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Why neutrino astronomy?
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● Neutrinos interact weakly 
- Scape dense environments 
- Point to source 
- Hard to detect -> big detectors

● Neutrinos oscillate 
- InterferometersImage Credit: IceCube Collaboration/WIPAC, Juan 

Antonio Aguilar, and Jamie Yang.



Hard to detect and not many…
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U.F. Katz & Ch. Spiering, Prog. Nucl. Part. Phys. 67 651 (2012)
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Similar technology -> PMTs

Detection principle ->  
Cherenkov light

Multiple experiments working and planned

(Current) Neutrino telescopes
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Detection principle ->  
Cherenkov light

What have we learned?

● High energy neutrinos are produce in the 
Universe!

● IceCube has identified the first sources! 
- TXS0506+056 -> blazar 
- NGC1068 -> Seyfert galaxy
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Detection principle ->  
Cherenkov light

Open questions

● What is producing these neutrinos? 
● Are there even higher energy neutrino? 
● What is the flavor composition of these neutrinos?
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Astrophysical ! sources

IceCube Collaboration, Science 378, 538 (2022) 

§ At least two distinctive categories 
of sources  

§ Diffuse flux largely unresolved

à

1) How to optimize next-gen neutrino 
telescopes for low and high energies?

2) Room to improve on angular 
resolution? Need better than 0.1o @
100TeV to resolve the diffuse flux

3) How to boost flavor identification 
for discovered sources?
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FIG. 2. Left : Allowed regions of flavor ratios of astrophysical neutrinos on Earth after accounting for vacuum oscillations en
route and the 3ω neutrino oscillation parameters (assuming normal ordering) from a recent global fit [63]. Middle: Same regions
after the inclusion of ME at the source and assuming pp production. Right : Regions are further modified if instead we assume
pε production in combination with ME. In each panel, we consider 3 scenarios: standard pion decay (red), muon-damped
(blue) and neutron decay (green). Also shown are the current IceCube constraints (black solid and dashed for 68% and 95%
C.L. respectively) [9] and projections for IceCube-Gen2 (yellow) [46].

improve our understanding of the flavor composition in
the next decades [98]. In Fig. 2, we include projections
from IceCube-Gen2 after 10 years of operations (yellow
contours) assuming ω-decay and VO to be the true hy-
pothesis [46].

Neutrino flavor conversion in AGNs can also be directly
studied by using single sources. The increasing evidence
for neutrinos pointing to steady-state AGN sources can
allow for individual studies of flavor composition in di!er-
ent energy regimes. In the Appendix, we complement the
discussion by including the flavor triangles for IO, which
can be completely di!erent from NO, due to di!erences
in the energy level scheme.

Discussion and Conclusions.– The AGN model
used in Eq. (1) has a column density NH →

∫
nedr ↑

1033 cm→2, compatible with the minimum necessary
width of the medium for strong flavor conversion [43].
Flavor conversion via the L-resonance alone can be
achieved at smaller NH ↑ 1030 cm→2, which is still orders
of magnitude higher than that (↑ 1025 cm→2) inferred
for NGC 1068 from X-ray studies [99, 100]. Such heavily
Compton-thick AGNs, with NH ↓ ε

→1
T

↔ 1.5↗1024 cm→2

(inverse of the Thomson cross-section, which corresponds
to unity optical depth for Compton scattering), could be
numerous [38, 101, 102], but detecting them is challeng-
ing by conventional astrophysical methods due to X-ray
absorption [34, 103, 104]. HENs, una!ected by obscura-
tion, o!er an exciting multi-messenger avenue to study
these AGNs, complementary to searches based on in-
frared emission and star formation. Our proposed mech-
anism, measuring a shift in the flavor ratios influenced
by ME, provides a unique probe of the Compton-thick
AGNs as the sources of the HESE neutrinos. Under-
standing the distribution of Compton-thick AGNs is also
crucial for modeling their impact on the cosmic X-ray
background and gaining insights into the correlation be-

tween black hole growth and galaxy evolution [105].

The analysis performed here assumes that the flavor
composition at Earth is constant over the observed neu-
trino energy range. The capability of future neutrino
telescopes to do such energy-dependent measurements,
i.e., to look for a transition from neutrino production
via the full pion decay chain at low energies to muon-
damped pion decay at high energies, was recently as-
sessed in Ref. [106]. Taking into account the ME dis-
cussed here can modify the energy dependence of the
flavor ratios in a nontrivial way. This will be studied in
a follow-up work.

We have examined the resonant flavor conversion
of HENs within the standard 3-neutrino oscillation
paradigm. Additional new physics phenomena, such as
Glashow-like resonances in neutrino mass models [107,
108], spin-flavor resonance for transition magnetic mo-
ments of Majorana neutrinos [109], or spin-flip resonance
of Dirac neutrinos [110], could impact the source flavor
ratios as well. In general, the presence of new physics
is known to complicate the flavor triangle analysis [111–
121]. Exploring the ME in presence of other new physics
e!ects is beyond the scope of this study and will be ad-
dressed in future research.

Acknowledgments.– We thank Manel Errando and
Alexei Smirnov for useful discussions. The work of BD
was partly supported by the U.S. Department of Energy
under grant No. DE-SC 0017987. The work of YP was
supported in part by the São Paulo Research Founda-
tion (FAPESP) Grant No. 2023/10734-3. We thank the
Fermilab Theoretical Physics Department, where part of
this work was done, for their warm hospitality. BD and
SJ also wish to acknowledge the Center for Theoretical
Underground Physics and Related Areas (CETUP*) and
the Institute for Underground Science at SURF for hos-
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Detection principle ->  
Cherenkov light

Next-generation prospects

● New designs/technologies to increase the target volume.

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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TAMBO 
Aim to detect 1-100 PeV ντ neutrinos
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νττ
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Overview of Simulation Framework

Jeff Lazar Pavel Zhelnin

𝜈𝜏

𝜏−

Initial neutrino injection: Select 
initial neutrino properties, i.e. 
energy, direction, interaction 
vertex, etc.

Charged lepton propagation: 
Propagate outgoing charged 
lepton, accounting for energy 
losses and decay, to find decay 
point

Air-shower simulation: Model 
shower development from lepton 
decay
Detector response: Simulate 
internal hardware to model what 
we will see

Event weighting: Remove 
unphysical remnants from 
selection of initial neutrino 
properties
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Developing Full Simulation

Preliminary Simulation Full Simulation

● Simplified geometry 
● No treatment of τ energy losses 
● Approximation of air shower physics

● Realistic geometry 
● Full treatment of τ energy losses 
● Air shower simulation with CORSIKA 8

13Alfonso Garcia     |    MODE workshop, 22/09/2024



Developing Full Simulation

Preliminary Simulation Full Simulation

● Simplified geometry 
● No treatment of τ energy losses 
● Approximation of air shower physics

● Realistic geometry 
● Full treatment of τ energy losses 
● Air shower simulation with CORSIKA 8

14Alfonso Garcia     |    MODE workshop, 22/09/2024



Developing Full Simulation
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What Can We See with TAMBO?

● Baseline design: O(10k) 
detectors, 150 m spacing* 

● Serve as a pointer for 
neutrinos telescopes -> one 
neutrino one source 

● Probe diffuse spectrum from 
1-100 PeV 

● Synergistic flavor ratio 
measurements 

● Unique geometry for 
cosmic ray measurements
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Expected Event Rates
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● Updated simulation predicts ~3x higher rates! 
● >3σ sensitivity to reject SPL in 3 years with 5000 modules



● Detector technology: either water Cherenkov or plastic scintillator 
- No new technology development needed! 

● Special considerations for TAMBO: 
- Difficulty of deploying detectors in canyon 
- Cost of producing O(1k) detectors

Detector Research & Development

Diyaselis Delgado

William Thompson
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● Initially deploy ~10 modules followed by ~100 modules for R&D 
● Full array could be deployed in 1500-module segments 
● Expect to see neutrinos in <2 years

Tentative Timeline
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2024 2026

10 
modules 

100 
modules

2028 2030

1x 1500 
modules

2x 1500 
modules

5k array 
modules

20322022

Site 
exploration

Proof of concept 

10 km



● TAMBO will bridge gap between HE and 
UHE astrophysical neutrino experiments 

● Fully-featured simulation nearing 
completion -> starting developing first ML 
reconstruction  

● Development of prototype detectors 
underway 

● Geometry optimization through 
differentiable programming? 

● Interested in joining? Contact us! 

Summary
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Thanks!



● Met with Peruvian & local officials last autumn 
● Developing workshop to help scientists interface & form partnership with local 

communities 
● Aim to engage local community as partners

Community Partnership

Photo Credit: Universidad Nacional de San Agustin de Arequipa
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● Timing system is a primary challenge -> 1° pointing requires ≲ 10 ns resolution 
over 𝒪(km2) 

● Wireless timing system under development at UTEC 
● Scintillator & timing testbed being built at PUCP

Hardware Development @ UTEC & PUCP 

Photo Credit: Universidad Nacional de San Agustin de Arequipa
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