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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.
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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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● Many proposals to detect ultra-high-energy neutrino

- Radio technique will allow us to explore E>1 EeV!

Experimental landscape
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Cosmogenic: UHECR constraints, van Vliet et al
Cosmogenic: UHECR + pure proton, Muzio et al
Astrophysical: MMA constraints, clusters, TDEs
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Figure 18. The expected di↵erential 90% C.L. sensitivities for a variety of experiments to an all-flavor di↵use neu-
trino flux computed in decade-wide energy bins and assuming a ten-year integration (unless otherwise noted in the
legend). The measurements and sensitivities are compared with a range of cosmogenic neutrino models [141, 397] and
astrophysical neutrino models [138, 141, 411]. The blue bordered bands show the astrophysical neutrino flux measured
by IceCube using tracks (⌫µ [119]) in hatch and using cascade-like events (⌫e and ⌫⌧ [118]) in solid band. The solid
lines show experimental upper limits at higher energies from the Pierre Auger Observatory [431], ARA [585], ARI-
ANNA [586], ANITA I-IV [146], and IceCube [587]. The dashed lines show the sensitivities of a selection of proposed
experiments currently in various design and prototyping stages (GRAND with 200,000 stations [154], BEACON with
1000 stations [157], TAMBO with 22,000 detectors [130], Trinity with 18 telescopes (updated from [588]), RET-N with
10 stations each with a 100 kW transmitter [129], POEMMA30 [558]) and under construction (RNO-G [155, 589],
PUEO [581]). Experiments using the same detection technique are grouped into similar colors (orange, Earth-skimming
radio (GRAND, BEACON); dark teal, particle showers (TAMBO); light green, Earth-skimming optical Cherenkov and
fluorescence (Trinity, POEMMA30); pink, in-ice radio (ARIANNA, ARA, PUEO, RNO-G, RET-N (radar); blue, in-ice
optical Cherenkov (IceCube)). Sensitivity to UHE neutrinos from IceCube-Gen2 (dashed purple) is computed using
radio and optical for 10 years (see Fig. 15), and PUEO (dashed orange) uses both in-ice and Earth-skimming radio
techniques (shown here for 3 flights, 100 days). Auger (teal) uses particle showers and fluorescence and its upgrade,
AugerPrime, will employ radio. The grey downward-pointing arrow is a reminder that experimental sensitivities im-
prove not only as exposure increases with time, but also as new experimental techniques and analysis methods are both
demonstrated and scaled to larger detection volumes.

(or a combination of cosmogenic and astrophysical neutrinos). Several experiments are sensitive to these
energies (IceCube [593, 594], the Pierre Auger Observatory [431], ARIANNA [596], ARA [585, 597, 598]) or
are under construction (RNO-G [155, 589], PUEO [581]). The most constraining limits on UHE neutrinos
come from IceCube (in-ice optical), Pierre Auger Observatory (particle showers and fluorescence) [431], and
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https://arxiv.org/abs/2203.08096
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● First studies on the capability to measure neutrino cross section at these energies:

- Angular resolution (~1deg.) is the key feature to extract the cross section -> breaks 

degeneracy between flux and cross section.

- We just need enough events! 


● E>2EeV probes CM energies higher than LHC -> Unexplored BSM scenarios!

Ultra-high-energy neutrino cross section
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https://arxiv.org/abs/2205.09763https://arxiv.org/abs/2007.10334 https://arxiv.org/abs/2204.04237
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● How can we disentangle between flux and cross section?

- Neutrino attenuation becomes relevant at E~10TeV.

- Attenuation has small dependency on underlying flux -> Att ~ exp(−Ntargets(θ)σ)


● Method successfully used in IceCube.

Earth absorption
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● How can we disentangle between flux and cross section?

- Neutrino attenuation becomes relevant at E~10TeV.

- Attenuation has small dependency on underlying flux -> Att ~ e−nσL(θ)


● Method successfully used in IceCube.

Earth absorption
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● TeV scale gravity has been thoroughly studied in the context of high-energy neutrinos.

- Extra dimensions: ADD and Randall-Sundrum.

Quantum gravity
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BH formation from neutrinos in air:

L. Anchordoqui and H. Goldberg (2001)

J. L. Feng and A. D. Shapere (2002)

S. Dutta et al (2022)

… 

BH formation from neutrinos in ice:

Y. Uehara (2002)

J. Alvarez-Muniz (2002)

M. Kowalski (2002)

L. Anchordoqui et al (2007)

M. Reynoso et al (2013)

N. Arsene et al (2014)

K. J. Mack et al (2020)

…

Eikonal scattering from neutrinos in air/ice: 
P. Jain et al (2002) 
A.V. Kisselev (2004) 
J. Illana (2005) Multibang 
…



● Long distance interactions in the 5-dimensional Randall-Sundrum model

- M5 -> Scale where gravity becomes strong (constraints from LHC >2-4TeV).

- mc -> Mass of the first Kaluza-Klein excitation (constraints from cosmology >0.05 GeV).

- Scale M5 larger than the gap between consecutive KK modes (i.e., mc<M5/10).


● Total cross section can be significantly larger than SM at 1EeV!

- Can we constrain this model?

Quantum gravity
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● Cross section give as an idea of how likely a particle will interact.

● We need to look at the underlying differential cross section to understand how much energy is lost. 


- Different cross section may result in similar energy losses after some distance.

Softness
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● Attenuation is less affected by elastic interactions.

Earth absorption for elastic scattering
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● Simulate neutrino interactions in IceCube-Gen2 Radio (using NuRadioMC!).

- Quantum gravity would increase significantly the number of triggered events.

- Challenging to disentangle SM from SM+Gravity using angular information due to 

degeneracy with flux.

- Energy and shower multiplicity can help.

IceCube-Gen2 radio
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● Ultra-high-energy neutrino will allow us to probe regions not reachable at LHC.

-  IceCube-Gen2 Radio will be sensitive to BSM scenarios with soft interactions.


● Soft interaction behaves quite differently to the inelastic scattering -> new ideas!

- Shower multiplicity -> Reduce the energy threshold.


● Reduce uncertainties in the GZK flux.

- Constraining the shape would help significantly.

Conclusion
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Phys.Rev.D 107 (2023) 3, 033009
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