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High-energy muon and electron neutrinos yield a non-negligible flux of tau neutrinos as they propagate
through Earth. In this Letter, we address the impact of this additional component in the PeVand EeVenergy
regimes for the first time. Above 300 TeV, this contribution is predicted to be significantly larger than the
atmospheric background, and it alters current and future neutrino telescopes’ capabilities to discover a
cosmic tau-neutrino flux. Further, we demonstrate that Earth-skimming neutrino experiments, designed to
observe tau neutrinos, will be sensitive to cosmogenic neutrinos even in extreme scenarios without a
primary tau-neutrino component.
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Introduction.—Earth is continuously bombarded by
neutrinos of extraterrestrial origin [1]. The study of
astrophysical neutrinos has proven fruitful over the years
[2–8]—with the discovery of solar neutrinos proving that
nuclear fusion is the fuel of stars [9,10]. Later, studies of
solar neutrino flavor structure led to the discovery of
neutrino oscillations [11], which to this day remains a
major unresolved mystery in the standard model. More
recently, the IceCube Neutrino Observatory [12] at the
South Pole has measured a spectrum of astrophysical
neutrinos of extragalactic origin—providing evidence of
a predominantly muon- and electron-flavored neutrino flux
in the TeV to PeV energy range [13–15]. However, much
remains unknown about the properties and flavor compo-
sition of this flux. For most source emission scenarios, the
expected flavor composition at Earth is approximately
ð1∶1∶1Þ due to standard neutrino oscillations. Extreme
deviations from this expectation can happen under several
beyond the standard model (BSM) scenarios [16–25],
making flavor measurements a powerful tool in new
physics searches. In particular, several BSM scenarios
predict significant attenuation of cosmic tau neutrinos
[16–29]. It is therefore fundamental to constrain the relative
contribution of this flavor. Additionally, the detection of
high-energy tau neutrinos is crucial in neutrino astronomy
for two main reasons: (i) high-energy tau neutrinos are a

smoking gun signature of astrophysical neutrinos as they
are rarely produced in the atmosphere [30–37] and
(ii) measuring the relative fraction of neutrino flavors in
the cosmic flux provides information about the sources and
how these neutral leptons propagate over astronomical
distances [38–65]. However, at present the tau-neutrino
component lacks a large sample size to make bona fide
conclusions [66,67].
The interaction of tau neutrinos in Earth’s surface

produces a detectable extensive air shower (EAS) from
the resulting tau-lepton decay in the atmosphere [68–70].
This signature will be used by next-generation neutrino
experiments to detect ultrahigh energy neutrinos [71–74].
In particular, a flux of cosmogenic neutrinos is produced at
these energies as a result of the interaction of ultra-high-
energy cosmic-rays (UHECRs) with the cosmic microwave
background [75,76]. Although its existence is guaranteed,
the characteristics of this flux are unknown and are
intrinsically related to the primary composition and low-
energy cutoff of UHECRs and the sources’ redshift dis-
tribution [77–84]. This puzzle cannot be solved solely by
looking at cosmic rays or photons since they lose valuable
information on their journey to Earth. Therefore, any
measurement of the cosmogenic neutrino flux would shed
light on the nature of UHECRs.
In this Letter, we study how neutrino propagation

through Earth can affect the interpretation of tau-neutrino
measurements. Neutrinos above 10 TeV will interact in
Earth via deep inelastic scattering (DIS), modifying the
neutrino flux at the detector [85]. Electron and muon
neutrinos produce charged particles that rapidly lose energy
and do not yield high-energy neutrinos. However, tau-
neutrino interactions generate secondary neutrinos that
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carry a significant fraction of the primary energy [86–98].
This process makes Earth effectively transparent to tau
neutrinos and opaque to other flavors at high energies.
However, we show in this Letter that this picture is
incomplete as high-energy electron or muon neutrinos
can also produce tau neutrinos. We prove that this effec-
tive-tau-appearance phenomenon has a significant and
direct impact on the inferred astrophysical neutrino spectra
and flavor measurements.
High-energy tau neutrino appearance.—For the first

time, we have identified channels that would yield a
significant contribution of secondary tau neutrinos as
shown in Fig. 1. The secondary contribution arises from
channels that produce on-shell W bosons, which decay
10% of the time to ντ þ τ [99]. The dominant interactions
are neutrino-nucleus [100–104] or neutrino-electron
[105–107] W-boson production, which become relevant
above PeV energies. In the neutrino-nucleus interaction,
when the energy transferred from a neutrino to a nucleon is
above the top-quark mass, aW boson can also be produced
from the decay of this heavy quark to a bþW pair [102].
The latter process is intrinsically related to the parton
distribution functions (PDF) of the sea bottom in the
nucleons. Depending on the PDFs and mass scheme
models, top-quark production accounts for 5%–15% of
the total DIS cross sections above 100 TeV [108–115].
The propagation of neutrinos through Earth is simulated

using theNupropEarth framework [116].NupropEarth
has the structure of a general purpose Monte Carlo event
generator and therefore tracks the interactions of neutrinos as
they travel through Earth on an event-by-event basis. We have
calculated the relevant neutrino differential cross sections and
implemented them in GENIE [117]. In our Monte Carlo, tau
energy losses are simulated with PROPOSAL [118] using the
ALLM97 parametrization to describe the photonuclear inter-
actions [119,120]. The kinematics of the outgoing products in

fully polarized tau decays [121] is handled by TAUOLA [122].
Finally, Earth’s density profile follows the PREM model
[123]. Further details about the modeling of neutrino cross
sections can be found in the Supplemental Material [124].
Diffuse cosmic neutrino fluxes.—The astrophysical

neutrino flux has been characterized by the IceCube
Collaboration using multiple complementary channels
[13,14,67,125–130]. As a benchmark scenario, motivated
by the Fermi acceleration mechanism [131], these analyses
model the astrophysical neutrino flux as an unbroken
power law in energy. The results of these analyses agree
within errors, and the best-fit spectral index ranges from
2.37 → 2.89. The softest spectral index is measured using
high-energy starting events (HESE) with deposited energy
above 60 TeV [14], while the hardest spectrum is measured
when selecting for through-going muons in the northern
sky [15,130]. Both analyses set constraints on the fraction
of muon neutrinos, whereas similar signatures of electrons
and taus in the detector give rise to a degeneracy between
the other two flavors. The smoking-gun signature of tau
neutrinos is two separated energy depositions, known as a
double bang. These have recently been detected [132]; still,
the sample size does not yield significant evidence of a tau-
neutrino component [133].
In this Letter, we estimate the expected flux of tau

neutrinos at the detector under two different hypotheses.
First, we assume the best-fit results from HESE and
through-going muons under the canonical ð1∶1∶1Þ flavor
composition. Second, we use the best-fit results assuming a
zero tau-neutrino component in the primary flux. Figure 2
shows the expected tau-neutrino flux at the detector for
events below the horizon (−0.5 < cos θ < −0.25). Tau
neutrinos produced from muon and electron neutrinos
alone can contribute as much as 50% of the primary
astrophysical flux for energies above 10 PeV. This fraction
mainly depends on the primary spectrum but not on the
relative composition of muon and electron neutrinos as
shown in Fig. 2. At these energies the yield of secondary
tau neutrinos arising from top-quark and W-boson pro-
ductions is similar, while Glashow resonance dominates at
16 PeV. Additionally, the secondary tau neutrino flux has
an angular dependence since it varies with the column
depths that neutrinos travel. Hence, the relative fraction will
be higher for steeper angles. Consequently, even in a
scenario where the astrophysical neutrino flux is only
made of muon and electron neutrinos, there is a guaranteed
flux of tau neutrinos in the detector, which is larger than the
atmospheric component (from the prompt decay of heavy
mesons) above Oð100 TeVÞ.
Impact of tau appearance on discovery of cosmic tau

neutrinos.—Here we examine how this additional compo-
nent manifests in the HESE analysis. To do so, we combine
the expected fluxes at the detector with the publicly
available effective areas, assuming the best-fit HESE flux
and a democratic primary flavor composition. Figure 3

FIG. 1. Artistic rendition of relevant interactions for tau
appearance. The Feynman diagrams summarize the muon- and
electron-neutrino interactions that would produce a pair τ þ ντ:
Glashow resonance (left), W-boson production (middle) and top-
quark production (right). Ice- and water-Cherenkov detectors are
represented on the center left. Earth-skimming and space-based
observatories are shown on the center right.
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shows the expected energy and angular distribution of up-
going tau neutrinos in HESE after ten years of data taking.
Above 300 TeV, we expect 1.6 up-going tau neutrinos, but
only 0.02 events of atmospheric origin. The expected rate
from secondary tau neutrinos is twice that of the prompt
atmospheric component. Although the expected number of
events is small, this secondary component is the dominant
irreducible background for any astrophysical tau-neutrino
search. Table I summarizes the capabilities for rejecting the
non-tau cosmic component, assuming that all up-going tau-
neutrino events in the HESE sample above an energy
threshold are identified. We conclude that this additional
tau-neutrino contribution reduces the discovery potential
for all energy threshold criteria considered. A thorough

breakdown using realistic tau-neutrino identification cri-
teria as well as a likelihood approach that includes the
energy and angular information must be performed by
neutrino observatories to fully quantify the impact of this
intrinsic background.
Currently, flavor composition measurements from

IceCube are statistically limited due to the size of the
detector. However, the IceCube-Gen2 optical array will be
able to detect a sizable amount of PeV neutrinos [135]. The
rate of secondary neutrinos due to W-boson production,
Glashow resonance, and top-quark production is 5%–20%
above 10 PeV, as shown in Fig. 3. In fact, the fraction of any
flavor is affected by these new channels sinceW bosons can
also decay to muon and electron neutrinos. Therefore, any
analysis studying the composition of the astrophysical flux
using up-going events must account for these secondary
neutrinos. Thus, our conclusions are generic and extend
beyond the HESE analysis.
Ultrahigh-energy neutrinos.—Currently, IceCube

measurements extend to 10 PeV in neutrino energy
[14,130,136]. At higher energies, many experiments have

FIG. 3. Rates of tau-neutrino events in ten years of HESE.
Energy (top) and angular (bottom) distribution of tau-neutrino
events that pass the HESE selection. The angular distribution is
shown for events with energies above 300 TeV. Lines and shaded
regions correspond to the fluxes described in Fig. 2. The gray area
represents the region where tau-neutrino identification with
current reconstruction methods is challenging.

FIG. 2. Primary neutrino fluxes and appearing tau-neutrino
component. Top: Different components of tau-neutrino flux at the
detector integrated over −0.5 < cos θ < −0.25. Gray shaded
band shows the expected flux between the best-fit spectra from
the HESE and through-going muons analyses [14,15]. Dashed
line shows the atmospheric flux using MCeq (H3a-SIBYLL23C)
[134]. The red shaded region represents tau neutrinos appearing
from the propagation of muon and electron neutrinos, assuming
ð2∶1∶0Þ flavor composition. Bottom: Ratio of the secondary flux
assuming different muon- and electron-neutrino fractions to the
astrophysical flux assuming ð1∶1∶1Þ at 1 (salmon) and 10 PeV
(lavender). The bands represent the uncertainty in the primary
spectrum. The black, horizontal line indicates the 90% C.L.
(confidence level) allowed flavor composition [66,67].
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placed upper limits on the neutrino flux [137–140]; how-
ever, their effective volumes and Earth’s opacity for UHE
neutrinos limit their capabilities. One of the most promising
ideas to detect EeV neutrinos is to look for Earth-skimming
tau leptons [73,74,141–144]. Almost horizontal tau neu-
trinos at energies above 10 PeV will interact in Earth’s
crust, producing an energetic tau-lepton, which can emerge
in the atmosphere and decay. Subsequently, electromag-
netic radiation from up-going EASs can be detected at
optical and radio wavelengths. Using this technique,
experiments like POEMMA [72], PUEO [145], GRAND
[142], Trinity [74], and Beacon [73] claim to have
significantly better sensitivities than current experiments.
In fact, the projected performance of the aforementioned
experiments shows that they would be able to discover the
cosmogenic neutrino flux for most UHECRs scenarios.
Figure 4 shows the predicted energy spectrum of tau

leptons emerging almost horizontally from Earth’s surface.
In this calculation, we have assumed a cosmogenic model
that includes more than a single UHECR source population
[78]. The expected secondary flux coming from muon- and
electron-neutrino interactions—as illustrated in Fig. 1—is
also shown together with the E−2 flux for which GRAND,
Trinity, and Beacon will observe more than 2.44 events
(90% C.L. upper limit) after ten years of data taking. At
energies above 10 PeV, the dominant mechanism for the
secondary flux is via top-quark production. In the case of
ultrahigh-energy neutrinos, unlike the lower energy astro-
physical component, the angular distribution of the primary
and secondary components are very similar. Two main
conclusions can be derived from the predictions shown in
Fig. 4. First, we expect a non-negligible contribution of
emerging taus from a primary flux of muon and electron
neutrinos. This holds true even if the flavor composition of
the cosmogenic flux has no primary tau component. Thus
for optimistic models, GRAND, Trinity, and Beacon will
detect taus regardless of primary flavor composition.

Second, when they observe emerging taus, they cannot
infer the type of neutrino that produced them. Therefore,
these experiments will not set strong constraints on the
normalization of the cosmogenic flux without making
assumptions about its flavor composition; i.e., the yield
of taus is degenerated between small ð1∶1∶1Þ and large
ð1∶1∶0Þ primary fluxes.
There are some nascent reconstruction techniques to

detect the optical Cherenkov emission of EASs induced by
muons with detectors like POEMMA or Trinity [146].
These novel methods would make Earth-skimming experi-
ments sensitive to multiple flavors, allowing them to break
the degeneracy previously described. Similarly, experi-
ments that can detect geo-synchrotron and Askaryan
radiation [147]—e.g., IceCube-Gen2 [135], RNO-G
[148], or PUEO [145]—would not be affected by this
degeneracy because they are equally sensitive to all
neutrino flavors. Therefore, a combined analysis between
the mentioned experiments will be fundamental to con-
strain the normalization and flavor composition of the
cosmogenic neutrino flux.
Conclusion and outlook.—High-energy muon and elec-

tron neutrinos have a non-negligible probability of pro-
ducing tau neutrinos as they propagate through Earth. This
appearance of tau neutrinos is significant, and yet it has
been overlooked in previous literature and experimental
analyses.
We have shown that the flux of secondary tau neutrinos

is larger than the prompt atmospheric component above a
few hundred TeV. It is the dominant irreducible background

TABLE I. Impact of appearing tau-neutrino component on
cosmic tau-neutrino discovery. Each row shows a different
assumed threshold, as indicated in the first column, to identify
tau neutrinos in the HESE analysis. The second column shows the
percentage of tau-neutrino interactions with Eν ¼ Eth producing
a tau lepton that travels more than 15 m [133]. The third column
shows the number of up-going tau-neutrino events in HESE in ten
years. The significance (σ) to reject the non-tau cosmic compo-
nent for different background hypothesis is shown in parenthesis
in the fourth and fifth columns when considering atmospheric and
appearing-tau backgrounds.

Eth (TeV) Pτ>15 m HESE Atmospheric νμ=νe → ντ

100 1% 6.63 0.13 (6.3) 0.05–0.11 (6.0–5.7)
200 9% 3.00 0.05 (4.3) 0.03–0.09 (4.1–3.7)
300 17% 1.57 0.02 (3.2) 0.02–0.07 (2.9–2.5)
400 23% 1.12 0.01 (2.7) 0.01–0.06 (2.4–2.1)

FIG. 4. Tau-lepton fluxes arriving at Earth-skimming experi-
ments. Expected flux of emerging tau for Earth-skimming
neutrinos (θτ < 7°). Shaded curves represent the allowed regions
derived from a model fit to Auger data [78] with (gray) and
without (salmon) tau neutrinos in the primary flux. Solid lines
indicate the flux for which Earth-skimming experiments would
collect more than 2.44 events in ten years assuming an E−2

primary neutrino spectrum.
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for astrophysical tau-neutrino searches in current and future
neutrino telescopes. Hence, future flavor composition
measurements of the cosmic-neutrino flux must account
for it. The relative impact of this background highly
depends on the primary neutrino spectrum, so it is
fundamental to constrain its shape and normalization
further.
We have proved that Earth-skimming experiments are

sensitive to cosmogenic fluxes with multiple source pop-
ulations of UHECRs, independent of the primary flavor
composition. Even in extreme scenarios without primary
tau-neutrinos, there will be a distinguishable flux of
emerging tau leptons coming from muon- and electron-
neutrino interactions. Nevertheless, experiments sensitive
to a single flavor cannot set constraints on the normaliza-
tion of the flux since there is a degeneracy between primary
and secondary contributions. We therefore conclude that a
symbiotic ecosystem of neutrino telescopes with different
flavor identification capabilities is needed to understand the
origin of UHE neutrinos.
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