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What is high energy?

2

Rev. Mod. Phys. 92, 45006 (2020)

the higher in energy, the less flux….

This is 
high  

energy
This is 
ultra  
high  

energy
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How to detect high-energy neutrinos?
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Williams, NuTau2021

● Most common design -> Cerenkov detectors

TRIDENT,HUNT,NEON

R&D phase
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● Experiments from three collaborations are currently operational

Running detectors
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● Experiments from three collaborations are currently operational

Running detectors
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● Experiments from three collaborations are currently operational

Running detectors
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● Similar detector layout

Running detectors

IceCube 
86 lines 
(1km3)
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● Similar detector layout

Running detectors

GVD-BAYKAL 
117lines (0.7km3)

IceCube 
86 lines 
(1km3)
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● Similar detector layout

Running detectors

GVD-BAYKAL 
117lines (0.7km3)

KM3NeT-ARCA 51 lines (0.3km3) 
KM3NeT-ORCA 28 lines

IceCube 
86 lines 
(1km3)
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Detection principle

● Flavour identification using morphology of light pattern 
- Tracks → νµ CC
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vµ CC

1 TeV
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Detection principle

● Flavour identification using morphology of light pattern 
- Tracks → νµ CC 
- Showers → νx NC / νe,τ CC

11

νx NC / veτ CCvµ CC

1 TeV 1 TeV
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Neutrino cross sections
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● Deep inelastic scattering 
- More precise modeling 
- FPF would help a lot!

2106.09381

JHEP 05 (2023) 149
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Detection principle
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● Different mediums -> different light patterns

1 TeV cascade in ice

1 TeV cascade in water
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How are high-energy neutrino produced?
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Common origin -> Hadrons

Atmospheric neutrinosCosmic neutrinos

γ e

e

p

ν

ν

“know” how to model“learning” how to model
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Atmospheric neutrinos ● Hard to model! -> multiple processes 
- Cosmic ray spectrum 
- Hadron yields 
- Atmospheric density profile 
- Hadron propagation



Atmospheric neutrinos ● Hard to model! -> multiple processes 
- Cosmic ray spectrum 
- Hadron yields 
- Atmospheric density profile 
- Hadron propagation 

● Latest developments -> DAEMONFLUX

Phys. Rev. D 107, 123037, 2023
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Recent results on the atmosphere
● More and more measurements of the (mostly muon-)neutrino spectrum
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Recent results on the atmosphere
● More and more measurements of the (mostly muon-)neutrino spectrum 
● No prompt found yet
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arXiv:2307.14724

arXiv:2309.07560
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Particle physics with high-energy atmospheric neutrinos

● Standard oscillations are highly suppressed at E>100GeV 
● Perfect regime to study BSM scenarios

Sterile neutrinos
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Particle physics with high-energy atmospheric neutrinos

● Standard oscillations are highly suppressed at E>100GeV 
● Perfect regime to study BSM scenarios

Sterile neutrinos
LIV

Nature Physics (2018) s41567-018-0172-2
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Particle physics with high-energy atmospheric neutrinos

● Standard oscillations are highly suppressed at E>100GeV 
● Perfect regime to study BSM scenarios

Sterile neutrinos

Decoherence

LIV

Nature Physics (2018) s41567-018-0172-2

2308.00105
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Astrophysical neutrinos

● IceCube have identified two point sources -> not bright in gammas

Science 361 (2018)
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Astrophysical neutrinos

● IceCube have identified two point sources -> not bright in gammas

Science 378 (2022)

Science 361 (2018)
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Obscured AGNs
● Multiple analysis are finding a consistent picture -> targets that block gammas are 

needed for nu production! 
- Multiple analysis show a ~3σ preference for X-ray bright AGNs (NGC4151,++) in the 

Northern sky. 
- And also evidences in the Southern sky. Stacked analysis over 3σ.
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Galactic neutrinos

● Observed by IceCube (4.5σ)

Science 380 (2023)
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Galactic neutrinos

● Observed by IceCube (4.5σ) 
● Now combining cascades and tracks >5σ 
● Sources or diffuse?

Science 380 (2023)
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And the others in the North?
● ANTARES also observed a 2.2σ excess (ON-OFF technique) 

- They dont see a significant preference using templates
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And the others in the North?
● ANTARES also observed a 2.2σ excess (ON-OFF technique) 

- They dont see a significant preference using templates 

● KM3NeT/ARCA still not sensitive (also ON-OFF)

Alfonso Garcia     |    Latest Results in Neutrino Astronomy, 24/07/2025



29

And the others in the North?
● ANTARES also observed a 2.2σ excess (ON-OFF technique) 

- They dont see a significant preference using templates 

● KM3NeT/ARCA still not sensitive (also ON-OFF) 
● Baykal preliminary analysis show excess (2.5σ) from the plane
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Diffuse flux
● IceCube has entered the era of characterization! 

- Interesting features observed in the TeV regime
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The new partners are coming 

● GVD-Baykal claims observation (>5σ with upgoing cascades) -> too many
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The new partners are coming 

● GVD-Baykal claims observation (>5σ with upgoing cascades) -> too many 
● ARCA will start seeing then soon (only upgoing tracks have been analyzed).
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What about the flavor composition?
● Right now only IceCube is able to do this (access to tau-neutrino candidates).
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What about the flavor composition?
● Right now only IceCube is able to do this (access to tau-neutrino candidates). 
● Latests analysis using MESE sample start disfavoring neutron production
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The unexpected
● KM3NeT observed an very bright muon crossing the detector horizontally 

- Coming from a neutrino the median energy is 220PeV -> new energy regime!
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The unexpected
● No sources identified (still large angular error).
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The unexpected
● No sources identified (still large angular error). 

● No observation of similar events by IC or Baykal. 
- Current tension at the level of 3σ 
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Future for Cerenkov detectors

● GVD-Baykal and ARCA will be completed before the end of the decade 

● New friends are planning to join!

PoS(ICRC2023)1053

P-ONE

TRIDENT

IC Gen2 - Optical
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Going to even higher energies

● A plethora of ideas to discover ultra high energy neutrinos

2

FIG. 2. Proposed strategies to detect UHE neutrinos. The
variety guarantees complementary physics opportunities.

In this paper, we assess these challenges, guided by
three principles. First, instead of considering specific
detectors, we focus on the required detector properties.
Second, we aim for model independence in terms of the
assumed neutrino fluxes, theoretical calculations of their
propagation in Earth, and detector properties. Third,
we stress the importance of detector complementarity,
noting that collective measurements over many detectors
and energy ranges can be combined. Bottom line, we
show that � can be measured in the UHE range without
prior knowledge about the flux, that presently allowed
novel-physics scenarios can be tested even with low statis-
tics, and that this can happen relatively soon.

The remainder of this paper is organized as follows.
In Section II, we calculate the e↵ects of attenuation and
show how these relate to the general requirements for
measuring the cross section. In Section III, we show how
to characterize and compare UHE detector responses, in-
dependent of their operating technique. In Section IV, we
calculate how detector sensitivity impacts cross-section
measurements. In Section V, we conclude, and in the
Appendices, we provide further details.

FIG. 3. Expected angular profile for a neutrino energy E⌫ =
107.5 GeV and di↵erent cross sections. Angle-dependent Earth
attenuation allows measurement of the cross section.

II. GENERAL REQUIREMENTS TO MEASURE
THE UHE CROSS SECTION

In this section, we calculate the angular profiles due
to neutrino attenuation in Earth, and the detector en-
ergy and angular resolution required to use these profiles
to measure cross sections. We find that there are bench-
mark requirements for these resolutions. Throughout the
paper, we assume an incoming flux of d�/dE⌫ / E�2.5

⌫
and focus our calculations on neutrino energies around
108.5 GeV (we give more details in Section III), but the
behavior is general. Some plots for additional fluxes, en-
ergies, and resolutions are given in Appendices B and C.
Figure 3 shows the physics behind measuring the cross

section using Earth attenuation. The relative fluxes of
neutrinos from di↵erent directions depend only on their
trajectories through Earth, as the incoming neutrino flux
is expected to be consistent with an isotropic di↵use
background. Flux measurements above or near the hori-
zon probe �� while those below it probe ��e�n�L(✓),
with L(✓) the chord length of the neutrino path through
Earth. Measuring the angular profile thus allows to probe
both unknowns: the flux and cross section. Here ✓ is the
neutrino arrival zenith angle, measured with respect to
the vertical at the point where the neutrino trajectory
would exit Earth; and we define “horizon” as ✓ = 90� re-
gardless of the elevation of the detector. For the matter
distribution inside Earth, we assume the PREM density
profile [54]. We place the detector on top of a 3-km layer
of ice, as many of the proposed detectors are on top of, or
embedded within, large ice sheets (see Fig. 2). As shown
in Appendix D, our results are insensitive to reasonable
variations in these choices, especially the latter.

FIG. 4. Similar to Fig. 3, but for di↵erent energies. Discrim-
inating cross sections requires achieving benchmark angular
and energy resolutions, which we show approximately.
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Going to even higher energies

● A plethora of ideas to discover ultra high energy neutrinos

2

FIG. 2. Proposed strategies to detect UHE neutrinos. The
variety guarantees complementary physics opportunities.

In this paper, we assess these challenges, guided by
three principles. First, instead of considering specific
detectors, we focus on the required detector properties.
Second, we aim for model independence in terms of the
assumed neutrino fluxes, theoretical calculations of their
propagation in Earth, and detector properties. Third,
we stress the importance of detector complementarity,
noting that collective measurements over many detectors
and energy ranges can be combined. Bottom line, we
show that � can be measured in the UHE range without
prior knowledge about the flux, that presently allowed
novel-physics scenarios can be tested even with low statis-
tics, and that this can happen relatively soon.

The remainder of this paper is organized as follows.
In Section II, we calculate the e↵ects of attenuation and
show how these relate to the general requirements for
measuring the cross section. In Section III, we show how
to characterize and compare UHE detector responses, in-
dependent of their operating technique. In Section IV, we
calculate how detector sensitivity impacts cross-section
measurements. In Section V, we conclude, and in the
Appendices, we provide further details.

FIG. 3. Expected angular profile for a neutrino energy E⌫ =
107.5 GeV and di↵erent cross sections. Angle-dependent Earth
attenuation allows measurement of the cross section.

II. GENERAL REQUIREMENTS TO MEASURE
THE UHE CROSS SECTION

In this section, we calculate the angular profiles due
to neutrino attenuation in Earth, and the detector en-
ergy and angular resolution required to use these profiles
to measure cross sections. We find that there are bench-
mark requirements for these resolutions. Throughout the
paper, we assume an incoming flux of d�/dE⌫ / E�2.5

⌫
and focus our calculations on neutrino energies around
108.5 GeV (we give more details in Section III), but the
behavior is general. Some plots for additional fluxes, en-
ergies, and resolutions are given in Appendices B and C.
Figure 3 shows the physics behind measuring the cross

section using Earth attenuation. The relative fluxes of
neutrinos from di↵erent directions depend only on their
trajectories through Earth, as the incoming neutrino flux
is expected to be consistent with an isotropic di↵use
background. Flux measurements above or near the hori-
zon probe �� while those below it probe ��e�n�L(✓),
with L(✓) the chord length of the neutrino path through
Earth. Measuring the angular profile thus allows to probe
both unknowns: the flux and cross section. Here ✓ is the
neutrino arrival zenith angle, measured with respect to
the vertical at the point where the neutrino trajectory
would exit Earth; and we define “horizon” as ✓ = 90� re-
gardless of the elevation of the detector. For the matter
distribution inside Earth, we assume the PREM density
profile [54]. We place the detector on top of a 3-km layer
of ice, as many of the proposed detectors are on top of, or
embedded within, large ice sheets (see Fig. 2). As shown
in Appendix D, our results are insensitive to reasonable
variations in these choices, especially the latter.

FIG. 4. Similar to Fig. 3, but for di↵erent energies. Discrim-
inating cross sections requires achieving benchmark angular
and energy resolutions, which we show approximately.
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Cosmogenic: UHECR constraints, van Vliet et al
Cosmogenic: UHECR + pure proton, Muzio et al
Astrophysical: MMA constraints, clusters, TDEs

TAMBO
Trinity 18
POEMMA30 (5 years)
GRAND 200k
BEACON 1k
PUEO (3 flights, 100 days)
RNO-G
RET-N 10 x 100 kW Preliminary
IceCube-Gen2 UHE

Diffuse Flux, 1:1:1 Flavor Ratio

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

– 34 –
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My favourite… TAMBO
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● Founded first prototype!!!



● The era of the high-energy neutrinos has just started 

● Multiple breakthrough measurements in the last years. 

● New technologies are coming online!

Alfonso Garcia     |    NuFact, 23/08/2023

Conclusions
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THANKS!


