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What makes high-energy cosmic ν exciting?

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333)

They have the highest energies

They travel the
longest distances
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Next decade: a host of planned neutrino detectors

MB et al., Snowmass 2020 Letter of interest

Increase TeV–PeV
ν statistics

Discover > EeV νSynergies with lower energies
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High-energy neutrinos: TeV–PeV

Ultra-high-energy neutrinos: > 100 PeV

(Discovered)

(Predicted but undiscovered)
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I.
The story so far



Strebe/Wikipedia

ANTARES
▸ Mediterranean Sea
▸ Completed 2008
▸ Veff ~ 0.2 km3 (10 TeV)
   Veff ~ 1 km3 (10 PeV)
▸ 12 strings, 900 OMs
▸ Sensitive to ν from
   the Southern sky

Baikal NT200+
▸ Lake Baikal
▸ Completed 1998 
   (upgraded 2005)
▸ Veff ~ 10-4 km3 (10 TeV)
   Veff ~ 0.01 km3 (10 PeV)
▸ 8 strings, 192+ OMs

IceCube
▸ South Pole
▸ Completed 2011
▸ Veff ~ 0.01 km3 (10 TeV)
   Veff ~ 1 km3 (> 1 PeV)
▸ 86 strings, 5000+ OMs
▸ Sees high-energy
   astrophysical ν

TeV–PeV ν 
telescopes, 2021

OM: optical module 



Yuya Makino, IceCube/NSF



IceCube – What is it?
▸ Km3 in-ice Cherenkov detector in Antarctica

▸ > 5000 PMTs at 1.5–2.5 km of depth 

▸ Sensitive to neutrino energies > 10 GeV
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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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IceCube (~10 years)
km3 in-ice

Cherenkov detector

Showers
(mostly from νe, ντ)

Tracks
(from νμ)

~100 contained events, 15 TeV–2 PeV

Flavor composition

Arrival directions compatible with isotropy
Astrophysical ν flux detected at > 8σ

First hints of high-energy ν sources



Making high-energy astrophysical neutrinos

p + γ
target

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

(or p + p)
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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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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

Main high-energy
ν observables

19



Neutrino energy spectrum (7.5 yr)
Data is fit well by a single power law:100+ contained events above 60 TeV:

IceCube, 2011.03545

ν attenuated by Earth Atm. ν and μ vetoed
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Neutrino energy spectrum (7.5 yr)
Data is fit well by a single power law:100+ contained events above 60 TeV:

Spectrum looks harder for through-going νμ

IceCube, 2011.03545

ν attenuated by Earth Atm. ν and μ vetoed

20
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Distribution of arrival directions (7.5 yr)
No significant excess in the neutrino skymap:

Milky Way sources?
They only contribute, at 
most, a few times 10% 
of the total diffuse flux IceCube, 2011.03545

Post-trial
p-value: 0.092

Galactic Center

22



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.,



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): Standard oscillations
or

new physics

νμ

ντ νeνeνμ

E.g., E.g.,



Assumes underlying unitarity – 
sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (fe, fμ, fτ)

Quick aside: how to read a ternary plot
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Assumes underlying unitarity – 
sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (fe, fμ, fτ)
Pure νe:
(1,0,0)

Pure ντ:
(0,0,1)

Pure νμ:
(0,1,0)

Quick aside: how to read a ternary plot
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Assumes underlying unitarity – 
sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (fe, fμ, fτ)

(0.2,0.6,0.2)

Quick aside: how to read a ternary plot
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How to read it:
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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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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

Muon damped
(0:1:0)S

Neutron decay
(1:0:0)S

Note: ν and ν are (so far) indistinguishable 
         in neutrino telescopes

26



Measuring flavor composition: 2015–2040

Song, Li, Argüelles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, ApJ 2015, PRD 2019,  J. Phys. G 2021, 2011.03561 27
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Based on 
real data

Measuring flavor composition: 2015–2040

Status today:
Measurements are 
compatible with 
standard expectations 
(but errors are large!)

Song, Li, Argüelles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, ApJ 2015, PRD 2019,  J. Phys. G 2021, 2011.03561 27
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Based on 
real data

Projections

Measuring flavor composition: 2015–2040

Status today:
Measurements are 
compatible with 
standard expectations 
(but errors are large!)

Projections:
Near future (~2020):
´ 5 reduction using 8 yr 
of IC contained + thru.
Coming up (~2040):
´ 10 reduction using 
Gen2 and all ν telescopes

Song, Li, Argüelles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, ApJ 2015, PRD 2019,  J. Phys. G 2021, 2011.03561 27
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Timing

Blazar TXS 0506+056:

2014–2015: 13±5 ν flare, no X-ray flare 
3.5σ significance of correlation (post-trial)

2017: one 290-TeV ν + X-ray flare
1.4σ significance of correlation

Combined (pre-trial): 4.1σ

After re-analysis (2101.09836),
significance dropped

from p=7×10-5 to p=8×10-3

IceCube, Science 2018



II.
What have we learned

about astrophysics



GRAND Collab., 1810.0994 (Adapted from Fang & Murase 2017)

Fluxes at Earth
Cosmic raysNeutrinosGamma rays
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GRAND Collab., 1810.0994 (Adapted from Fang & Murase 2017)

Fluxes at Earth
Cosmic raysNeutrinosGamma rays

Roughly the same flux level

Hint of joint production?

30



Bright in gamma rays, bright in high-energy neutrinos (?)

Energy in neutrinos ∝ energy in gamma rays ν

γCR

Waxman & Bahcall, PRL 1997
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Bright in gamma rays, bright in high-energy neutrinos (?)

Energy in neutrinos ∝ energy in gamma rays ν

γCR

Waxman & Bahcall, PRL 1997

Modeling of pγ interactions & nuclear cascading
in the sources is complex and uncertain

Sources that make neutrinos via pγ
may be opaque to 1–100 MeV gamma rays
Murase, Guetta, Ahlers, PRL 2016

Morejon, Fedynitch, Boncioli, Winter, JCAP 2019
Boncioli, Fedynitch, Winter, Sci. Rep. 2017

But the correlation between ν and γ may be more nuanced:
Gao, Pohl, Winter, ApJ 2017

Fudge factors:
Source properties (e.g., baryonic loading)

Particle effects (e.g., ν-producing channels)

ν

γCR ?
31
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Gamma-ray bursts and blazars – not dominant
Gamma-ray bursts Blazars
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Gamma-ray bursts and blazars – not dominant
Gamma-ray bursts Blazars

1172 GRBs inspected, no correlation found
< 1% contribution to diffuse flux

862 blazars inspected, no correlation found
< 27% contribution to diffuse flux

IceCube, ApJ 2017
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Gamma-ray bursts and blazars – not dominant
Gamma-ray bursts Blazars

1172 GRBs inspected, no correlation found
< 1% contribution to diffuse flux

862 blazars inspected, no correlation found
< 27% contribution to diffuse flux

IceCube, ApJ 2017

33

Very new (2111.10169):
27%-100% might be from AGN!



… but we have seen one blazar neutrino flare!
Blazar TXS 0506+056:

2014–2015: 13±5 ν flare, no X-ray flare 
3.5σ significance of correlation (post-trial)

2017: one 290-TeV ν + X-ray flare
1.4σ significance of correlation

Combined (pre-trial): 4.1σ

Hard fluence:

Joint modeling of the two periods is challenging!

IceCube, Science 2018
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NASA

Solar-mass star disrupted by SMBH (>105 M⊙)

Tidal disruption events

~50% of the debris bound to the SMBH, 
creates a flare (occasionally a jet)



An apparent TDE neutrino source
Radio-emitting TDE AT2019dsg coincident with neutrino event IC191001A:

Stein et al., Nature Astron. 2021 – See also: Winter & Lunardini, Nature Astron. 2021; Murase, Kimura, Zhang, Oikonomou, Petropoulou, ApJ 2020

Multi-zone model:

IC191001A, ~200 TeV

Optical (ZTF) + UV (Swift-UVOT)

X-ray (Swift-XRT + XMM-Newton)

AT2019dsg: Apr 9, 2019 / z = 0.051 (230 Mpc) / MBH = 3  107 M⊙

From radio:
mildly relativistic expansion 

(v/c ~ 0.2) + acceleration
Radio

p and e accelerated here 
(B = 0.07 G, Ep < 160 PeV)

γth

p + γth (or p)  ν
36



Point-source upper limits

Sources in the Southern sky

IceCube

ANTARES
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ANTARES dominates

IceCube dominates

37



Source discovery potential: today and in the future
Accounts for the observed diffuse ν flux (lower/upper edge: rapid/no redshift evolution)

Ackermann, MB et al., Astro2020 Survey (1903.04333) – See also: Silvestri & Barwick, PRD 2010; Murase & Waxman, PRD 2016

Closest source with

38



III.
What have we learned
about particle physics



First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021 
Glashow, PR 1960 40
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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]



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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▸ 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
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Two examples

Flavor stuff

Cross-section stuff

1

2

Good chances of discovery 
or setting strong bounds
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Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



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

Muon damped
(0:1:0)S

Neutron decay
(1:0:0)S

Note: ν and ν are (so far) indistinguishable 
         in neutrino telescopes
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Sources Earth

Oscillations

νμ

ντ νeνeνμ

E.g.,

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

?

Known from oscillation 
experiments, to different 

levels of precision



Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Theoretically palatable regions: today (2021)

Song, Li, Argüelles, MB, Vincent, JCAP 2021 47



Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Theoretically palatable regions: today (2021)

Song, Li, Argüelles, MB, Vincent, JCAP 2021 47



Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Theoretically palatable regions: today (2021)

Song, Li, Argüelles, MB, Vincent, JCAP 2021 47



Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Theoretically palatable regions: today (2021)

Song, Li, Argüelles, MB, Vincent, JCAP 2021 47



Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Varying over all 
possible flavor 
ratios at the source

Theoretically palatable regions: today (2021)

Song, Li, Argüelles, MB, Vincent, JCAP 2021 47



Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Theoretically palatable regions: today (2021)

Song, Li, Argüelles, MB, Vincent, JCAP 2021 47



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

Allowed flavor regions overlap –
Insufficient precision in the 
mixing parameters

Measurement of flavor ratios –
Cannot distinguish between
pion-decay and muon-damped 
benchmarks even at 68% C.R. (1σ) 

Two limitations:

Theoretically palatable regions: today (2021)
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Two limitations:

Will be overcome by 2040

Theoretically palatable regions: today (2021)
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Knowing the mixing parameters better helps

Measure θ12 better

Measure θ23 better2020 ~2030

In our results:
JUNO + Hyper-K + DUNE

+ Marginal improvement til 2040

NuFit 5.0

+ Hyper-K

+ JUNO

+ Hyper-K
+ JUNO

Song, Li, Argüelles, MB, Vincent, JCAP 2021 50
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Theoretically palatable regions: 2020 → 2030 → 2040
2020

Allowed regions: overlapping 
Measurement: imprecise

Not ideal

2030

Allowed regions: well separated 
Measurement: improving

Nice

2040

Allowed regions: well separated 
Measurement: precise

Success
Song, Li, Argüelles, MB, Vincent, JCAP 2021 51



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
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 ▸ Long-range eν interactions
      [MB & Agarwalla, PRL 2019] 

MB & Agarwalla, PRL 2019

53



Neutrino-nucleon cross section:
From high to ultra-high energies



Particle Data Group
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Resonant scattering: νl + N → l- + N* → l- + π + N’

Deep inelastic
scattering:
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High-energy νN cross section: prediction

Bertone, Gauld, Rojo, JHEP 2019

State-of-the-art BGR18 prediction:
▸ NNLO
▸ Treatment of small-x effects
▸ PDFs informed by LHCb D-meson data
▸ Nuclear corrections
▸ Heavy-quark corrections

Uncertainty from 
extrapolating parton 

distribution functions 
(PDFs) to Bjorken

x ~ mW/Eν ~10-6

Softer-than-linear 
dependence on Eν 
due to the W pole
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IceCube
Horizon

νν

ν ν

μ

νl l

N hadrons

νN charged current scattering

νl νl
(lower energy)

N hadrons

νN neutral current scattering

Depletes the flux

Shifts flux to 
lower energies
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Measuring the high-energy νN cross section

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015 58
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High-energy νN cross section: today

Measurements from:
IceCube, 2011.03560
MB & Connolly, PRL 2019
IceCube, Nature 2017

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

See also:
García, Gauld, Heijboer, Rojo, JCAP 2020
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IceCube, Nature 2017

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

See also:
García, Gauld, Heijboer, Rojo, JCAP 2020

Measured TeV–PeV 
cross section compatible 
with Standard Model 
predictions
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Measurements from:
IceCube, 2011.03560
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IceCube, Nature 2017

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

See also:
García, Gauld, Heijboer, Rojo, JCAP 2020

Measured:
TeV – PeV 

cross section

Not measured:
> 10-PeV
cross section
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Valera, MB, Glaser, In preparation

After 10 years of
IceCube-Gen2 Radio (~2040):

Measure to
~ within theory 

uncertainty

Work led by 
Víctor Valera

(If the UHE ν fluxes are high)



IV.
The future
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Redshift z = 0

ν detection

ν propagation 
inside the Earth

HE ν

MeV γ 
TeV–PeV ν 

PeV p 
Photohadronic or pp interaction

inside the source

“High-energy”

Discovered Note: ν sources can be steady-state or transient



Strebe/Wikipedia

KM3NeT
▸ Mediterranean Sea
▸ ARCA: high-energy 
   array
▸ Completed 2024
▸ Veff ~ 2.5 km3

▸ 230 strings, 4100+ OMs 
Baikal GVD

▸ Lake Baikal
▸ Completed 2025
▸ Veff ~ 1.5 km3

▸ 90 strings, 1000+ OMs 

IceCube-Gen2
▸ South Pole
▸ Completed 2030
▸ Veff ~ 8 km3

▸ 206 strings, ~15000 OMs

TeV–PeV ν 
telescopes, ~2030

P-ONE
▸ Cascadia Basin
▸ Completed 2030
▸ Veff > 1 km3

▸ 70 strings, 1400 OMs

OM: optical module 



Point-source limits
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Point-source limits
IceCube-Gen2 (optical)

Northern sky

IceCube-Gen2, J. Phys. G 2021

KM3NeT
Southern sky

KM3NeT, Astropart. Phys. 2019

We will reach comparable sensitivity in both hemispheres
65



UHECR
detection

Redshift z = 0

ν detection

CMB/EBL γ 

EeV ν 
EeV p 

UHE cosmogenic ν

UHE source ν

Photohadronic interaction
during propagation

UHE p + nuclei

ν propagation 
inside the Earth

meV γ 
EeV ν 

EeV p 
Photohadronic or pp interaction

inside the source

“Ultra-high-
energy”

“Ultra-high-
energy”

Undiscovered Undiscovered

Note: ν sources can be steady-state or transient



Next decade: a host of planned neutrino detectors

MB et al., Snowmass 20201 Letter of interest

Increase TeV–PeV
ν statistics

Discover > EeV νSynergies with lower energies
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IceCube-Gen2 Radio

ARA / WIPACIceCube-Gen2, J. Phys. G 2021 [2008.04323]

Askaryan radiation
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Katrina Miller for Scientific American,
April 27, 2021 [link] 70

https://www.scientificamerican.com/article/searching-for-the-universes-most-energetic-particles-astronomers-turn-on-the-radio/


How it
started

10–20 years
from now

VPLATE (vplate.ru)

How it’s
going

First predictions
of high-energy 

cosmic ν  

PeV ν 
discovered

Hints of sources
First tests of ν physics

EeV ν discovered
Precision tests with PeV ν

First tests with EeV ν



End
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Upgoing vs. downgoing neutrinos
Northern sky

Southern sky Detector
Horizon

(Galactic Center is here)
8



Upgoing vs. downgoing neutrinos
Northern sky

Southern sky Detector
Horizon

Neutrinos from the Northern sky
≡

Upgoing neutrinos

▸ Atmospheric muons stopped

▸ High-energy ν flux attenuated

▸ Good for finding sources with 
   through-going muon tracks

▸ High statistics

▸ Dominated by atmospheric ν

(Galactic Center is here)

νν

ν ν

μ
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Downgoing vs. upgoing neutrinos
Northern sky

Southern sky

Horizon

Neutrinos from the Southern sky
≡

Downgoing neutrinos

▸ Need to mitigate atmospheric 
   muons and ν:

▸ Good for measuring the 
   diffuse flux of astrophysical ν

▸ Dominated by astrophysical ν
   (after event selection)

▸ Use higher-energy events

(Galactic Center is here)

▸ Use starting a self-veto

▸ Low statistics

νν

μ

μ 8



IceCube



How does IceCube see TeV–PeV  neutrinos?

Neutral current (NC)

νx + N →  νx + X

Deep inelastic neutrino-nucleon scattering

Charged current (CC)

νl + N →  l + X
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How does IceCube see TeV–PeV  neutrinos?

Neutral current (NC)

νx + N →  νx + X

Deep inelastic neutrino-nucleon scattering

Charged current (CC)

Makes hadronic shower

Makes shower
(e.m. or hadronic) or track

νl + N →  l + X

Receives 〈y〉Eν 
Receives (1-〈y〉)Eν 

At TeV–PeV, the average inelasticity 〈y〉 = 0.25–0.30
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Hadronic X shower

E.m. shower

E.m. shower

Track

Track

16% 17%

Double pulse/bang

Detected To be confirmed 

νx + νx

NC

νe + νe

CC

νμ + νμ

CC

ντ + ντ

CC

Hadronic X shower

Hadronic X shower

Hadronic X shower

+

+

+ or

Hadronic shower

67%

or

Confirmed 
(more later)

The occasional track 
(weakly) breaks the 
νe / ντ degeneracy



IceCube-Gen2

IceCube-Gen2, 2008.04323

Today 2023~2040
1 km3 7 new strings~8 km3

GeV–TeV νTeV–few PeV νTeV–10 PeV ν> 100 PeV ν
10s km3

72



First identified high-energy astrophysical ντ

ντN scatteringτ decay

Double bang: Event #1
(“Big Bird”)

Event #2
(“Double 
Double”)

Year 2012 2014

Energy 1st 
cascade 1.2 PeV 9 TeV

Energy 2nd 
cascade 0.6 PeV 80 TeV

Length 16 m 17 m

Most likely
to be a ντ 

IceCube, 2011.03561
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ντN scatteringτ decay

Double bang: Event #1
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Event #2
(“Double 
Double”)

Year 2012 2014

Energy 1st 
cascade 1.2 PeV 9 TeV

Energy 2nd 
cascade 0.6 PeV 80 TeV

Length 16 m 17 m

Most likely
to be a ντ 

IceCube, 2011.03561



Fundamental physics



Fundamental physics with HE cosmic neutrinos

▸ Numerous new-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

12
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Fundamental physics with HE cosmic neutrinos

▸ Numerous new-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

n = -1: neutrino decay
n = 0: CPT-odd Lorentz violation
n = +1: CPT-even Lorentz violation

12



Example 1:
Measuring TeV–PeV ν cross sections 



HorizonNo 
attenuation

Full 
attenuation

MB & Connolly, PRL 2019 65



HorizonNo 
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attenuation

MB & Connolly, PRL 2019 65

IceCube
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Downgoing

Upgoing
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Downgoing

Upgoing

Transparent Earth
e-τ ~ 1
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Downgoing

Upgoing

Opaque Earth
e-τ ~ 0



A feel for the in-Earth attenuation
Earth matter density

+

Neutrino-nucleon cross section
(Preliminary Reference Earth Model)



A feel for the in-Earth attenuation

=



Cross sections from:
MB & Connolly, PRL 2019
IceCube, Nature 2017 Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333)

 ▸ Fold in astrophysical unknowns 
   (spectral index, normalization)

 ▸ Compatible with SM predictions

 ▸ Still room for new physics

 ▸ Today, using IceCube: 
    ▸ Extracted from ~60 showers in 6 yr
    ▸ Limited by statistics

 ▸ Future, using IceCube-Gen2:
    ▸ × 5 volume  ⇒ 300 showers in 6 yr
    ▸ Reduce statistical error by 40% 

Recent update:
IceCube, 2011.03560



Using through-going muons instead

IceCube, Nature 2017

▸ Use ~104 through-going muons
▸ Measured: dEμ/dx
▸ Inferred: Eμ  ≈ dEμ/dx
▸ From simulations (uncertain): 
   most likely Eν given Eμ

▸ Fit the ratio σobs/σSM

   1.30      (stat.)      (syst.)
▸ All events grouped in a single
   energy bin 6–980 TeV 

-0.19
+0.21

-0.43
+0.39



Updated cross section measurement

IceCube, 2011.03560 50

 ▸ Uses 7.5 years of IceCube data

 ▸ Uses starting showers + tracks
    ▸ Vs. starting showers only in 
      Bustamante & Connolly 2017
    ▸ Vs. throughoing muons in IceCube 2017

 ▸ Extends measurement to 10 PeV

 ▸ Still compatible with Standard 
   Model predictions

▸ Higher energies? Work in progress 
   by Valera & MB



Bonus: Measuring the inelasticity ⟨y⟩

Muon track

Hadronic shower
Esh

Etr

IceCube, PRD 2019

▸ Inelasticity in CC νμ interaction νμ + N → μ + X:
    EX = y Eν   and   Eμ = (1-y) Eν   ⇒  y = (1 + Eμ/EX)-1

▸ The value of y follows a distribution dσ/dy

▸ In a HESE starting track: 
     EX = Esh (energy of shower)
     Eμ = Etr (energy of track)

▸ New IceCube analysis:
   ▸ 5 years of starting-track data (2650 tracks)
   ▸ Machine learning separates shower from track
   ▸ Different y distributions for ν and ν

 y = (1 + Etr/Esh)-1
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     EX = Esh (energy of shower)
     Eμ = Etr (energy of track)

▸ New IceCube analysis:
   ▸ 5 years of starting-track data (2650 tracks)
   ▸ Machine learning separates shower from track
   ▸ Different y distributions for ν and ν

 y = (1 + Etr/Esh)-1



24
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See also: IceCube, Nature 2017
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MB & Connolly PRL 2019
See also: IceCube, Nature 2017
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MB & Connolly PRL 2019
See also: IceCube, Nature 2017

Extending the PDG
cross-section plot



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



POEMMA:
Probe of Extreme
Multi-Messenger Astrophysics
POEMMA, JCAP 2021 (2012.07945)



POEMMA:
Probe of Extreme
Multi-Messenger Astrophysics
POEMMA, JCAP 2021 (2012.07945)



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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IceCube

ν

ν

ν ν

ν
ν

TeV–PeV:

Earth is almost fully opaque,
some upgoing ν still make it through
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IceCube

ν

ν

ν ν

ν
ν

TeV–PeV:

Earth is almost fully opaque,
some upgoing ν still make it through

IceCube

ν

ν

ν ν

ν
ν

> 100 PeV:

Earth is completely opaque,
but horizontal ν still make it through

ν
ν

At UHE, we can only extract the 
cross section using horizontal ν

70



IceCube-Gen2 Radio

ARA / WIPACIceCube-Gen2, J. Phys. G 2021 [2008.04323]

Askaryan radiation

71



Example 2:
Secret neutrino interactions



νSI with the UHE diffuse flux
Resonance energy:

7

Coupling matrix:

νSI dips and bumps in the diffuse UHE ν flux: 
► In the cosmogenic flux
► In the flux from sources

But we need enough events to detect the
spectral features – we need POEMMA-360! 

Different 
flavors can 
have different 
couplings

MB, Másson, Valera, In prep.



νSI with the UHE transient flux

Astro

Relic

If this happens repeatedly, high-energy neutrinos disappear

So, if we see high-energy neutrinos, we can set an upper limit on the νSI strength
Original idea by Kolb & Turner, using SN1987A (PRD 1987)

Mean free path of a ν of energy E: 

Estimated optical depth if emitted by a source at a distance L: 

8
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νSI with the UHE transient flux

Astro

Relic

High-energy E

Low-energy

Each:
intermediate-energy E’ < E

If this happens repeatedly, high-energy neutrinos disappear

So, if we see high-energy neutrinos, we can set an upper limit on the νSI strength
Original idea by Kolb & Turner, using SN1987A (PRD 1987)

Mean free path of a ν of energy E: 

Estimated optical depth if emitted by a source at a distance L: 

8

Perfect for POEMMA!



Example 4:
Neutrino decay



Are neutrinos forever?
▸ In the Standard Model (νSM), neutrinos are essentially stable (τ > 1036 yr):
   ▸ One-photon decay (νi → νj + γ): τ > 1036 (mi/eV)-5 yr
   ▸ Two-photon decay (νi → νj + γ + γ): τ > 1057 (mi/eV)-9 yr
   ▸ Three-neutrino decay (νi → νj + νk + νk): τ > 1055 (mi/eV)-5 yr

▸ BSM decays may have significantly higher rates: νi → νj + φ

▸ φ: Nambu-Goldstone boson of a broken symmetry (e.g.,  Majoron)

▸ We work in a model-independent way:
   the nature of φ is unimportant if it is invisible to neutrino detectors 

» Age of Universe
   (~ 14.5 Gyr)

35



Flavor content of neutrino mass eigenstates

|Uαi|2 =|Uαi(θ12, θ23, θ13, δCP
)|2

MB, Beacom, Winter PRL 2015

Known to within 8%

Known to within 2%

Known to within 20%
(or worse)

36



Neutrinos propagate as an incoherent mix of ν1, ν2, ν3 —

w1

w2

w3

 +

 +

Varying all possible 
combinations of weights wi 

and
mixing parameters

Complete decay selects particular weights ▸
with striking consequences for flavor   



Measuring the neutrino lifetime
ν

2
, ν

3
 → ν

1

ν
1 
lightest and stable

(normal mass ordering)

(inverted mass ordering)

ν
1
, ν

2
 → ν

3

ν3 
lightest and stable

Sources

Earth

If all unstable 
neutrinos decay

fα,⊕ = |Uα1|2

fα,⊕ = |Uα3|2

(w1 ~ 1; w2, w3 ~ 0)

(w3 ~ 1; w1, w2 ~ 0)
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Measuring the neutrino lifetime
ν

2
, ν

3
 → ν

1

ν
1 
lightest and stable

(normal mass ordering)

(inverted mass ordering)

ν
1
, ν

2
 → ν

3

ν3 
lightest and stable

Sources

Earth

If all unstable 
neutrinos decay

fα,⊕ = |Uα1|2

fα,⊕ = |Uα3|2

Decay rate depends on exp[- t / (γ τi)] = exp[- (L/E) · (mi/τi)]

(w1 ~ 1; w2, w3 ~ 0)

(w3 ~ 1; w1, w2 ~ 0)

38



MB, Beacom, Murase, PRD 2017
Baerwald, MB, Winter, JCAP 2012
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`

Pure ν1 disfavored 
at > 2σMB, Beacom, Murase, PRD 2017

Baerwald, MB, Winter, JCAP 2012
39



`

Pure ν1 disfavored 
at > 2σMB, Beacom, Murase, PRD 2017

Baerwald, MB, Winter, JCAP 2012
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Using the Glashow resonance to test decay

MB, 2004.06844
See also: MB, Beacom, Murase, PRD 2017

▸ At 6.3 PeV, the Glashow resonance 
  (νe + e → W) should trigger showers in IceCube

▸ … unless ν1, ν2 decay to ν3 en route to Earth
   (the surviving ν3 have little electron content)

▸ IceCube has seen 1 shower in the 4–8 PeV 
   range, so ν1, ν2 must make it to Earth

▸ So we set lower limits on their lifetimes
   (in the inverted mass ordering)

▸ Translated into upper limits on coupling

40
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▸ At 6.3 PeV, the Glashow resonance 
  (νe + e → W) should trigger showers in IceCube

▸ … unless ν1, ν2 decay to ν3 en route to Earth
   (the surviving ν3 have little electron content)

▸ IceCube has seen 1 shower in the 4–8 PeV 
   range, so ν1, ν2 must make it to Earth

▸ So we set lower limits on their lifetimes
   (in the inverted mass ordering)

▸ Translated into upper limits on coupling

τ1/m1 > 2.91 × 10-3 s eV-1 (90% C.L.)
τ2/m2 > 1.26 × 10-3 s eV-1 (90% C.L.)
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Using the Glashow resonance to test decay

MB, 2004.06844
See also: MB, Beacom, Murase, PRD 2017

▸ At 6.3 PeV, the Glashow resonance 
  (νe + e → W) should trigger showers in IceCube

▸ … unless ν1, ν2 decay to ν3 en route to Earth
   (the surviving ν3 have little electron content)
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   range, so ν1, ν2 must make it to Earth
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▸ Translated into upper limits on coupling
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Flavor composition



Muon cooling

Pion cooling

Proton cooling

Using high-energy neutrinos as magnetometers 
If sources have strong magnetic fields, charged particles cool via synchrotron:

MB, Tamborra, PRD 2020
Winter, PRD 2013



Muon cooling

Pion cooling

Using high-energy neutrinos as magnetometers 
If sources have strong magnetic fields, charged particles cool via synchrotron:

MB, Tamborra, PRD 2020
Winter, PRD 2013

ν sources with strong B’ 
are likely not dominant

Average B’ must be
< 10kG–10 MG



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.,



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): Standard oscillations
or

new physics

νμ

ντ νeνeνμ

E.g., E.g.,



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 



Sources Earth

Oscillations

νμ

ντ νeνeνμ

E.g.,

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

?



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

Note: 
The original palatable regions were 
frequentist [MB, Beacom, Winter, PRL 2015]; 
the new ones are Bayesian
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Ingredient #1: 
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Fix at one of the benchmarks
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Explore all possible combinations
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Flavor ratios at the source,
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2020: Use χ2 profiles from 
the NuFit 5.0 global fit
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+ reactor + accelerator)
Esteban et al., JHEP 2020
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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

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



How knowing the mixing parameters better helps

14

For a future experiment 
ε = JUNO, DUNE, Hyper-K:

We combine experiments in 
a likelihood:

Best fit from NuFit 5.0

From our simulations



Inferring the flavor composition at the sources

Song, Li, Argüelles, MB, Vincent, 2012.12893
MB & Ahlers, PRL 2019

Ingredient #1: 
Flavor ratios measured at Earth,

 

Ingredient #2: 
Probability density of mixing 

parameters (θ12, θ23, θ13, δCP)

E.g.,

49
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Song, Li, Argüelles, MB, Vincent, 2012.12893
MB & Ahlers, PRL 2019

Ingredient #1: 
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Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar
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Allowed flavor regions overlap –
Insufficient precision in the 
mixing parameters

Measurement of flavor ratios –
Cannot distinguish between
pion-decay and muon-damped 
benchmarks even at 68% C.R. (1σ) 

Two limitations:
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Two limitations:

Will be overcome by 2040
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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

Note: 
The original palatable regions were 
frequentist [MB, Beacom, Winter, PRL 2015]; 
the new ones are Bayesian
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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
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≡
Allowed regions of flavor ratios at Earth derived from oscillations
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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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How knowing the mixing parameters better helps

We can compute the oscillation 
probability more precisely: 

So we can convert back and 
forth between source and Earth 
more precisely

20



How knowing the mixing parameters better helps

20

For a future experiment 
ε = JUNO, DUNE, Hyper-K:

We combine experiments in 
a likelihood:

Best fit from NuFit 5.0

From our simulations



How knowing the mixing parameters better helps

Measure θ12 better

Measure θ23 better

(δCP less important)

(θ13 effect is tiny)

21



How knowing the mixing parameters better helps

Measure θ12 better

Measure θ23 better2020 ~2030

In our results:
JUNO + Hyper-K + DUNE

Marginal improvement til 2040

NuFit 5.0

+ Hyper-K

+ JUNO

+ Hyper-K
+ JUNO

Song, Li, MB, Argüelles, Vincent, 2012.XXXXX 21



Theoretically palatable regions: 2020 → 2030 → 2040

Song, Li, MB, Argüelles, Vincent, 2012.XXXXX 22
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2020

Allowed regions: overlapping 
Measurement: imprecise
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Theoretically palatable regions: 2020 → 2030 → 2040

Song, Li, MB, Argüelles, Vincent, 2012.XXXXX

2020

Allowed regions: overlapping 
Measurement: imprecise

Not ideal

2030

Allowed regions: well separated 
Measurement: improving

Nice

2040

Allowed regions: well separated 
Measurement: precise

Success

22



Song, Li, MB, Argüelles, Vincent, 2012.XXXXX

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

24



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

vs.

16

No unitarity?  No problem



Energy dependence of the flavor composition?
Different neutrino production channels accessible at different energies – 

MB, Beacom, Winter, PRL 2015

▸ TP13: pγ model, target photons from e-e+ annihilation [Hümmer+, Astropart. Phys. 2010]

▸ Will be difficult to resolve [Kashti, Waxman, PRL 2005; Lipari, Lusignoli, Meloni, PRD 2007]

36



Energy dependence of flavor ratios – in IceCube-Gen2

IceCube-Gen2, 2008.04323

Pion decay

Muon-damped

Measured:
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More than one production mechanism?

Song, Li, Argüelles, MB, Vincent, 2012.12893

Can we detect the contribution of
multiple ν production mechanisms?

π decay:
(1/3, 2/3, 0)

μ damped:
(0, 1, 0)

n decay:
(1, 0, 0)

Propagate to Earth

Assume real value kπ = 1 (kμ = kn = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]
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Propagate to Earth

Assume real value kπ = 1 (kμ = kn = 0)

By 2040, how well will we recover the real value?

We do recover the real value

k
π  and k

μ  anti-correlated

< 40% n-decay 
contribution

[Adding spectrum information (not shown) will likely help]
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Three reasons to be excited

Oscillation physics:
We will know the mixing parameters 
better (JUNO, DUNE, Hyper-K, 
IceCube Upgrade)

Flavor measurements:
New neutrino telescopes = more  
events, better flavor measurement

Test of the oscillation framework:
We will be able to do what we want 
even if oscillations are non-unitary

Song, Li, Argüelles, MB, Vincent, JCAP 2021
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Measuring flavor composition: 2015–2040
Song, Li, Argüelles, MB, Vincent, JCAP 2021
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Song, Li, Argüelles, MB, Vincent, JCAP 2021

~16× increase by 2030!
(in the TeV–PeV range)
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How knowing the mixing parameters better helps

Measure θ12 better

Measure θ23 better2020 ~2030

In our results:
JUNO + Hyper-K + DUNE

Marginal improvement til 2040

NuFit 5.0

+ Hyper-K

+ JUNO

+ Hyper-K
+ JUNO

Song, Li, Argüelles, MB, Vincent, JCAP 2021 56



Detectors



IceCube → IceCube-Gen2
ANTARES → KM3NeT
NT200+ → Baikal GVD

P-ONE

Detection of UHE ν in ice and water

Optical detection
in ice or water

Auger → AugerPrime
TA → TA×4

HAWC
TAMBO

Detection of air showers from UHE ντ

Radio detection
in ice

ARA
ARIANNA

RNO-G
IceCube-Gen2

Radio detection
from the air or space

ANITA → PUEO
NuMoon

Surface 
particle detection

ANITA → PUEO
BEACON
GRAND

TAROGE & TAROGE-M

Radio detection
in the atmosphere

Trinity
MAGIC

CTA
ASHRA NTA

Air-shower imaging
from the ground

EUSO-SPB2
POEMMA

Cherenkov/fluorescence
from air or space

Denton, MB, Wissel et al., Snowmass 20201 Letter of interest Operating Proposed or under construction Completed



Radio emission: geomagnetic and Askaryan

▸ Time-varying transverse current
▸ Linearly polarized parallel to Lorentz force
▸ Dominant in air showers

Geomagnetic Askaryan

▸ Time-varying negative-charge ~20% excess
▸ Linearly polarized towards axis
▸ Sub-dominant in air showers

Figures by H. Schoorlemmer and K. D. de Vries



Radio emission: geomagnetic and Askaryan



Radio-detection of UHE neutrinos in ice

▸ Radio attenuation length in ice: few km
   (vs. 100 m for light)

▸ Larger monitored volume than IceCube

▸ ARA, ARIANNA: antennas buried in ice

▸ ANITA: antennas mounted on a balloon

No ν detected yet

(But UHECRs detected regularly!)

ARA / WIPAC



TAMBO
arXiv:2002.06475

https://arxiv.org/abs/2002.06475
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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
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PLEnuM



Characterizing the diffuse power-law flux in PLEνM

Figure courtesy of Matthias Huber
Huber, Schumacher, Agostini, MB, Oikonomou, Resconi, In prep. 55



Discovering a Galactic ν flux in PLEνM

Figure courtesy of Matthias Huber
Huber, Schumacher, Agostini, MB, Oikonomou, Resconi, In prep.

Galactic emission template:
5σ discovery potential (GC only)

Flux uniformly distributed:

56
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