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46 authors

~100 pages 

arXiv: 2203.08096
(Will be submitted

for publication)

Several overview plots

https://arxiv.org/abs/2203.08096
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Particle physics & 
astrophysics are 

inextricably linked

For Snowmass: focus on particle-physics 
opportunities, point out complementarity 

Complementarity highlighted in the 
Astro2020 Decadal Survey:
▸ Fundamental Physics with High-Energy Cosmic 
   Neutrinos, 1903.04333
▸ Astrophysics Uniquely Enabled by Observations of   
   High-Energy Cosmic Neutrinos, 1903.04334

https://arxiv.org/abs/1903.04333
https://arxiv.org/abs/1903.04334


High-energy neutrinos: TeV–PeV

Ultra-high-energy neutrinos: > 100 PeV

(Discovered)

(Predicted but undiscovered)
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They have the highest energies

They travel the
longest distances
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Increase TeV–PeV
ν statistics

Discover > EeV νSynergies with lower energies
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First tests of high-energy ν physics

First promising source candidates
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TeV–PeV ν > 100-PeV ν

Current status
Discovered (by IceCube, 2013)

Accumulating statistics

First tests of high-energy ν physics

First promising source candidates

High-energy Ultra-high-energy

Current status
Predicted (1960s), but undiscovered 

Upper limits on their flux

Flux predictions uncertain, improving

Aim for discovery in next-gen detectors
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What are the main physics goals for the next 10–20 years?

What theoretical developments do we need to realize these goals?

1

2

3 What experiments do we need to realize these goals?

4 Take-home messages
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TeV–PeV ν > 100-PeV ν

Particle physics
Measure high-energy SM predictions

Test BSM predictions

High-energy Ultra-high-energy

Astrophysics
Find the neutrino sources

Characterize the diffuse flux precisely

Explore with high statistics Discover

Particle physics
Test physics at highest expected energies

Astrophysics
Find sources of UHE cosmic rays

Potential also in
the multi-PeV 

transition regime



Main high-energy
ν observables
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Standard expectation:
Power-law energy spectrum

Standard expectation:
Isotropy (for diffuse flux)

Standard expectation:
ν and γ from transients arrive 

simultaneously

Standard expectation:
Equal number of νe, νμ, ντ
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More: PoS ICRC2019 (1907.08690)
Argüelles, MB, Kheirandish, Palomares-Ruiz, Salvadó, VincentNote: Not an exhaustive list

Standard expectation:
Power-law energy spectrum

Standard expectation:
Isotropy (for diffuse flux)

Standard expectation:
ν and γ from transients arrive 

simultaneously

Standard expectation:
Equal number of νe, νμ, ντ

Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018

Argüelles, MB, Kheirandish, Palomares-Ruiz, Salvadó, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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First observation of a Glashow resonance
Predicted in 1960:

hadrons
(π, n, …)
Br ≈ 67%

IceCube, Nature 2021 
Glashow, PR 1960

νe

e

W6.3 PeV

νe

e

W Br ≈ 33%
l+

l-

6.3 PeV

First reported by IceCube in 2021: 
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Measuring the high-energy neutrino-nucleon cross section

15
Valera, MB, Glaser, JCAP 2022
Adapted for Snowmass



Physics in the flavor composition

16
Song, Li, Argüelles, MB, Vincent, JCAP 2021

See the talk by 
Teppei Katori

Important:
Improvement possible 
only from synergy with 
mixing-parameter 
measurements in 
oscillations experiments 
(DUNE, JUNO, Hyper-K, 
IceCube Upgrade)



Neutrinos from heavy dark-matter annihilation

17Argüelles, Diaz, Kheirandish, Olivares del Campo, Safa, Vincent, RMP 2021



Characterizing the TeV–PeV neutrino flux

18Ackermann et al., High-Energy and Ultra-High-Energy Neutrinos: 
A Snowmass White Paper, 2203.08096
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Make predictions & analyses more sophisticated

Particle physics

Explore larger model 
parameter spaces

Fully account for
astrophysical uncertainties

Astrophysics

Abandon assumption that all 
sources are identical

More complete multi-
messenger models
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Strategy
Multi km-scale in-ice & in-water 

Cherenkov detectors

High-energy Ultra-high-energy

Challenges
Familiar tech; mainly logistical + funding

Status
Under design, prototype, deployment

(IceCube, IceCube-Gen2, KM3NeT, Baikal-GVD, P-ONE)



TeV–PeV ν > 100-PeV ν

Strategy
Multi km-scale in-ice & in-water 

Cherenkov detectors

High-energy Ultra-high-energy

Challenges
Familiar tech; mainly logistical + funding

Status
Under design, prototype, deployment

(IceCube, IceCube-Gen2, KM3NeT, Baikal-GVD, P-ONE)

Strategy
In-ice & in-water Cherenkov too 

expensive; use more scalable techniques

Status
Multiple techniques under consideration 
&  in pathfinding stage (radio in-ice, in-air, from 
ground, radar, imaging, fluorescence, particles on ground)

Challenges
New techniques, capabilities in flux
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The potential      High-energy and ultra-high-energy neutrinos have vast 
    potential for particle physics (& astrophysics!)

The delivery       These studies are being done already today, in spite of
    limited statistics and astrophysical unknowns

    Theory: need more nuance to achieve robustness—
    ▸ Particle physics: factor in astrophysical uncertainties
    ▸ Astrophysics: move beyond identical-source estimates

    Experiment: need new detectors for statistics & discovery—
    ▸ Build bigger: more statistics in the TeV–PeV range
    ▸ Study the tail end of the PeV neutrino spectrum
    ▸ Build different: discover > 100 PeV neutrinos
    ▸ Ongoing work to study new detection techniques



Thanks!
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ν decay
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Lorentz-invariance violation

IceCube, Nature Phys. 2018



MB & Agarwalla, PRL 2019

ν-electron interaction

Chianese, Fiorillo, Miele, Morisi, Pisanti, JCAP 2019

Dark matter decay Sterile neutrinos

Brdar, Kopp, Wang, JCAP 2017

TeV–EeV ν cross sections

MB & Connolly, PRL 2019

ν self-interactions

MB, Rosenstrøm, Shalgar, Tamborra, PRD 2020

ν scattering on Galactic DM

Argüelles, Kheirandish, Vincent, PRL 2017

ν decay

Song, Li, Argüelles, MB, Vincent, JCAP 2021

Lorentz-invariance violation

IceCube, Nature Phys. 2018
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Fundamental physics with high-energy cosmic neutrinos

▸ Numerous new ν physics effects grow as ~ κn · En · L

▸ So we can probe κn ~ 4 · 10-47 (E/PeV)-n (L/Gpc)-1 PeV1-n

▸ Improvement over limits using atmospheric ν: κ0 < 10-29 PeV, κ1 < 10-33

▸ Fundamental physics can be extracted from four neutrino observables:
    ▸ Spectral shape
    ▸ Angular distribution
    ▸ Flavor composition
    ▸ Timing
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Fundamental physics with high-energy cosmic neutrinos

▸ Numerous new ν physics effects grow as ~ κn · En · L

▸ So we can probe κn ~ 4 · 10-47 (E/PeV)-n (L/Gpc)-1 PeV1-n

▸ Improvement over limits using atmospheric ν: κ0 < 10-29 PeV, κ1 < 10-33

▸ Fundamental physics can be extracted from four neutrino observables:
    ▸ Spectral shape
    ▸ Angular distribution
    ▸ Flavor composition
    ▸ Timing

In spite of
poor energy, angular, flavor reconstruction
& astrophysical unknowns

E.g.,
n = -1: neutrino decay
n = 0: CPT-odd Lorentz violation
n = +1: CPT-even Lorentz violation

11
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Making high-energy astrophysical neutrinos

p + γ
target

 → Δ+ →  
n + π+,  Br = 1/3
p + π0,  Br = 2/3

π0 → γ + γ
π+ → μ+ + νμ → νμ + e+ + νe + νμ

n (escapes) → p + e- + νe 

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 10

ν

γCR

(or p + p)
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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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GRAND & POEMMA

30

Both sensitive to extensive air showers 
induced by Earth-skimming UHE ντ

Denton & Kini, PRD 2020 
GRAND:

Sensitive to radio
POEMMA:
Sensitive to 

Cherenkov & 
fluorescence

ντ regeneration

Measured to 
within 20%

If they see 100 events from ντ with initial 
energy of 109 GeV (pre-attenuation):
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Flavor at the Earth: theoretically palatable regions
Theoretically palatable flavor regions

≡
Allowed regions of flavor ratios at Earth derived from oscillations

MB, Beacom, Winter, PRL 2015
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The original palatable regions were 
frequentist [MB, Beacom, Winter, PRL 2015]; 
the new ones are Bayesian
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Theoretically palatable flavor regions

≡
Allowed regions of flavor ratios at Earth derived from oscillations

MB, Beacom, Winter, PRL 2015

Ingredient #2: 
Probability density of mixing 

parameters (θ12, θ23, θ13, δCP)

Ingredient #1: 
Flavor ratios at the source,

( fe,S, fμ,S, fτ,S ) 

Fix at one of the benchmarks
(pion decay, muon-damped, neutron decay)

or

Explore all possible combinations

2020: Use χ2 profiles from 
the NuFit 5.0 global fit
(solar + atmospheric

+ reactor + accelerator)
Esteban et al., JHEP 2020

www.nu-fit.org

Post-2020: Build our own 
profiles using simulations 
of JUNO, DUNE, Hyper-K

An et al., J. Phys. G 2016
DUNE, 2002.03005

Huber, Lindner, Winter, Nucl. Phys. B 2002

Note: 
The original palatable regions were 
frequentist [MB, Beacom, Winter, PRL 2015]; 
the new ones are Bayesian
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Varying over all 
possible flavor 
ratios at the source
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Theory –
Mixing parameters known 
precisely: allowed flavor regions 
are almost points (already by 2030)

Measurement of flavor ratios –
Can distinguish between similar 
predictions at 99.7% C.R. (3σ) 

Can finally use the full power of 
flavor composition for astrophysics 
and neutrino physics

By 2040:

Theoretically palatable regions: 2020 vs. 2040
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UHE neutrinos: steady-state sources

Cosmogenic neutrinos

Neutrinos from the sources
(possibly dominant flux!)

Rodrigues, Heinze, Palladino, van Vliet, Winter, 2003.08392
Heinze, Fedynitch, Boncioli, Winter ApJ 2019
Fang & Murase, Nature Phys. 2018
POEMMA, 2012.07945
RNO-G, JINST 2021
IceCube-Gen2, J. Phys. G 2021
GRAND, Sci. China Phys. Mech. Astron. 2020

47



UHE neutrinos: steady-state sources
Rodrigues, Heinze, Palladino, van Vliet, Winter, 2003.08392
Heinze, Fedynitch, Boncioli, Winter ApJ 2019
Fang & Murase, Nature Phys. 2018
POEMMA, 2012.07945
RNO-G, JINST 2021
IceCube-Gen2, J. Phys. G 2021
GRAND, Sci. China Phys. Mech. Astron. 2020

47



UHE neutrinos: steady-state sources

Ultimate target sensitivity
for next-gen detectors
(if protons are ~10% of the
highest-energy UHECRs)

Rodrigues, Heinze, Palladino, van Vliet, Winter, 2003.08392
Heinze, Fedynitch, Boncioli, Winter ApJ 2019
Fang & Murase, Nature Phys. 2018
POEMMA, 2012.07945
RNO-G, JINST 2021
IceCube-Gen2, J. Phys. G 2021
GRAND, Sci. China Phys. Mech. Astron. 2020

47



UHE neutrinos: transient sources
Guépin, Kotera, Barausse, Fang, Murase, A&A 2018
Murase, PRD 2017
Zhang et al., Nature Commun. 2018
POEMMA, 2012.07945
RNO-G, JINST 2021
IceCube-Gen2, J. Phys. G 2021
GRAND, Sci. China Phys. Mech. Astron. 2020
ANTARES, IceCube, Auger, LIGO, Virgo, ApJ 2017

48



UHE neutrinos: transient sources
Guépin, Kotera, Barausse, Fang, Murase, A&A 2018
Murase, PRD 2017
Zhang et al., Nature Commun. 2018
POEMMA, 2012.07945
RNO-G, JINST 2021
IceCube-Gen2, J. Phys. G 2021
GRAND, Sci. China Phys. Mech. Astron. 2020
ANTARES, IceCube, Auger, LIGO, Virgo, ApJ 2017

48



UHE neutrinos: transient sources
Guépin, Kotera, Barausse, Fang, Murase, A&A 2018
Murase, PRD 2017
Zhang et al., Nature Commun. 2018
POEMMA, 2012.07945
RNO-G, JINST 2021
IceCube-Gen2, J. Phys. G 2021
GRAND, Sci. China Phys. Mech. Astron. 2020
ANTARES, IceCube, Auger, LIGO, Virgo, ApJ 2017

48







Known



Known


	Slide: 1
	Slide: 2
	Slide: 3
	Slide: 4
	Slide: 5
	Slide: 6 (1)
	Slide: 6 (2)
	Slide: 7 (1)
	Slide: 7 (2)
	Slide: 8
	Slide: 9
	Slide: 10
	Slide: 11
	Slide: 12
	Slide: 13
	Slide: 14 (1)
	Slide: 14 (2)
	Slide: 14 (3)
	Slide: 14 (4)
	Slide: 14 (5)
	Slide: 14 (6)
	Slide: 15 (1)
	Slide: 15 (2)
	Slide: 16 (1)
	Slide: 16 (2)
	Slide: 16 (3)
	Slide: 16 (4)
	Slide: 16 (5)
	Slide: 16 (6)
	Slide: 16 (7)
	Slide: 16 (8)
	Slide: 16 (9)
	Slide: 16 (10)
	Slide: 16 (11)
	Slide: 17 (1)
	Slide: 17 (2)
	Slide: 17 (3)
	Slide: 17 (4)
	Slide: 17 (5)
	Slide: 18
	Slide: 19
	Slide: 20
	Slide: 21
	Slide: 22
	Slide: 23
	Slide: 24
	Slide: 25 (1)
	Slide: 25 (2)
	Slide: 26 (1)
	Slide: 26 (2)
	Slide: 26 (3)
	Slide: 26 (4)
	Slide: 27
	Slide: 28
	Slide: 29
	Slide: 30
	Slide: 31
	Slide: 32
	Slide: 33
	Slide: 34
	Slide: 35
	Slide: 36
	Slide: 37
	Slide: 38
	Slide: 39
	Slide: 40
	Slide: 41
	Slide: 42
	Slide: 43
	Slide: 44
	Slide: 45
	Slide: 46
	Slide: 47 (1)
	Slide: 47 (2)
	Slide: 47 (3)
	Slide: 47 (4)
	Slide: 47 (5)
	Slide: 47 (6)
	Slide: 47 (7)
	Slide: 47 (8)
	Slide: 47 (9)
	Slide: 48 (1)
	Slide: 48 (2)
	Slide: 48 (3)
	Slide: 48 (4)
	Slide: 48 (5)
	Slide: 49 (1)
	Slide: 49 (2)
	Slide: 49 (3)
	Slide: 50 (1)
	Slide: 50 (2)
	Slide: 50 (3)
	Slide: 50 (4)
	Slide: 50 (5)
	Slide: 51 (1)
	Slide: 51 (2)
	Slide: 52
	Slide: 53 (1)
	Slide: 53 (2)
	Slide: 54 (1)
	Slide: 54 (2)
	Slide: 54 (3)
	Slide: 54 (4)
	Slide: 54 (5)
	Slide: 54 (6)
	Slide: 55 (1)
	Slide: 55 (2)
	Slide: 55 (3)
	Slide: 55 (4)
	Slide: 55 (5)
	Slide: 56 (1)
	Slide: 56 (2)
	Slide: 56 (3)
	Slide: 56 (4)
	Slide: 56 (5)
	Slide: 56 (6)
	Slide: 57
	Slide: 58
	Slide: 59
	Slide: 60
	Slide: 61 (1)
	Slide: 61 (2)
	Slide: 61 (3)
	Slide: 62 (1)
	Slide: 62 (2)
	Slide: 63
	Slide: 64
	Slide: 65
	Slide: 66 (1)
	Slide: 66 (2)
	Slide: 66 (3)
	Slide: 66 (4)

