 110°-130°
range in zenith angle has been obtained by multiplying
the effective area by the effective flight time, which is
17 (7) days for the ANITA I (III) flight [3,48]. It is
displayed in Fig. 3 (bottom) for ANITA III and has been
cross-checked modifying a Monte Carlo simulation devel-
oped for the calculation of the exposure to tau neutrinos in
the ANITA TV flight [49]. (Several authors of this Letter are
members of the ANITA Collaboration and have been
involved in these calculations.) The two exposures increase
with the energy of upward-going showers. That of the
Auger Observatory can only be calculated for showers
starting at low altitudes, /4, because it falls very rapidly with
h, and the required simulation statistics become unfeasible
to produce, particularly at lower energies. The sums of the
exposure bins in / illustrate that the sensitivity of the Auger
Observatory exceeds that of the ANITA III flight by factors
rising with energy from about 2 to 2000 for a uniform %
distribution.

Assuming that the anomalous ANITA events are indeed
produced by upward-going showers, we can then calculate
the number of upward-going showers expected in the data
of the Auger Observatory by convolving a given spectral
flux and an A distribution of the showers, with the two 2D
exposure maps. Three power law spectra, E77, with y = 2,
3, 5 have been assumed, and for each case, we consider
both a uniform distribution in 4 and that expected for
exiting taus that decay in the atmosphere. In the latter case,
expected from tau-neutrino interactions and in many of the
proposed beyond the SM scenarios, the energy E is that of
the tau leptons. The starting altitude of the shower strongly
depends on zenith angle and tau energy. The required
distribution in £ and 4 is obtained from a convolution of the
tau flux, the decay-length distribution and the distribution
of shower energy for all tau decays as obtained with
TAUOLA [50], with an average of ~50% of the tau energy.

A given energy spectrum can be normalized to the
anomalous observations demanding one expected event
after folding with the ANITA I or II exposures.
Normalizing to ANITA I (III) observation under the
assumption of an E~3 spectrum and a uniform / distribu-
tion, we expect 59 (69) events at the Auger Observatory.
Using an # distribution compatible with tau decay reduces
expectations to 37 (34) events. Assuming a very
conservative spectrum, E~3, to the event of flight T (IIT)
results in 11.7 (8.1) expected events for a uniform h
distribution and 18 (11) events for the A distribution
expected from tau decay. These numbers are to be com-
pared with one observed event compatible with back-
ground. We note that, given a spectral index, the
expected number of events obtained using normalizations
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from the two flights are similar to one another. The
significantly lower signal threshold of the ANITA III
instrument is compensated by a lower effective flight
duration.

The results of this search do not support the interpre-
tation that the anomalous pulses detected during the
ANITA I and III flights were caused by air showers sourced
from particle interactions or decays, such as by decays of
upward-going taus, the latter being the basis of proposed
explanations based on physics beyond the SM. When
comparing the results of this study with those reported
by ANITA, we note that the exposures of the two detectors
have very different dependence on shower altitude. The
Auger exposure in the gray area of Fig. 3 (top) is generally
below a few km?sryr and was set to zero because of
insufficient Monte Carlo statistics. However, the large
values in the bins at lower altitude overcompensate this
effect, unless the showers were distributed exclusively in
this yet uncovered region, and/or with mechanisms pro-
ducing showers with very different longitudinal profiles.
No simple mechanism can be anticipated to produce such
distributions. It can thus be argued that the upward-going
shower explanation is ruled out for a diffuse flux, unless the
distribution of the starting altitude of the showers was
shaped such that they would only start several kilometers
above ground or the shower profiles had unusual shapes.
Both would be inconsistent with showers originating from
known particle decays or interactions.
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Supplemental Material for:
“A search for the anomalous ANITA events using the Pierre Auger Observatory’”
(The Pierre Auger Collaboration)

The search for air showers consistent with the anomalous
events detected by the ANITA instruments demands identify-
ing shower trajectories that cross the surface of the Earth and
develop in the atmosphere in the upward direction. We refer to
such showers as upward-going and their zenith angle, defined
at the the point of the trajectory where it exits Earth’s surface,
is greater than 90°, measured from zenith. These showers
can start developing at any point along the trajectory and the
shower maximum, conventionally measured along the shower
direction starting at the exit point of the Earth, can reach large
values. If the shower starts high up in the atmosphere and is
not very inclined, the shower may not reach its shower max-
imum before exiting the atmosphere. The search discussed
here demands the reconstructed shower maximum to be above
ground, though not necessarily in the field-of-view (FoV) of
the telescopes, i.e. only part of the rising tail of the shower
profile needs to be identified. Cosmic rays with the same tra-
jectories always develop in the downward direction and their
zenith angle, defined at the entry point into the Earth, is al-
ways less than 90°. Their depth of shower maximum is con-
ventionally measured from the top of the atmosphere in the
downward direction.

The challenge of the analysis is twofold: one needs a) to
identify and reject unwanted background arising from mis-
reconstructed UHECR-induced air showers or from artificial
sources, such a laser shots that are fired across the Observatory
for atmospheric monitoring and b) to quantify the efficiency
of properly identifying genuine upward-going air showers.

An example of potential UHECR-induced background is
presented in Fig. |. It shows an air shower which has its im-
pact point located behind the observing telescope, i.e. in an
area where no surface detector stations are located to detect
the shower front. Such trajectories can be viewed with the Flu-
orescence Detector (FD) if their zenith angle is greater than
30° for the HEAT telescope and above 60° for the remain-
ing telescopes [1]. The signal coming from the beginning of
shower development (purple pixel and light path) has a lower
elevation angle and arrives earlier than that from the end of the
shower (red pixel and light path) and the image in the camera
moves upwards as an upward-going shower would appear if
its exit point was in front of the telescope. Such events need
to be discriminated and this can be done with a time fit, pro-
vided that the visible angular track is sufficiently long. How-
ever, when the shower points to the detector close to or within
the Cherenkov angle, the time sequence of the triggered pix-
els is compressed and reconstruction with a simple time fit is
problematic. The more restrictive Global Fit (GF), demanding
the shower profile to spread in slant depth as can be expected
for showers involving Standard Model particles, gets rid of
most of the mis-reconstructed events obtained with a time fit

alone.

elevation [deg]

Il Il Il Il Il Il
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FIG. 1. Example of a measured downward-going cosmic ray event
with impact point behind a telescope building. The camera view is
shown on top and a 3d view of the shower geometry is shown at
the bottom. The colors indicate the time ordering of triggered pixels
(purple first, red last). The light from P; at the low elevation angle
« arrives at the FD-telescope earlier than that from P, at the higher
elevation angle o so that the trace left by the pixels in the camera
appears “upward-going” as would correspond to a genuine upward-
going shower with its exit point in front of the telescope.

Earth-missing showers are another class of events: they
have trajectories that skim the atmosphere with near horizon-
tal directions without intercepting the Earth’s surface. Defin-
ing the zenith angle of such trajectories requires a geographic
location at which a tangent plane to the Earth fixes a coordi-
nate system to measure the zenith angle. Technically, the defi-
nition used for the zenith angle, 0, of standard events at Auger
uses the tangent plane at the intercept of the shower axis with
the ground surface (WGS84 ellipsoid going through it). For
Earth-missing showers, we have defined the zenith angle rel-
ative to a tangent plane at the array center. For such show-
ers, O can be reconstructed below and above 90° (typically
87° < 6 < 93°), depending on geometry. Naturally, the more
inclined the showers are, the easier it becomes for them to
be mis-reconstructed in the upward-going direction and also
Earth-missing showers are by definition very inclined. A cut
on 6. > 110° has been enforced to reduce this background



while still covering well the zenith angles of the two anoma-
lous ANITA events.

In this Supplemental Material (SM), we discuss the main
sources of background due to mis-reconstructed UHECR-
induced showers and we demonstrate that the successive qual-
ity cuts, optimized with simulations and verified using a burn
sample of 10% of the data, reduce the background very effec-
tively and affect measured data and simulations in a consistent
way, thereby giving confidence in the analysis. Having veri-
fied this consistency, we demonstrate that the Auger FD tele-
scopes allow the identification and reconstruction of genuine
upward-going showers.

BACKGROUND FROM SPECIFIC UHECR EVENT
GEOMETRIES

When searching for upward-going air showers with the FD,
cosmic rays arriving near-horizontal and at highly-inclined
downward-going directions represent an inherent source of
background. Their contribution has been simulated with
UHECRSs, injected isotropically over the surface of a sphere
of radius 90 km, centered on the array.

The background then arises due to mis-reconstructed
zenith angles, occurring particularly for very inclined and
Earth-missing showers. 95 x 10° events have been simulated
with O > 80° (out of a total of 260 x 10°%) and, after all
selection cuts except for the cut on the S/B discrimination
variable, /, only 124 events were mis-reconstructed with
6rec > 110°. Applying the cut [ > 0.55 (See Eq. 1 in the main
article) that finally discriminates signal from background,
only five events remain. Their simulated and reconstructed
zenith angles are:

Bim = 89.6° ; Brec = 116.7°
Bgim = 90.7° ; Orec = 142.1°
Oim = 90.8° ; Orec = 115.6°
Ogim = 91.9° ; Brec = 112.9°
BOgim = 93.0° ; Brec = 136.2°.

Interestingly, all of these events are near horizontal show-
ers, one slightly downward-going and four slightly upward-
going. All of them could only be reconstructed as upward-
going by the GF so that they were assigned [ = 1. It is
these five events that constitute (after proper weighting) the
expected background of 0.27 +-0.12 events in the background
histogram of Fig. 1 in the main article.

An example of such a shower, the first of the five events
listed above, is shown in Fig. 2. It is simulated with an energy
of 6.7 EeV and develops above the Auger Observatory, trav-
eling almost parallel to the ground and diagonally through the
FoV of the camera. The simulated depth of shower maximum
is at 682.5gcm™2. The mis-reconstructed profile, shown in
Fig. 2, has a shower maximum at 1375 gcm ™2 (measured rel-
ative to the exit point of the trajectory, as it is interpreted as an
upward going shower).
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FIG. 2. Simulated near horizontal UHECR shower (6, = 89.6°)
that is mis-reconstructed as upward-going and part of the background
with a discrimination variable / = 1 (c.f. Eq. 1 in main text). The top
plot shows a camera view of the event. The colors indicate again
the time ordering of triggered pixels (purple first, red last). Isolated
pixels shown in gray color are noise pixels that are not used for the
reconstruction. The bottom plot shows the mis-reconstructed profile
of deposited energy for the upward-going geometry using the stan-
dard methods to convert the amount of light per time-bin into energy
loss, dE /dX, per slant depth, X [2].

The reconstruction of UHECR-induced air showers with
the FD telescopes can also be imprecise in cases in which
events trigger only a few pixels of a telescope. This can hap-
pen both for low energy showers as well as in cases where the
image of the event sweeps across a small portion of the focal
plane. In Fig.3 we display an example of such a shower: a
simulated iron primary of 6.6 EeV entering the atmosphere at
a zenith angle of 82° and developing its shower maximum at a
depth of 680 gcm 2. It is reconstructed with a zenith angle of
Brec = 85° and a shower maximum of Xpax = 1206 gcm™2 in
the downward mode and mis-reconstructed with 6. = 112°
and Xpax = 1755 gem 2 in the upward mode. For showers in
the upward direction we define Xy« as the slant depth from
the exit point of the trajectory to the shower maximum. The
GF favors the downward-going geometry so that the discrimi-
nation parameter is set to / = 0. The event is correctly rejected
from the signal sample. This event, with only nine triggered
pixels, leaves a similar trace in the camera as the candidate
event found in the corner of a HEAT camera (c.f. Fig. 2 in the
main article).
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FIG. 3. Simulated downward-going UHECR shower that survives
all selection and search criteria and has both up and down-ward GF
reconstructions, with Ly, > L,p. The panels shown and color con-
vention are the same as Fig. 2. The reconstructed profile in the bot-
tom panel is that of the rejected upward-going reconstruction.

RECONSTRUCTION QUALITY FOR UPWARD-GOING
SHOWERS

An example of a simulated upward-going signal event is
shown in Fig.4. It has been simulated with a zenith angle
of 113° and the shower was induced by a 2.4 EeV proton in-
jected 2 km above the ground and it has developed its shower
maximum, Xpa at an atmospheric depth of 1374 gcm™2.
In this case, the GF allows reconstruction both in upward-
and downward-going direction and the two reconstructed pro-
files are compared. The upward-going reconstruction resulted
in a zenith angle of 121.7° with a shower maximum at 948
g cm™2 while the downward-going reconstruction gave 6rec =
83.6° and X,x = 448 gcm’z. For this event, the upward-
reconstruction resulted in a significantly better global fit and
the discrimination variable has a value of / = 0.68. The event
is correctly accepted as a signal event.

Another example of a signal event in the zenith angle
range of the ANITA events is shown in Fig.5. It was in-
duced by a proton of 3 EeV going upward with a zenith an-
gle of O, = 114.2° and developing its shower maximum at
844 gcm~2. The camera view shows that the shower track
passes through two adjacent FD cameras. The shower can
only be reconstructed as upward-going (/ = 1) with a profile
well described by a GH shape. Its reconstructed zenith angle
and shower maximum are G, = 114.7° and 820 gcm_z, re-

spectively. Also this event is correctly identified as an upward-
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FIG. 4. Simulated upward-going shower with ambiguous reconstruc-
tion that gives solutions for both upward and downward modes of the
Global Fit. The top panel reproduces the information about the trig-
gered pixels with the same color convention as used in Fig.2. The
middle and bottom panels respectively display the best fitted Gaisser-
Hillas profiles of the downward and upward modes (see full text).
The x2 values of each of the two fits are also indicated on the two
plots.

going shower.

As is demonstrated by these different examples of signal
and background events, proper reconstruction of zenith angles
for upward-going showers is important to not miss potential
signal events. This is studied by signal simulations as part
of the exposure calculations. Figure 6 depicts the achieved
zenith angle resolution for showers simulated in the zenith
angle range 110° < 6, < 180°, after all cuts are applied, in-
cluding B > 110°. The distribution has an asymmetric shape
towards larger reconstructed zenith angles, i.e. towards more
vertically upward-going showers which remain in the signal
sample of upward-going showers. (We note that the asymme-
try to the left tail is biased by the fact that signal simulations
only involve showers with g, > 110°.) A small fraction of
showers reconstructed with G, < Osj, may be lost by the cut
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FIG. 5. Simulated upward-going shower that can only be recon-
structed in upward-mode. The color code reflects again the start time
sequence of the signals (purple first, red last). The bottom panel
displays the best fitted Gaisser-Hillas profile (see full text). The y?2
value of the fit is indicated.

Oec > 110°. This is accounted for in the calculation of the
signal efficiency.

When we consider only the zenith angle range of the
anomalous ANITA events, i.e. Oy, € [110°,130°], the distri-
bution becomes more symmetric and the 68% central interval
reduces to [—2.96°,9.07°].

1000[—

N events
T

800[—

600—

400—

200—

FIG. 6. Deviation of reconstructed and simulated zenith angles for
upward-going air showers simulated in O, € [110°,180°]. All se-
lection cuts including B¢ > 110° are applied. The shaded part of the
histogram shows the 68% central interval, covering [—1.1°,11°].

CONSISTENCY OF DATA AND SIMULATIONS

To eliminate laser events and UHECR induced showers that
are mis-reconstructed as upward-going, a series of cuts is ap-
plied as described in the main text. They are tuned to simu-
lated data and - in case of the background sample - verified by
a burn sample comprising 10% of randomly selected data. It
is thus important to verify that data and simulations are well
understood and agree with one another at the different levels
of applied quality cuts.

Successive Fluorescence | background
selection cuts data simulation
mono pre-selection 165k 279k
GF up-ward mode 2774 2905
quality cuts 986 1157
0 >110° 928 1064
X3 < 1.2 Xdoun 255 292
[>0.55 1 0.27

TABLE I. Events remaining after each upward-going shower selec-
tion cut for data compared to the background simulations, the latter
weighted with the UHECR energy spectrum.

The effect of progressively applying the cuts as described
in the main article is presented in Table I both for data and
simulations. The agreement in the succession of cuts after
the GF has been applied is within known uncertainties. The
limited number of simulated background events and their cor-
responding weighting to the UHECR spectrum are subject to
uncertainties connected to the weighting and are at the level
of ~ 10%. Also, the light collection efficiency (calibration) of
the FD telescopes response modeled in the MC simulations is
quoted to have an uncertainty of 9.9% [3]. This accounts for a
good part of the differences after the cuts are applied beyond
the first level. At the first level shown, the total number of
passing events is dominated by faint, predominantly low en-
ergy events and the exposure to them is very sensitive to small
discrepancies between simulations and reality.

As another verification of data and background simulations,
we present in Fig. 7 the distribution of reconstructed zenith
angle for data (black points) and simulated background (red
histogram), the latter weighted with the measured UHECR
spectrum, before the final cut / > 0.55 is applied. Again, the
agreement between the distributions is found to be very good.

Finally, we inspect in Fig. 8 the y2-distributions obtained
from the GF, now for data and simulated background, in com-
parison to that from the simulated signal events, again be-
fore the cut on [ is applied. As before, the simulated back-
ground events are weighted with the UHECR spectrum, while
the simulated signal events are weighted according to a E~!
power law distribution. These distributions illustrate once
more good agreement between data and background simula-
tions. Since the background is by construction a selection of
mis-reconstructed events, we expect the data and background
distributions to exhibit on average larger y2-values than the
signal simulations. This is what is found:
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FIG. 7. Reconstructed zenith angle distribution both for the data
(black symbols) and for the background simulations (red histogram),
weighted with the measured UHECR energy spectrum before apply-
ing the final cut / > 0.55.
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FIG. 8. Distribution of 2 divided by the number of degrees of free-
dom, Ndf, from the GF applied to data (black symbols), simulated
background (red markers), and simulated upward-going events (blue
histogram), all after all selection cuts, just before applying a cut on
the discrimination parameter /. Simulated background events were
weighted with the measured UHECR spectrum, while simulated sig-
nal events were weighted with a E~! power-law distribution. For
better comparison of shapes, all histograms are normalized to one.

mean sigma
data 1.07£0.02 0.37£0.01
background 0.9440.02 0.19£0.2

signal 0.9067 £0.0005 0.114540.0005
TABLE II. First and second moment of the y2-distributions from the
GF applied to data, simulated background, and simulated signals.

The difference between data and background simulation is
also not unexpected and is mostly caused by non perfect de-
tector simulations.
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