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Two unusual neutrino events in the Antarctic Impulse Transient Antenna (ANITA) appear to
have been generated by air showers from a particle emerging from the Earth at angle ~ 25° — 35°
above the horizon. We evaluate the effective aperture for ANITA with a simplified detection model
to illustrate the features of the angular dependence of expected events for incident standard model
tau neutrinos and for sterile neutrinos that mix with tau neutrinos. We apply our sterile neutrino
aperture results to a dark matter scenario with long-lived supermassive dark matter that decay

to sterile neutrino-like particles.

We find that for up-going air showers from tau decays, from

isotropic fluxes of standard model, sterile neutrinos or other particles that couple to the tau through
suppressed weak interaction cross sections cannot be responsible for the unusual events.

I. INTRODUCTION

Neutrinos of astrophysical origin present the opportu-
nity to explore and understand the conditions of cosmic
ray acceleration and the surrounding astrophysical en-
vironment [1, 2]. A number of detectors, current and
proposed, rely on neutrino interactions in water or ice.
Detectors include IceCube [3], ANTARES [4], KM3net
[5], ARA [6] and ARTANNA [7]). Air shower signals
via particles, fluorescence, radio and optical Cherenkov
are the target of surface instruments such as Auger [8-
10], the Telescope Array [11], MAGIC [3], GRAND [12],
and Trinity [13]. Above the Earth, proposed satellite-
based instruments sensitive to upward-going air showers
include CHANT [14] and POEMMA [15]. The balloon-
borne ANITA detector [16-19] is sensitive to neutrino in-
teractions in the Antarctic ice where the Askaryan effect
is important. ANITA is also sensitive to tau neutrino
charged current interactions in the Earth that produce
taus that decay in the atmosphere. These upward-going
tau shower signals at ANITA are the focus of this paper.

For neutrino telescopes, the standard model source of
taus is tau neutrino charged-current interactions in the
Earth. With neutrinos coming from charged pion decays
and nearly bi-maximal v, — v, mixing, over astronomi-
cal distances approximately equal fluxes of electron neu-
trinos, muon neutrinos and tau neutrinos arrive at the
Earth [20]. Lepton flavor universality has the three stan-
dard model neutrinos with equal interaction cross sec-
tions on nucleon targets and, at high energies, the neu-
trino and antineutrino cross sections are equal [21-25].
Below, “neutrino” refers to both particle and antiparti-
cle.

The ANITA collaboration has reported observations
of two unusual events are consistent with shower char-

acteristics of upward-going taus that decay in the atmo-
sphere [18, 19]. In the ANTIA-III run, event 15717147

had an estimated shower energy of 0.56%3 , x 10° GeV,
and arrived at the detector with an angle of —35.0°+0.3°
(below the horizontal) — which is to say that the event
emerged from the Earth at ~ 34.5° above the horizon, or
~ 55.5° from the vertical [19]. Additionally, the first run
of ANITA in 2016 produced event 3985267, of shower en-
ergy of (0.640.4) x 10° GeV, which arrived at the detector
with an angle of —27.4°40.3°, a ~ 26.8° emergence angle
[18]. The interpretation of these unusual events as com-
ing from tau neutrinos is problematic [18, 19, 26] because
of the energies of the showers and the apparent angles of
the tau neutrinos that induced them.

One challenge to the tau neutrino interpretation is neu-
trino flux attenuation. While governed by weak interac-
tions, the neutrino interaction length (in units of column
depth) \, = (Nao,n)~ ! [21-25] is large compared to
the column depths traversed by the neutrino trajecto-
ries of the unusual events. As an indication of the scales
involved, for example, for a neutrino incident at nadir
angle 0°, the column depth is ~ 1.1 x 10*° g/cm?, equal
to the neutrino interaction length for F, ~ 40 TeV. For a
nadir angle of 60° (elevation angle 40°), the neutrino in-
teraction length equals the column depth in Earth when
E, ~ 250 TeV.

As the neutrino energy increases, the effective solid
angle that can be detected decreases. The neutrino fluxes
incident at small nadir angles, or alternatively, emerging
at large elevation angles, can be significantly attenuated.
At the elevation angles of 25° — 35° of the high energy
ANITA events, the tau exit probability is small in the
standard model. Additionally, it is difficult to explain
why events are detected at large elevation angles but not
small elevation angles where the exit probabilities are
larger [26-28].

Physical effects related to the ice/air boundary for
downward-going cosmic ray air showers are under discus-
sion as possible explanations of ANITA’s unusual events



[29, 30]. For example, explanations point towards the
Antarctic subsurfaces and firn density inversions as well
as the ice structure as a possible explanation [30]. A be-
yond the standard model (BSM) explanation proposed
for downward-going air showers is axion-photon conver-
sion [31].

There are also a number of BSM physics explanations
for upward-going air showers that come from tau decays
or other particle decays in the atmosphere. Neutrino pro-
duction of heavy BSM particles that decay directly to
taus or to other BSM particles that couple to taus have
been introduced modify the standard model large eleva-
tion angle suppression [27, 32-35]. Several scenarios with
decaying heavy dark matter have been proposed, includ-
ing the one in which decaying dark matter is trapped in
the Earth [36], and others in which the dark matter de-
cays in the galactic halo that ultimately produce shower
[28, 37, 38] or Askaryan events [39] in ANITA. Sterile neu-
trinos that interact to produce taus have been proposed
to avoid the neutrino flux attenuation at large elevation
angles [40, 41].

In general, the ANITA events are in tension with other
constraints, for example, as discussed in Ref. [38]. While
there are scenarios that may be acceptable, e.g., boosted
dark matter decays into lighter dark matter which de-
cays into hadrons for specific model parameters [37], it is
a challenge to describe the ANITA unusual events includ-
ing the emergence angles and not over predict IceCube
and Auger event rates.

Most of the BSM analyses use approximate analytic re-
sults and a narrow energy range associated with ANITA’s
unusual events. In this paper, we consider a range of
energies and angles using Monte Carlo simulations of
neutral particle interactions that couple to taus, and a
stochastic evaluation of tau energy loss in the Earth [42].
Using a simplified model of the ANITA detection prob-
ability, we find the angular dependence of the effective
aperture. Our analysis allows us to separate the particle
physics effects (both standard model and a sterile neu-
trino example of BSM physics) from the tau air shower,
detection and surface geometry effects in the evaluation
of the effective aperture.

We start with the standard model evaluation of the tau
exit probabilities. We also consider a modification of the
standard model tau neutrino cross section with a suppres-
sion associated with a color glass condensate treatment
of the high energy extrapolation of the neutrino-nucleon
cross section [43-48]. The “sterile neutrino” consider
here is a generic neutral BSM particle with suppressed
cross sections, assumed to couple to taus by charged cur-
rent interactions with a cross section o,y = €,0,N.

We conclude that standard model v;’s from an
isotropic flux cannot account for the unusual events. Our
results are consistent with those of Ref. [26] and others
[28, 30, 38]. Our quantitative evaluation of the exit prob-
abilities for 7’s from sterile neutrino interactions in the
Earth demonstrates that even with no flux attenuation
in the Earth, the lack of events at lower elevation an-

FIG. 1. Geometry of ANITA an altitude h above the surface
of the Earth. The line of sight from the tau exit point at a
co-latitude O has length v and makes an angle 6, relative to
the local normal 7.

gles makes even a large isotropic flux of sterile neutrinos
a poor candidate source of the ANITA unusual events.
We find that in principle an energy threshold effect can
enhance large elevation angle events relative to small an-
gles. A mono-energetic source in the energy threshold
region that may produce upward-going air showers, the
feebly interacting x from supermassive dark matter in
the model of Hooper et al. in Ref. [39], is used as an
example to demonstrate this effect.

In the next section, we outline our approximate eval-
uation of the effective aperture for standard model neu-
trinos and for sterile neutrinos with suppressed cross sec-
tions. We discuss the geometric and neutrino interaction
origins of the angular distribution of the effective aper-
ture. In Sec. III, we discuss how signals at large elevation
angles may be enhanced by showers with energies near
the ANITA energy threshold. We demonstrate the effect
with a sterile neutrino example and ~ 400 PeV super-
massive dark matter decays in the galactic halo [39]. A
related IceCube signal is a constraining feature. Finally,
we summarize our results in Sec. IV.

II. EFFECTIVE APERTURE
A. Overview

The first step in determining an event rate is finding
the effective aperture for ANITA. The ANITA effective
aperture (AQ) depends on the viewable area of the Earth
below the detector and on the probability to observe a
tau decay induced air shower at a given angle and alti-



ANITA

FIG. 2. The tau trajectory make an angle 6, relative to
the local normal n. The tau decays a distance s along its
trajectory. The figure is exaggerated to distinguish 0, and
0, however the effective Cherenkov angle of the signal from
the tau decay shower is such that 6, ~ 0,.

tude. The geometry is illustrated in Figs. 1 and 2. The
ANITA detector is at altitude h, taken to be h = 35 km
[26]. The signals considered here come from air showers
along the trajectory of an emerging tau that makes an
angle 6, with respect to the local normal 7 at its point
of emergence from the Earth, which is at a co-latitude
0 relative to the line from the center of the Earth to
ANITA. The viewing angle 6, is the angle from ANITA
to the point at which the tau emerges. It is convenient to
describe elements of the observation probability in terms
of the tau elevation angle (., related to the trajectory’s
angle to n by

ﬁtr + etr - 77/2 . (1)

The effective aperture for incident tau neutrinos of en-
ergy E,_can be written as [49],

(AQ(E,.)) = / / Pos #-7dSd . (2)
S JAQ

where 7 - 1 = cos b, Pops is the detection probability,
and dS is the area element on the surface of the Earth.
The integral d€2;; accounts for the trajectories of the tau
for which the air shower is detected.

The effective Cherenkov angle is 6 ~ 1°. In all that
follows, we approximate 6;, ~ 6, since Cherenkov angle
is small. This simplifies the evaluation of the effective
aperture. The effective aperture is then approximately
[49] (see also, Ref. [42], Appendix A),

(AQ(E,.)) ~ 2m%R% sin? 6 / Py cos 0, sinfpdfy .

3)
The radius of the Earth is Rg = 6371 km.
The probability Pes that a tau neutrino with energy
E,_ produces a shower that is detectable is [26, 50]

Pobs = /pexit (E‘I’|EV7—70tI‘)

X l:/ dspdecay(s)Pdet (Erv 01}7 01}1’7 3) dE- . (4)

As noted above, we approximate 6, ~ 6 in the dis-
cussion below. For pgecay and Pyes, the distance s is the
length of the tau path length from its exit point on Earth
to its point of decay.

In the next section, we discuss the exit probabilities
and emerging tau energies as a function of S for the
standard model and variations. The decay and detec-
tion probabilities for tau decays are independent of exit
probabilities. The decay probability density is

exp( s/ (ver))

Pdecay = ~er (5)

where v = E,/m,c? is the usual gamma-factor of time
dilation for tau decays. The decay length of the tau is
yer ~ 5 km x (E,/10% GeV).

For the detection probability, we use a simplified model
of the ANITA-III detector. ANITA detects the electric
field generated by the shower. We approximately fol-
low Ref. [32]. We take the probability of detection of
an up-going air shower from a tau decay, with energy
FEgr, as the product of Heaviside step functions times
the hadronic branching fraction of the tau Bp,q = 0.648:

Pdet (ETa /Btr) = Bhad

%« 0 Eshr 74 km 1
108 GeV ro(E;, Sa, Bir)

x ©(6 km — a) . (6)

The first Heaviside step function enforces a minimum
electric field requirement which to first approximation
follows from the fact that higher shower energies have
larger electric fields. Up to a point, the shorter the dis-
tance from the start of the shower to ANITA, rg ~ v —s,
the larger the electric field at the antennas. The second
Heaviside step function cuts off the integration over al-
titude at 6 km. As the altitude at which a tau shower
begins is increased, first the electric field gets larger, but
after ~ 6 km, the angle between the shower axis and line
of sight (fyiew in ref. [26]) decreases [26].

Eq. (6) is a rough approximation to a more detailed
model of the electric field from tau showers [26]. We show
below that using eq. (6) with Eg,, = 0.98F. as in Ref.
[26] and

0 ~1.0° - 0.028,, , (7)

for Bi; in degrees, the mean ANITA-LIII effective aper-
ture is reasonably well reproduced.

B. Exit probability and effective aperture

The quantity pexit (Er|E,._, 0iy) is the exit probability
density, which depends on the neutrino-nucleon cross sec-
tion. The exit probability is

Pexit<EV79tr> = /dET (ET‘EV.,yetr) . (8)
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FIG. 3. The neutrino-nucleon charged current cross sec-

tion as a function of neutrino energy for an evaluation using
CT14 [51] parton distribution functions (SM), with color glass
condensate suppression at high energies (CGC) [48] and for
o = e,osm with €, = 0.1.

Our standard model cross section for neutrino-isoscalar
nucleon scattering is calculated with the CT14 parton
distribution functions [51]. The cross section is shown
with the solid blue line in Fig. 3. We use cumulative
distribution functions to sample the energy distribution
of the taus that exit for a given incident tau neutrino
energy E, and angle S, as described in detail in Ref.
[42].

The exit probability also depends on the tau electro-
magnetic energy loss. In charged current scattering, a
tau is produced. The tau loses energy primarily through
electron-positron pair production and photonuclear in-
teractions, which we implement with a Monte Carlo sim-
ulation [52] that also includes tau neutrino regeneration.
We use the Abramowicz et al. (ALLM) parameteriza-
tion of the electromagnetic structure function Fy [53, 54]
in our evaluation of the photonuclear contribution. At
high energies, extrapolations of Fy beyond the measured
regime introduce uncertainties.

A feature unique to tau neutrinos is the significance of
tau neutrino regeneration with neutrino interactions in
the Earth [42, 55—60]. Tau neutrino regeneration comes
from tau neutrino charged-current production of taus
which subsequently decay back to v,. Through a se-
ries of neutrino interaction and decay, high energy tau
neutrinos can produce taus that emerge from the Earth
to produce up-going air showers [61-75]. More details on
the evaluation of the tau exit probabilities appear in Ref.
[42].

The upper panel of Fig. 4 shows the tau exit probabil-
ities for fixed energies as functions of the elevation angle
of the exiting tau, fi;. The resulting effective aperture
comes from the exit probabilities and the associated cu-
mulative distribution functions for the exiting tau ener-
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FIG. 4. Upper: The probability of a tau to exit for fixed

E,. =108 10% 10' and 10'' GeV in the standard model,
as a function of elevation angle B;,. The ALLM photonuclear
energy loss is used. Lower: The standard model effective
aperture compared with the mean effective aperture of Anita
LIIT [26] for upward-going tau air showers from incident v;’s.

gies, together with the decay and detection probabilities.
A comparison of our calculated effective aperture (solid
line) and the mean ANITA LIII effective aperture from
Ref. [26] (dashed line) in the lower panel of Fig. 4 shows
that our simplified model of the ANITA detection prob-
ability is reasonable.

Smaller cross sections, either from saturation effects for
standard model neutrinos or for sterile neutrinos with a
suppressed cross section, change the angular dependence
of Pexit(Er|E,. Biy) because neutrino attenuation is re-
duced. We assume that the differential cross section, rel-
atively normalized with a suppression factor of €,, is the
same as for the standard model evaluated with CT14
parton distribution functions. The charged current cross
section with ¢, = 0.1 is shown in Fig. 3. Smaller cross
sections also result in fewer tau regeneration effects as



the neutrino propagates through long chord lengths in
the Earth. The first interaction occurs deeper along the
neutrino trajectory.

High energy extrapolations of the neutrino-nucleon
cross section eventually face unitarity limits on the
growth of the cross section. In the parton picture, the
high density of gluons at small parton momentum frac-
tion x is such that gluon recombination occurs, eventu-
ally saturating the cross section. One approach to handle
the saturation effects is the color glass condensate (CGC)
formalism [43-48]. The high energy CGC extrapolation
of the neutrino cross section is shown in Fig. 3 by the
dashed red curve. This represents the strongest satura-
tion effects presented in Ref. [48]. Fig. 5 shows that
the CGC extrapolation of the neutrino cross section has
some impact on the exit probability at large angles and
at high energies. Overall, the exit probabilities still fall
with increasing f;, in the range of tens of degrees.
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FIG. 5. The probability for a tau to exit for fixed E,. =
108, 10°, 10'° and 10" GeV for the color glass condensate
ultrahigh energy neutrino cross section extrapolation (solid
lines) and for a parton distribution function evaluation of the
cross section (osm, dashed lines), as in Fig. 4.

We now turn to the sterile neutrino cross section. Fig.
6 shows the tau exit probabilities (upper) and average
energy of the emerging taus (lower) for a sterile neutrino
cross section o,y = €,0,n, with €, = 0.1 (solid lines)
and for the standard model (dashed lines). We assume
that the sterile neutrino interactions convert sterile neu-
trinos to tau neutrinos.

For small elevation angles (e.g., B, = 1°), attenuation
is not important. The smaller cross section for the sterile
neutrino reduces the standard model tau exit probability
by €,. At larger angles, the exit probabilities for the
sterile neutrino scenario do not fall as quickly as for the
standard model because the sterile interaction length is
longer. For E,, = 10° GeV, the exit probability for €, =
0.1 is more than an order of magnitude larger than for
the standard model for 8;, = 30°.

The lower panel in Fig. 6 shows (F.) as a function of
Ber for fixed E,,_. The figure illustrates a second feature
for €, = 0.1 that enhances tau shower detectability at
large elevation angles. At By, = 30°, for E,, = 10° GeV
and ¢, = 0.1, the average energy of the emerging tau
is ~ 3 x 10® GeV, an energy more likely to be detected
than the average energy of ~ 2x 107 GeV of the standard
model for the same incident neutrino energy and angle.
The nearly constant (E;) is evident from the cumulative
distribution functions for exiting taus given a series of
angles B, for a sterile neutrino energy E, = 10° GeV,
shown in Fig. 7.
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FIG. 6. Upper: Probabilities for fixed sterile neutrinos ener-
gies as a function of elevation angle, for an €, = 0.1 sterile
factor (solid lines) and for the standard model (dashed lines),
using the ALLM model for photonuclear energy loss of the
tau. Lower: The average energy of the emerging tau for ster-
ile neutrinos with €, = 0.1 and the standard model.

Figure 8 shows the effective aperture for standard
model tau neutrinos with the CT14 cross section (solid
line, labeled o)) and color glass condensate cross section
(dot-dashed line, labeled CGC), and for sterile neutrinos
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FIG. 7. The cumulative distribution functions for several val-
ues of By given E,, = 10° GeV and €, = 0.1.

with € = 0.1, 0.01 (dashed lines). The CGC effective
aperture is slightly larger than the standard model eval-
uation at low energies, and slightly lower than the stan-
dard model evaluation at high energies. The effective
apertures for € = 0.1, 0.01 are enhanced at low energies
where the effective aperture increases with energy, but
the maximum effective aperture is lower than for ogy.

The differential (AQ) as a function of 5, is a useful di-
agnostic of the angular distribution of upward-going tau
decay events [26]. There is not a significant change to an-
gular distributions of predicted events using the CGC ex-
trapolation of the neutrino cross section compared to the
standard evaluation, so we do not show it here. For ster-
ile neutrinos, the angular distribution changes, as shown
in Figs. 9 and 10 for ¢, = 0.1 and € = 0.01, respectively.

The enhanced high B, distribution, d(AQ)/dp;,, for
€, = 0.1 is shown with the solid lines in Fig. 9. The
standard model result is shown with the dashed lines. For
B = 30°, the differential effective aperture as a function
of By is ~ 102 — 10? times larger for sterile neutrinos
with € = 0.1 than for tau neutrinos. Fig. 9 also shows
that for E, = 10° GeV and B, = 5°, the differential
effective aperture is the same for standard model and
sterile neutrinos with ¢, = 0.1, both larger by a factor
of ~ 100 compared to the differential aperture for sterile
neutrinos with €, = 0.1 at By = 30°.

The larger differential aperture for small 5;, compared
to By ~ 30° is qualitatively a consistent feature for all
sterile neutrino cross sections, as we illustrate with € =
0.01 in Fig. 10 with the solid histograms. For reference,
we also show the standard model differential aperture,
again with dashed histograms.

When ¢, = 0.01, except for E,, ~ 10! GeV, there
is little angular dependence in Peyi;. For ANITA, with
our model of the effective aperture, essentially all of the

0, =0y, a<6km

1le 1011

E,[GeV]

FIG. 8. The effective aperture for standard model tau neutri-
nos and sterile neutrinos with o = €, o05Mm, with €, = 0.1 and
the ALLM energy loss model. Also shown is the acceptance
with a modified neutrino cross sections according to the color
glass condensate model (CGC).
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FIG. 9. The differential effective aperture as a function of B¢,
for standard model tau neutrinos (dashed) and sterile neutri-
nos (solid) with ¢ = €,o5Mm, €, = 0.1 and the ALLM energy
loss model.

angular dependence is in the angle integrals over 05 and
in 0 once the shower threshold energy is reached.
This effect can be understood by comparing the his-
tograms in Fig. 10 with the black line labeled “Geome-
try.” The solid black line comes from a rescaled geometric
differential aperture, where Py, = 1 and Payy = 1 for
all angles. For high sterile neutrino energies, P,ps >~ 1.
For low energies, at low angles, the showers cannot be
detected because of the long distance from tau exit point
to ANITA. The distance from the exit point to ANITA
for By = 1° is v = 567 km, while the decay length of the
tau is yer = 5 km for E, = 10® GeV. At high energies,
the solid histograms in Fig. 10 increase with energy (for
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FIG. 11. The differential effective area S as a function of the
co-latitude O of a point on the surface in view, for h = 35
km. The blue vertical dashed lines, from left to right, show
the corresponding 3, for 8, = 40°, 30°, 20° and 10°. The
red dashed line corresponds to 3, = 1°.

Bir 2 5°) with a scaling that follows the energy depen-
dence of the neutrino cross section, but the shape follows
the geometric differential aperture.

To further illustrate the geometric effect, Fig. 11 shows
(1/27R%) d(cos 6, S)/dfr where dS is a patch of surface
area in the viewing range of ANITA at co-latitude 0, as
in eq. (2).

The blue curve starts at € = 0, then increases as
the annulus of area increases with 6g, then decreases as
cos#, — 0 as the angle relative to the local 7 goes to 90°.
The vertical blue dashed lines mark where (G, = 40°,
30°, 20° and 10° are located in terms of 6g. The red

dotted line shows B, = 1°. The interval 5, = 30° — 40°
contributes about 3% of the integral under the curve in
Fig. 11. The interval 3, = 0° — 10° makes up ~ 64% of
the integral. This geometric effect cannot be overcome
by modifications of sterile neutrino cross section and/or
a large isotropic sterile neutrino flux.

A flaring point source of neutrinos could be responsi-
ble for the ANITA events as noted in, e.g. Refs. [38, 41].
Other scenarios to produced anisotropies must overcome
the geometric factor. For the angular range of the un-
usual events, given that By, ~ [, = 25° — 35° contributes
~ 5% to the geometric surface area, an anisotropy must
have more than a factor of 20 in the angular range of
the ANITA unusual events compared to skimming an-
gles with Gy ~ B, < 10°.

III. DISCUSSION

Are there circumstances where tau decays in the at-
mosphere can produce more upward air shower events at
ANITA for B, ~ 30° than for f;, ~ 5°7 Figures 9 and
10 give a hint of the potential for relatively low energy
~ 108 GeV sterile neutrinos or other non-standard model
neutral particles to produce large [y, signals compared to
small (y,.

A key feature is that near the energy threshold of ~
108 GeV for ANITA, large elevation angles are favored
for detection. For diffuse neutrino fluxes that peak near
ANITA’s air shower threshold energy, the angular effect
can be enhanced.

The Heaviside step function for the detection proba-
bility Pyet in eq. (6) requires

Eshr
=0v— 4 km———-——
ro=v—s<7 mlOSGeV
Ehr
— 74 km———F . 9
Y 708 Gev = ©)

The detection probability also requires that the altitude
of the decay a satisfy

a<6km . (10)

Figure 12 shows the distances v, s and s(a = 6 km) in
Egs. (9) and (10). The solid blue line shows the path
length v between the tau exit point and ANITA as a
function of tau elevation angle at the exit point. Since
FEg = 0.98F, in the approximate aperture evaluation,
we equate the shower energy and tau energy in the dis-
cussion here. For £, = 108 GeV, the difference between
v and the distance s from the tau exit point to the de-
cay must satisfy v — s < 74 km to be detectable. The
blue dashed line in Fig. 12 shows s = v — 74 km as a
function of fB;,. For a shower energy of 10 GeV to be
detected, s > v — 74 km. The shaded blue region in the
figure shows the allowed region for s given E, = 10® GeV.
For By, = 1°, v = 567 km, so a shower from a decay with
E,; = 10® GeV (ycr ~ 5 km) will be very rarely detected.



On the other hand, when £, = 35°, v = 60.7 km. All
decay distances s < v will satisfy the requirement in eq.
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FIG. 12. The pathlength v of a trajectory with angle 8, ~ B,
with respect to the horizon, to an altitude of @ = 35 km.

Our approximate effective aperture evaluation also re-
quires the decay to occur below an altitude of a = 6 km.
The path length s at an altitude of 6 km as a function
of B, is represented by the red dashed line in Fig. 12.
The shaded red region represents the allowed region of s
that satisfies the altitude requirement. With this model
of the effective aperture, only values of s in the over-
lapped red and blue shaded regions will be detected. For
E, ~ By, = 10® GeV, Fig. 12 shows that the taus can
only be detected at angles f;, = 22°. This is the effect
that is seen in the behavior of the differential aperture
for E, = 1082 GeV in Figs. 9 and 10.

As the shower energy increases, the allowed region for
s also increases. The dot-dashed line in Fig. 12 shows the
limit for E, = 2 x 108 GeV. The overlap of the region
above the dot-dashed curve and below the red dashed
curve is detectable. For this energy, 8i; 2 10°. Another
factor of 2 increase in energy moves the minimum Sy, to
~ 5°.

The low energy E, ~ 10% GeV air showers could, in
principle, account for the large angle unusual ANITA
events, but the effective aperture is small for both stan-
dard model tau neutrinos and for sterile neutrinos. We
illustrate the effect by evaluating ANITA’s sensitivity
to standard model tau neutrinos and sterile neutrinos.
We use the effective aperture for £, = 103%° GeV =
1.78 x 10® GeV which shows an enhanced event rate for
large elevation angles of the tau.

We begin with standard model tau neutrinos. For this
energy, (AQ) ~ 3.6 x 10~% km?sr for the standard model.
ANITA’s sensitivity to a tau neutrino energy squared
scaled flux with standard model interactions, based on an
exclusion at the 90% unified confidence level in a decade
of energy centered at E, = 10%2% GeV for 115 days of

ANITA I-1V flights, is

2.44  1.78 x 108 GeV
n(10) (AQ) x 9.9 x 108 s
GeV

cm?2ssr

(11)

Sensitivity = I

~53x107*

Standard model tau neutrino fluxes cannot be responsible
for the ANITA unusual events as diffuse tau neutrino
fluxes at this level are already excluded by IceCube [3]
and Auger [10], as has already been emphasized recently
by Romero-Wolf et al. in Ref. [26]. IceCube and Auger
set upper bounds on the diffuse tau neutrino differential
flux (assuming equal fluxes neutrino flavors) in the range
of E2®(E,) ~ 1078 — 1077 GeV/cm?ssr for E, = 108 —
10'° GeV.

The standard model tau neutrino effective aperture
for ANITA rises quickly with energy, but as we have
shown, this is accompanied by a larger predicted num-
ber of events for small §;, compared to the large eleva-
tion angles of the ANITA events. For E, = 10° GeV,
(AQ) = 1.4 x 1072 km?sr. Putting aside the question
of angular dependence, ANITA’s sensitivity to tau neu-
trinos is of order ~ 8 x 10~7GeV /cm?ssr for the decay
of energy centered at E, = 10° GeV, still more than an
order of magnitude higher than current limit from Auger
of ~2x 1078 GeV /cm?ssr [10].

For sterile neutrinos, the larger effective apertures lead
to better sensitivities for ANITA. With ¢, = 0.1 (0.01),
(AQ(108%% GeV)) ~ 5.7 x 107° (1.1 x 1075) km? sr. For
a sensitivity as defined in Eq. (11), ANITA’s sensitivity
to sterile neutrinos with ¢, = 0.1 (0.01) at E,, = 10525
GeV is 3.3 x 1075 (1.7 x 107%) GeV/cm?ssr. For sterile
neutrinos that oscillate with standard model neutrinos,
the astrophysical tau flux is related to the sterile neu-
trino flux, so it is difficult to explain the unusual ANITA
events with sterile neutrinos without over-predicting tau
neutrino events in other detectors. In this paper, we are
using the designation of sterile neutrino to denote a neu-
tral particle with a cross section with nucleons to produce
a tau that is smaller than the neutrino-nucleon cross sec-
tion, so in principle, the flux of these particles does not
have to be related to the diffuse cosmic neutrino flux.

One application of threshold energy enhancement of
large angle events at ANITA is for monoenergetic sources.
One example replaces the sterile neutrinos with x’s, dis-
cussed in a recent paper by Hooper et al. [39]. They
propose that the unusual events at ANITA are Askaryan
events from ultrahigh energy y interactions, where su-
permassive dark matter X; — yx decays in the galactic
halo provide these mono-energetic, feebly interacting par-
ticles that have a cross section with nucleons that scales
with the neutrino cross section: oy,n = €0, n. Using a
Navarro-Frenk-White density profile of dark matter and
a local density normalization of 0.4 GeV /cm?, they find
an integrated flux, averaged over 4 steradians, of [39]:

2 2 1 26 o 111
P~ 5 y x 10°° s y 0" GeV L (12)
kmZ2yr sr TX, mx,




in terms of the supermassive dark matter mass and life-
time. They constrain mx, and 7x, based on an observ-
ing time of 115 days of flight of ANITA I-IV, assuming
no unusual events are found with ANITA IV. Hooper
et al. find that the superheavy dark matter mass must
be my, 2 1 —2 x 10'9 GeV for small €, [39] if the
unusual events are Askaryan events. Our effective aper-
ture can be carried over by substituting £, — E, and
€, — €. If we set €, = 0.1(0.01) and E, = 100 GeV,
two Askaryan events for ANITA in 115 days corresponds
to ~ 0.01(0.02) shower events in the same time period.

If the two unusual ANITA events are not Askaryan
events but instead from upward air showers from x in-
teractions with nucleons to produce 7’s, ANITA is sensi-
tive to a different region of (mx,,Tx, parameter space.
For E, = 10%2?° GeV from the two body decay of X,
mx, = 3.56 x 108. For two events, the integrated flux is
determined to be F ~ 1.1 x 10°/km? yrsr for €, = 0.1
and F) ~ 5.8 x 10°/km?yrsr for ¢, = 0.01. For smaller
fractions €,, attenuation in the Earth does not play a role
for x propagation, so for E, = 10525 GeV,

~ 5.8x10°0.01

- 2yrg
km?yrsr e,

X (13)

to account for two ANITA events in 115 days.

Events from x induced showers in the ice with E, =
10825 GeV are below ANITA’s Askaryan energy thresh-
old, so they would not be seen in Askaryan events. How-
ever, IceCube should see these high energy events. The
number of downward IceCube events from y interactions
with e, = 0.1 is estimated to be [39]

N ~31/yr fore, =0.1, (14)
for these input parameters, using VAQ = 1 km? x 27 sr.
For smaller €,

N ~16/yr for e, <0.01. (15)
The number of events does not depend on ¢, for small
values because Fy scales as €/ I and the YN cross section
scales with €,. When attenuation in the Earth is negligi-
ble for x transmission, the upward event rate should be
independent of e,,.

The x — 7 events in IceCube would look like v, pro-
duction of 7’s in the detector: there will be a hadronic
shower with an associated tau. For E, = 10825 GeV,
the average hadronic shower energy is ~ 36 PeV, and the
average tau energy, ~ 1.4 x 108 GeV. Since yer > 5 km
for the tau at this energy, the tau will look like a muon
with energy loss that is a factor of ~ m,/m, ~ 0.05
relative to a muon. Thus, the taus associated with the
~ 36 PeV showers would appear to be ~ 8 PeV “muons.”
Muon-like tracks in the PeV energy range associated with
cascades in the tens of PeV energy range, at a level of

16-31 events per year, are not observed, so this mass
is excluded for X4 particles. Larger masses don’t favor
large elevation angles, and smaller masses put F, below
detection thresholds.

IV. CONCLUSIONS

We have made an evaluation of the effective aperture
for ANITA using a simplified model of the detection prob-
ability that is in reasonably good agreement with other
results [26] for standard model tau neutrinos with pertur-
bative neutrino-nucleon cross sections. A modified neu-
trino cross section, with high energy saturation effects
modeled by color glass condensate suppression, does not
have a large impact on the effective aperture. With a fo-
cus on the angular distribution of the effective sensitivity,
we conclude that an isotropic flux of tau neutrinos can-
not account for the large elevation angle ANITA event
in the absence of skimming events. We concur with the
authors of Ref. [26].

Our quantitative evaluation is extended to particles
with cross sections suppressed by a factor of €, rela-
tive to the standard model. We presented results for
€, = 0.1 and 0.01. The Monte Carlo simulation results
for €, = 0.01 can be simply rescaled by a factor of €, /0.01
for €, < 0.01, since we have demonstrated that the main
angular effect is geometric, not related to attenuation in
the Earth or detection if the energy is above ~ 10° GeV
and B, 2 5°. Our results are more generally applica-
ble to neutral particles incident on the Earth with feeble
interactions that produce taus, as we showed with the
supermassive dark matter model of Ref. [39].

We showed that near threshold for ANITA, the geo-
metric effects of the detection condition favor large el-
evation angles for the tau, but the effective aperture is
small. At higher energies, the small angles are more im-
portant to the overall aperture. For taus produced in the
Earth by charged current-like interactions, our conclu-
sion is that even with suppressed cross sections (e.g., for
sterile neutrinos and other feebly interacting particles),
tau decay air showers cannot account for the ANITA
events and be reconciled with IceCube and/or Auger lim-
its. Anisotropic sources that enhance event rates in the
Bir =~ 25° — 35° degree range must account for a factor
of ~ 20 compared to the 0° — 10° degree range based on
geometric effects alone.
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