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The Glashow resonant scattering, i.e. νe + e− → W−
→ anything, offers us a possibility of disen-

tangling νe from the total astrophysical neutrino fluxes. Meanwhile, a great number of high-energy
neutrino telescopes, with various detection mechanisms, are advancing towards a better understand-
ing of one of the most energetic frontiers of the Universe. In this work, we investigate a connection
between through-going muons at IceCube and the Glashow resonance signal through the channel
W−

→ µ. We find that for IceCube, muons from νe can induce a ∼ 20% excess of PeV events
around the horizontal direction. However, the current statistics of IceCube is not enough to observe
such an excess. We also address the novel possibility of νe detection via W−

→ τ at telescopes
aiming to detect Earth-skimming and mountain-penetrating neutrinos. The subsequent hadronic
decay of tau will induce an extensive air shower which can be detected by telescopes with Cherenkov
or fluorescence techniques. Similar to IceCube, it is challenging to observe the Glashow resonance
excess from the Earth-skimming neutrinos. Nevertheless, we find it is promising to observe Glashow
resonance events with the mountain as the target.

I. INTRODUCTION

The detection of high-energy astrophysical neutrinos
at IceCube has initiated a new era of multimessenger as-
tronomy [1]. Unlike messengers such as cosmic rays and
gamma rays, the weakly interacting neutrinos originating
from astrophysical sources can traverse cosmological dis-
tances freely without being attenuated by cosmic relics or
bent by magnetic fields. However, the nature of sources of
the observed astrophysical neutrinos are as yet unknown.
A feasible way to improve our knowledge of the source
class is to pin down the flavor ratios of those astrophys-
ical neutrinos at Earth [2–12]. However, at neutrino en-
ergies above O(100 TeV) the valence-quark contribution
in the neutrino-nucleon deep inelastic scattering (DIS)
becomes less important, and the difference between DIS
cross sections of neutrinos and antineutrinos diminishes
[13, 14]. Therefore, neutrino telescopes are blind to the
discrimination of neutrinos versus antineutrinos.
This degeneracy must be resolved in order to distin-

guish different astrophysical neutrino sources, e.g., op-
tical thin sources dominated by pγ interactions and by
pp interactions. In the pγ scenario, the boosted protons
will interact with ambient photons, e.g. p+ γ → π+ + n
to produce pions. The subsequent decays of π+ gener-
ate neutrinos with a flavor composition of ΦS

νe
: ΦS

νµ
:

ΦS
νµ

= 1 : 1 : 1 at the source, with other unspeci-

fied flavor ratios being zero. π− can also be produced
in the pγ interactions through the multipion production
channel, but this would require a much higher center-
of-mass energy, and is usually suppressed. If a strong
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magnetic field is presented in the source environment,
µ+ from the π+ decay will suffer from rapid energy loss
due to the cyclotron radiation, and its contribution to
the high-energy neutrino flux will be reduced, with dom-
inantly ΦS

νµ
left as a result. A characteristic for a pγ

source is the low number of νe component yield at the
source. On the other hand, for the pp source both π+

and π− can be copiously produced via pp scattering, re-
sulting in equal fractions of neutrinos and antineutrinos,
e.g. with ΦS

νe
+ ΦS

νe
: ΦS

νµ
+ ΦS

νµ
= 1 : 2. After propa-

gation of a cosmological distance, neutrino fluxes of dif-
ferent flavors at Earth will mix with each other accord-
ing to the relation Φ⊕

νβ
=

∑

α,i Φ
S
να
|Uαi|2|Uβi|2, where

{α, β} run over {e, µ, τ}, and i runs over the mass in-
dices {1, 2, 3}. Here U is the unitary lepton flavor mix-
ing matrix, and the global-fit results can be found in
Ref. [15]. A symmetry between the µ flavor and τ fla-
vor can be noticed, i.e., |Uµi| ≃ |Uτi| [16]. This al-

ways leads to Φ⊕
νµ

≃ Φ⊕
ντ

and Φ⊕
νµ

≃ Φ⊕
ντ

no matter

what flavor compositions we start from [17]. Using the
best-fit oscillation parameters, we can obtain the fla-
vor compositions at Earth (Φ⊕

νe
: Φ⊕

νe
: Φ⊕

νµ
: Φ⊕

νµ
:

Φ⊕
ντ

: Φ⊕
ντ
) for different source models as follows: (i)

{3.6, 1, 3, 2, 3, 1.8} for pγ source; (ii) {1, 0, 2, 0, 1.8, 0}
for µ-damped pγ source; (iii) {1, 1, 1.1, 1.1, 1, 1} for pp
source; (iv) {1, 1, 2, 2, 1.8, 1.8} for µ-damped pp source.
Another widely expected neutrino flux in the PeV-

ZeV energy range is produced by the scattering of cos-
mic rays with the cosmic photon background, the so-
called Greisen-Zatsepin-Kuzmin (GZK) neutrinos [18–
20]. At the multi-PeV energies, GZK neutrinos are
dominated by the decay of neutrons produced from pγ
scatterings. Hence, low-energy GZK neutrinos at the
source are mainly νe, leading to the flavor composition
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Φ⊕
νe

: Φ⊕
νµ

: Φ⊕
ντ

= {1, 0.4, 0.4} at Earth.

The resonant scattering around the W pole [21], i.e.
νe + e− → W− → hadrons or leptons, provides us a win-
dow to discriminate νe from the total neutrino flux, and
therefore distinguish between the pγ and pp sources. The
IceCube observatory at the South Pole has a great poten-
tial to measure the νe flux by observing the event excess
around the resonant energy of 6.3 PeV. The search for as-
trophysical sources with the Glashow resonance (GR) has
already been extensively discussed for IceCube and its
future upgrade IceCube-Gen2 [22], e.g., in Refs. [23–34].
Similar analysis can also be straightforwardly applied to
its water counterpart ANTARES [35] in the Mediter-
ranean sea, as well as future KM3NeT [36] and Baikal-
GVD [37]. These previous studies on Glashow resonance
mainly focus on the starting events at IceCube, for which
the interaction vertex is contained within the detector. A
decent background rejection can be achieved with the
good energy reconstruction of cascades at IceCube as
well as the identification of some nearly background-free
morphology [26, 27]. Interestingly, a partially contained
cascade at IceCube may possibly be the first detected
Glashow resonance event [38, 39].
A hunt for the Glashow resonance should be per-

formed using neutrino data in the multi-PeV energy
region. The IceCube experiment has reported several
events with reconstructed neutrino energy above PeV,
including the high-energy starting events (HESE) as well
as the through-going muons (TGM). In the publicly
available HESE sample [40, 41], there are three cascade
events with deposited energies being 1040.7+131.6

−144.4 TeV,

1140.8+142.8
−132.8 TeV and 2003.7+236.2

−261.5 TeV. The primary
neutrino energy is slightly higher than the deposited one.
However, none of them can be the Glashow resonance
event within the acceptable statistical significance. On
the other hand, the TGM sample contains two unusual
track events with the reconstructed muon energies as high
as Eµ ≃ 4.5 PeV [42] and 1.2 PeV [43], which should
correspond to primary neutrinos with higher energies.
Unlike the starting events at IceCube, the energy recon-
struction is relatively poor for through-going events due
to the lack of knowledge of the interacting point outside
the detector. The reconstructed neutrino energy spans
a wide posterior range, also subject to the assumptions
of the track type [33], the neutrino spectrum and flavor
priors. In a six-year TGM analysis from 2009 to 2015
in Ref. [42], assuming a best-fit neutrino spectrum, there
should be approximately a dozen TGM events which are
induced by multi-PeV neutrinos. Given this channel of
the Glashow resonance, e.g. W− → µ, it is interesting
to ask a question: are there any through-going events
at IceCube that are generated via the Glashow resonance
channel?
Other than the conventional approach of Cherenkov

light detection with a large detection volume of ice (Ice-
Cube) or water (ANTARES), there are neutrino tele-
scopes with other working principles, sensitive to neu-
trinos at higher energies [44]. A technique is to detect

the Askaryan radio emission of in-ice showers [45–47],
which has been used for the neutrino searches by RICE
[48], ANITA [49, 50], ARA [51] and ARIANNA [52], and
will be adopted in RNO [53]. Another detection prin-
ciple relies on the extensive air shower produced by the
hadronic decay of tau [54–63], which is usually assumed
to be produced by the charged-current interaction of ντ
inside Earth. However, we emphasize that the Glashow
resonance is also relevant for tau production at these tele-
scopes, via the channel W− → τ . This may give us an-
other possible experimental window to the detection of
νe [58, 59]. Notice that for through-going track events
at IceCube, the interaction vertex is separated from the
detection volume, and the IceCube detector in this case
plays a very similar role.
There are multiple techniques to detect the air-shower

signal from neutrinos, including the detection of particles
in the shower [64, 65], radio signals [49, 50, 66], fluores-
cence [67–69] and Cherenkov light [67, 68, 70–74] in the
atmosphere. The strength of the signal is generically pro-
portional to the initial neutrino energy. Not all of those
techniques can have a multi-PeV neutrino sensitivity, i.e.
down to the Glashow resonance. Among these detec-
tion methods, the direct particle detection and the radio
detection are sensitive to neutrinos at relatively higher
energies, and their sensitivities will decrease significantly
for neutrino energies below 10-100 PeV. For instance, the
energy threshold of the radio arrays of GRAND is limited
by the noise level at the antenna output [66]. Without
enough primary neutrino energy, the radio-induced volt-
age may not be enough to exceed the stationary back-
ground noise. In contrast, telescopes using Cherenkov
and fluorescence techniques can reach a much lower en-
ergy threshold, e.g., down to as low as PeV, without los-
ing too much detection efficiency. Therefore, in this work
we shall constrain our analyses to the Cherenkov or flu-
orescence detection techniques.
For this study, two typical targets for neutrino inter-

actions are considered: (i) the Earth crust near horizon
for Earth-skimming neutrinos; (ii) a mountain target for
the mountain-penetrating neutrinos. The remaining part
is organized as follows. In Sec. II, we present the gen-
eral strategy for this study. The through-going events
of IceCube are investigated in Sec. III. In Sec. IV and
Sec. V we study the Glashow resonance signatures from
Earth-skimming and mountain-penetrating νe, respec-
tively. Sec. VI is devoted to a conclusion.

II. FRAMEWORK

High-energy neutrinos propagating inside Earth un-
dergo collisions with dense matter composed of nucleons
and electrons, resulting in a reduction in the flux. The
attenuation effect becomes significant when the energy of
neutrinos is beyond 10 TeV, for which the mean free path
(MFP) of neutrinos in matter is comparable to the diam-
eter of the Earth. With the IceCube data, this effect has
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already been utilized to set constraints on the neutrino-
nucleon scattering cross sections [75–81]. There are three
dominant interactions within the SM which are relevant
when a neutrino traverses the Earth: (i) the charged-
current (CC) DIS with nucleons mediated by the W bo-
son, from which the hadronic shower, as well as an out-
going charged lepton will be produced; (ii) the neutral-
current (NC) DIS mediated by the Z boson, giving rise
to a hadronic shower with an energy reduced neutrino
emitted; (iii) the interaction with electrons mediated by
W and Z bosons. The neutrino-electron cross section in
most cases is smaller than the neutrino-nucleon one by
orders of magnitude. However, for the scattering of νe
with electrons, when the center-of-mass energy is close to
theW pole mass, the interaction can be greatly enhanced
via the on-shell production of W . The cross section in
this case reads

σνee
(s) = 24π Γ2

W Br(W−→ νe + e−)

× s/M2
W

(s−M2
W )2 + (MWΓW )2

, (1)

where s denotes the square of the center-of-mass en-
ergy, ΓW is the total decay rate of W , and Br(W− →
νe + e−) ≃ 10.7% stands for the branch ratio of the de-
cay channel W− → νe + e−. The cross section σνee

(s)

reaches its maximum value σGR
νee

≃ 4.86×10−31 cm2 when√
s = MW ≃ 80.4 GeV [82]. Since electrons are basically

static inside the Earth, a resonance takes place with the
neutrino energy Eνe

≃ 6.3 PeV. In Fig. 1, we compare
the cross sections of different scattering processes. The
cross sections of DIS are calculated using CTEQ6 par-
ton distribution functions [83]. We notice that in a wide
energy range from 4 PeV to 10 PeV, the cross section of
νe−e scattering exceeds that of DIS. Here we ignore the
subdominant scattering processes [84–89] and the mo-
tions of atomic electrons [90] for simplicity.
Assuming the Earth matter is composed of the stan-

dard rock with the density ρ = 2.65 g · cm−3 and the
electron fraction 50%, we can figure out the MFPs of
neutrinos at Eν = 6.3 PeV propagating inside Earth us-
ing the formula λ = (σ · ntar)

−1:

λGR
νee

≃ 26 km, λCC
νeN

≃ 4436 km , (2)

for the Glashow resonance channel and CCDIS with nu-
cleons, respectively. Therefore, in the energy band of
4−10 PeV, the MFP of νe-e scattering dominates and
lies in the range of 26−4436 km. The MFPs can be sim-
ply rescaled if a different matter configuration is consid-
ered. The decay of W produces either hadronic showers
(∼ 67%) or leptons directly (∼ 11% for each flavor). The
energetic final state of the electron easily ends up into
an electromagnetic shower in the medium. Meanwhile,
the produced muon will survive as a long track. The tau
has very short lifetime and decays very fast with a decay
length λτ ≃ 50m · (Eτ/PeV).
The production of muons and taus by astrophysical

neutrinos is of our main concern. To obtain the fluxes of
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FIG. 1. Cross sections of neutrino scattering on a nucleon
or electron. The red curve signifies the case of the GR.
The deep inelastic scattering processes include the neutral-
current interaction for all neutrino flavors (blue curves), and
the charged-current interactions for νµ/νe (purple curves) and
for ντ (orange curves). Solid curves stand for neutrinos and
dashed ones for antineutrinos. The y-axis on the right repre-
sents the water equivalent MFP of these interactions.

muons and taus near the detector location, we need to
first evolve the neutrino flux in the medium given some
initial injection spectra. The evolution equation of neu-
trinos propagating inside the Earth can be expressed as

∂ρ

∂r
= −i[H, ρ]− {Γ, ρ}+

∫ ∞

E

f(ρ, ρ, r, E′, E)dE′, (3)

where ρ is the density matrix of the neutrino state
|Ψν〉 〈Ψν |, which can be written as a 3×3 matrix in
the flavor basis. On the right hand side, the first term
describes neutrino oscillations including the matter ef-
fect. The oscillation effect actually becomes negligi-
ble at high energies, e.g., the oscillation length L31

osc ≃
107 km · [Eν/ (10 TeV)] corresponding to the larger mass
squared difference far exceeds the Earth diameter. The
second term signifies the attenuation of neutrinos in the
Earth. The damping matrix Γ contains the DIS with nu-
cleons as well as the scattering with electrons including
the Glashow resonance channel. The last term stands for
the neutrino yield as the interaction products of neutri-
nos at higher energies, including tau regeneration and W
decay. All these effects are taken into account for the neu-
trino propagation with the help of nuSQuIDs [91]. Here,
we use the Preliminary Reference Earth Model (PREM)
as the density profile of the Earth [92] and an isoscalar
Earth target is assumed.

III. THROUGH-GOING EVENTS AT ICECUBE

The IceCube observatory is located at the South Pole
and comprised of a 1 km3 in-ice array starting from
1.45 km underground [93]. The detecting modules are
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surrounded by ice with the Antarctic rock beneath the
detector volume. With a cubic kilometer of ice target,
IceCube is sensitive to high-energy neutrinos through the
detection of Cherenkov light emitted from the secondary
charged particles. The differential spectrum of muons
produced by the Glashow resonance as a function of the
zenith angle θ and the muon energy Eµ when entering
the IceCube detector can be written as

ΦGR
µ (θ, Eµ) =

∫ ∫

dx dEνe
Φνe

(Eνe
, θ, x)

×
∫

dE′
µ σνee

1

ΓW

dΓW→µ

dE′
µ

ne(θ, x) ·
dP
dEµ

(θ, x) , (4)

where x stands for the distance from the interaction ver-
tex to the detector, ne is the electron number density at
x, dΓW→µ/dE

′
µ is the decay rate ofW to a muon with the

energy E′
µ, and the probability function dP/dEµ links

E′
µ at the production point to Eµ at the detector loca-

tion after considering the energy loss of the muon. The
muon flux from DIS with nucleons will also contribute
to through-going track events, as a background, and it is
similarly given by

ΦCC
µ,1(θ, Eµ) =

∑

N=p,n

∫ ∫

dx dEνµ
Φνµ

(Eνµ
, θ, x)

×
∫

dE′
µ

dσµ
νµN

dE′
µ

nN (θ, x) · dP
dEµ

(θ, x) , (5)

ΦCC
µ,2(θ, Eµ) =

∑

N=p,n

∫ ∫

dx dEντ
Φντ

(Eντ
, θ, x)

∫ ∫

dE′
µdEτ

dστ
ντN

dEτ

dΓτ→µ

ΓτdE′
µ

nN (θ, x) · dP
dEµ

(θ, x) , (6)

where both the direct production from the CC interction
of muon neutrinos and the decay from secondary tau are
taken into account. Here, dσνN/dEl is the differential
CC cross section at a charged-lepton energy El with N
being either proton or neutron, nN the number density
of the target nucleon, and dΓτ→µ/dE

′
µ the decay rate of

tau to muon with the energy E′
µ. The energy loss of taus

is negligible until ∼ 109 GeV in ice when the interac-
tion length becomes comparable to the decay length [94].
Therefore, it is safe to assume an instant decay of taus
at the spot of creation in this case.
The IceCube experiment measures the diffuse astro-

physical neutrino spectrum and usually an unbroken
power-law spectrum is assumed in the fit. The most
recent analysis of TGM from the Northern Hemisphere
with 10 years data yields a spectrum index γ = 2.28 [43].
Here, we start from the latest TGM spectrum analysis
and set the flavor composition of injected neutrinos as
1 : 1 : 1 with equal amounts for neutrinos and antineu-
trinos for the purpose of demonstration. The neutrino
flux injected into the Earth is assumed to be isotropic.
Fig. 2 shows the differential neutrino fluxes of all fla-
vors at Eν = 6.3 PeV when the distance of neutrinos
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FIG. 2. Zenith distribution of neutrino fluxes of all flavors
at the Glashow resonant energy when the distance is 1 km
away from the center of the IceCube detector. The horizon
and the zenith cuts of the northern/southern sky for IceCube
are shown as black dotted lines.

to the IceCube detector is 1 km. Significant attenua-
tion effects can be observed, especially for the case of
νe due to the resonant scattering. The flux of νe starts
attenuating even from the angle above the horizon with
cos θ > 0, while the attenuation effect of other flavors
gradually increases after cos θ < 0. This can be easily
understood from their respective MFPs. The MFPs in
Eq. (2) correspond to the zenith angles cos θGR ∼ 0.04 for
the Glashow resonance and cos θCC ∼ −0.35 for CCDIS.
Slightly below the horizon, the νe flux at the resonant en-
ergy starts to be significantly absorbed by the Earth mat-
ter, and only a very small fraction can reach the IceCube
detector. Therefore we expect that the through-going
events from the Glashow resonant scattering mainly come
from around the horizontal direction.
After being produced, the charged lepton loses its en-

ergy during the propagation to the detector through vari-
ous processes: ionization, bremsstrahlung, photo-nuclear
interactions and electron pair production. The propa-
gation code PROPOSAL [94] is used to simulate energy
losses of muons. The interaction length of muons at PeV
energies in the Earth matter is on the order of kilometer.
Only a relatively small volume surrounding the detector
is relevant for the muon production at our concerned en-
ergies. We set a maximum distance of 25 km from the
detector to integrate and yield the secondary charged lep-
ton flux. It is unlikely that muons produced beyond this
range are able to be detected due to the attenuation.
We may first make a rough estimation of the through-

going events at IceCube. Assuming a constant density
profile for Earth, for each neutrino energy, we compute its
typical injection zenith angle θMFP corresponding to the
MFP. The produced angular-integrated muon flux can be
obtained by dNµ/dEµ = Φν · ∆Ω · Pν→µ , where Pν→µ

represents the probability that a neutrino can produce a
detectable µ at the detector, and ∆Ω stands for the con-
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FIG. 3. The fraction of through-going events induced by the
Glashow resonance as a function of the zenith angle and muon
entering energy. The total events include the Glashow reso-
nance channel, the charged current deep inelastic scattering
channel and the atmospheric muon background. The avail-
able IceCube through-going muon events of Northern Hemi-
sphere with proxy energy higher than 200 TeV are shown as
red crosses [42, 43, 98]. The horizontal dashed line stands for
the applied zenith angle cut of 85◦ for these events.

tributing solid angle. The probability can be estimated
with Pν→µ ∼ λµ/λν , where λµ is the survival length scale
of muons. This distance may be parameterized with λµ =

1/(bρ) · ln
(

1 + Eµ · b/a
)

with b ≃ 4.64×10−6 g−1 · cm−2,

a ≃ 2.22× 10−3 GeV · g−1 · cm−2 and ρ = 2.65 g · cm−3

for the standard rock [94, 95]. For Eµ > 10 TeV, the
radiation losses will dominate over the ionization losses,
and the survival distance will follow a simple relation
λµ ∼ 4 km + 2 km · log10 [E/(100 TeV)] for standard
rock and λµ ∼ 15 km + 7 km · log10 [E/(100 TeV)]
for ice. The solid angle can be obtained with ∆Ω ∼
2π · |cos θMFP − cos θGR|. We then estimate the event
number by using Nµ =

∫

dEµ dNµ/dEµ ·Ageo ·T , where
for this estimation the geometrical area Ageo is fixed to

1 km2, and T ∼ 1 yr is the exposure. The number of
Glashow resonance events is obtained as Nµ ≃ 0.15 with
an input of the TGM spectrum and Nµ ≃ 0.025 with the
best-fit HESE spectrum [41].
There are two types of backgrounds for the Glashow

resonance signature: (i) the muon generated through
CCDIS with nucleons; (ii) the atmospheric muon back-
ground produced by high-energy cosmic rays. The atmo-
spheric background is relevant when the muon is coming
from the southern sky, while the northern sky of Ice-
Cube is basically shielded by the Earth. We take ac-
count of both the conventional atmospheric muon flux
from the full shower CORSIKA simulation [96] and the
prompt one from theoretical estimations [97] assuming
an isotropic distribution.
In Fig. 3, as a function of the muon energy and the

incoming zenith angle, we show the fraction of through-
going events induced by the Glashow resonance to the to-

tal events, including the Glashow resonance channel, the
CCDIS channel as well as the atmospheric muon back-
ground. A clear excess of events around the horizon in
the PeV energy region can be noticed. The contours in-
side which the fraction of Glashow resonance events over
all events is larger than the indicated value are shown.
The total number of the Glashow resonance events is 0.3
and 0.028 within the 10%-contour for one year of data
taking. Fig. 4 shows the distribution of the Glashow
resonance events with respect to the muon energy and
incoming zenith angle, respectively. In the left panel, we
have marginalized the muon energy in the range of the
10%-contour, while in the right panel, the muon zenith
angle has been marginalized. With ten years of event
accumulation, only 0.28 Glashow resonance events are
expected within the 10%-contour excessive parameter re-
gion. The future IceCube-Gen2 upgrade will increase the
muon event rate by a factor of about 4 around the hori-
zon with an increase of volume by a factor of nearly ten
[99]. For ten years data taking with IceCube-Gen2, one
expects the event number to be 1.12 within the contour.

IV. EARTH-SKIMMING NEUTRINOS

By lifting a telescope to high altitude, which could be
on the top of a mountain, attached to a balloon in flight,
or floating in outer space with a satellite, a large area
close to the horizon of the Earth can be overwatched. As
mentioned before, due to the attenuation effect of Earth
matter, neutrinos with large cross sections can be ob-
served only when they are coming from an angle slightly
below the Earth horizon. The decay of secondary tau
from Earth-skimming neutrinos induces a shower signal,
which can be detected by those telescopes with vari-
ous techniques [49, 50, 53, 65–74]. Among them, tele-
scopes with the Cherenkov and fluorescence techniques
are ready to reach an energy threshold as low as PeV, e.g.,
MAGIC [71], NTA [68], POEMMA [72], Trinity [73, 74],
and CHANT [70]. They can be used to probe νe via the
Glashow resonance production of tau.
We take CHANT as an example to illustrate the sen-

sitivity of this type to the νe detection via the Glashow
resonance channel. CHANT is a proposed space-borne
imaging atmospheric Cherenkov telescope (IACT) which
can achieve the most competitive sensitivity among sim-
ilar proposals in the neutrino energy range of PeV-EeV
[70]. The high altitude of the outer-space telescope
(∼ 300 km) enables the detection of high-energy neu-
trinos with a very wide field of view. Almost the entire
near-horizontal part of the Earth can be treated as the
target medium for neutrino interactions.
The decay length of tau at PeV energies is very short,

as mentioned previously, so we expect the conversion
probability of neutrinos into taus Pν→τ to be propor-
tional to λτ/λν . It seems that with a larger cross sec-
tion (smaller λν), the conversion efficiency will be larger,
such that the final event rate is also larger. Since the



6

−1.0 −0.5 0.0 0.5 1.0
cos (θ)

10−7

10−6

10−5

10−4

10−3

10−2

10−1

E
ve
nt

N
u
m
b
er
·
yr

−
1

Eµ ∈ 10% contour

Glashow Resonance µ

Charged Current µ

Total µ w/o background

103 104 105 106 107

Eµ [GeV]

10−5

10−4

10−3

10−2

10−1

100

E
ve
nt

N
u
m
b
er
·
yr

−
1

Glashow Resonance µ

Charged Current µ

Total µ w/o background

FIG. 4. The event number per year for through-going muons at IceCube as functions of the zenith angle (left panel) and
the muon energy (right panel). The atmospheric background is not included here. In the left panel, the Glashow resonance
excess arises when the incoming zenith angle is near the horizon. The event excess in the southern sky (cos θ > 0) is easily
contaminated by the atmospheric background. In the right panel, an excess at energies around PeV can be noticed.

cross section of the Glashow resonance is much larger
than the CCDIS one around the resonant energy, one
may expect a significant enhancement of the νe events.
However, very similar to the TGM at IceCube, this
turns out not to be the case in the Earth-skimming sce-
nario, and the reason is as follows. The final event rate
should be proportional to a combination of several terms
Nτ ∝ Pν→τ ·∆Ω ·Ageo with Ageo signifying the detector
acceptance of Cherenkov emission after tau decays, and
∆Ω being the contributing solid angle from the satellite.
∆Ω is determined by the critical zenith angle, at which
the chord length of neutrino trajectory inside Earth is
equal to the neutrino MFP. At the exact Glashow reso-
nance energy, the MFP of νe in Eq. (2) corresponds to an
extremely narrow angle below the horizon, i.e., 0.0004◦.
It is easy to verify that ∆Ω ∝ λ2

ν . Since λτ is fixed at the
resonant energy, the final event rate scales as Nτ ∝ λν .
On the other hand, for CCDIS, as the neutrino energy in-
creases, the available target volume of the Earth reduces
in the same manner. But this will be compensated by a
boost of the interaction length of tau λτ . The geometric
area Ageo will also increase due to a stronger Cherenkov
signal for a higher neutrino energy. In the following we
justify the qualitative discussion here with a numerical
calculation.
The detectable νe-induced tau flux through the

Glashow resonance channel is given by

ΦGR
τ (θ, Eτ ) =

∫

dEνe
Φsf

νe

dστ
νee

dEτ

ne · λτ , (7)

where Φsf
νe

stands for the νe flux near the Earth surface.

An approximation has been made in deriving Eq. (7) that
the energy loss of tau can be ignored and the decay length
of tau is very short in this energy range as discussed
previously. Those taus are basically produced within λτ

on average beneath the Earth surface, and then decay
in the atmosphere to produce EAS. On the other hand,
taus produced in CCDIS of ντ is a background for the
Glashow resonance event search, and its flux reads

ΦCC
τ (θ, Eτ ) =

∑

N=p,n

∫

dEντ
Φsf

ντ

dστ
ντN

dEτ

nN · λτ , (8)

where στ
ντN

is the cross section for τ production, and

other notations follow the definitions in previous equa-
tions. Setting the telescope to an altitude of 300 km, in
Fig. 5 we show the ratio of tau events from the Glashow
resonance to the sum of all contributing channels. The el-
evation angle α of incoming neutrinos with respect to the
vertical line has been defined, with αmax ≈ 72.75◦ when
the neutrino trajectory is tangent to the Earth surface.
The excess due to the Glashow resonance is mainly in
the region close to the horizon within a very narrow an-
gle ∼ 0.1◦. It is technically viable to resolve the events
in this narrow region, given that IACT has a very good
angular resolution ∼ 0.1◦. However, if we have the Ice-
Cube TGM best-fit spectrum as the input, with one year
of exposure the event number of only 0.024 is expected
within the 10%-contour. It is thus very difficult to cap-
ture the Glashow resonance signature by observing the
Earth-skimming neutrinos.
Another detection mechanism complementary to the

Earth-skimming technique is to observe the shower di-
rectly induced by a deeply penetrating neutrino in the
atmosphere [54, 64, 66]. This method is sensitive to neu-
trinos of all flavors. However, to reject the cosmic ray
background, it requires some additional techniques to dis-
criminate between the ‘old’ showers initiated by cosmic
rays and ‘young’ showers by neutrinos. The efficiency
will also drop due to the selection criteria.
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V. MOUNTAIN AS A TARGET

A high mountain can also be treated as a good target
for neutrino interactions [58, 59, 68, 100–105]. Neutrino-
induced tau signals can be detected by placing a tele-
scope on one side of a valley opposite to a mountain.
The mountain in this case acts both as a filter of cosmic
rays and a target volume for neutrino interactions. One
advantage of these kind of experiments is that the detec-
tion volume will not shrink like the previous cases as the
neutrino cross section increases.
There are several on-going and planned experiments

advancing towards this direction, e.g., GRAND [66],
Ashra [100, 103] and NTA [68]. The GRAND exper-
iment will use the radio array to monitor the mountain.
However, the minimal energy that GRAND is sensitive
to is limited by the triggering threshold of the anten-
nas. It might be challenging for the detection of neu-
trinos with energies down to the Glashow resonance at
GRAND. The Ashra experiment using the atmospheric
Cherenkov technique, has set a limit on the neutrino flux
from point sources in the PeV-EeV energy range, by over-
looking the Mauna Kea on Hawaii Island [100]. NTA is
a Cherenkov-fluorescence combined telescope on Hawaii
Island evolved from Ashra. We shall focus on the latter
case.
To illustrate the idea and make the result as trans-

parent as possible, the mountain will firstly be simplified
to a block with the thickness of L following Ref. [102].
Neutrinos are injected into this nominal mountain from
one side, interacting with the standard rock and gener-
ating observable taus which emerge from the other side
of the mountain wall. The conversion efficiency from an
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FIG. 6. The conversion efficiency from a mountain-
penetrating neutrino (νe or ντ ) to an emerging tau at the
mountain surface. The tau production via the Glashow reso-
nance channel is shown as the red band, while that through
CCDIS of ντ as the gray band. The band is obtained by
varying the mountain thickness from 0.1 km to 50 km. The
mountain is assumed to be composed of standard rock.

injected νe into a tau can be estimated with

P
GR
ν→τ =

λτ

λνe
− λτ

(

e
−L/λνe − e−L/λτ

) λνe

λGR
νee

× 11% , (9)

where λνe
≡

(

1/λGR
νee

+ 1/λCC
νeN

+ 1/λNC
νeN

)−1

is the total

MFP of νe, the fraction λνe
/λGR

νee
severely depends on

the neutrino energy around the Glashow resonance point,
and Br(W → τ + ντ ) ≃ 11%. On the other hand, the
conversion efficiency of ντ to a detectable tau is given by
[102]

PCC
ν→τ =

λτ

λντ
− λτ

(

e
−L/λντ − e−L/λτ

) λντ

λCC
ντN

, (10)

with λντ
/λCC

ντN
≃ 1 because CC interaction dominates.

In Fig. 6 we display the conversion efficiencies of both
the Glashow channel and the CCDIS case as a function
of the neutrino energy. A notable excess around the reso-
nance can be observed for neutrino energies from 5.5 PeV
to 7 PeV. The band is generated by varying the mountain
thickness from 0.1 km to 50 km. The efficiency peak cor-
responding to the Glashow resonance is almost one order
of magnitude larger than the CC one.
Not all emerged taus from the mountain surface can

be detected by the Cherenkov light collector. For the
case of the diffuse astrophysical neutrinos, a geometric
aperture can be defined to describe the acceptance that
an escaped tau be observed: Aτ

geo ≃ S ·∆Ω, with S be-
ing the surface area of the mountain facing the detector,
and ∆Ω being the solid angle covered by the Cherenkov
cone. This is a good approximation due to the fact that
taus at PeV energies will decay immediately after they
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indicated energy range as a function of the mountain thickness.

escape from the mountain. The mountain surface area
can be typically set as S ≃ 100 km2. The solid angle
covered by the Cherenkov emission is determined by sev-
eral factors, e.g., the tau energy prior to its hadronic
decay, the distance from the shower location as well as
the photon detection capability of the sensors. A value
of ∆Ω ≃ 0.024 sr might be taken, corresponding to a
Cherenkov angle of 5◦. For simplicity, we fix the geomet-
ric aperture for the tau detection of the nominal telescope
as Aτ

geo ≃ 1 km2 · sr. The final event rate can be obtained
with dNmt/(dEνdT ) = Φν A

τ
geo Pν→τ .

We display the differential event rates in the left panel
of Fig. 7. The best-fit diffuse flux given by the IceCube
TMG measurement has been extrapolated to 100 PeV
and is given as the input. A clear bump due to the
Glashow resonance of νe arises above the background of
ντ events. The event ratio of νe to ντ in the region of the
bump (5.5 PeV to 7 PeV) is as large as 3. In the right
panel of Fig. 7 we compare the νe event number inside
the resonant bump to the ντ one as a function of L. For
a mountain thickness from 1 km to 100 km, the ratio of
νe events to ντ background in the range of 5.5-7 PeV
(5-100 PeV) changes from 3.7 to 0.8 (from 0.4 to 0.05).
For very thin mountains, the target volume is restricted,
while for very thick ones, the νe near the resonance would
be attenuated. An ideal choice of the mountain thickness
for the νe detection is 1-10 km.
However, with the acceptance of Aτ

geo ≃ 1 km2 · sr, the
integrated event number for both ντ and νe are too low
for the diffuse neutrino flux measured by IceCube, e.g.,
Nνe

≃ 0.005 yr−1 and Nντ
≃ 0.02 yr−1 for Eν > 5 PeV

with the TGM best-fit flux. The event rate in a real-
istic experiment is subject to the actual profile of the
mountain and the detector configuration. One way to
improve the sensitivity might be the deployment of array
of Cherenkov detectors, such that a larger total solid an-
gle of the diffuse flux can be accessed. The fluorescence

detector can also be utilized to increase the angular ac-
ceptance. The sensitivity to neutrinos from a specific
point source behind the mountain could be higher. In
a similar way, the acceptance of the parallel tau flux
induced by neutrinos from the point source can be de-
scribed by the geometric area Aτ

geo ≃ D2/2 · ∆Ω, with
D being the distance from the Cherenkov detector to the
mountain surface. Given D = 25 km, the effective area
is estimated to be 7 km2, however, the actual number
may vary by orders of magnitude depending on the ex-
perimental details.
Here we take the planned Neutrino Telescope Array

(NTA) project as an example, as its sensitivities to both
point source and diffuse flux are comparable to or even
better than those of IceCube in the PeV to EeV energy
range. NTA can achieve a very competitive sensitivity by
observing the Earth-skimming and mountain-penetrating
neutrinos. Both Cherenkov light and fluorescence detec-
tors will be installed. For the case of the diffuse flux, one
may infer the geometric area for tau acceptance from
Fig. 17 of Ref. [68]. Taking the conversion efficiency of
ντ at 6.3 PeV with a mountain width of 10 km to be
5×10−5, the geometric aperture for the tau from the dif-
fuse neutrino flux may be speculated as 60 km2 · sr, much
larger than our previous toy setup. The enhancement
of the acceptance should be attributed to the multi-site
coverage as well as the deployment of the fluorescence
detector. With this experimental input, we find the total
Glashow event rate is 0.3 yr−1 with the best-fit spec-
trum of IceCube TGM sample. The p-value to observe
at least one neutrino event for one year full exposure
around the Glashow peak is 26%. If we adopt the softer
HESE best-fit spectrum instead, the rate will decrease
to 0.03 per year. Some earth-skimming neutrinos should
also have contributed to the sensitivity of NTA for dif-
fuse flux, which will decrease the Glashow rate estimation
here. So we conclude that it is viable but a little challeng-
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ing to observe the Glashow resonance signature from the
diffuse neutrino flux in the mountain-penetrating type
telescopes of the near future. A dedicated Monte-Carlo
simulation is necessary to make a more solid conclusion.
On the other hand, a positive detection of such event is a
good complement to the IceCube cascade event searches
[38, 39], of great scientific importance to the neutrino
astronomy.

VI. CONCLUDING REMARKS

The Glashow resonant scattering enhances the neu-
trino cross section in matter by orders of magnitude with
respect to the CCDIS case. For the cases of through-
going events at IceCube and the detection of Earth-
skimming neutrinos, the Glashow resonance will lead to
an event excess higher than 10% near the horizontal di-
rection of the telescope. The expected event number at
IceCube with ten years of data taking is only 0.28 within
the 10%-contour. A similar conclusion holds for the de-
tection of Earth-skimming neutrinos, e.g. only 0.024
events per year within the 10%-contour is expected for
a rather optimistic proposal like CHANT. For IceCube,
the cascades search is still the best window to observe
the Glashow resonance events.
In contrast, the detection of mountain-penetrating

neutrinos is potentially sensitive to the Glashow reso-

nance signature, as the solid angle will not shrink at
resonance as in the former two cases. However, a low
detection threshold down to 6.3 PeV must be achieved in
order to efficiently probe νe via the Glashow resonance
channel. The Cherenkov light detection complemented
by the fluorescence technique, e.g. in NTA, is promis-
ing for νe Glashow resonance detection if with enough
exposure and detection efficiencies.
Our study here can be straightforwardly extended

to the searches of new physics [106, 107], such as the
type-II seesaw and non-standard interactions. The
resonant scattering mediated by heavy new particles in
those PeV-EeV telescopes can be a promising channel
to probe new physics beyond the Standard Model. We
will leave this interesting possibility for a future study.
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Francis Halzen and Shun Zhou for useful discussions and
comments on the manuscript. GYH is supported in part
by the National Natural Science Foundation of China un-
der grant No. 11775232. QL is supported by NSF under
grants PLR-1600823 and PHY-1607644 and by the Uni-
versity of Wisconsin Research Council with funds granted
by the Wisconsin Alumni Research Foundation.

[1] M. G. Aartsen et al. (IceCube), “Evidence for High-
Energy Extraterrestrial Neutrinos at the IceCube De-
tector,” Science 342, 1242856 (2013), arXiv:1311.5238.

[2] Olga Mena, Sergio Palomares-Ruiz, and Aaron C. Vin-
cent, “Flavor Composition of the High-Energy Neu-
trino Events in IceCube,” Phys. Rev. Lett. 113, 091103
(2014), arXiv:1404.0017.

[3] Chien-Yi Chen, P. S. Bhupal Dev, and Amarjit Soni,
“Two-component flux explanation for the high energy
neutrino events at IceCube,” Phys. Rev. D92, 073001
(2015), arXiv:1411.5658.

[4] Sergio Palomares-Ruiz, Aaron C. Vincent, and Olga
Mena, “Spectral analysis of the high-energy Ice-
Cube neutrinos,” Phys. Rev. D91, 103008 (2015),
arXiv:1502.02649.

[5] M. G. Aartsen et al. (IceCube), “Flavor Ratio of As-
trophysical Neutrinos above 35 TeV in IceCube,” Phys.
Rev. Lett. 114, 171102 (2015), arXiv:1502.03376.

[6] A. Palladino, G. Pagliaroli, F. L. Villante, and F. Vis-
sani, “What is the Flavor of the Cosmic Neutrinos Seen
by IceCube?” Phys. Rev. Lett. 114, 171101 (2015),
arXiv:1502.02923.

[7] Carlos A. Argelles, Teppei Katori, and Jordi Salvado,
“New Physics in Astrophysical Neutrino Flavor,” Phys.
Rev. Lett. 115, 161303 (2015), arXiv:1506.02043.

[8] Mauricio Bustamante, John F. Beacom, and Walter
Winter, “Theoretically palatable flavor combinations of
astrophysical neutrinos,” Phys. Rev. Lett. 115, 161302
(2015), arXiv:1506.02645.

[9] M. G. Aartsen et al. (IceCube), “A combined maximum-
likelihood analysis of the high-energy astrophysical neu-
trino flux measured with IceCube,” Astrophys. J. 809,
98 (2015), arXiv:1507.03991.

[10] Mauricio Bustamante and Markus Ahlers, “Inferring
the flavor of high-energy astrophysical neutrinos at
their sources,” Phys. Rev. Lett. 122, 241101 (2019),
arXiv:1901.10087.

[11] Andrea Palladino, “The flavor composition of astro-
physical neutrinos after 8 years of IceCube: an indi-
cation of neutron decay scenario?” Eur. Phys. J. C79,
500 (2019), arXiv:1902.08630.

[12] Juliana Stachurska (IceCube), “IceCube High Energy
Starting Events at 7.5 Years – New Measurements of
Flux and Flavor,” EPJ Web Conf. 207, 02005 (2019),
arXiv:1905.04237 [hep-ex].

[13] Raj Gandhi, Chris Quigg, Mary Hall Reno, and Ina
Sarcevic, “Ultrahigh-energy neutrino interactions,” As-
tropart. Phys. 5, 81–110 (1996), arXiv:hep-ph/9512364.

[14] J. A. Formaggio and G. P. Zeller, “From eV to EeV:
Neutrino Cross Sections Across Energy Scales,” Rev.
Mod. Phys. 84, 1307–1341 (2012), arXiv:1305.7513.

[15] Ivan Esteban, M. C. Gonzalez-Garcia, Alvaro
Hernandez-Cabezudo, Michele Maltoni, and Thomas
Schwetz, “Global analysis of three-flavour neutrino os-
cillations: synergies and tensions in the determination
of θ23, δCP , and the mass ordering,” JHEP 01, 106
(2019), arXiv:1811.05487.

[16] Zhi-zhong Xing and Zhen-hua Zhao, “A review of µ-τ

http://dx.doi.org/ 10.1126/science.1242856
http://arxiv.org/abs/1311.5238
http://dx.doi.org/10.1103/PhysRevLett.113.091103
http://dx.doi.org/10.1103/PhysRevLett.113.091103
http://arxiv.org/abs/1404.0017
http://dx.doi.org/10.1103/PhysRevD.92.073001
http://dx.doi.org/10.1103/PhysRevD.92.073001
http://arxiv.org/abs/1411.5658
http://dx.doi.org/ 10.1103/PhysRevD.91.103008
http://arxiv.org/abs/1502.02649
http://dx.doi.org/10.1103/PhysRevLett.114.171102
http://dx.doi.org/10.1103/PhysRevLett.114.171102
http://arxiv.org/abs/1502.03376
http://dx.doi.org/ 10.1103/PhysRevLett.114.171101
http://arxiv.org/abs/1502.02923
http://dx.doi.org/ 10.1103/PhysRevLett.115.161303
http://dx.doi.org/ 10.1103/PhysRevLett.115.161303
http://arxiv.org/abs/1506.02043
http://dx.doi.org/10.1103/PhysRevLett.115.161302
http://dx.doi.org/10.1103/PhysRevLett.115.161302
http://arxiv.org/abs/1506.02645
http://dx.doi.org/10.1088/0004-637X/809/1/98
http://dx.doi.org/10.1088/0004-637X/809/1/98
http://arxiv.org/abs/1507.03991
http://dx.doi.org/10.1103/PhysRevLett.122.241101
http://arxiv.org/abs/1901.10087
http://dx.doi.org/ 10.1140/epjc/s10052-019-7018-7
http://dx.doi.org/ 10.1140/epjc/s10052-019-7018-7
http://arxiv.org/abs/1902.08630
http://dx.doi.org/ 10.1051/epjconf/201920702005
http://arxiv.org/abs/1905.04237
http://dx.doi.org/10.1016/0927-6505(96)00008-4
http://dx.doi.org/10.1016/0927-6505(96)00008-4
http://arxiv.org/abs/hep-ph/9512364
http://dx.doi.org/ 10.1103/RevModPhys.84.1307
http://dx.doi.org/ 10.1103/RevModPhys.84.1307
http://arxiv.org/abs/1305.7513
http://dx.doi.org/10.1007/JHEP01(2019)106
http://dx.doi.org/10.1007/JHEP01(2019)106
http://arxiv.org/abs/1811.05487


10

flavor symmetry in neutrino physics,” Rept. Prog. Phys.
79, 076201 (2016), arXiv:1512.04207.

[17] Zhi-Zhong Xing, “Neutrino telescopes as a probe of bro-
ken mu-tau symmetry,” Nucl. Phys. B Proc. Suppl. 168,
274–276 (2007).

[18] Kenneth Greisen, “End to the cosmic ray spectrum?”
Phys. Rev. Lett. 16, 748–750 (1966).

[19] G. T. Zatsepin and V. A. Kuzmin, “Upper limit of the
spectrum of cosmic rays,” JETP Lett. 4, 78–80 (1966),
[Pisma Zh. Eksp. Teor. Fiz.4,114(1966)].

[20] V. S. Berezinsky and G. T. Zatsepin, “Cosmic rays at
ultrahigh-energies (neutrino?),” Phys. Lett. 28B, 423–
424 (1969).

[21] Sheldon L. Glashow, “Resonant Scattering of Antineu-
trinos,” Phys. Rev. 118, 316–317 (1960).

[22] M. G. Aartsen et al. (IceCube), “IceCube-Gen2: A Vi-
sion for the Future of Neutrino Astronomy in Antarc-
tica,” (2014), arXiv:1412.5106.

[23] Luis A. Anchordoqui, Haim Goldberg, Francis Halzen,
and Thomas J. Weiler, “Neutrinos as a diagnostic of
high energy astrophysical processes,” Phys. Lett. B621,
18–21 (2005), arXiv:hep-ph/0410003.

[24] S. Hummer, M. Maltoni, W. Winter, and C. Yaguna,
“Energy dependent neutrino flavor ratios from cosmic
accelerators on the Hillas plot,” Astropart. Phys. 34,
205–224 (2010), arXiv:1007.0006.

[25] Zhi-zhong Xing and Shun Zhou, “The Glashow reso-
nance as a discriminator of UHE cosmic neutrinos orig-
inating from p-gamma and p-p collisions,” Phys. Rev.
D84, 033006 (2011), arXiv:1105.4114.

[26] Atri Bhattacharya, Raj Gandhi, Werner Rodejohann,
and Atsushi Watanabe, “The Glashow resonance at Ice-
Cube: signatures, event rates and pp vs. pγ interac-
tions,” JCAP 1110, 017 (2011), arXiv:1108.3163.

[27] Atri Bhattacharya, Raj Gandhi, Werner Rodejohann,
and Atsushi Watanabe, “On the interpretation of Ice-
Cube cascade events in terms of the Glashow reso-
nance,” (2012), arXiv:1209.2422.

[28] Vernon Barger, John Learned, and Sandip Pakvasa,
“IceCube PeV Cascade Events Initiated by Electron-
Antineutrinos at Glashow Resonance,” Phys. Rev.D87,
037302 (2013), arXiv:1207.4571.

[29] V. Barger, Lingjun Fu, J. G. Learned, D. Marfatia,
S. Pakvasa, and T. J. Weiler, “Glashow resonance as a
window into cosmic neutrino sources,” Phys. Rev. D90,
121301 (2014), arXiv:1407.3255.

[30] Andrea Palladino, Giulia Pagliaroli, Francesco L. Vil-
lante, and Francesco Vissani, “Double pulses and cas-
cades above 2 PeV in IceCube,” Eur. Phys. J. C76, 52
(2016), arXiv:1510.05921.

[31] Ian M. Shoemaker and Kohta Murase, “Probing
BSM Neutrino Physics with Flavor and Spectral Dis-
tortions: Prospects for Future High-Energy Neu-
trino Telescopes,” Phys. Rev. D93, 085004 (2016),
arXiv:1512.07228.

[32] Luis A. Anchordoqui, Martin M. Block, Loyal Du-
rand, Phuoc Ha, Jorge F. Soriano, and Thomas J.
Weiler, “Evidence for a break in the spectrum of as-
trophysical neutrinos,” Phys. Rev. D95, 083009 (2017),
arXiv:1611.07905.

[33] Matthew D. Kistler and Ranjan Laha, “Multi-PeV Sig-
nals from a New Astrophysical Neutrino Flux Beyond
the Glashow Resonance,” Phys. Rev. Lett. 120, 241105
(2018), arXiv:1605.08781.

[34] Daniel Biehl, Anatoli Fedynitch, Andrea Palladino,
Tom J. Weiler, and Walter Winter, “Astrophysical Neu-
trino Production Diagnostics with the Glashow Reso-
nance,” JCAP 1701, 033 (2017), arXiv:1611.07983.

[35] S. Adrian-Martinez et al. (ANTARES), “Search for Cos-
mic Neutrino Point Sources with Four Year Data of the
ANTARES Telescope,” Astrophys. J. 760, 53 (2012),
arXiv:1207.3105.

[36] S. Adrian-Martinez et al. (KM3Net), “Letter of in-
tent for KM3NeT 2.0,” J. Phys. G43, 084001 (2016),
arXiv:1601.07459.

[37] A. D. Avrorin et al. (Baikal-GVD), “Baikal-GVD: status
and prospects,” Proceedings, 20th International Semi-
nar on High Energy Physics (Quarks 2018): Valday,
Russia, May 27 -June 2, 2018, EPJ Web Conf. 191,
01006 (2018), arXiv:1808.10353.

[38] Lu Lu (IceCube), “Multi-flavour PeV neutrino search
with IceCube,” PoS ICRC2017, 1002 (2018).

[39] Lu Lu, Christian Haack, and Tianlu Yuan, “Icecube re-
cent results: Hint of first glashow resonance & the possi-
ble first neutrino source,” in Ultra High Energy Cosmic
Rays, Paris, France, 8-12 October (2018).

[40] M. G. Aartsen et al. (IceCube), “Observation of High-
Energy Astrophysical Neutrinos in Three Years of Ice-
Cube Data,” Phys. Rev. Lett. 113, 101101 (2014),
arXiv:1405.5303.

[41] Austin Schneider, “Characterization of the Astro-
physical Diffuse Neutrino Flux with IceCube High-
Energy Starting Events,” PoS ICRC2019, 1004 (2020),
arXiv:1907.11266 [astro-ph.HE].

[42] M. G. Aartsen et al. (IceCube), “Observation and Char-
acterization of a Cosmic Muon Neutrino Flux from the
Northern Hemisphere using six years of IceCube data,”
Astrophys. J. 833, 3 (2016), arXiv:1607.08006.

[43] J. Stettner (IceCube), “Measurement of the Diffuse As-
trophysical Muon-Neutrino Spectrum with Ten Years
of IceCube Data,” PoS ICRC2019, 1017 (2020),
arXiv:1908.09551 [astro-ph.HE].

[44] B. Baret and V. Van Elewyck, “High-energy neutrino
astronomy: Detection methods and first achievements,”
Rept. Prog. Phys. 74, 046902 (2011).

[45] G. A. Askar’yan, “Excess negative charge of an electron-
photon shower and its coherent radio emission,” Sov.
Phys. JETP 14, 441–443 (1962), [Zh. Eksp. Teor.
Fiz.41,616(1961)].

[46] David Saltzberg, Peter Gorham, Dieter Walz, Clive
Field, Richard Iverson, Allen Odian, George Resch,
Paul Schoessow, and Dawn Williams, “Observation
of the Askaryan effect: Coherent microwave Cherenkov
emission from charge asymmetry in high-energy parti-
cle cascades,” Phys. Rev. Lett. 86, 2802–2805 (2001),
arXiv:hep-ex/0011001.

[47] P. W. Gorham et al. (ANITA), “Observations of the
Askaryan effect in ice,” Phys. Rev. Lett. 99, 171101
(2007), arXiv:hep-ex/0611008.

[48] Ilya Kravchenko, S. Hussain, Dave Seckel, Dave Besson,
E. Fensholt, John Ralston, John Taylor, Ken Ratzlaff,
and Rob Young, “Updated Results from the RICE Ex-
periment and Future Prospects for Ultra-High Energy
Neutrino Detection at the South Pole,” Phys. Rev.D85,
062004 (2012), arXiv:1106.1164.

[49] P. W. Gorham et al. (ANITA), “Characteristics of
Four Upward-pointing Cosmic-ray-like Events Observed
with ANITA,” Phys. Rev. Lett. 117, 071101 (2016),

http://dx.doi.org/10.1088/0034-4885/79/7/076201
http://dx.doi.org/10.1088/0034-4885/79/7/076201
http://arxiv.org/abs/1512.04207
http://dx.doi.org/10.1016/j.nuclphysbps.2007.02.023
http://dx.doi.org/10.1016/j.nuclphysbps.2007.02.023
http://dx.doi.org/10.1103/PhysRevLett.16.748
http://dx.doi.org/ 10.1016/0370-2693(69)90341-4
http://dx.doi.org/ 10.1016/0370-2693(69)90341-4
http://dx.doi.org/ 10.1103/PhysRev.118.316
http://arxiv.org/abs/1412.5106
http://dx.doi.org/ 10.1016/j.physletb.2005.06.056
http://dx.doi.org/ 10.1016/j.physletb.2005.06.056
http://arxiv.org/abs/hep-ph/0410003
http://dx.doi.org/ 10.1016/j.astropartphys.2010.07.003
http://dx.doi.org/ 10.1016/j.astropartphys.2010.07.003
http://arxiv.org/abs/1007.0006
http://dx.doi.org/10.1103/PhysRevD.84.033006
http://dx.doi.org/10.1103/PhysRevD.84.033006
http://arxiv.org/abs/1105.4114
http://dx.doi.org/10.1088/1475-7516/2011/10/017
http://arxiv.org/abs/1108.3163
http://arxiv.org/abs/1209.2422
http://dx.doi.org/10.1103/PhysRevD.87.037302
http://dx.doi.org/10.1103/PhysRevD.87.037302
http://arxiv.org/abs/1207.4571
http://dx.doi.org/10.1103/PhysRevD.90.121301
http://dx.doi.org/10.1103/PhysRevD.90.121301
http://arxiv.org/abs/1407.3255
http://dx.doi.org/ 10.1140/epjc/s10052-016-3893-3
http://dx.doi.org/ 10.1140/epjc/s10052-016-3893-3
http://arxiv.org/abs/1510.05921
http://dx.doi.org/ 10.1103/PhysRevD.93.085004
http://arxiv.org/abs/1512.07228
http://dx.doi.org/10.1103/PhysRevD.95.083009
http://arxiv.org/abs/1611.07905
http://dx.doi.org/10.1103/PhysRevLett.120.241105
http://dx.doi.org/10.1103/PhysRevLett.120.241105
http://arxiv.org/abs/1605.08781
http://dx.doi.org/10.1088/1475-7516/2017/01/033
http://arxiv.org/abs/1611.07983
http://dx.doi.org/10.1088/0004-637X/760/1/53
http://arxiv.org/abs/1207.3105
http://dx.doi.org/10.1088/0954-3899/43/8/084001
http://arxiv.org/abs/1601.07459
http://dx.doi.org/ 10.1051/epjconf/201819101006
http://dx.doi.org/ 10.1051/epjconf/201819101006
http://arxiv.org/abs/1808.10353
http://dx.doi.org/10.22323/1.301.1002
https://indico.in2p3.fr/event/17063/contributions/64241/attachments/50397/64308/\UHECR{_}Paris{_}Lu{_}upload.pdf
https://indico.in2p3.fr/event/17063/contributions/64241/attachments/50397/64308/\UHECR{_}Paris{_}Lu{_}upload.pdf
http://dx.doi.org/ 10.1103/PhysRevLett.113.101101
http://arxiv.org/abs/1405.5303
http://dx.doi.org/10.22323/1.358.1004
http://arxiv.org/abs/1907.11266
http://dx.doi.org/10.3847/0004-637X/833/1/3
http://arxiv.org/abs/1607.08006
http://dx.doi.org/ 10.22323/1.358.1017
http://arxiv.org/abs/1908.09551
http://dx.doi.org/10.1088/0034-4885/74/4/046902
http://dx.doi.org/10.1103/PhysRevLett.86.2802
http://arxiv.org/abs/hep-ex/0011001
http://dx.doi.org/10.1103/PhysRevLett.99.171101
http://dx.doi.org/10.1103/PhysRevLett.99.171101
http://arxiv.org/abs/hep-ex/0611008
http://dx.doi.org/10.1103/PhysRevD.85.062004
http://dx.doi.org/10.1103/PhysRevD.85.062004
http://arxiv.org/abs/1106.1164
http://dx.doi.org/ 10.1103/PhysRevLett.117.071101


11

arXiv:1603.05218.
[50] P. W. Gorham et al. (ANITA), “Constraints on

the diffuse high-energy neutrino flux from the third
flight of ANITA,” Phys. Rev. D98, 022001 (2018),
arXiv:1803.02719.

[51] P. Allison et al. (ARA), “Performance of two Askaryan
Radio Array stations and first results in the search for
ultrahigh energy neutrinos,” Phys. Rev. D93, 082003
(2016), arXiv:1507.08991.

[52] S. W. Barwick et al. (ARIANNA), “A First Search
for Cosmogenic Neutrinos with the ARIANNA Hexag-
onal Radio Array,” Astropart. Phys. 70, 12–26 (2015),
arXiv:1410.7352.

[53] J. A. Aguilar et al., “The Next-Generation Ra-
dio Neutrino Observatory – Multi-Messenger Neu-
trino Astrophysics at Extreme Energies,” (2019),
arXiv:1907.12526.

[54] V. S. Berezinsky and A. Yu. Smirnov, “Cosmic neu-
trinos of ultra-high energies and detection possibility,”
Astrophys. Space Sci. 32, 461–482 (1975).

[55] G. Domokos and S. Kovesi-Domokos, “Observation
of UHE interactions neutrinos from outer space,”
AIP Conf. Proc. 433, 390–393 (1998), arXiv:hep-
ph/9801362.

[56] G. Domokos and S. Kovesi-Domokos, “Observation of
ultrahigh-energy neutrino interactions by orbiting de-
tectors,” (1998), arXiv:hep-ph/9805221.

[57] K. S. Capelle, J. W. Cronin, G. Parente, and E. Zas,
“On the detection of ultrahigh-energy neutrinos with
the Auger Observatory,” Astropart. Phys. 8, 321–328
(1998), arXiv:astro-ph/9801313.

[58] Daniele Fargion, Andrea Aiello, and Roberto Conver-
sano, “Horizontal tau air showers from mountains in
deep valley: Traces of UHECR neutrino tau,” in 26th
International Cosmic Ray Conference, Vol. 2, p. 396,
arXiv:astro-ph/9906450.

[59] Daniele Fargion, “Discovering Ultra High Energy Neu-
trinos by Horizontal and Upward tau Air-Showers: Ev-
idences in Terrestrial Gamma Flashes?” Astrophys. J.
570, 909–925 (2002), arXiv:astro-ph/0002453.

[60] Antoine Letessier-Selvon, “Establishing the GZK cutoff
with ultrahigh-energy tau neutrinos,” AIP Conf. Proc.
566, 157–171 (2001), arXiv:astro-ph/0009444.

[61] Jonathan L. Feng, Peter Fisher, Frank Wilczek,
and Terri M. Yu, “Observability of earth skimming
ultrahigh-energy neutrinos,” Phys. Rev. Lett. 88,
161102 (2002), arXiv:hep-ph/0105067.

[62] Alexander Kusenko and Thomas J. Weiler, “Neutrino
cross-sections at high-energies and the future observa-
tions of ultrahigh-energy cosmic rays,” Phys. Rev. Lett.
88, 161101 (2002), arXiv:hep-ph/0106071.

[63] Xavier Bertou, Pierre Billoir, O. Deligny, C. Lachaud,
and A. Letessier-Selvon, “Tau neutrinos in the Auger
Observatory: A New window to UHECR sources,”
Astropart. Phys. 17, 183–193 (2002), arXiv:astro-
ph/0104452.

[64] Alexander Aab et al. (Pierre Auger), “Improved limit
to the diffuse flux of ultrahigh energy neutrinos from
the Pierre Auger Observatory,” Phys. Rev.D91, 092008
(2015), arXiv:1504.05397.

[65] Alexander Aab et al. (Pierre Auger), “Probing the origin
of ultra-high-energy cosmic rays with neutrinos in the
EeV energy range using the Pierre Auger Observatory,”
JCAP 1910, 022 (2019), arXiv:1906.07422.

[66] Jaime lvarez Muiz et al. (GRAND), “The Giant Radio
Array for Neutrino Detection (GRAND): Science and
Design,” Sci. China Phys. Mech. Astron. 63, 219501
(2020), arXiv:1810.09994.

[67] Zhen Cao, M. A. Huang, P. Sokolsky, and Y. Hu, “Ul-
tra high energy ντ detection using Cosmic Ray Tau
Neutrino Telescope used in fluorescence/Cerenkov light
detection,” J. Phys. G31, 571–582 (2005), arXiv:astro-
ph/0411677.

[68] Makoto Sasaki and George Wei-Shu Hou, “Neutrino
Telescope Array Letter of Intent: A Large Array of
High Resolution Imaging Atmospheric Cherenkov and
Fluorescence Detectors for Survey of Air-showers from
Cosmic Tau Neutrinos in the PeV-EeV Energy Range,”
(2014), arXiv:1408.6244.

[69] A. Neronov, “Sensitivity of top-of-the-mountain fluores-
cence telescope system for astrophysical neutrino flux
above 10 PeV,” (2019), arXiv:1905.10606.

[70] A. Neronov, D. V. Semikoz, L. A. Anchordo-
qui, J. Adams, and A. V. Olinto, “Sensitivity
of a proposed space-based Cherenkov astrophysical-
neutrino telescope,” Phys. Rev. D95, 023004 (2017),
arXiv:1606.03629.

[71] M. L. Ahnen et al. (MAGIC), “Limits on the flux
of tau neutrinos from 1 PeV to 3 EeV with the
MAGIC telescopes,” Astropart. Phys. 102, 77–88
(2018), arXiv:1805.02750.

[72] John Krizmanic (POEMMA), “POEMMA: Probe Of
Extreme Multi-Messenger Astrophysics,” Proceedings,
Ultra High Energy Cosmic Rays (UHECR 2018): Paris,
France, October 8-12, 2018, EPJ Web Conf. 210, 06008
(2019).

[73] Adam Nepomuk Otte, “Studies of an air-shower imaging
system for the detection of ultrahigh-energy neutrinos,”
Phys. Rev. D99, 083012 (2019), arXiv:1811.09287.

[74] A. Nepomuk Otte, Anthony M. Brown, Michele Doro,
Abe Falcone, Jamie Holder, Eleanor Judd, Philip
Kaaret, Mos Mariotti, Kohta Murase, and Ignacio
Taboada, “Trinity: An Air-Shower Imaging Instru-
ment to detect Ultrahigh Energy Neutrinos,” (2019),
arXiv:1907.08727.

[75] Dan Hooper, “Measuring high-energy neutrino nucleon
cross-sections with future neutrino telescopes,” Phys.
Rev. D65, 097303 (2002), arXiv:hep-ph/0203239.

[76] E. Borriello, A. Cuoco, G. Mangano, G. Miele, S. Pas-
tor, O. Pisanti, and P. D. Serpico, “Disentangling
neutrino-nucleon cross section and high energy neutrino
flux with a km3 neutrino telescope,” Phys. Rev. D77,
045019 (2008), arXiv:0711.0152.

[77] Amy Connolly, Robert S. Thorne, and David Wa-
ters, “Calculation of High Energy Neutrino-Nucleon
Cross Sections and Uncertainties Using the MSTW Par-
ton Distribution Functions and Implications for Fu-
ture Experiments,” Phys. Rev. D83, 113009 (2011),
arXiv:1102.0691.

[78] Chien-Yi Chen, P. S. Bhupal Dev, and Amarjit Soni,
“Standard model explanation of the ultrahigh energy
neutrino events at IceCube,” Phys. Rev. D89, 033012
(2014), arXiv:1309.1764.

[79] Spencer R. Klein and Amy Connolly, “Neutrino Absorp-
tion in the Earth, Neutrino Cross-Sections, and New
Physics,” in Proceedings, 2013 Community Summer
Study on the Future of U.S. Particle Physics: Snowmass
on the Mississippi (CSS2013): Minneapolis, MN, USA,

http://arxiv.org/abs/1603.05218
http://dx.doi.org/ 10.1103/PhysRevD.98.022001
http://arxiv.org/abs/1803.02719
http://dx.doi.org/10.1103/PhysRevD.93.082003
http://dx.doi.org/10.1103/PhysRevD.93.082003
http://arxiv.org/abs/1507.08991
http://dx.doi.org/ 10.1016/j.astropartphys.2015.04.002
http://arxiv.org/abs/1410.7352
http://arxiv.org/abs/1907.12526
http://dx.doi.org/10.1007/BF00643157
http://dx.doi.org/10.1063/1.56127
http://arxiv.org/abs/hep-ph/9801362
http://arxiv.org/abs/hep-ph/9801362
http://arxiv.org/abs/hep-ph/9805221
http://dx.doi.org/ 10.1016/S0927-6505(97)00059-5
http://dx.doi.org/ 10.1016/S0927-6505(97)00059-5
http://arxiv.org/abs/astro-ph/9801313
http://arxiv.org/abs/astro-ph/9906450
http://dx.doi.org/10.1086/339772
http://dx.doi.org/10.1086/339772
http://arxiv.org/abs/astro-ph/0002453
http://dx.doi.org/10.1063/1.1378629
http://dx.doi.org/10.1063/1.1378629
http://arxiv.org/abs/astro-ph/0009444
http://dx.doi.org/ 10.1103/PhysRevLett.88.161102
http://dx.doi.org/ 10.1103/PhysRevLett.88.161102
http://arxiv.org/abs/hep-ph/0105067
http://dx.doi.org/ 10.1103/PhysRevLett.88.161101
http://dx.doi.org/ 10.1103/PhysRevLett.88.161101
http://arxiv.org/abs/hep-ph/0106071
http://dx.doi.org/ 10.1016/S0927-6505(01)00147-5
http://arxiv.org/abs/astro-ph/0104452
http://arxiv.org/abs/astro-ph/0104452
http://dx.doi.org/10.1103/PhysRevD.91.092008
http://dx.doi.org/10.1103/PhysRevD.91.092008
http://arxiv.org/abs/1504.05397
http://dx.doi.org/ 10.1088/1475-7516/2019/10/022
http://arxiv.org/abs/1906.07422
http://dx.doi.org/ 10.1007/s11433-018-9385-7
http://dx.doi.org/ 10.1007/s11433-018-9385-7
http://arxiv.org/abs/1810.09994
http://dx.doi.org/10.1088/0954-3899/31/7/004
http://arxiv.org/abs/astro-ph/0411677
http://arxiv.org/abs/astro-ph/0411677
http://arxiv.org/abs/1408.6244
http://arxiv.org/abs/1905.10606
http://dx.doi.org/ 10.1103/PhysRevD.95.023004
http://arxiv.org/abs/1606.03629
http://dx.doi.org/ 10.1016/j.astropartphys.2018.05.002
http://dx.doi.org/ 10.1016/j.astropartphys.2018.05.002
http://arxiv.org/abs/1805.02750
http://dx.doi.org/10.1051/epjconf/201921006008
http://dx.doi.org/10.1051/epjconf/201921006008
http://dx.doi.org/10.1103/PhysRevD.99.083012
http://arxiv.org/abs/1811.09287
http://arxiv.org/abs/1907.08727
http://dx.doi.org/10.1103/PhysRevD.65.097303
http://dx.doi.org/10.1103/PhysRevD.65.097303
http://arxiv.org/abs/hep-ph/0203239
http://dx.doi.org/ 10.1103/PhysRevD.77.045019
http://dx.doi.org/ 10.1103/PhysRevD.77.045019
http://arxiv.org/abs/0711.0152
http://dx.doi.org/10.1103/PhysRevD.83.113009
http://arxiv.org/abs/1102.0691
http://dx.doi.org/10.1103/PhysRevD.89.033012
http://dx.doi.org/10.1103/PhysRevD.89.033012
http://arxiv.org/abs/1309.1764


12

July 29-August 6, 2013, arXiv:1304.4891 [astro-ph.HE].
[80] M. G. Aartsen et al. (IceCube), “Measurement of the

multi-TeV neutrino cross section with IceCube us-
ing Earth absorption,” Nature 551, 596–600 (2017),
arXiv:1711.08119.

[81] Mauricio Bustamante and Amy Connolly, “Extracting
the Energy-Dependent Neutrino-Nucleon Cross Section
above 10 TeV Using IceCube Showers,” Phys. Rev. Lett.
122, 041101 (2019), arXiv:1711.11043.

[82] M. Tanabashi et al. (Particle Data Group), “Review of
Particle Physics,” Phys. Rev. D98, 030001 (2018).
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