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The Fluorescence Detector (FD) of the Pierre Auger Observatory has a large exposure to search

for upward-going showers. Constraints have been recently obtained by using 14 years of FD

data searching for upward-going showers in the zenith angle range [110◦, 180◦]. In this work,

we translate these bounds to upper limits of a possible ŕux of ultra high energy tau-leptons

escaping from the Earth into the atmosphere. Such a mechanism could explain the observation

of "anomalous pulses" made by ANITA, that indicated the existence of upward-going air showers

with energies above 1017 eV. As tau neutrinos would be absorbed within the Earth at the deduced

angles and energies, a ŕux of upward-going taus could only be resulted from an unknown type

of ultra high energy Beyond Standard Model particle penetrating the Earth with little attenuation,

and then creating tau-leptons through interactions within a maximum depth of about 50 km before

exiting. We test classes of such models in a generic way and determine upper ŕux limits of ultra

high energy BSM particles as a function of their unknown cross section with matter.
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1. Introduction

The Antarctic Impulsive Transient Antenna (ANITA) was designed to search for ultra high

energy (UHE1) neutrinos by detecting the radio pulses produced as the neutrinos transit the Antarctic

ice. Recently, ANITA reported the detection of two anomalous events appearing from below the

horizon with shower energies exceeding 0.2 EeV at zenith angles 117.4◦±0.3◦ [1] and 125.0◦±0.3◦

[2], respectively. Although consistent with the characteristics of a 𝜏 lepton cascade, the problem

in interpreting these events as due to a 𝜈𝜏 is that the Standard Model (SM) weak interaction is

sufficiently strong at these energies to render the Earth practically opaque to neutrinos, with a

transmission probability below about 10−5. A dedicated analysis [3] of these two events has been

given assuming a diffuse 𝜈𝜏/𝜈̄𝜏 ŕux detected via 𝜏-lepton induced air showers within the bounds of

standard model uncertainties. By comparing an estimate of the exposure to tau neutrinos with the

Pierre Auger Observatory [4, 5] and IceCube [6] it is found that a diffuse tau neutrino ŕux would

have to be at least two orders of magnitude above current bounds to explain these two events within

the SM, thus excluding a diffuse cosmic 𝜈𝜏/𝜈̄𝜏 origin. As no other explanations are allowed within

the SM, these events have attracted a lot of attention and several Beyond Standard Model (BSM)

hypotheses have been postulated.

Upward-going showers in the atmosphere can be produced by BSM particles propagating

through the Earth and producing a tau lepton before exiting. Such interpretations include sterile

neutrino mixing [7, 8], heavy dark matter [9, 10], stau decays [11, 12], and 𝐿𝑒−𝐿𝜏 gauge interaction

[13] etc.. Given the transcendence that the discovery of any of these new mechanisms would have,

a search for upward-going air showers in the Pierre Auger Observatory has been launched. The

results of this search are being reported elswhere at this conference [26].

No excess of events above background has been found despite the larger exposure of the Pierre

Auger Fluorescence Detector (FD). This non-observation was used to set upper limits to the ŕux of

upward-going showers. The study presented here, builds on this search and translates those upper

limits to upper bounds on ŕuxes of BSM particles propagating through the Earth and creating tau

particles that could be detected as upward-going air showers. Since the interaction cross section of

such particles is not known, we treat this as a free parameter and express the upper bounds in terms

of ΦBSM · 𝜎BSM-matter.

2. The reduced cross section BSM model

In the SM, the cross section of neutrinos grows with energy so that Earth becomes opaque

above 𝐸𝜈 ≈ 1015 eV [14]. However, if BSM particles do exist with an interaction cross section lower

than that of neutrinos and if they can produce tau leptons through interactions with matter, they may

explain the "anomalous pulses" seen by ANITA. Therefore, we construct a BSM model with some

simple assumptions for the purpose of general usage. The model assumes a diffuse ŕux of BSM

particles that reach the Earth isotropically and interact with matter at variable cross section. A BSM

particle interaction can produce a tau lepton, which propagates through the Earth to the surface

and develops an upward-going shower. Currently, the model only has a tau generation interaction.

The energy transfer from BSM to tau lepton can be simply assumed with őxed proportion, such as

1Ultra high energy means 𝐸 > 100 PeV.
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50 km of crust is given by:

𝑃Crust
BSM→𝜏 = 1 − exp

(

−
𝑁𝐴 · 𝜎BSM−matter

𝑀
· 𝑙 · 𝜌

)

, (2)

where 𝑙 = 50 km is the total length for tau generation below the surface of the Earth and 𝜌 is 2.7

g/cm3. For a constant density approximation in the last 50 km of the Earth’s crust,the interaction

probability is an exponential of the length 𝑙. When the cross section becomes less than about 10−31

cm2, the interaction length exceeds 50 km in rock so that tau generation can be treated as a uniform

distribution along the BSM propagation path in the őducial volume.

The total probability for the BSM to produce a tau lepton in the őducial volume can be written

as:

P50 km
BSM→𝜏 = PSurvival

BSM · PCrust
BSM→𝜏 . (3)

Figure 1 shows the total probability as a function of cross section for different values of cos 𝜃. For

a őxed cross section, we őnd the lower the BSM propagation length, the larger the tau generation

probability. Furthermore, we can őnd the cross section that gives a maximum probability to produce

tau with a speciőc angle.

Once the tau generation probability from BSM is known, we can obtain the tau generation

integrated ŕux in the last 50 km of the Earth’s crust, Φ𝐺
𝜏 , written by:

Φ
𝐺
𝜏 (𝐸, 𝜃) = ΦBSM(𝐸, 𝜃) · P50 km

BSM→𝜏 (𝐸, 𝜃) , (4)

where ΦBSM(𝐸, 𝜃) is the incident ŕux of BSM particles and P50 km
BSM→𝜏

is the probability expressed

in Eq. 3 to produce a tau in the last 50 km of crust. The energy fraction that is transferred from

BSM to tau particles is assumed to be 100%.

3. Tau induced air shower

Once a tau is produced in the Earth, it will propagate and suffer energy losses and eventually

may decay still within the Earth. If it survives to the surface, it may decay in the atmosphere and

generate an upward-going air shower. In this section, we discuss the tau propagation in the Earth

and air and its decay in the atmosphere that induces an air shower.

3.1 Tau propagation

When a tau lepton propagates in the Earth, its energy loss can be approximated by:

−

〈

d𝐸𝜏

d𝑙

〉

= 𝛼 + 𝛽𝐸𝜏 , (5)

where𝛼 corresponds to ionization losses and the term proportional to energy is due to bremsstrahlung,

pair production, and photonuclear processes with 𝛽 independent of energy. At the energies dis-

cussed here, the dominant process of tau energy loss are photonuclear interactions. In this study, we

use the ALLM model3 [18] for photonuclear process by default. When a tau propagates, not only

does it lose energy, but its decay length is correspondingly shortened. The tau decay length can be

3Another popular model is ASW [19].
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expressed as 𝑐𝜏 · 𝐸𝜏/𝑚𝜏 , where 𝐸𝜏 is tau energy, 𝑚𝜏 is the rest mass of the tau (1.777 GeV/c2),

and 𝜏 is its lifetime 2.903 · 10−13 s. The program designed for simulations of tau propagation is

based on NuTauSim [16]. If a tau survives to the surface from the Earth, it will propagate in the

atmosphere practically without energy losses due to the low density of air and eventually will decay

and can generate an upward-going shower.

3.2 Tau decay

The tau has 35.21% leptonic and 64.79% hadronic decays [20]. The secondary particles of

tau decay comprise of: 𝑒±, 𝜈𝑒/𝜈̄𝑒, 𝜇±, 𝜈𝜇/𝜈̄𝜇, 𝜈𝜏/𝜈̄𝜏 ,𝜋±, 𝜋0, 𝐾±, 𝐾0/𝐾̄0, 𝐾0
𝐿/𝑆

and 𝛾, where 𝜋0

(𝜏 = 8.4 · 10−17s) and 𝐾0
𝑆

(𝜏 = 8.953 · 10−11s) will decay immediately. A 𝜋0 will decay to 2𝛾’s

and 𝐾0
𝑆

will decay to 𝜋+𝜋− or 2𝜋0, with the latter decaying immediately again to 2𝛾’s. Tau decay

simulations are directly obtained from TAUOLA [21] which also gives access to the four momenta

of the secondary particles.

Neutrinos and muons are invisible both to the Auger FD and ANITA. Therefore, we only need

to consider the energy deposited by 𝑒±, 𝜋±, 𝐾±, 𝐾0/𝐾̄0, 𝐾0
𝐿

and 𝛾 in the air. According to the

simulation results from a specially designed program, the double differential distribution of tau

decay can be obtained in shower energy and slant depth plane. This is easily converted into a

distribution in shower energy and altitude above ground level using a model for the density in the

atmosphere.

4. Upward-going showers with the fluorescence detector in Pierre Auger

Observatory

A dedicated search for upward-going showers using the FD of the Pierre Auger Observatory

resulted in one event consistent with an expected background of 0.27 ± 0.12 which is consistent

with the expectation from mis-reconstructions of regular cosmic ray showers [26]. The results of

this search can be converted into strong constraints on BSM scenarios, such as were put forward

to explain the observation of "anomalous pulses" made with ANITA. Here, we present results

making the assumption that the BSM particles follow a power law energy spectrum 𝐸−2 for the

considered energy range. We study the constraints on tau production which can be of relevance for

any explanation of the anomalous upward-going showers based on a BSM scenario that produces

tau leptons. The results obtained can be thus applied to any of such models.

The left plot in Figure 2 shows the upper limits on taus generated in the őducial volume

below ground as a function of their production energy. Several limits have been obtained corre-

sponding to the three different zenith angle bins in which the search has been split, [110◦, 124.2◦],

[124.2◦, 141.3◦], [141.3◦, 180◦] and to the combination of all three bins, [110◦, 180◦]. Addition-

ally, we can also place a limit on the ŕux of taus reaching the ground and exiting Earth. This is

shown in the right plot of Figure 2. The difference between the upper limits of tau generation and

surface tau in Figure 2 is caused by the fact that not all taus generated in the őducial volume exit

Earth to enter the atmosphere. These different representations of the upper limits can be used to

constrain any BSM model that produces taus in the Earth.

Since the cross section of BSM particles with matter to produce taus is unknown, we adopt two

simple strategies to include more cases of BSM scenarios. The őrst strategy is a scenario which
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about 3 · 10−6 GeV cm−2 s−1 sr−1 (90% C.L.) when BSM cross section is about 10−33 cm2 or 3% of

the SM neutrino charged current cross section. Since the exposure to upward-going showers in the

FD is greater than the one of ANITA in the energy range [1017, 1019] eV and at corresponding zenith

angles [26], many models with SM tau production from BSM proposed to explain the observation

of "anomalous pulses" made with ANITA could be ruled out. Furthermore, the ES channel of the

SD provides even stronger constraints on the diffuse ŕux of BSM particles of reduced cross section.

Thus, the combination of FD and SD observations enables us to provide the strongest presently

available constraints on BSM particles producing taus by interactions in the Earth.
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