
Astrophysics and particle physics 
with high-energy cosmic neutrinos 
today and in the future 
Mauricio Bustamante
Niels Bohr Institute, University of Copenhagen

Institut d’Astrophysique de Paris
February 17, 2023



Mycelia muralis by Bjørn Rørsletr / NN, naturfotograf.com

Optical light



Mycelia muralis by Bjørn Rørsletr / NN, naturfotograf.com

Optical light



Mycelia muralis by Bjørn Rørsletr / NN, naturfotograf.com

Optical light Ultraviolet light



Gaia

Optical light



Max Planck Institute for Radio Astronomy /
Glyn Haslam / Jodrell Bank / Effelsberg / Parkes

Radio waves



AKARI

Infrared



eRosita

X-rays



Fermi

Gamma rays



????????????



Neutrinos



Neutrinos Highest-energy 
neutrinos detected by 
IceCube in 6 years



  

ATLAS



  

DESY



  

DESY



  

Neutrinos are elementary particles,

electrically neutral,

very light,

and superbly antisocial



  

Neutrinos are elementary particles,

electrically neutral,

very light,

and superbly antisocial

= indivisible



  

Neutrinos are elementary particles,

electrically neutral,

very light,

and superbly antisocial

= indivisible

= no electric charge



  

Neutrinos are elementary particles,

electrically neutral,

very light,

and superbly antisocial

= indivisible

= no electric charge

= so light that we don’t know their mass!



  

Neutrinos are elementary particles,

electrically neutral,

very light,

and superbly antisocial

= indivisible

= no electric charge

= so light that we don’t know their mass!

= barely interact with matter
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Neutrinos are quintessential quantum particles

A neutrino is created
with one definite flavor, e.g.,

“flavor oscillations”
(Nobel Prize 2002, 2015)

It travels a long
distance to the detector

But may be detected with a
different flavor, with some probability

We use quantum mechanics to compute probabilities over macroscopic distances!

or or
νe νe νμ ντ

Neutrino source Neutrino detector
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Increase TeV–PeV
ν statistics

Discover > EeV νSynergies with lower energies

Discovered in 2013
by IceCube

Predicted in 1969
by Berezinksy



Today Next decade
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ν-electron interaction

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

Dark matter decay Sterile neutrinos

Brdar, Kopp, Wang, JCAP 2017
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High-energy cosmic neutrinos:

The story so far
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Making high-energy astrophysical neutrinos: a toy model

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)

25
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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,

~today

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

31



Shower
(mainly from νe and ντ) 

Track
(mainly from νμ) 

~100 m

~1 k
m

Poor angular resolution: ~10° Angular resolution: < 1°
32



Main high-energy
ν observables

33



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

33



Energy spectrum (IceCube, 7.5 yr)
Data is fit well by a single power law:

100+ contained events above 60 TeV:

IceCube, 2011.03545
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Energy spectrum (IceCube, 7.5 yr)
Data is fit well by a single power law:

100+ contained events above 60 TeV:

Spectrum looks harder for (lower-energy) through-going νμ

IceCube, 2011.03545
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Arrival directions (7.5 yr)
No significant excess in the neutrino sky map:

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

36



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

38



Measuring flavor composition: 2015–2020

Song, Li, Argüelles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, ApJ 2015, PRD 2019,  J. Phys. G 2021, 2011.03561 39



Measuring flavor composition: 2015–2020

Song, Li, Argüelles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, ApJ 2015, PRD 2019,  J. Phys. G 2021, 2011.03561 39



Measuring flavor composition: 2015–2020

Song, Li, Argüelles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, ApJ 2015, PRD 2019,  J. Phys. G 2021, 2011.03561 39



Measuring flavor composition: 2015–2020

Song, Li, Argüelles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, ApJ 2015, PRD 2019,  J. Phys. G 2021, 2011.03561 39



Measuring flavor composition: 2015–2020

Status today:
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Today

Turn predictions
into data-driven tests

Key developments:
Bigger detectors → larger statistics

Better reconstruction
Smaller astrophysical uncertainties

TeV–PeV ν
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II.
What have we learned

about astrophysics



  
DESY



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

44



  
DESY

TXS 0506+056: The first transient source of high-energy ν



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)



NGC1068: The first steady-state source of high-energy ν

79-20
+22 ν of TeV energy

Hubble Space Telescope,
NASA, ESA & A. van der Hoeven

Significance: 4.2σ (global)

IceCube Collab., Science 378, 538 (2022)

Active galactic nucleus 

Brightest type-2 Seyfert 



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 ?
48



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

MB, Tamborra, PRD 2020
Winter, PRD 2013 49

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 



Muon cooling

Pion cooling

Proton cooling

Using high-energy neutrinos as magnetometers 
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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

49
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Gamma rays Neutrinos Cosmic rays

Energy flux roughly equal:
hint of common origin?

M. Ackermann, MB, et al., JHEAp 35, 55 (2022) [2203.08096]





Radio, infrared, optical



X-rays & gamma raysRadio, infrared, optical



X-rays & gamma raysNeutrinosRadio, infrared, optical



X-rays & gamma raysNeutrinos

Gravitational waves

Radio, infrared, optical



X-rays & gamma raysRadio, infrared, optical Neutrinos

Gravitational waves

GW170817:
First multi-messenger
detection of the merging
of two neutron stars



X-rays & gamma raysRadio, infrared, optical Neutrinos

Gravitational waves

GW170817:
First multi-messenger
detection of the merging
of two neutron stars



X-rays & gamma raysRadio, infrared, optical Neutrinos

Gravitational waves

GW170817:
First multi-messenger
detection of the merging
of two neutron stars



X-rays & gamma raysRadio, infrared, optical Neutrinos

Gravitational waves

GW170817:
First multi-messenger
detection of the merging
of two neutron stars



X-rays & gamma raysRadio, infrared, optical Neutrinos

Gravitational waves

GW170817:
First multi-messenger
detection of the merging
of two neutron stars

Not this 
time!



X-rays & gamma raysRadio, infrared, optical Neutrinos

Gravitational waves

GW170817:
First multi-messenger
detection of the merging
of two neutron stars

Not this 
time!



X-rays & gamma raysRadio, infrared, optical Neutrinos

Gravitational waves

GW170817:
First multi-messenger
detection of the merging
of two neutron stars

Not this 
time!



III.
What have we learned
about particle physics



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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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022



FCC

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

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

Uncertainty from extrapolating 
parton distribution functions 

(PDFs) to Bjorken x ~ mW/Eν ~10-6

Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022
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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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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022

Measured TeV–PeV 
cross section compatible 
with Standard Model 
predictions

Measurements from:
IceCube Collab., PRD 2020
MB & Connolly, PRL 2019
IceCube Collab., Nature 2017

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019
See also:
García, Gauld, Heijboer, Rojo, JCAP 2020



IV.
The future
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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 
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Figure adapted from Matthias Huber
Huber, Schumacher, Agostini, MB, 
Oikonomou, Resconi, In prep.
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Strebe/Wikipedia

Baikal GVD

IceCube-Gen2

TeV–PeV ν 
telescopes, ~2030

P-ONE

PLEνM: PLanEtary Neutrino Monitoring System

Figure adapted from Matthias Huber
Huber, Schumacher, Agostini, MB, 
Oikonomou, Resconi, In prep.
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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
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IceCube-Gen2 Radio

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

Askaryan radiation

68



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



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

GRANDProto300@China GRAND@Nançay

GRAND@Auger

Local 
development 

at IAP and 
LPNHE!
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UHECR
detection

Redshift z = 0

ν detection

CMB/EBL γ 
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EeV p 

UHE cosmogenic ν

UHE source ν

Photohadronic interaction
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ν propagation 
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EeV ν 

EeV p 
Photohadronic or pp interaction
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Uncertainty in UHECR properties 

Uncertainty in predicted UHE neutrino flux
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Today Next decade

Turn predictions
into data-driven tests

Key developments:
Bigger detectors → larger statistics

Better reconstruction
Smaller astrophysical uncertainties

Made robust and meaningful by accounting 
for all relevant particle and astrophysics uncertainties

TeV–PeV ν > 100-PeV ν
Make predictions for
a new energy regime

Key developments:
Discovery

New detection techniques
Better UHE ν flux predictions
Similar to the evolution of cosmology to a 
high-precision field in the 1990s
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Discovering the diffuse flux of UHE neutrinos

Bayes factor compares 
signal+bkg. vs. bkg.-only

75
Valera, MB, Glaser,

PRD 2023 (to appear) [2210.03756]

High Bayes factor
→ Decisive flux discovery

Low Bayes factor
→ No flux discovered

Work led by 
Víctor Valera
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Discovering point sources of UHE neutrinos

76
Fiorillo, MB, Valera,

JCAP 2023 (to appear) [2205.15985]

Number of events detected
from a population of sources

(Global) significance of a
point-source discovery

Above: angular resolution of 2° → GRAND aims for ~0.1°! 

Work led by 
Damiano Fiorillo & Víctor Valera



Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022
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some upgoing ν still make it through

IceCube
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ν
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ν

> 100 PeV:

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

ν
ν
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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022

Needed: diffuse UHE ν flux that yields 
³ tens of events in 10 years of Gen2

Work led by 
Víctor Valera

See also: Esteban, Prohira, Beacom, PRD 2022
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particles

Colliders
(higher lum.)

Today

In 10–20 years

How?
 ▸ Event statistics (more detectors)
 ▸ Identify more sources
 ▸ New detection techniques
 ▸ Shrink particle and astro systematics
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Banco Central de Reserva del Perú / NASA / ESA / CERN / Symmetry Magazine
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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

How do we get there?



Thanks!



Backup slides



Valera, MB, Glaser, JHEP 2022



Atmospheric 
muon 

background

Valera, MB, Glaser, JHEP 2022
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Valera, MB, Glaser, JHEP 2022



Larger neutrino-nucleon cross section

Atmospheric 
muon 

background

Sensitivity to cross 
section comes 
from horizontal 
neutrinos

Valera, MB, Glaser, JHEP 2022



GRAND & POEMMA
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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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

Number of detected neutrinos (simplified for presentation):

Neutrino flux Cross section

Downgoing neutrinos
(L short → no matter)

Upgoing neutrinos
(L long → lots of matter)

Degeneracy Breaks the degeneracy
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New physics in the UHE νN cross section

Multiple ντ-induced
bangs

Huang, EPJC 2022 [2207.02222]

Heavy sterile neutrinos
via the dipole portal

Huang, Jana, Lindner, Rodejohann, 2204.10347

Leptoquarks,
charged Higgs, etc.

Huang, Jana, Lindner, Rodejohann, JCAP 2022 [2112.09476]



35Valera, MB, Glaser, JHEP 2022 [2204.04237]



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

40



73
Abraham et al. (inc. MB), 
J. Phys. G: Nucl. Part. Phys. 59, 11 (2022) [2203.05591]

Many TeV–EeV
ν telescopes

in planning for 
2020–2040



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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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!

After re-analysis (2101.09836),
significance dropped

from p=7×10-5 to p=8×10-3

IceCube, Science 2018

40



3. Flavor:
Towards precision, finally

(with the help of lower-energy experiments)
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(1,0,0)
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(0,0,1)
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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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Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Theoretically palatable regions: today

Song, Li, Argüelles, MB, Vincent, JCAP 2021 58
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Varying over all 
possible flavor 
ratios at the source
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Note: 
All plots shown are for normal 
neutrino mass ordering (NO); 
inverted ordering looks similar

Theoretically palatable regions: today
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Based on 
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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) 

Will be overcome by 2030

Two limitations:

Will be overcome by 2040

Theoretically palatable regions: today
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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
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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
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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
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Song, Li, Argüelles, MB, Vincent, JCAP 2021 67
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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) 

Will be overcome by 2030

Two limitations:

Will be overcome by 2040

Theoretically palatable regions: today
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