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● Origin of cosmic neutrinos remain unclear -> diffuse flux. 
● Several IceCube measurements of the spectrum of astrophysical neutrinos. 

- HESE -> High energy showers contained in the detector. 
- Northern tacks -> Long track patterns coming below the horizon.

Alfonso Garcia     |    AstroDark, 06/12/2021

Astrophysical neutrinos:
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Figure 6: The per-flavor flux (�) of neutrinos [21, 38] (orange and blue bands) compared to the flux of unre-
solved extragalactic �-ray emission [32] (blue data) and UHE cosmic rays [59] (green data). We highlight two
upper limits on the neutrino flux (dashed lines) predicted by multi-messenger models [52, 60].

of neutrinos below 100 TeV implied by the measurement of a spectral index significantly
softer than -2 indicates that at least some neutrino sources are opaque to �-rays [46, 47].

B) The PeV universe: Precision measurements of the neutrino flux can test the idea of
cosmic particle unification, in which sub-TeV �-rays, PeV neutrinos, and UHE cosmic rays
can be explained simultaneously [48–51]. If the neutrino flux is related to the sources of
UHE cosmic rays, then there is a theoretical upper limit (the dashed green line in Figure 6)
to the neutrino flux ([52], also [53, 54]). UHE cosmic-ray sources can be embedded in
environments that act as “CR reservoirs” where magnetic fields trap CR with energies far
below the highest CR energies. The trapped CR collide with gas and produce a flux of
�-rays and neutrinos at PeV energies. The measured IceCube flux is consistent with pre-
dictions of some of these models [55–57]; see, however, [58]. The precise characterization
of the spectrum and flavor composition beyond the energy range currently accessible by
IceCube goes hand in hand with resolving the sources, as the combination of the two
will provide novel avenues for understanding the most extreme particle accelerators in the
universe.

C) Ultra-high energies (UHE): The attenuation of UHE cosmic rays through resonant
interactions with cosmic microwave background photons is the dominant mechanism for
the production of UHE neutrinos during the propagation of the CR in the universe. This
mechanism, first pointed out by Greisen, Zatsepin and Kuzmin (GZK), would cause a sup-
pression of the UHE cosmic-ray proton flux beyond 5✓ 1010 GeV [61, 62] and gives rise to
a flux of UHE neutrinos [63] that is shown in Figure 6, but has not yet been detected. The
observation of these cosmogenic neutrinos in addition to the potential direct identification
of astrophysical sources or transients producing neutrinos at ⇥EeV energies, or a strin-
gent upper limit on their flux, will provide information on the cosmological evolution of UHE
cosmic-ray sources and restrict the models of acceleration, spectrum and composition of
extragalactic CR (e.g., [44, 63–81]).

To make significant progress on the above questions a future detector should provide sev-
eral times higher neutrino statistics in the PeV range, flavor identification capabilities, and
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Why tau neutrinos?

● Assuming standard neutrino oscillation -> ~same νe:νµ:ντ at Earth. 
● No compelling evidences of a tau component in the diffuse flux: 

- IceCube has identified two tau neutrino candidates (97.5%, 76%). 
● Several BSM scenarios can explain ’lack of taunnes’.

3

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of νe

68 %

95 %

νe :νµ :ντ at source→ on Earth:

0:1:0→ 0.17 : 0.45 : 0.37
1:2:0→ 0.30 : 0.36 : 0.34
1:0:0→ 0.55 : 0.17 : 0.28
1:1:0→ 0.36 : 0.31 : 0.33

High-energy starting tracks
Best-fit: 0.29 : 0.50: 0.21

Global fit (IceCube, APJ 2015)

Inelasticity (IceCube, PRD 2019)

3ν-mixing 3σ allowed region

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Fraction
of ν
µ

0.0
0.1

0.2
0.3

0.4
0.5

0.6
0.7

0.8
0.9

1.0

Fr
ac

tio
n

of
ν τ

Figure 5: Left: Spectrum of cosmic neutrinos measured in two independent detection channels assuming a
power-law shape of the spectrum. One measurement is based on neutrino-induced cascades collected over 6
years [21] (orange band), the other is based on the analysis of close to 10 years of through-going muons [38]
(blue band). � corresponds to the per-flavor flux assuming a flavor composition of ⌫e ⇥ ⌫µ ⇥ ⌫⌧ = 1 ⇥ 1 ⇥ 1.
Right: Flavor constraints on the cosmic neutrino flux from various analyses of IceCube data. The preliminary
constraints from an analysis identifying IceCube’s first tau neutrino candidates [23] is shown as black contours.
Constraints from earlier measurements, a fit encompassing several IceCube datasets [37] and an analysis
of the inelasticity distribution of IceCube high-energy events [43] are shown as shaded regions. They are
compared to different scenarios of neutrino production in astrophysical sources and the full range of possible
flavor compositions assuming Standard Model flavor mixing (gray dotted region).

sources (see also discussion below in this section), and generic astrophysical sources
producing such UHE neutrinos (e.g., [41, 42]).

The flavor composition is only beginning to be meaningfully constrained by IceCube data.
So far it is compatible with a standard astrophysical production scenario, the production of
neutrinos in decays of pions and muons that have not been subject to significant previous
energy loss. There, a flavor ratio of ⌫e ⇥ ⌫µ ⇥ ⌫⌧ = 1 ⇥ 2 ⇥ 0 at the source is expected.
Neutrino oscillations change this into ⌫e ⇥ ⌫µ ⇥ ⌫⌧ ⌅ 1 ⇥ 1 ⇥ 1 at Earth [37].

Measurements of the isotropic neutrino flux (�) are shown in Figure 6, along with the
observed isotropic �-ray background and the UHE cosmic-ray flux. The correspondence
among the energy densities (proportional to E2�) observed in neutrinos, �-rays, and UHE
cosmic rays suggests a strong multi-messenger relationship. We highlight three areas:

A) The multi-TeV range: The simultaneous production of neutral and charged pions in
CR interactions, which decay into �-rays and neutrinos, respectively, suggests that the
sources of high-energy neutrinos could also be strong 10 TeV – 10 PeV �-ray emitters.
For extragalactic scenarios, this �-ray emission is not directly observable because of the
strong absorption on extragalactic background photons, resulting in e+e� pair production.
High-energy �-rays initiate electromagnetic cascades of repeated inverse-Compton scat-
tering and pair production that eventually contribute to the diffuse �-ray flux below 100 GeV
provided the source environment is transparent to such �-rays. This leads to a theoretical
constraint on the diffuse neutrino flux from �-ray transparent sources [44, 45]. The high flux
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FIG. 3. Double cascade event #2 (2014). The reconstructed
double cascade vertex positions are indicated as grey circles,
the direction indicated with a grey arrow. The size of the cir-
cles illustrates the relative deposited energy, the color encodes
relative time (from red to blue). Bright DOMs are excluded
from this analysis.

lected 10 times more light than the average DOM for an
event. They were excluded from the analysis as they can
bias the reconstruction at the highest measured energies,
but are used for the comparison of predicted photon
count PDFs in the figure. The predicted photon count
PDFs differ remarkably between the single and double
cascade hypothesis, with the single cascade hypothesis
disfavored. For event #1, the predicted photon count
PDFs differ less between the hypotheses, as can be seen
in Figure 5 in the Supplemental Material.

A posteriori analysis of ⌫⌧ candidates. To quantify the
compatibility with a background hypothesis (i.e. not ⌫⌧ -
induced) for the actual ⌫⌧ candidate events observed, a
targeted MC simulation for each event was performed.
See Table III in the Supplemental Material for details on
the restricted parameter space. These new MC events
were filtered and reconstructed in the same way as the
initial MC and data events. In total, ⇠ 2 · 107 “Double-
Double”-like events and ⇠ 1 · 106 “Big-Bird”-like events
from the targeted simulation pass the HESE selection
criteria.
We define the tauness, P⌧ , as the posterior probability
for each event to have originated from a ⌫⌧ interaction,
which can be obtained with Bayes theorem:

P (⌫⌧ | ~⌘evt) ⇡ N⌫⌧P⌫⌧ (~⌘evt)

N⌫⌧P⌫⌧ (~⌘evt) +N⇢⇢⌫⌧P⇢⇢⌫⌧ (~⌘evt)
⌘ P⌧ ,

(2)
where N⌫⌧ and N⇢⇢⌫⌧ are the expected number of events
stemming from ⌫⌧ and non-⌫⌧ interactions. P⌫⌧ and P⇢⇢⌫⌧

are the PDFs for the ⌫⌧ and non-⌫⌧ components in the pa-
rameter space vector of each event, ~⌘evt. The differential
expected number of events at the point ~⌘evt, N⌫⌧P⌫⌧ (~⌘evt)
and N⇢⇢⌫⌧P⇢⇢⌫⌧ (~⌘evt) is approximated from the targeted sim-
ulation sets using a multidimensional kernel density es-
timator (KDE) with a gaussian kernel and the Regular-
ization Of Derivative Expectation Operator (rodeo) al-
gorithm [47]. The eight dimensions used in evaluating
the tauness include the six dimensions of the restricted
parameter space that the resimulation was carried out
in: total deposited energy Etot, three dimensions for the
vertex position (x, y, z ) and two dimensions for the direc-
tion (✓,�). Further, a region of interest is defined in the
parameters not restricted during resimulation but used
in the double cascade classification before: double cas-
cade length Ldc and energy asymmetry AE [48]. Thus,
~⌘evt = (Etot, x, y, z, ✓,�, Ldc, AE).
We sample the posterior probability in the flavor com-
position, obtained by leaving the source flavor compo-
sition unconstrained and taking the uncertainties in the
neutrino mixing parameters into account. When using
the best-fit spectra given in [30] but varying the source
flavor composition over the entire parameter space (i.e.
⌫e : ⌫µ : ⌫⌧ = a : b : 1 � a � b with 0  a, b  1
and a + b  1 at source) and the mixing parameters
in the NuFit4.1 [14] 3� allowed range, the tauness is
(97.5+0.3

�0.6)% for “Double Double” and (76+5
�7)% for “Big

Bird.”
To perform the flavor composition measurement using
the multidimensional KDE, the likelihood is modified
compared to the analyses in [30]. In the joint likelihood
for the three topologies, LE↵ = LSC

E↵LT
E↵LDC

E↵ [30], LDC
E↵

is replaced by the extended unbinned likelihood for the
double cascade events,

LDC
Rodeo = e�

P
c Nc

Y

evt

 
X

c

NcPc(~⌘evt)

!
, (3)

where c are the flux components used in the fit, c =
⌫astro,↵, ⌫conv,↵, ⌫prompt,↵, µatm for the flavors ↵ = e, µ, ⌧ .
NcPc(~⌘evt) is computed using the rodeo algorithm intro-
duced above.
The result of the flavor composition measurement is
shown in Figure 4. The fit yields

d�6⌫

dE
=7.4+2.4

�2.1 ·
✓

E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(4)

with a best-fit flavor composition of ⌫e : ⌫µ : ⌫⌧ = 0.20 :
0.39 : 0.42. Comparing this result with previously pub-
lished results of the flavor composition also shown in Fig-
ure 4 clearly shows the advantages of the ternary topol-
ogy classification. The best-fit point is non-zero in all
flavor components for the first time, and the degeneracy
between the ⌫e and ⌫⌧ fraction is broken. The small sam-
ple size in this analysis leads to an increased uncertainty
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Why tau neutrinos?

● Earth-skimming experiments can open the EeV window. 
● Look for tau leptons emerging from the surface and decaying in the atmosphere. 
● Constrain the origin of cosmogenic neutrinos.
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Figure 19: Sensitivity of the IceCube-Gen2 radio array at the highest energies in comparison to models [41,
80, 81], existing upper limits [40, 235–238], and the 10 year sensitivity of the proposed GRAND array of
200,000 antennas [239]. The uncertainties on the IceCube-Gen2 radio array sensitivity are ±20%, which are
uncertainties in the estimated sensitivity of the array, e.g. due to remaining design decisions.

disintegration or photo-pion production of CR, can produce neutrinos when decaying. All
of these neutrinos are referred to as cosmogenic neutrinos. So while this secondary flux
of neutrinos is extremely well motivated, its level depends strongly on the composition of
the CR [241, 242], the cosmic evolution of the sources, the spectral index of the sources,
and their maximum acceleration energy [71, 72]. IceCube can already exclude scenarios
with a very strong evolution of the CR sources with cosmic redshift [39, 40], but to draw
firm conclusions much larger exposures are needed.

The sweet spot for cosmogenic neutrino detection is at 1018 eV, since the flux at these
energies depends less strongly on the maximum acceleration energy and spectral index
than at the highest energies [73]. The flux at this energy is primarily a function of the proton
fraction and even the most conservative flux estimates peak here [80]. Conveniently, this
is the energy region where in-ice neutrino detectors, and the radio array of IceCube-Gen2
will be most sensitive to the energy flux of neutrinos (see Fig. 19).

With the predicted sensitivity, IceCube-Gen2 will also be able to provide independent ev-
idence for whether the observed cut-off in the flux of UHE cosmic rays is due to the GZK
suppression or just due to reaching the limit of acceleration in the sources [243]. The
neutrino flux at energies above 10 EeV depends primarily on the maximum energy of CR
protons and the spectral index of their power-law spectrum rather than the source evolution
parameters [72]. Detecting the corresponding neutrino flux will be a measurement inde-
pendent of the uncertainties in the modelling of the hadronic interactions in extensive air
showers and, thus, complementary to results from air shower arrays.
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Tau-neutrino backgrounds

● Apart from the astrophysical tau neutrinos, are there other sources? 
- νx->ντ standard oscillations are suppressed at E>100 GeV.  
- Tau neutrinos are rarely produced in the atmosphere. 

• Prompt component: Ds+-> τντ (1-5% BR)
• Tau pair production by atmospheric muons -> O(-4) prompt.
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Tau-neutrino backgrounds

● Muon and electron neutrinos can produce τντ as they propagate through Earth. 
● We investigate three channels: 

- W boson production. 
- Glashow resonance. 
- Top production.
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Tau-neutrino backgrounds

● Muon and electron neutrinos can produce τντ as they propagate through Earth. 
● We investigate three channels: 

- W boson production. 
- Glashow resonance. 
- Top production.
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Neutrino-Earth propagation

● Use NuPropEarth to simulate the propagation of neutrinos through the Earth. 
● Keep track of all neutrinos that exit including these new interactions.
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TeV-PeV fluxes
● Expected tau-neutrino flux at the detector for different components. 

- Astrophysical (best fit HESE assuming a 1:1:1 composition). 
- Atmospheric (prompt). 
- Secondary taus -> best fits from HESE&NT with different νe/νµ fractions. 

● Non primary tau flux > prompt above 300-500TeV. 
- Relative contribution mainly depends on shape of primary νe/νµ  cosmic flux.
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TeV-PeV fluxes
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FIG. 2. Top: Di↵erent components of tau-neutrino flux
at the detector integrated over 0.25 < cos ✓ < 0.5. Contin-
uous line shows the expected flux using best-fit points from
the HESE analysis [3]. Dashed line shows the atmospheric
flux using MCeq (H3a-SIBYLL23C) [64]. The shaded regions
show the secondary tau neutrinos contribution produced by
the propagation of muon and electron neutrinos assuming the
best fits from IceCube’s analysis [3, 4] and (2 : 1 : 0) fla-
vor composition. Bottom: Ratio between HESE’s best-fit flux
assuming (1 : 1 : 1) and the secondary flux assuming di↵er-
ent muon- and electron-neutrino fractions at 1PeV (red) and
10PeV (blue). The bands represent the uncertainty in the
primary spectrum. The blue line indicate the combined 90%
C.L. from di↵erent flavor composition measurements [5, 6].

E↵ect of intrinsic background in the discovery

of cosmic tau neutrinos.— [CA: For concreteness
we assess the impact of this e↵ect in the discov-
ery of cosmic tau neutrinos we examine ...]We ex-
amine how this additional component would manifest in
the HESE analysis. [CA: We highlight that our con-
clusions are generic and extend beyond the HESE
analysis.] To do so, we convolve the expected fluxes at

the detector with the publicly available e↵ective areas.
Figure 3 shows the expected energy and angular distri-
bution of up-going tau neutrinos selected of the HESE
analysis after ten years of data taking. Above 300TeV
we expect 1.6 up-going tau neutrinos assuming the best-
fit from HESE, while 0.02 events with atmospheric origin.
The expected rate from secondary tau-neutrinos can be
twice more prominent than the prompt atmospheric com-
ponent. Although the expected number of events is small,
this secondary component is the dominant background
for any astrophysical tau neutrino search. Table I sum-
marises the capabilities to reject the non-tau cosmic com-
ponent, assuming that all up-going tau-neutrino events in
the HESE sample above an energy threshold are identi-
fied. We can conclude that this additional background re-
duces the discovery potential for any energy threshold cri-
teria. A thorough breakdown using realistic tau-neutrino
identification criteria, as well as a likelihood approach
that includes the energy and angular information, must
be done neutrino observatories, such as IceCube, to fully
quantify the impact of this intrinsic background.

TABLE I. Number of up-going tau-neutrino events that can
be identified in the HESE sample in ten years. The signif-
icance to reject the non-tau cosmic component for di↵erent
background hypothesis is shown in parenthesis. Second col-
umn show the percentage of ⌫⌧ CC interactions with E⌫ = Eth

that have a 50% probability of producing a tau lepton that
travels more than 15m.a.

Eth P⌧>15m HESE Atmos. ⌫µ/⌫e ! ⌫⌧

100 TeV 1% 6.63 0.13 (6.3) 0.05-0.11 (6.0-5.7)
200 TeV 10% 3.00 0.05 (4.3) 0.03-0.09 (4.1-3.7)
300 TeV 23% 1.57 0.02 (3.2) 0.02-0.07 (2.9-2.5)
400 TeV 34% 1.12 0.01 (2.7) 0.01-0.06 (2.4-2.1)

a
Two tau-neutrino candidates have been identified in the HESE

sample with a probability to have originated from a

tau-neutrino interaction of 97% and 76% [63]. Both of them

have lengths higher than 15 meters

Currently, the flavor composition measurements from
IceCube are statistically limited due to the size of the
detector. However, the IceCube-Gen2 optical array will
be able to detect a sizable amount of PeV neutrinos [65].
The rate of secondary neutrinos due to W production,
Glashow resonance, and top production is 5� 20% above
10PeV as shown in Fig. 3. In fact, the fraction of any fla-
vor is a↵ected by these new channels since W bosons can
also decay to muon and electron neutrinos. Therefore,
any analysis studying the composition of the astrophys-
ical flux using up-going events must account for these
secondary neutrinos.

Ultra-high-energy neutrinos.— The highest neu-
trino energy ever measured is 6.05PeV [66] [AGS: im
not sure this is true, there was an alert recently
that had an estimated energy of 10PeV]. At higher
energies, many experiments have placed upper limits on

● What is the effect of this additional contribution in IceCube? 
- Rates -> convolute these fluxes with HESE effective area. 

● Main background for cosmic tau searches using up-going events. 
- Capability to reject non-tau cosmic component is reduced when including this contribution.
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● UHCRs interacting with CMB -> guaranteed neutrino flux. 
- Large uncertainties due to our limited knowledge on the origin of UHECRs. 

• Primary composition.
• Redshift evolution of the sources.

● Strongest constraints come from: IceCube  Auger  ANITA.
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Ultra high energy neutrinos

11Figure 3: Expected sensitivity of the ARIANNA-200 detector in one-decade energy bins calcu-
lated using NuRadioMC [15] for 10 years of operation assuming a uptime of 100%. Also shown
is the measured astrophysical neutrino flux from IceCube using the high-energy starting event
(HESE) selection [16] and using a muon neutrino sample [17], limits from existing experiments
(IceCube [18], Auger [19] and Anita [20]). The color shaded bands show predictions using a
simple astrophysical model with commonly discussed source evolution parameters based on
cosmic ray data of the Telescope Array (blue) [13, 21] and the Pierre Auger Observatory (or-
ange) [22]. The dashed line shows a slightly more complex model with an additional small
proton component [14]. The gray band indicates the range of theoretical uncertainties on
model parameters [14].

charge-excess in the shower front which is primarily due to a collection of electrons from the
surrounding medium. The resulting radio emission can be calculated precisely using classical
electrodynamics by tracking the movement of the individual particles (see e.g. [26, 27, 28, 29,
30]) using the well-tested Monte Carlo code ZHS/ZHAireS [31, 28]. The code incorporates
important phenomena such as the LPM effect [32, 33] that strongly affects the emission for ⌫e
charged current interactions. In ice, the electric field increases linearly from MHz frequencies
up to a characteristic cutoff of a few GHz. Due to coherence effects, the emission is only
strong at angles close to the Cherenkov angle, and linearly polarized in the plane defined
by the shower direction and propagation direction of the radio signal. Because of this, both
the signal arrival direction as well as the polarization need to be measured experimentally to
determine the neutrino direction. The observed frequency range is strongest between 100MHz

and 1GHz due to properties of the emission and ice attenuation.
The theoretical calculation of the Askaryan emission has been confirmed in accelerator ex-

periments [34, 35, 36, 37, 38], in particular for showers developing in ice [36]. All measurements
are consistent with the theoretical prediction within experimental uncertainties. Furthermore,
the Askaryan effect has been observed in cosmic ray induced air showers where the Askaryan
radiation is subdominant to radio signals emitted by the geomagnetic effect because of the
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Earth-skiming technique 
is a game changer 

GRAND, Trinity, TAMBO, 
Beacon, POEMMA …



● What if the cosmogenic flux have a zero tau-neutrino component? 
- Earth-skimming experiments could still observe tau neutrinos existing the Earth. 

• Measurement of GZK flux normalisation is degenerated.
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Ultra high energy neutrinos
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If taus are detected, do they come from a low (1:1:1) or a high (1:1:0) flux?
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● The detection of high-energy tau neutrinos is one of the milestones for neutrino telescopes in the 
next decade. 

● Estimation of novel tau-neutrino fluxes. 
- Numu/nue interactions in Earth yield a flux of up-going tau neutrinos. 
- Higher than prompt neutrino flux above few hundreds TeV. 

● Significant impact for tau neutrino measurements with neutrino telescopes: 
- @PeV -> alters capability to reject non tau cosmic component  
- @EeV -> Earth-skimming experiments would observe (1:1:0) cosmogenic fluxes.
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Conclusion
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