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ABSTRACT: Recently, the ANITA collaboration announced the detection of new, unsettling
upgoing Ultra-High-Energy (UHE) events. Understanding their origin is pressing to ensure
success of the incoming UHE neutrino program. In this work, we study their internal
consistency and the implications of the lack of similar events in IceCube. We introduce a
generic, simple parametrization to study the compatibility between these two observatories
in Standard Model-like and Beyond Standard Model scenarios: an incoming flux of particles
that interact with Earth nucleons with cross section o, producing particle showers along with
long-lived particles that decay with lifetime 7 and generate a shower that explains ANITA
observations. We find that the ANITA angular distribution imposes significant constraints,
and when including null observations from IceCube only 7 ~ 1073-1072s and o ~ 10733~
10732 cm? can explain the data. This hypothesis is testable with future IceCube data.
Finally, we discuss a specific model that can realize this scenario. Our analysis highlights
the importance of simultaneous observations by high-energy optical neutrino telescopes and
new UHE radio detectors to uncover cosmogenic neutrinos or discover new physics.
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1 Introduction

It has been over a decade since the IceCube Neutrino Observatory, located at the geographical
South Pole, opened a new window to observe the Universe by detecting high-energy
astrophysical neutrinos with energies up to 6 PeV [1]. This decade has witnessed the
progress from observing a flux compatible with an isotropic distribution [2], the so-called
diffuse flux; to the discovery of first sources [3, 4]. The confidence of these observations as
astrophysical neutrinos is extremely high, not only because the sample sizes have grown to
hundreds over the last decade, but also because systematic uncertainties are controlled by
in-situ measurements. IceCube first measured the atmospheric neutrino flux [5], proving
that it could constrain its backgrounds and that the event reconstructions were reliable,
and then discovered the astrophysical component on top of this one.

As we venture into this new decade, radio detectors place themselves as a promising
technology to extend the observations of IceCube to Ultra-High Energies (UHE). This re-
quires surmounting significant technological and logistical challenges. Among the challenges,
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Figure 1. Directions of the Anomalous Events as viewed from ANITA (left) and IceCube (right).
Particle physics models that explain the ANITA observations are challenged by the absence of signals
at IceCube.

one stands out. Unlike IceCube or ANTARES [6], where the detectors can calibrate and test
their selection procedures and reconstructions on the well-understood atmospheric neutrino
flux, in this upcoming generation such calibration is much more challenging. Fortunately,
the sensitivity of present UHE experiments is comparable with IceCube limits, so current
observations can be cross-checked with existing or future IceCube data.

First results are showing up. The ANITA-IV experiment, a balloon flying over Antarc-
tica, has observed four events with energies ~ 1 EeV and incident directions ~ 1° below
the horizon with a significance ~ 30 [7, 8], that we depict in figure 1. The directions are
compatible with a neutrino origin, which would make them the highest-energy neutrinos ever
observed. However, a Standard Model (SM) explanation is in tension with non-observations
from Auger [8] and, as we show below, IceCube.

It is pressing to understand the origin of these events, whether novel physics or
background, in order to guarantee the success of other UHE detectors with better sensitivity
than ANITA. If they are background, further work is needed to understand their origin
and filter them out to avoid overwhelming the neutrino signal. If they have a Beyond the
Standard Model (BSM) origin, we must robustly understand which particle models can
explain them and their predictions in different detectors, to fully confirm this hypothesis.

In this article, we exploit the aforementioned connection with IceCube to diagnose if
these detections correspond to neutrinos or to some BSM scenario, focusing on the latter.
By exploring an energy scale never reached before with fundamental particles, ANITA is
opening a new window to such scenarios [9-12]. We perform a model-independent analysis,
leaving most details to model builders, but we briefly comment on specific models and
encourage the reader to read refs. [13-33] for proposed models on UHE anomalous events.



Our method extends beyond ANITA and IceCube, since these are expected to be
accompanied soon by a family of optical — such as KM3NeT [34], P-ONE [35], or Baikal-
GVD [36] —, radio — such as PUEO [37], GRAND [38], TAROGE [39], BEACON [40],
RET [41], or RNO-G [42] —, or even acoustic neutrino detectors — such as ANDIAMO [43].
We do not discuss here the connection with Earth-skimming experiments — such as
TAMBO [44], TRINITY [45] or POEMMA [46] —, since they have not yet reached the
sensitivity to detect neutrinos, but we expect them to also provide important information
as they look at the region of Earth that is mostly transparent to neutrinos.

The rest of this article is organized as follows. In section 2, we introduce our model-
independent parametrization of generic BSM models; in section 2.2 we discuss the source
properties; in section 3 we study the inner consistency of ANITA’s data; in section 4 we
report on the consistency between ANITA and IceCube observations; in section 5 we give
the reader a brief discussion of potential models; and in section 6 we conclude.

2 Beyond the Standard Model explanation

In this section, following a model independent approach, we parametrize a class of BSM
models that could explain the anomalous events detected by ANITA. We seek generic
modeling, showing that few parameters capture the main physics.

Figure 2 shows how anomalous events can be generated. In the SM, an incoming v,
flux interacts with Earth nucleons, producing 7 leptons that decay and generate a shower
observed by ANITA. In BSM, we consider an incoming flux of particles, denoted as N, that
interact with Earth nucleons with cross section ¢ producing long-lived particles, denoted as
T, that decay with lab-frame lifetime 7 and generate a shower observed by ANITA.

Our simplified BSM models are fully determined by three parameters: the incoming N
flux, ®; the N-nucleon interaction cross section, o; and the lab-frame T lifetime, 7. When
o is the SM neutrino-nucleon cross section and 7 the 7-lepton lifetime, this parametrization
approximates the SM. Although a SM explanation is inconsistent with Auger UHE neutrino
limits [8] (and IceCube, as we show below), different o and 7 modify the event morphologies
in those experiments, leading to potentially weaker constraints as we explore below.

This parametrization is a proof-of-principle of scenarios where particle showers produce
the events. It does not exhaustively explore all BSM models, and more detailed model-by-
model studies can still be done; we comment on this in section 5. There are also models for
previous UHE anomalous events that do not invoke particle showers [25], and hence do not
fall under our parametrization.

We seek a minimal, conservative approach, assuming an incoming flux only at the
energies where ANITA has observed the anomalous events. We also ignore effects that
would redistribute particle energies — including T or N energy losses, or different energies
of T at production —, as the detection efficiencies of IceCube and ANITA are quite flat at
the energies we consider [8, 47]. We assume T absorption by Earth with the production
cross section o, expected from the time-reversal invariance of the production process. As
we show in appendix A, our conclusions do not change if T is not absorbed by Earth.
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Figure 2. Possible origins of the ANITA anomalous events. In the SM, v, produce a 7 lepton that
decays in-air (left). We parametrize a class of BSM models by incoming particles that produce,
with cross section o, long-lived particles that decay with lifetime 7 (right). Event distributions only
depend on o and T.

2.1 Number of expected events

There are four signals that the scenario we consider can produce. First, a shower is produced
when T decays, which generates the signals at ANITA. Second, a shower produced when
N interacts with Earth to produce T. (This signal can be avoided if the hadronic part of
the interaction between N and nuclei to produce T is very elastic, which may happen for
instance in models with light mediators [48].) Third, a shower produced if T gets absorbed
by Earth. Fourth, a track if T is charged. Since the last signal can only be detected by
IceCube and is easily avoided if T is electrically neutral, we conservatively ignore it.

The number of events per solid angle produced at elevation « by the decay of T is
dN%eC(a) o +

- — pT
dQ 4o I
where ® is the flux of the incoming N particles; P.L.. is the probability for N to hit a nucleon

and produce a T that reaches the detector; P(;l;cay(a) =1— e UD/T ig the probability for
T to decay inside the effective volume of size d(«) in the incoming direction «; Aeg is

() Pcﬂcay(a) Aet At (2.1)

the effective area to which the detector is sensitive, including detection efficiency; and At
is the whole observation period over which we integrate. We assume that the direction
of the shower at ANITA corresponds to the incoming direction of T and N, i.e., that all
particles are relativistic. The full expression of PL; («) which includes N regeneration by T
interactions is detailed in appendix B.

As mentioned above, interaction of N or T with Earth can also lead to a visible shower.
The number of events generated by interactions of N is

dNn(a) _ @ pn

d0 A exit (a) o Ntargets e At ) (2.2)



with Niargets the number of nucleons inside the detector effective volume, e the detection

efficiency and PN

exit
PX.. () which includes N regeneration by T interactions is detailed in appendix B. The

() the probability for N to arrive to the detector. The full expression of

number of events generated by interactions of T is

dNF () _ EPT.
dQ 47T exit

We provide further details on the computations and our implementation of the ANITA and

(a) o Ntargets e At. (2.3)

IceCube detectors in appendix B.

2.2 Transient sources vs diffuse flux

There are two scenarios for the incoming particle lux — v, for SM, N for BSM. It can be
transient, i.e., the flux is non-zero only in some time window; or it can be diffuse, i.e., the
flux is produced by many sources and is constant in time.

As the IceCube effective area is a factor ~ 10? smaller than that of ANITA [8, 47],
a transient origin for the events cannot be tested by IceCube as long as four transient
sources activated only in the month that ANITA-IV was flying and never again in the
nine years of IceCube operation (as the transient rate increases, the flux becomes diffuse).
This admittedly baroque hypothesis would allow even a SM explanation of the anomalous
events [8]. For the rest of the paper, we focus on the more realistic diffuse flux hypothesis.

3 ANITA-IV angular self-consistency

In this section, we show that, despite the small sample size, the observed angular distribution
at ANITA provides information on BSM parameters.

Figure 3 shows how the N cross section, o, modifies the event distribution. Reduced o
increases the distance that N can travel inside Earth, making the outgoing T distribution
more isotropic. Generically, the distribution peaks at angles where the chord length inside
Earth equals the mean free path of N. The distributions are normalized to predict four
events at ANITA.

The impact of 7 is less significant. If o 2 ogy, the distribution of outgoing T is quite
anisotropic, and 7 only controls the probability for them to exit Earth and decay before
ANITA, which is degenerate with the overall flux normalization. Explicitly, very small 7
requires large fluxes because of the suppressed probability to exit Earth, and so do very
large 7 because of the suppressed probability to decay before ANITA. If o0 < ogum, the
distribution of T is more isotropic, and large 7 implies a more isotropic event distribution.

To quantify the agreement with observations, we have performed an unbinned likelihood
analysis described in appendix C. We include the ANITA detection efficiency and angular
resolution, and parametrize the Earth density profile with the Preliminary Earth Reference
Model (PREM) [49] (our results are robust against different parametrizations).

Figure 4 shows that the ANITA angular distribution implies a preferred region of BSM
parameters. The star signals the parameters where the BSM sector approximates the SM,

o~ ogy 3 x 10732 em?,

3.1
TNTSM:2><10_4S. (8:1)
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Figure 3. Angular event distribution at ANITA for different values of o and 7 under the diffuse-flux
hypothesis. ¢ controls the angular event distribution, whereas 7 mostly controls the normalization
(see text). The incoming directions at ANITA enforce cross sections around the SM value.
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Although the approximation is not exact due to the simplifications described in section 2,
the phenomenology is similar. We also show the N flux ® that would predict four events
at ANITA, which is always comparable to or greater than UHE cosmic-rays fluxes (~
1km~2day~! at 1 EeV [50]). As described above, the flux is strongly correlated with 7;
slightly increasing 7 with respect to 7qy reduces the required flux by an order of magnitude.

ANITA data excludes large o, because the events would peak closer to the horizon.
For small o, 1072s < 7 < 15 is excluded because the event distribution would be too
isotropic. 7 2 1s is allowed for small o because most T decay after ANITA, and the events
are produced by interactions of N with the atmosphere at the expense of very large fluxes.

We conclude that a large region of parameter space in our model independent framework,
including the SM-like scenario, is consistent with ANITA data. Below, we show that this is
challenged by null observations from IceCube.

4 Interplay with IceCube

The IceCube experiment is sensitive to the same flux that produces events in ANITA [51-53].
Although IceCube has a smaller effective volume, its larger angular aperture and observation
time allow to test the origin of the ANITA events. In this section, we describe such a test,
pointing out the parameter region where both experiments could be compatible.

Figure 5 shows that explanations of the ANITA events are challenged by the lack of
observations at IceCube [54]. We show the expected event distribution at IceCube, for the
same ¢ and 7 as figure 3 and the flux normalization that predicts four events at ANITA.

Most of the events predicted at IceCube are due to interactions of N with Earth (as we
assume that such interactions generate showers), and for SM-like or larger cross sections,
they are dominantly downgoing because of Earth attenuation. The sensitivity of IceCube to
7 is indirect but key for its compatibility with ANITA’s measurements. As described above,
slightly increasing 7 with respect to gy reduces the required flux, and the predictions are
then compatible with null observations at IceCube. For extremely low values of o (blue
histogram), the contribution from N interactions in IceCube is suppressed, and most of the
events are generated by upgoing T-s produced by interactions of N with Earth.

Figure 6 shows how the correlation between lifetime and flux affects the interplay
between ANITA and IceCube, with only some values of 7 allowing ® consistent both with
the observations at ANITA and the lack of events at IceCube. We show the allowed values
of 7 and ® for fixed o, obtained using an unbinned likelihood described in appendix C. For
ANITA, & is always comparable to or higher than the cosmic-ray flux as mentioned above.
As the figure shows, IceCube is mostly sensitive to interactions of N, i.e., to its flux ®. In
turn, ANITA mostly detects T decays, and ® is very correlated with 7 because T must exit
Earth and decay before ANITA: small 7 spoil the former and large 7 spoil the latter.

Figure 7 shows the ranges of o and 7 allowed by a combined analysis of ANITA and
IceCube, together with the best-fit lux ®. From figure 4, non-observation of events at
IceCube only allows regions with small ®, which implies 7 ~ 10™3s. There is also some
information on o because it controls both the angular distribution at ANITA and the
number of events at IceCube due to N interactions. Altogether, this implies closed allowed
regions up to ~ 20 (we recall that the significance of the anomalous events is ~ 30 [7, 8]),
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with the best-fit point at o = 8.9 x 10733 cm?, 7 = 1.3 x 1035, and ® = 1.8 km 2 day!.
The best-fit parameters predict 1.2 events at IceCube after nine years of operation, and the
best-fit flux at every point in the parameter space predicts at least 0.9 events.

Overall, a BSM interpretation relaxes the tension between the ANITA anomalous
events and IceCube, but does not fully remove it. The combined allowed regions always
predict O(1) events at IceCube, so if the anomalous events have a particle physics origin
parametrized by our set of BSM models, the signal should be observable in the future.
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5 Particle physics models

Above, we have demonstrated in a model independent approach that BSM scenarios could
accommodate the ANITA observations and the absence of any signal in IceCube. In this
section, we discuss explicit particle physics models that can provide the required ingredients.

As our best fit is not very far from the SM-like prediction, an appealing possibility is
to consider BSM models related to neutrinos, such as scenarios involving heavy neutral
leptons that mix with the SM neutrinos and further couple to other fields belonging to a
richer Dark Sector. In such scenarios, the SM neutrinos could play the role of N.

However, one of the main issues in searching for a successful particle physics model is the
origin of the flux of N particles. Current neutrino flux limits are ® < 0.1km~2day ! [54, 55],
well below the required N flux (see figure 7). Thus, a more exotic primary particle is
generically required. A Dark Matter (DM) origin is probably the less exotic possibility.
Such option has been recently put forward [15, 16, 30, 32] to explain the two upgoing highly
anomalous events previously observed by ANITA [56, 57]. The decay of extremely heavy



DM (in the EeV range) to N can produce very large fluxes [58]

1
Oy = 7/pDM ds, (5.1)

TDM™MDM
where Ty > 10s [59] is the DM lifetime and mpy its mass, and the integral is along the
line of sight s. Numerically, [ ppands ~ 5 x 1022 GeV /em? [58]. If mpy = 1 EeV, then &y

can be as large as 102 km =2 day !

, well in agreement with figure 7.

Following this idea, we consider a toy model involving a dark sector that includes an
extremely heavy DM candidate and two dark fermions playing the role of our N and T
particles. Adding an extra Ux (1) gauge symmetry in the Dark Sector, we introduce a new
dark boson X, that mixes with the SM photon via kinetic mixing [60, 61], allowing the
dark fermions to interact with ordinary matter and have nonzero ¢ and 7.

In more detail, the DM can be a scalar SM singlet ¢ that decays via a Yukawa coupling
to a stable fermion x1, a SM singlet that would play the role of N. The role of T would
be played by a second fermion singlet y2 (heavier than x;) which, choosing the dark
charges of both fermions appropriately, couples to X, just via a gpx2v*x1X, term in the
Lagrangian. This way, x1 interacts with Earth nuclei via kinetic mixing generating a a2,
which subsequently decays via x2 — x1 + shower, the shower being originated through
kinetic mixing with the ordinary photon. The same model was proposed to fit the previous
ANITA anomalous events [30]. Following ref. [30], we find that for gp = 1.1, particle
masses mx = 1.5GeV, my, = 0.7GeV, m,, = 0.5GeV, and kinetic mixing € = 7 - 1073, the
values of o and 7 are in the right ballpark in agreement with figure 7 (these are different
from the values considered in ref. [30] to explain the previous anomalous events). These
parameter values are currently allowed (see, e.g., figure 5.1 in ref. [62]). The constraints on
this scenario are weaker than for minimal dark photon scenarios — where the dark photon
decays predominantly either into SM visible particles (visible dark photons) or into missing
energy (invisible dark photons) — because X, decays involve both SM and dark particles
(semi-visible dark photons).

The proposal considered here is an extension of the so-called inelastic DM models [63].
In such models x; constitutes the thermal DM relic, and there are typically no new scalars
such as our singlet ¢. The g, — 2 anomaly can also be accommodated [64], but it has been
shown recently that both phenomena cannot be simultaneously explained in most part of the
parameter space [62] (see also a review of semi-visible light dark photon models in ref. [65]).
Instead, in the model considered here the DM is mainly composed of a super-heavy scalar
singlet ¢, while x; is a subdominant component. This super-heavy DM can be generated
for instance via freeze-in [66] or at the end of inflation [67-70].

6 Summary and conclusions

The fourth flight of ANITA found four upgoing UHE events coming from about a degree below
the horizon. Explaining these events within the SM implies a flux of v, inconsistent with
the non-observations in Auger or IceCube. Here, we have performed a model-independent
analysis of IceCube and ANITA-IV results for BSM scenarios. We consider a conservative

~10 -



approach assuming an incoming flux of generic particles N only at the energy window where
ANITA has observed the anomalous events. The N particles interact with Earth nucleons —
with cross section ¢ — generating primary showers along with long lived particles T" that
decay — with lifetime 7 — producing another shower (see figure 2). Such formalism can be
applied to better understand the origin of any future observation.

Therefore, the set of models under consideration are determined by three parameters:
the flux (®) of the incoming N particles, their cross section with nucleons (o), and the lifetime
() of the secondary long-lived T particles produced after the interaction. Performing a
statistical analysis of the four events observed by ANITA, we found that the low statistics
allows large ranges for o and 7 compatible with a SM-like explanation of the signals. The
angular distribution of the events excludes o > 5 x 10732 cm?, where the events would
peak closer to the horizon, together with o <5 x 1073 cm? and 1072 < 7 < 1, where the
distribution would be too isotropic.

The large observation time and its large angular acceptance makes IceCube an excellent
candidate to explore the flux observed by ANITA. The main sensitivity of IceCube to
this set of models comes from interactions of N with Earth. Null results in IceCube are
compatible with ANITA for lifetimes 7 ~ 1073 s and cross sections o < 3 x 10732 cm? at 20.

Finally, we provide a concrete scenario based on super-heavy scalar Dark Matter
that can explain ANITA-IV and IceCube data. The decay of the Dark Matter into a
stable dark fermion yi, via a Yukawa coupling, can account for the large fluxes needed
(® > 1 km~2day~!). In the scenario considered in this work, the Dark Sector is also enlarged
by an unstable dark fermion s, heavier than 1, which plays the role of T'. Adding, an extra
Ux (1) dark gauge symmetry, we also introduce a dark boson with a non diagonal coupling
to the dark fermions and kinetic mixing with the SM photon. This allows x; to interact
with Earth nucleons, generating a s which subsequently decays via yo2 — x1 + shower with
the shower generated through kinetic mixing. Previously proposed as an explanation of the
anomalous events observed by ANITA in previous flights [30], this scenario can account
for the new anomalous events with large kinetic mixings (~ 1072), and masses around the
GeV scale (mx ~ 2GeV, my, ~ 1GeV, my, ~ 0.5GeV). Further model-building work can
explore other options.

The ANITA experiment is starting to probe uncharted land. First results are already
anomalous, and understanding their BSM or background origin is pressing to ensure the
success of future, more ambitious, UHE neutrino detectors. As we have shown, BSM
explanations predict that anomalous events should be observed in other experiments too.
The upcoming flight of PUEO [37], with a detection principle similar to ANITA, and the
future IceCube-Gen2 upgrade [71] will thus be unique opportunities to gain insight into the
potential signals and backgrounds of the UHE landscape.
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A Impact of T absorption

In the main text, we assume that T interacts with Earth with the same cross section that
produces it, o. This is to be expected in the simplest BSM extensions. However, the N
absorption cross section oy and the T absorption cross section op could in principle be
different. In particular, o = 0 would maximize the compatibility between ANITA and
IceCube. The number of events in ANITA would increase due to fewer T particles being
absorbed by the Earth, and the number of events in IceCube would slightly decrease due to
fewer interaction of T particles with the detector.

Figure 8 shows the results obtained following the same procedure as in the main text
but setting o = 0. The left panel shows the results including only ANITA-IV data.
There are some qualitative differences with respect to the ox = o7 case in figure 4. For
1073s < 7 < 1s, larger o is allowed because, even though N is always absorbed, T can
exit Earth and generate the anomalous events. However, data disfavors too long lifetimes
because the event distribution would be too isotropic.

In the right panel we show the results with both ANITA and IceCube data. The
combination leads to an allowed region similar to the one shown in figure 7 for the scenario
with o = on. This is because the large-on region that is allowed by ANITA if o = 0 would
produce too many downgoing events in IceCube. We thus conclude that the conclusions
drawn in the main text are robust against assuming that T does not interact with Earth.

B Details on the computations

In this appendix, we provide details on our event simulation. We describe the geometry
of the trajectories, the computation of the number of events, and the details of particle
propagation inside Earth.
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Figure 8. Allowed BSM parameters from ANITA (left, red) and the combination of ANITA and
IceCube (right, blue) under the diffuse-flux hypothesis, together with the required incoming particle
flux, if we remove interactions of T with Earth. Note that, by neglecting T absorption, the “SM-like”
point resembles less the SM than the choice in the main text. ANITA alone is sensitive to T
interaction with matter, but its combination with IceCube is mostly not.

B.1 Geometry

For ANITA, the elevation angle a can be related to the zenith angle 8 of the particle T at
its exit point by

sin f = cos « <1 + hant) ; (B.1)
Rg

with hang the height of the ANITA antenna and Rg the Earth radius. However, radio waves
are refracted during propagation, which modifies the relation between 6 and the observed
elevation. We implement this by effectively increasing the Earth radius by a fudge factor
1.13 that reproduces the horizon elevation angle as a function of h,y as provided by the
ANITA collaboration (see table 1 in ref. [7]).

For the IceCube experiment, the relation is

sinf) = —cos« ( - @) , (B.2)
Rg

with hexp = 1km the depth of IceCube.

B.2 Number of events

We parametrize the incoming flux by a normalization constant, the energy spectrum and
the angular distribution,

O, E) =P fr(E) falQ), (B.3)
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where E is energy, (2 the solid angle (d©2 = sin#df dy), and ®( the flux per unit area, time,
solid angle, and energy. The expected number of events per unit solid angle and energy is

——— = & Al f5(E) fa(Q) A, E). (B.4)

Here At is the total observation time; and A includes the geometric area of the detector,
detection efficiency, the absorption of the flux inside Earth, and the probability for the flux
to produce a detectable signal. It encodes all the details of the propagation and absorption
models, as we explain next. We assume A has axial symmetry and does not depend strongly
on energy [8, 47]. Then, A(Q, E) = A(6).

We are interested in the expected number of events per solid angle €2, so we integrate
over energy

d]c\lfS()e) _ <q>0 /Emax dE fE(E)> fa(Q) At A(0) = ® fo(Q) At A(6). (B.5)
Emin

Experiments do not perfectly reconstruct the true angle of the incoming particle, §**4¢. To
take this into account, we assume Gaussian angular uncertainty Af. For ANITA-IV, A# is
reported in ref. [7]. Then, the expected number of events per unit solid angle as a function
of the reconstructed angle 6¢ is given by

\T ( Arec rec _ pgtrue\2 true
dN(e ) — /detrue 1 exp | — (0 9 ) dN(9 )
a0 V21 Al 2(A9)2 a0

(B.6)

_ DAL true true true (9rec_9true)2
—mM/de o6 ) AWB™) exp | g

B.3 Absorption and detection processes

In our model, events come either from T decays/interactions or from N interactions. We
separate these contributions as A = A + AL + Ay. On the one hand,

AT(8) = Pisit (6) Plccay(6) Aen (6) - (B.7)
Here Ae(0) is the area to which the detector is sensitive, including detection efficiency.
For ANITA, the geometric area and trigger efficiency have been extracted from figure 10 in
ref. [8]. For IceCube, we have set the geometric area to 1km? and the detection efficiency
has been extracted from ref. [72]. Then, P(;gcay(G) =1— e 49/7 is the probability for T to
decay inside the effective volume of length d(#). For ANITA, d(#) is the distance between
the exit point and the radio antenna, given by

cos(8 — a(h))

A(0) = ~Re = = ~ O(300 n). (B.8)
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For IceCube, we set d(f) = 1 km. Finally, P,

exit

(0) is the probability for T to be produced
and arrive to the effective volume, that we compute below. Altogether, the total number of
expected events from T decay per unit solid angle is

dN§ee(0)

) = D fo () AT(0) Al = @ fo(€2) Peyie(0) Plecay (6) Acst (8) At (B.9)

On the other hand, the contribution from T and N interactions is

Amt(e)
Ax(0) =

P (0) Ntargets o¢e, (BlO)
P (9) Ntargets o¢g, (Bll)
respectively. Here, Niargets is the number of targets in the detector, € the detection efficiency,
and PN

it () is the probability for an N particle to arrive to the effective volume that we

compute below.

The number of expected events from T and N interactions per unit of solid angle is

dNint (g
(ti[‘fl() - CI)fQ(Q) mt(e) At = q)fQ( ) ex1t(9) Ntargets oeAt, (B12)
dNn (0
dl\g])( )= ©10(0) Ax(0) At = ® () Py (0) Nuagers 72 A, (B.13)
respectively. The total number of events is dgfs(f) = dNﬁ:(e) + de’;(e) + dng(e)'

B.4 N exit probability

The probabilities defined in the previous section can be computed numerically [73-75]. How-
ever, in this work we use analytic estimates by approximating the PREM parametrization
of the Earth density [49] by a set of thin, homogeneous layers. For a given trajectory inside
a spherical Earth with exit angle 6, the particle changes layers at the positions

2
q:li = Rg cosf + \Zf\/ZriQ — R2%(1 — cos20), (B.14)

with r; the radii of the discontinuities between layers and Rg the radius of the Earth. The
width of each layer is Al; = x;41 — ;.

The probability for a particle N to interact with a nucleus in a medium after travelling
a distance z is py(z;\) = e %/*/)\, where A™! = no is the mean free path and n the
nucleon number density. The probability for N to leave a uniform medium of depth Al is
P(Xing > Al) = [{]pa(z; X)) dz = e AUA and the probability to escape all the layers is

PNy = H P > ALy = J[e 2/, (B.15)
=1
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with m the number of layers crossed in the trajectory. In order to account for N regeneration,
we add two additional terms,

eX1t_HP 11;):>Al)

+§j (H p(x) >Alk)> X (H pxM >Alk)) x

=1 \k<i k>1

N survives all layers before ¢ N survives all layers after 4

Al
X P(Xl(éz—x da:/ P(Y d(e‘)3>y x)P (Y()—y a:)P(X(Z)>Al— y)dy +

int
0

In the layer 4, N produces a T that produces another N

+§:§: (HP(an'?>Alk) (HP x> Al ))

i=1j>i \k<i k>j

N survives all layers before ¢ N survives all layers after j
Al;
X P(Xint = ) P(Ydecay > Al; — ) P(Yine > Al; —x) da x
0

N interacts at layer ¢ and T leaves the layer

( H P dec)ay>Alk) ( H(lt) >Alk)) X

k=i+1

T survives all layers between ¢ and j
Al

x [ POy > 0 PO =) PO > Al —y)dy (B.16)

T produces a N in layer j and N leaves

The first term describes N exiting without interaction. The second term introduces one
intermediate T which is created and destroyed in the same layer. In the third term, the T
is created and destroyed in different layers. This gives the following more concise result

m 2
PN = <H eAu/M) Sy (“) (Ali + e Alifer _ 1) n
=1 >\i CT

+ i ()\C:-)?j (1 - e—Ali/CT) (1 o e—Alj/CT)]

(B.17)

i,j>i
We find that one regeneration process is enough to describe the dominant contributions.

B.5 T exit probability

In order for a T particle to exit a medium, we need the parent N to interact, and T not to
decay nor interact before it leaves the medium. We define

[e.9] o0

prla, 7)o = €3 P(Yi > Ar) = [ pa(a, ) de = B0,

P(Yiecay > Ax) = /
Az
(B.18)

Az
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Treating Earth as a multi-layered medium, the total exit probability is

P -3 (n PXY) > Am) » (n PO > AP > Am)

i=1 \j<i J>i
N survives layers before 4 T leaves all layers after ¢ (Blg)
Al;
X ) P(Xim = ﬂf)P(Ydecay > Al; — .T)P(Y;nt > Al; — .T) dzx .

N interacts at layer ¢ and T leaves the layer

This gives
quit — (ﬁ eAlj/)\j> (H eAlj/CT) i i\l (1 o e*Ah/CT) ) (B20)
j=1 > i=1 "

In ANITA, the total travelled distance is the chord length inside Earth, L(0) = 2Rg cos 6.
In IceCube the trajectory must finish at the detector, before leaving Earth. The distance
between the IceCube detector and the exit point is

2R2 (1 — cos(f — a(0))] — 2R D[1 — cos(0 — a(6))] + D? = a(6), (B.21)

where D =1 km is the depth of the IceCube detector. The trajectory is thus finished when
the total travelled distance is L(6) — a(6).

C Details of the test statistic

In this section, we describe our statistical analysis. As data is scarce, an unbinned Poisson
likelihood is well-suited. This test statistic is given, up to constants, by

N
TS(®,0,7) = 2/de dfsin @ u(0, o; ®,0,7) — 2210g a(0;%; @, 0,7) (C.1)

=1

where p = dN/dS), [1(0"°°) = sin ¢ f02 T do dN /dQU07, ©), and 05°° are the reconstructed
angles of the IV observed events.
Since the ANITA-IV flight has detected 4 anomalous events,

4
TSANITA((I)J o, 7') =2 / ng dé Sineu(97 ©; @7 g, 7') -2 Z log ﬂ(e;ec; (1)7 g, T) . (C2)
=1

In turn, IceCube has not observed any event in the energy range of the ANITA anomalous
events. Then,

’TSIC(CI), o,T) = 2/dcp dfsin b pu(0,;®,0,7). (C.3)

This test statistic is twice the total number of expected events in IceCube. The bigger the
expected number of events, the worse the fit.
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For an isotropic flux, fo(Q) = (47)~!. Then, integrating over ¢

'TSANITA d,0,7) = _QZ]og ( Sln9§ecj(9fec,A9i;a, 7‘)) +

(C.4)
+ @At/d@ sinf A(0;0,7).
Here we have defined
A6, Abs o, 7) / 40 A(0: 0,7) - exp |- L0 (C.5)
9 a 07 T)= 7 07 T)—F— - €X T A A ANo . .
Varag P | T 2(he)2
The best-fit value of ® for this likelihood is
2x4
BF _
PANITA = At [df sinf A(;0,7)° (C.6)

that only depends on the total number of observed and expected events. We can then insert
eq. (C.6) in eq. (C.4) to obtain the ANITA test statistic profiled over ®AnrTA,

ANITA sin 05 A(6;°°; ,7)
7S Z —2lo (fd@ sinf A(0;0,7) )’ (C.7)

up to constant terms. The best-fit values of (o, 7) must maximize the argument of the
logarithm. That is, they must concentrate the flux around 6;°°. This way, the probability
for the events to happen at 6;°° and not elsewhere is maximal.

Again, the IceCube test statistic is quite simple,

TSC(®,0,7) = @At/d@ sin0A(0;0,7) . (C.8)

The total test statistic for both experiments contains the likelihoods from egs. (C.4)
and (C.8),

TS(®,0,7) ——221 (

+¢AtA/d9 sin @ Ax (0;0,7) +<I>At1/d9 sin 0 Ay (0;0,7),

A sin 0;°° An (05, AG;; 0, 7')) +
(C.9)

where the A, I subscripts stand for ANITA and IceCube, respectively. This test statistic
can be analytically profiled over ®, which gives

4 . —
sin 07¢¢ Ap (65 0, 7)
TS(o,7) =231 i :

(Ua 7-) P Og< N 43‘?t + ﬁtl 4%ot ’

(C.10)

up to constant terms. We have abbreviated A™" = [ df sin 6 .A(6; 0, 7). The best-fit flux is

2 x4
Aty AR+ Aty Afet

®(o,7)BF = (C.11)
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