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R. Mammen Abraham et al., J. Phys. G 2022

1975: Tau lepton
          discovered

Immediate 
thoughts of ντ
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Neutrino oscillations is a three-state system (νe, νμ, ντ),
but we study them using mainly two (νe and νμ)

The flavor composition of high-energy cosmic neutrinos reflects
the physical conditions inside cosmic accelerators

At ultra-high energies (> 1018 eV), ντ provide unique detection 
opportunities (ντ regeneration, Earth-skimming ντ)
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Using GeV-scale atmospheric and accelerator ντ:
Do GeV ντ interact as expected?

IceCube/
DeepCore
~1800 CC ντ

~340 CC ντ

5 CC ντ

(identified)

(to the Standard- Model expectation) IceCube Collab., PRD 2019
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Tau neutrinos can test the three-neutrino paradigm

R. Mammen Abraham et al., J. Phys. G 2022

Assuming active-sterile mixing parameters

Flavor-transition probabilities change if there are additional, sterile flavors:

Mixing 
with one 
sterile ν
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DUNE: identifying many more GeV-scale ντ

De Gouvêa, Kelly, Stenico, Pasquini, PRD 2019

No improvement to measurements of the 
neutrino mixing parameters… 

Usual method: 
using only νe (appearance)
and νμ (disappearance)

Using identified ντ
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DUNE: identifying many more GeV-scale ντ

No improvement to measurements of the 
neutrino mixing parameters… 

… but improved testing of the 3ν paradigm

(Std: 0)
(S

td
: 1

)

De Gouvêa, Kelly, Stenico, Pasquini, PRD 2019

Using ντ 
appearance 



The intermediate energy range: TeV-scale ντ

FASER Collab., 2402.13318

Place a neutrino detector on the path of the LHC beam:
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The intermediate energy range: TeV-scale ντ

20–100 tagged ντ 
during LHC Run 3

FASER Collab., 2402.13318
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Neutrino oscillations is a three-state system (νe, νμ, ντ),
but we study them using mainly two (νe and νμ)

The flavor composition of high-energy cosmic neutrinos reflects
the physical conditions inside cosmic accelerators

At ultra-high energies (> 1018 EeV), ντ provide unique detection 
opportunities (ντ regeneration, Earth-skimming ντ)
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Shower
(mainly from νe and ντ) 

Track
(mainly from νμ) 

~100 m

~1 k
m

Poor angular resolution: ~10° Angular resolution: < 1°
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Measuring flavor composition: 2015–2020

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015
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Measuring flavor composition: 2015–2020
Based on 
real data

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015
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Astrophysical sources Earth

Oscillations change the number

Up to a few Gpc

of ν of each flavor, Ne, Nμ, Nτ

Different production mechanisms yield different flavor ratios:
( fe,S, fμ,S, fτ,S ) ≡ (Ne,S, Nμ,S, Nτ,S )/Ntot 

Flavor ratios at Earth (α = e, μ, τ):

νμ
ντ νeνeνμ

E.g., E.g.,
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new physics
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Sources Earth

Oscillations

νμ
ντ νeνeνμ

E.g.,

From sources to Earth: we learn what to expect when measuring 

?



One likely TeV–PeV ν production scenario:
p + γ → π+ → μ+ + νμ   followed by   μ+ → e+ + νe + νμ

Full π decay chain
(1/3:2/3:0)S

Note: ν and ν are (so far) indistinguishable 
         in neutrino telescopes
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New physics in flavor composition
Use the flavor sensitivity to test new physics:
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Sources Earth

Oscillations

νμ
ντ νeνeνμ

E.g., E.g.,

From sources to Earth: we learn what to expect when measuring 

From Earth to sources: we let the data teach us about 



Inferring the flavor composition at the sources

Song, Li, Argüelles, MB, Vincent, JCAP 2021
MB & Ahlers, PRL 2019 19
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Neutrino oscillations is a three-state system (νe, νμ, ντ),
but we study them using mainly two (νe and νμ)

The flavor composition of high-energy cosmic neutrinos reflects
the physical conditions inside cosmic accelerators

At ultra-high energies (> 1018 EeV), ντ provide unique detection 
opportunities (ντ regeneration, Earth-skimming ντ)
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TeV–PeV
In-water and in-ice

Cherenkov detectors 

> 100 PeV
Radio, fluorescence, etc. detectors 

(more on this later)

What 
goes on 

here?
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TeV–PeV
In-water and in-ice

Cherenkov detectors 

> 100 PeV
Radio, fluorescence, etc. detectors 

(more on this later)

Target
sensitivity



TRINITY — Detecting Cherenkov light
▶ Atmospheric Cherenkov imaging applied to PeV neutrinos

Detector placed on a 
mountaintop looking 
towards the horizon

▶ TRINITY: 3 arrays each of 6 mirrors of 10 m2

▶ Pioneered by MAGIC (pointing at Atlantic), ASHRA, and NTA (Mauna Kea)

24



TAMBO — Detecting particles
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BEACON 
Beam forming Elevated Array for COsmic Neutrinos

D. Southall et al., NIMA 2023

High elevation increases 
monitored volume

Beamforming cuts 
anthropogenic noise



PUEO
Payload for Ultrahigh Energy Observations

PUEO Collaboration

30-day flight above Antarctica

Builds on earlier ANITA I–IV flights



POEMMA:
Probe of Extreme
Multi-Messenger Astrophysics

Observing fluorescence
and Cherenkov radiation from space
using twin satellites

Fluorescence Cherenkov radiation

30POEMMA, JCAP 2021 (2012.07945)
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30POEMMA, JCAP 2021 (2012.07945)



IceCube-Gen2 Radio

ARA / WIPACIceCube-Gen2, J. Phys. G 2021

Askaryan radiation

31



Coleman, Ericsson, MB, Glaser, 2402.02432 32

The radio 
array of Gen2 
is sensitive to 

all flavors

20–40% of 
events are
due to ντ



Multi-shower events from νμ + ντ in IceCube-Gen2 (radio)

Coleman, Ericsson, MB, Glaser, 2402.02432
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Multi-shower νe CC interactions in IceCube-Gen2 (radio)

Colem
an, Ericsson, M

B, G
laser, 2402.02432

34



IceCube-Gen2 (radio) alone might measure flavor

Coleman, Ericsson, MB, Glaser, 2402.02432

Fraction of νe

Showers are 
elongated due to
the LPM effect

Fraction of νμ + ντ

Secondary muons 
and tauons create 
multiple showers 

(hit >1 radio station)

35



Coleman, Ericsson, MB, Glaser, 2402.02432



GRAND, Sci. China Phys. Mech. Astron. 2020 [1810.9994]



GRAND, Sci. China Phys. Mech. Astron. 2020 [1810.9994]

GRANDProto300@China GRAND@Nançay

GRAND@Auger



Manufacturing UHE flavor sensitivity with two detectors

Testagrossa, Fiorillo, MB, 2310.12215

What if future UHE radio-detection 
neutrino telescopes cannot see flavor?

Then we combine two of detectors:
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Manufacturing UHE flavor sensitivity with two detectors
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neutrino telescopes cannot see flavor?
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+
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Accessing the full UHE flavor information

39

IceCube-Gen2 (no flavor-id) + GRAND:
Access to ντ fraction

IceCube-Gen2 (with flavor-id):
Access to νe fraction and νμ+ντ fraction



Neutrino oscillations is a three-state system (νe, νμ, ντ),
but we study them using mainly two (νe and νμ)

The flavor composition of high-energy cosmic neutrinos reflects
the physical conditions inside cosmic accelerators

At ultra-high energies (> 1018 EeV), ντ provide unique detection 
opportunities (ντ regeneration, Earth-skimming ντ)
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Thanks!
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