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Abstract In light of the exciting campaign of cosmogenic
neutrino detection, we investigate the double and multiple
tau bangs detectable at future tau neutrino telescopes. Such
events are expected from the Standard Model (SM) higher-
order processes, which can be easily identified with broad
techniques anticipated at future tau neutrino telescopes. We
find that SM perturbative processes can already contribute
observable double-bang events to telescopes with a sensitiv-
ity of collecting O(100) cosmogenic neutrino events. The
detectable but suppressed rate in fact makes the double and
multiple bangs an excellent probe of SM unknowns and pos-
sible new physics beyond. As a case study, the nonperturba-
tive sphaleron process, which can copiously produce multiple
tau bangs, is explored.

1 Introduction

The energy frontier of particle collisions has been pushed
with continuous efforts. Other than artificial colliders, the
free cosmic particle fluxes have offered us another opportu-
nity to study particle physics. Remarkably, many cosmic rays
and gamma rays at ultrahigh energies have been observed
with the ground-based arrays [1–6]. Ultrahigh energy neu-
trinos, as the most elusive messenger associated with this
frontier, were also detected up to O(PeV) energies by the
IceCube Observatory [7–9]. Yet, the cosmogenic neutrinos
with energies as high as EeV ≡ 103 PeV, which are guaran-
teed by the Greisen–Zatsepin–Kuzmin mechanism [10–12],
have not been observed [13–15].

In the near future, robust observations of the EeV neutrino
flux are highly anticipated with a large number of experimen-
tal programs [16–34]; see Ref. [16] for a recent compilation.
Among them, a promising experimental class is the tau neu-
trino telescope [35–46], which detects the decay products
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of tau leptons converted from tau neutrinos. With this new
energy frontier being established, an unprecedented center-
of-mass (COM) energy of more than 43 TeV for the neutrino-
nucleon collision can be reached, much higher than that has
been achieved in laboratories. This guarantees a new place
to probe the Standard Model (SM) of particle physics and
possible new physics beyond. However, general issues of its
particle physics potential are the large SM background and
systematic uncertainties of the initial neutrino flux [16,47–
53]. In such a case, new physics effects mostly manifest
themselves indirectly by affecting the energy and angular
distributions of tau events.

In this work, we explore a powerful topology at tau neu-
trino telescopes, the double- and multi-bang (≥ 3) events.
Such events can be generated from higher-order (perturba-
tive) processes in the SM, which by themselves are observ-
able with the upcoming experimental programs. Further-
more, the relatively suppressed rate makes such events a
distinctive probe of various physics unknowns. As a con-
crete example, we study the production of the well-motivated
sphaleron, expected from SM nonperturbative processes, by
the neutrino-nucleon scattering with an EeV incoming neu-
trino flux.

2 Distinctive double and multiple tau bangs

Tau neutrino telescopes are designed to observe the exten-
sive air shower produced by the decay of a tau lepton (a “sin-
gle bang”), originated from the charged-current (CC) deep-
inelastic scattering (DIS) ντ + N → τ + X , with N being
the nucleus and X being the nuclear remnant. The extensive
air shower can either be directly captured [38] or indirectly
observed in forms of radio emission, Cherenkov light, fluo-
rescence and so on [34,54–61].

In those cases discussed, the extensive air shower is con-
sidered to be produced from a single tau bang, and the sensi-
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Fig. 1 Representative Feynman diagrams for the neutrino-nucleus
scattering, with the productions of a single tau at the leading order
(a) as well as double (b, c1 and c2) and triple taus (c3). The sphaleron
process (d) producing multiple taus is also illustrated. Note that not all
diagrams with the same final state are shown

tivities to the cosmogenic neutrino flux are estimated based
on this assumption [19–28,28–34]. While this is true at the
leading order (LO), the novel double- and multi-bang events
can arise from the higher-order processes in the SM [50,62–
68], which cannot be neglected providing the future detection
potential. In general, these processes (see Fig. 1) are repre-
sented by

ν� + N → n τ + X, (1)

where � ∈ {e, μ, τ } stands for the neutrino flavor and n ≥ 2
is the number of taus produced in this reaction. Two or
more taus then decay subsequently to produce the double
or multiple extensive air showers, within a short time win-
dow. Besides the higher-order processes, multiple tau final
states are also predicted by the nonperturbative sphaleron
process in the SM, when a certain energy threshold is reached.
Moreover, new physics scenarios such as the microscopic
black hole can induce similar outgoing states [69–80]. Note
that our double-bang event from di-tau is different from the
“double-bang” topology at IceCube [81,82], for which the
first bang is generated from ντ → τ +X and the second bang
is from τ → any. For tau neutrino telescopes that observe
air showers, the scattering vertex ντ → τ + X inside matter
is unobservable [20].

In Fig. 1, we give several representative diagrams rele-
vant for EeV cosmogenic neutrinos. Diagram (a) is just the

Fig. 2 The schematic diagram (not to scale) of the detection of double
and multiple tau bangs, originated from the processes in Fig. 1. For
illustration, two prototypical telescopes, GRAND and Trinity, are taken

leading-order CC scattering, which dominates the neutrino-
nucleon cross section above a few TeV. Diagrams (b), (c1),
(c2) and (c3) are capable of producing two and even three taus
in a single collision. Among them, diagram (b) is initiated by
a bottom parton in the nucleon [50], for which a top quark
is generated and subsequently decays into a tau. Whereas
diagrams (c1), (c2) and (c3) are initiated by gauge boson
contents, i.e., γ , Z and W , inside the nucleus. In general,
the cross section initiated by γ is much larger than those by
W and Z , and can also benefit from the coherent scattering
at the nucleus level. The last process, represented by dia-
gram (d), takes place via a nonperturbative sphaleron with
the COM energy

√
s > Esp ∼ 9 TeV. We will come back to

the detailed analyses of those processes in later discussions.
How do the di-tau and multi-tau productions manifest

themselves when confronted with the actual experimental
configurations? To see it, we take GRAND [20] and Trin-
ity [21,22,83,84] as two representative ground-based tele-
scopes, and discuss their prospects in identifying the double
and multiple bangs.

GRAND has a mountain-valley topography, where the
radio detection arrays sit on a mountain slope, facing towards
another mountain over a valley (see Fig. 2 for a schematic
picture). Radio arrays with 10k antennas form a projection
screen of the area 100 × 100 km2, with adjacent antennas
separated by a distance of 1 km. Providing 20 replicates
of such arrays (GRAND200k), an unprecedented sensitiv-
ity to the cosmogenic neutrino flux E2� ∼ 10−10 GeV ·
cm−2 · sr−1 · s−1 can be achieved with a 10-year exposure
[20]. In contrast, Trinity observes the Cherenkov light emit-
ted from the extensive air shower induced by tau decays.
Instead of containing the whole shower profile like GRAND,
Trinity monitors the activity of only beamed photons but
with a wide field of view. An integrated sensitivity E2� ∼
5.9 × 10−10 GeV · cm−2 · sr−1 · s−1 is expected with three
stations and 10 years of exposure [21,22].

A schematic diagram of the effect of the double and mul-
tiple bangs is illustrated in Fig. 2. Two or three taus are first
generated from a single neutrino interaction in matter. After
emerged from the mountain or Earth surface, those taus prop-
agate an average distance of 50 km·(Eτ /EeV) and then decay
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in the air. There is a large randomness in tau decays, which
allows the spatial separation of several bangs. Finally, those
extensive air showers will be observed within a short coin-
cidence window, and resolved if they are separated enough.
Depending on the actual experimental design, both timing
and spatial information can be utilized to resolve the dou-
ble and multiple bangs. For the specific GRAND and Trinity
setups, some remarks are given as follows.

– By design, GRAND antennas will have an excellent time
resolution (∼ 5 ns) [20]. This is in fact the essential ingre-
dient for GRAND to reconstruct the arrival direction of
the extensive air shower, by looking at the timing dif-
ference in triggered antennas. As for double bangs, the
tau, which decays closer to the radio arrays, will trig-
ger a more concentrated zone. Whereas, the other tau
will cover more antennas with the same radio emission
cone. For some mutual off-axis antennas in coverage
of two bangs, there will be characteristically two radio
pulses arriving in sequence. To set the scale of the typi-
cal timing difference, we assume the GRAND screen to
sit on a mountain slope inclined by 3◦ and the distance
between adjacent antennas to be 1 km. Then, suppose that
two taus, emerging from the horizon, decay subsequently
around 100 km away from the arrays and are separated
by 5 km. Taking the Cherenkov cone to be 1.5◦, there
will be around 400 antennas triggered in total. For the
antenna near the edge of the Cherenkov cone, the tim-
ing difference of two bangs is found to be 5.3 ns. Given
the time resolution power of GRAND, those two pulses
should be resolvable. Furthermore, apart from the tim-
ing information, the spatial radio footprints of two show-
ers, which overlap with each other, are also promising
to resolve with dedicated simulations. This can be seen
from GRAND’s excellent power in measuring the column
depth of the shower maximum Xmax. A target precision
of σ(Xmax) ∼ 20 g · cm−2 is already achievable with the
radio technique [85,86], which roughly corresponds to a
resolvable distance of d = 0.17 km given the atmosphere
density ρatm ≈ 1.2 × 10−3 g · cm−3.

– For Trinity, multiple separate tau bangs are both resolv-
able in direction and in timing. Trinity has an excellent
field of view around the Earth horizon, and the pho-
ton sensitivity is not lost even far outside the typical
Cherenkov cone of 1.5◦ for the EeV shower. Hence, we
do not expect any obvious obstacles for Trinity to iden-
tify two or more bangs. The only requirement is from the
intrinsic angular resolution ∼ 0.3◦ of the camera [21].
This corresponds to a resolvable trajectory distance of
3 km if the showers are typically 100 km away from the
station and the off-axis angle of showers is 10◦. The typ-
ical probability distributions of the distance between two
bangs are given in the Appendix. The probability to have

a separation less than 3 km (30 km) is ∼ 10% (70%) for
two taus of 0.5 EeV. The timing information can also be
utilized to distinguish such events from the single bang at
Trinity. For the above off-axis shower, the timing differ-
ence of two bangs separated by 3 km is found to be 157 ns.
If the shower is strictly horizontal, i.e., the telescope is
on the axis of the shower, we cannot distinguish several
tau bangs. However, we note that such events are very
rare in the overall event sample, given the large accep-
tance angle of Trinity [21]. The possible reinforcement
of trajectory-sensitive fluorescence detectors will further
enhance the ability to reconstruct such events.

Note that the air shower development occurs along a finite
length and will partly smooth away the sharp timing and spac-
ing difference of several bangs. In practice, a likelihood anal-
ysis may be necessary to single out such events. In principle,
other ground-based tau neutrino telescopes, e.g., Ashra-NTA
[33], BEACON [30,31] and TAMBO [29], also have great
potentials in identifying such events with similar setups.

There are also space-borne tau neutrino telescopes, such
as POEMMA, deploying satellites in orbit with an altitude of
525 km [28]. POEMMA in Limb mode monitors the shower
activity near the Earth horizon. However, due to the large
distance (∼ 2640 km) from satellites to the shower in the
atmosphere, it will be challenging to clearly distinguish sev-
eral bangs with the decay length of 50 km at EeV energies.
Hence, we do not consider such telescopes in this work.

We have seen the potential of ground-based telescopes in
identifying the double- and multi-bang events. We move on
to estimating the event rates of those processes as in Fig. 1.

3 Perturbative di-tau and tri-tau productions

Due to the relatively small flux of cosmogenic neutrinos at
high energies, a large detection volume is required for a pos-
itive observation. The detection principle makes tau neutrino
telescopes very sensitive to cosmogenic neutrinos around
EeV energy scales, where a bump of flux is usually expected.
However, as a tradeoff of the large detection volume, below
Eν = O(10 PeV) the signal becomes too weak to trigger
the detection threshold and the sensitivity of most telescopes
falls off. In such a case, the Glashow resonance from the
neutrino-electron scattering at Eν = 6.3 PeV will be sup-
pressed for the detection at most tau neutrino telescopes; for
relevant discussions, see Refs. [39,40,48,50]. Thus, we only
focus on the neutrino-nucleus scattering in this work.

At the leading order, the DIS dominates the neutrino-
nucleus cross sections for Eν > O(10 PeV). Going beyond
that, the interest in higher-order processes of the neutrino-
matter scattering arises recently [50,62–68]. In particular,
the process νe,μ + N → τ + ντ + X was found to contribute
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Fig. 3 Cross sections of the neutrino-nucleus scattering including: the
leading-order CC conversion (black curve), di-tau production initiated
by b quark (purple curve), DIS γ (red solid curve), coherent γ (red
dashed curve), or Z (red dotted curve), as well as tri-tau production
(blue curve). We take 16O to be the nucleus, and those cross sections
are averaged over the nucleon number

a background of a few percent to the detection of cosmogenic
tau neutrinos [50]. However, such a contribution is hard to
disentangle from the intrinsic flux uncertainty of cosmogenic
neutrinos.

The on-shell W (or Z ) production becomes kinematically
viable when Eν > m2

W /(2mN ) ≈ 3.4 TeV for neutrino-
nucleon scatterings (as illustrated in Fig. 1), which is differ-
ent from the suppressed trident production usually discussed
[87–91]. The W production in diagrams (c1) and (c2) of
Fig. 1 can be initiated by both γ and Z . However, because of
the collinear enhancement of the massless photon, the major
contribution comes from the photon-initiated process at rel-
atively low energy scales. Diagram (c1) has a tau propagator
and is dominant below Eν ≈ 0.6 EeV, whereas above that
diagram (c2) with the W -γ fusion becomes the dominant
channel. The Z production in diagram (c3) and additional
diagrams with the same final state (not shown) is suppressed
by the heavy mass of W . We have calculated all possible
diagrams and summarize those cross sections in terms of
the incoming neutrino energy in Fig. 3. The branching ratios
Br(W → τντ ) ≈ 11% and Br(Z → ττ) ≈ 3.4% have been
taken into account for our di-tau and tri-tau productions.
For the DIS, the parton distribution functions (PDFs) from
CT18qed set [92] have been used.

An estimation of the double- and multi-bang events is pos-
sible, considering that higher-order processes only manifest
themselves as perturbations to the neutrino and tau fluxes.
The event number can be roughly estimated by comparing
the respective cross section σnτ to the leading-order one σCC.
Due to the tau decay and energy loss processes, the largest
length scale Lτ that a tau can travel in medium is around
50 km for all possible energies, which is much shorter than
that of a neutrino. Hence, tau events registered in the tele-

scope are essentially produced within a thin layer of 50 km
close to the matter surface. As a result, the event numbers for
both the leading-order and higher-order processes roughly
follow the relation

N1τ/nτ ∝ �out
ν · σCC/nτ · Lτ · Pdet

1τ/nτ , (2)

where �out
ν is the exiting neutrino flux near the Earth surface,

which can be derived by solving the propagation equation
inside matter, and Lτ is the aforementioned largest length
scale that a tau can travel in the Earth medium, maximally
around 50 km and also limited by the intrinsic matter thick-
ness. Moreover, Pdet

1τ/nτ is the probability that the exiting tau
can be accepted by the detector, which depends on its energy
and emerging angle. In principle, this probability should be
determined by Monte-Carlo simulations including the effects
of the tau decay, the shower development as well as the detec-
tor response. However, we do not attempt to tackle this issue
in the present work. Instead, we only check the significance
of the double- and multi-bang events with the ready materi-
als.

By canceling mutual terms for leading- and higher-order
processes in Eq. (2), we arrive at

Nnτ

N1τ

≈ σnτ · Pdet
nτ

σCC · Pdet
1τ

. (3)

For the single tau case, the detection probability reads Pdet
1τ =∫

ds pdecay(Eτ , s) pdet(Eτ ,	, s), where s is the distance
traveled by tau before the decay, 	 is the incoming angle,
pdecay is the decay probability and pdet is the probability
to trigger the detector. The detector response to the single
tau Pdet

1τ is almost saturated for tau energies higher than
O(1 EeV). As an example, see Fig. 24 of Ref. [20] for
GRAND, where the dependence of the effective detection
area on Eν becomes mild around (1 − 10) EeV. For two
or more taus, the detection probability Pdet

nτ further depends
on the actual efficiency to distinguish such events from sin-
gle bang, which should not to be a fundamentally diffi-
cult issue as we argued previously. If the efficiency is of
order one and all final-state taus are energetic (> EeV), we
should expect Pdet

nτ ∼ Pdet
1τ , which leads to the rough relation

N1τ /Nnτ ∼ σCC/σnτ . However, we should note that if the
tau energy is too low to trigger the detector, this simple rela-
tion will overestimate the double- and multiple-bang events.
In such a case, the actual number requires a dedicated sim-
ulation of the detector response, which is, however, beyond
the scope of the present work. In the Appendix, we give the
probability distributions of the energy of two taus, and the
probability that both taus have energies higher than Eν/10
can be 50%.

Now, let us first estimate the single-bang events based on
given differential sensitivities of GRAND [20] and Trinity
[21,22]. The sensitivities to the cosmogenic neutrino flux
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from the single bang are already given for various ground-
based telescopes. To be definite, we briefly explain in the
following how the differential sensitivities were obtained and
how to use them to get the actual events for a given input flux.
For a specific telescope, the all-flavor sensitivity, defined as
the 90% confidence level to observe a positive signal within
an energy decade, is recast as [93]

F(Eν) = 2.44 × Nν

log(10) Eν 〈A	〉 T . (4)

Here, 2.44 is the required expectation value of event number,
Nν = 3 represents three generations of neutrinos, log(10)

sets the energy interval on the logarithmic scale to be a
decade, 〈A	〉 is the effective aperture of the telescope for
tau neutrinos, and T = 10 year is the observational time.
Note that the effective aperture can be obtained reversely if
the differential sensitivity is given.

For a given input of the cosmogenic neutrino flux
E2

νd�ν/dEν , the differential event for the single bang can
be obtained with

dN1τ

d log10 Eν

= 2.44 E2
ν

d�ν

dEν

1

F(Eν)
. (5)

When E2
νd�ν/dEν = F(Eν), we reproduce the definition of

the differential sensitivity, i.e., 2.44 events per energy decade.
The nτ event number can be roughly estimated by using
the relation in Eq. (3). Under the optimistic assumption of
Pdet
nτ ∼ Pdet

1τ , we have

dNnτ

d log10 Eν

∼ dN1τ

d log10 Eν

σnτ (Eν)

σCC(Eν)
. (6)

The total event number can be obtained by integrating over
the energy.

The obtained numbers of single-, double- and triple-bang
events are listed in Table 1, for several ground-based tele-
scopes. Note that for TAMBO [29], the acceptance to the
neutrino flux with Eν > 0.1 EeV is not officially given; there-
fore the numbers shown there should be interpreted as lower
bounds. For demonstration, we take the cosmogenic neutrino
flux from Ref. [25], which was produced based on recent
cosmic ray data of Telescope Array [94]. We have taken the
median flux (i.e., the middle of the flux range on the loga-
rithmic scale) in the allowed statistical range, which is well
compatible with the existing constraints on the cosmogenic
neutrino flux [13–15]. Unless very pessimistic flux predic-
tions are chosen, the neutrino events will not be affected by
orders of magnitude by adopting some popular flux choices;
see, e.g., Ref. [51]. In general, with an observation ofO(100)

standard single-bang events, one would expect O(1) double-
bang events, whereas the triple-bang rate is rather suppressed
and negligible in light of the foreseeable programs.

The observation of double-bang events itself is important
for our understanding of how neutrinos interact at ultralight-

high energy scales. Moreover, because such events are very
distinctive experimentally, the detectable but suppressed rate
actually makes them an excellent probe of physics unknowns.
One of the examples to be discussed is the sphaleron process.

4 The sphaleron process and nonperturbative
production of many

The baryon and lepton numbers are violated by nonper-
turbative processes in the SM [95–97], when a transition
takes place between vacua characterized by different inte-
ger Chern–Simons numbers. Topologically distinct vacua
are separated by an energy barrier of Esp ∼ mW /αW with
αW ≈ 1/30, associated with the sphaleron configuration
[98–100]. At low energy scales, the transition between differ-
ent vacua is possible via the quantum tunneling effect (instan-
ton), which is however exponentially suppressed. In the early
Universe, the transition violating B+L number becomes very
efficient beyond tunneling [101], when the temperature can
overcome the sphaleron energy barrier Esp. This possibility
has been thought to be a crucial ingredient for the baryon
asymmetry in our Universe [102–109].

The sphaleron process might also be possible for two-
particle collisions at nearly zero temperature, when the COM
energy can overcome the sphaleron barrier. The formation
of coherent sphaleron state from two-particle collisions was
thought to be suppressed [110–121]. However, recent stud-
ies including the sphaleron periodicity (through multiple
sphaleron) suggest counter results [122–124]. While this fun-
damental issue itself is still under debate, one can instead
turn to the high-energy experimental frontiers for the answer
[125–132]. In particular, possible high-multiplicity events at
cosmic ray detectors have been studied [129], with assumed
background rejection methods. At EeV energies, the primary
sphaleron process can on average produce O(400) initial
pions in the air shower, compared to the CC/NC one with
only O(100) pions [129].

In our case, the double- and multi-bang topology is very
clean in identifying the sphaleron events. Considering that
the COM energy of the neutrino-nucleon collision can be
as high as 43 TeV 
 Esp ∼ 9 TeV for an EeV incoming
neutrino, the detection of cosmogenic neutrinos will be a
powerful probe of sphalerons. The process of our concern
reads [110,111,133]

ν� + N → 2l + 8q + nB W/Z/γ + X, (7)

where two anti-leptons l (can be τ ) have flavors different
from the incoming neutrino ν�, and nB is the number of gauge
bosons produced. From the decay of W/Z or top quark, one
can have multiple taus in the final state. The sphaleron reac-
tion features a large multiplicity in the final state, and the
average number of radiated gauge bosons is of the order of
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Fig. 4 Cross sections of the neutrino-nucleon scattering via the
sphaleron process. Without the s-wave unitarity requirement, the cross
section for Esp = 9 TeV and psp = 1 is given by the red dashed curve.

The inclusion of unitarity leads to the red solid (psp = 10−3) and red
dotted (psp = 1) curves, respectively

nB ∼ 1/αW ≈ 30 [110]. In our analysis, we do not attempt
to get into the sphaleron dynamics of the process, for which
a solid theoretical evaluation is lacking thus far. Instead, we
can take nB ≈ 30 and further assume a flat phase space for
the final state, such that the average energy of each outgoing
particle reads E = Eν/(10+nB) ≈ 0.25 EeV·Eν/(10 EeV).
Moreover, the production ratio of W+:W−:Z :γ is assumed
to be 1:1: cos2 θW: sin2 θW [133].

Taking account of the branching ratios of W → τντ and
Z → ττ , the probability to have nτ with n ≥ 2 (or n ≥ 3)
from the sphaleron process is high, around p = 83% (or
61%) for νe,μ and p = 74% (or 49%) for ντ in the initial
state. The difference between the scenarios of νe,μ and ντ

stems from the fact that νe,μ has a probability of producing
a primary τ through the �Lτ = 1 sphaleron process while
ντ does not.

The parton-level cross section of the sphaleron process
can be parameterized as [125,133]

σ0(ŝ) = psp

m2
W


(
√
ŝ − Esp), (8)

where
√
ŝ is the total energy in the neutrino-parton COM

frame, psp controls the overall scattering strength, and the
Heaviside function is motivated by the consideration of the
sphaleron barrier. Since the sphaleron process is approxi-
mately pointlike and spherically symmetric, its cross sec-
tion should be ceiled by the s-wave unitarity requirement
of the scattering matrix, namely σunitarity = 16π/ŝ for√
ŝ > Esp [133], which is often ignored. For the phenomeno-

logical study, a reasonable choice of the cross section is
σ = min{σ0, σunitarity} [132,133], implying that the higher-
order corrections should come to the rescue when the uni-
tarity is saturated. The total neutrino-nucleon cross section
can then be obtained by convolving the parton-level one with
quark PDFs.

An illustration of cross sections of the sphaleron process
is given in Fig. 4 by taking the sphaleron energy scale to be
Esp = 9 TeV. The most notable message is that the s-wave
unitarity requirement sets an upper bound to the sphaleron
cross section, shown as the brown shaded region. A value of
psp ≈ 0.002 can already saturate the unitarity bound. With-
out the unitarity ceiling, the sphaleron process can be even
more efficient than the standard CC conversion (not s-wave)
for Eν > 108 GeV. Imposing unitarity will considerably
reduce the sphaleron cross section, e.g., down to 2% of the
CC process at Eν = 109 GeV. However, we note that all
three neutrino flavors can contribute to the sphaleron process
while only ντ contributes to the CC conversion to tau.

As shown in Table 1, the combination of several tele-
scopes, capable of collecting O(300) cosmogenic neutrino
events, can detect O(10) double and multiple bangs orig-
inated from the sphaleron process even with the unitarity
bound. The anticipated signal is beyond the background pre-
dicted by our perturbative calculations. However, we want
to emphasize that the results here more or less overestimate
the sphaleron event number because the final-state tau energy
is degraded by orders of magnitude compared to the initial
neutrino. The actual reduction in the event number depends
on the shape of the cosmogenic neutrino flux, which can only
be answered along with a dedicated detector simulation.

Table 1 The estimated numbers of single-, double- and triple-bang
events from perturbative calculations (first three columns) for several
ground-based tau neutrino telescopes with 10 years of observation. For
illustration, a prediction of the cosmogenic neutrino flux, based on cos-

mic ray data of Telescope Array [25], is taken as the input to obtain the
rough event number. For the sphaleron process, the event number with
n ≥ 2 (or n ≥ 3 for the number in parentheses) is shown, assuming
νe:νμ:ντ = 1:1:1 and psp = 0.003 with the s-wave unitarity bound

Telescopes 1 τ 2 τ 3 τ Sphaleron n τ

Ashra-NTA [33] 19 0.2 0.007 0.7 (0.5)

BEACON [30,31] 137 1.6 0.062 7.1 (5)

GRAND [20] 178 2.1 0.082 10 (7)

Trinity [21,22] 16 0.2 0.006 0.6 (0.4)

TAMBO [29] > 7 0.1 0.002 0.11 (0.08)
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5 Summary and outlook

As a flagship option towards the cosmogenic neutrino detec-
tion, tau neutrino telescopes feature an unprecedented detec-
tion volume. Though great discovery potentials are provided
by such facilities, a broad class of event topologies is lacking
for the particle physics study.

We have explored the potential of the double and multiple
bangs, which can be induced by SM higher-order diagrams
as well as nonperturbative processes. The topology can also
be applied to other interesting scenarios. It is worthwhile to
further investigate the systematic new physics scenarios with
more dedicated experimental simulations in a future work.

Acknowledgements The author would like to thank Shun Zhou for
very helpful comments on the manuscript. The Feynman diagrams in
Fig. 1 are generated with the help of JaxoDraw [134]. The cross sec-
tions are calculated in part by using FeynCalc [135] and CalcHEP [136]
packages. This work is supported by the Alexander von Humboldt Foun-
dation.

DataAvailability Statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: All data supporting
the findings of this study are included in the article.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3. SCOAP3 supports the goals of the International
Year of Basic Sciences for Sustainable Development.

Appendix A: The probability distributions of energy and
separation distance of di-tau

For the convenience of discussion, we distinguish different
taus in the process of di-tau production: the primary one as
τ1 and the secondary one generated from the W decay as τ2.

Two taus feature distinct energy distributions. The energy
distributions of two taus can be easily calculated by using
the ready differential cross sections of related processes. For
illustration, we show in Fig. 5 the probability distributions
of the energy for two taus initiated by an EeV incoming
neutrino. The probability is normalized and assigned to each
bin in the histogram plot. Different processes are shown sep-
arately, including the DIS (in red) and coherent (in purple)
processes initiated by γ as well as the DIS process initiated
by b quark (in green). We notice that the DIS and coher-

Fig. 5 The probability distributions of the energy of two taus produced
from different di-tau production processes, initiated by an EeV incom-
ing neutrino. The primary tau is represented by τ1 and the secondary
one generated from the W decay by τ2. The probability p is normalized
and can be interpreted as the probability to observe tau showers within
the energy bin

Fig. 6 The probability distributions of the distance between two tau
bangs (red and blue histograms). For the single tau case, the probability
of the decay distance is shown

ent γ -initiated processes feature similar distributions. For all
processes the phase space is dominated by the small momen-
tum transfer regime (compared to the center-of-mass energy).
As a consequence, the primary tau features a higher average
energy, while the secondary one from W decays is lower. The
integrated probability that the secondary tau has an energy
higher than Eν/2 (Eν/10) reads approximately 30% (50%).

Furthermore, the probability distributions of the sepa-
ration distance between τ1 and τ2 decays are shown in
Fig. 6. Several benchmark choices are illustrated, including
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(Eτ1, Eτ2) = (0.5, 0.5) EeV shown in red and (Eτ1, Eτ2) =
(0.9, 0.1) EeV shown in blue. For comparison, the decay
length of a single tau is illustrated as the black histogram.
The probability to have a separation distance larger than 3 km
(30 km) is as high as 90% (30%) for Eτ1 = Eτ2 = 0.5 EeV.
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