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The Elusive Neutrino
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The Elusive Neutrinos

• three neutrino types

• very small masses
(unknown origin)

• large mixing between flavour
and mass eigenstates
(unknown mechanism)

• impact on cosmology
(e.g. structure formation)

‹ unique probe of high-energy
Universe
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Standard Model of Particle Physics

(+ Higgs boson)

• three neutrino flavours 

• very small masses   
(unknown origin) 

• large mixing between  
flavour and mass states 
(unknown mechanism) 

• 2nd most abundant 
particle in the Universe 
(impact on cosmology) 

• unique probe of             
high-energy astrophysics
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Neutrinos in Astrophysics
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Unique abilities of cosmic neutrinos: 

no deflection in magnetic fields  
(unlike cosmic rays) 

no absorption in cosmic backgrounds 
(unlike gamma-rays) 

smoking-gun of  
unknown sources of cosmic rays 

coincident with  
photons and gravitational waves 

BUT, very difficult to detect!
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Crab Nebula seen with Hubble in Photons 

Neutrinos as Messengers
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Neutrinos as Messengers
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CRAB NEBULACRAB NEBULACRAB NEBULACRAB NEBULA

RADIO MICROWAVE INFRARED OPTICAL

ULTRAVIOLET X-RAYS GAMMA-RAYS NEUTRINOS

?
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Powerful Probes in Astrophysics
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1.  Energy Distribution
dN⌫

dE⌫

E⌫

⌫e ⌫µ
⌫⌧

2.  Flavor Ratios 3. Light Curve

Neutrinos provide us with:

Sun Gamma-ray BurstsSupernovae

Neutrinos are copiously produced in astrophysical sources, e.g. 

Active Galaxies
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Neutrino Fluxes
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Neutrino Fluxes
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Neutrino Flavor Oscillations

survival
probability

transition
probability

credit: Wikipedia

⌫e ⌫µ
⌫⌧

Neutrino oscillate between flavors in time/distance.
(mass state)
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Neutrinos in Supernovae and Mergers



Markus Ahlers Neutrino Astrophysics

Neutrino Interactions
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We still need to learn a lot about this process!

Understood phenomenon.

interactions� � �

Non-linear phenomenon!
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Stellar Nucleosynthesis
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Elements heavier than iron are born in supernovae and neutron-star mergers. 

Supernovae and neutron-star mergers

Ni Cu Zn Ag
Au

Hg Pb

+ ⌫e pe�n +
+p n+⌫̄e e+

Synthesis of new elements could not happen without neutrinos.
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Neutrino Imprints on SN Dynamics
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SASI modes

Neutrinos probe explosion mechanism of a supernova and its rotation. 

Complementary information from detection of gravitational waves. 

Tamborra, Walk et al., Phys.Rev. D98 (2018) no.12, 123001



Neutrinos In & From Cosmic Accelerators
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Multi-Messenger Astronomy
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Acceleration of charged nuclei (cosmic 
rays) - especially in the aftermath of 

cataclysmic events, sometimes visible in 
gravitational waves.

Secondary neutrinos and gamma-rays 
from pion decays:

cosmic ray 
proton

nucleus

pions

(…)
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The IceCube Observatory
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1 kilometer

IceCube uses the clear glacial 
ice at the South Pole to  

detect neutrinos.
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Breakthrough in 2013
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2013: A Milestone for Neutrino Astronomy

First observation of high-energy astrophysical neutrinos by IceCube!

“track event” (from nµ scattering) “cascade event” (from all flavours)

[“Breakthrough of the Year” (Physics World), Science 2013]
(neutrino event signature: early to late light detection)

Markus Ahlers (NBI) Neutrinos and g-rays from Extragalactic Sources August 28, 2018 slide 3

First observation of high-energy astrophysical neutrinos by IceCube!

Edep~71 TeV Edep~1.0 PeV
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Status of Neutrino Astronomy
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Arrival directions of most energetic neutrino events
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Status of Neutrino Astronomy
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Galactic
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Arrival directions of most energetic neutrino events

North
South

180o

-90o

Earth 
absorption

Galactic Plane
-180o

Arrival directions of most energetic neutrinos (in Galactic coordinates)

Many candidate sources, but no smoking-gun!

Starburst Galaxies?

Supermassive Black Holes?

Gamma Ray Bursts?

Pulsar Wind Nebulae?

Galactic?

extra-
galactic?

Messier 82

Centaurus A

Crab Nebula

GRB 170817A

binary neutron 
star merger
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Astrophysical Neutrinos & Particle Physics
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Figure 1: Tests of fundamental physics accessible with neutrinos of different energies.

How do flavors mix at high energies? Experiments with neutrinos of up to TeV energies
have confirmed that the different neutrino flavors, ne, nµ , and nt , mix and oscillate into each other
as they propagate [33]. Figure 3 shows that, if high-energy cosmic neutrinos en route to Earth
oscillate as expected, the predicted allowed region of the ratios of each flavor to the total flux is
small, even after accounting for uncertainties in the parameters that drive the oscillations and in the
neutrino production process [57]. However, at these energies and over cosmological propagation
baselines [58], mixing is untested; BSM effects could affect oscillations, vastly expanding the
allowed region of flavor ratios and making them sensitive probes of BSM [57, 59–68].

What are the fundamental symmetries of Nature? Beyond the TeV scale, the symmetries of
the SM may break or new ones may appear. The effects of breaking lepton-number conservation,
or CPT and Lorentz invariance [69], cornerstones of the SM, are expected to grow with neutrino
energy and affect multiple neutrino observables [70–81]. Currently, the strongest constraints in
neutrinos come from high-energy atmospheric neutrinos [82]; cosmic neutrinos could provide un-
precedented sensitivity [62,71,73,76,78,83–90]. Further, detection of ZeV neutrinos, well beyond
astrophysical expectations, would probe Grand Unified Theories [43, 91–94].

Are neutrinos stable? Neutrinos are essentially stable in the SM [95–97], but BSM physics
could introduce new channels for the heavier neutrinos to decay into the lighter ones [98–100],
with shorter lifetimes. During propagation over cosmological baselines, neutrino decay could leave
imprints on the energy spectrum and flavor composition [65, 101–104]. The associated sensitivity
outperforms existing limits obtained using neutrinos with shorter baselines [103]. Comparable
sensitivities are expected for similar BSM models, like pseudo-Dirac neutrinos [65, 105, 106].

What is dark matter? Cosmic neutrinos can probe the nature of dark matter. Dark matter
may decay or self-annihilate into neutrinos [107–110], leaving imprints on the neutrino energy
spectrum, e.g., line-like features. Searches for these features have yielded strong constraints on
dark matter in the Milky Way [111–113] and nearby galaxies [114]. High-energy cosmic neutrinos

2

Ahlers, Bustamante et al., Bull.Am.Astron.Soc. 51 (2019) 215 
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Figure 2: Neutrino-nucleon cross section. Be-
low 1 PeV, measurements [23, 24] are com-
pared to the SM uncertainty band [145] (see also
Ref. [34]) that encloses predictions [34, 145–
148]. The cross section may change due to
new physics — e.g., large extra dimensions [36]
(TeV-scale, in tension with LHC results), elec-
troweak sphalerons [42] (9-TeV barrier height)
— or non-perturbative effects — e.g., color glass
condensate [44] (model BGBKIII).

Figure 3: Flavor composition at Earth of high-
energy cosmic neutrinos, indicating the “theoret-
ically palatable" [57] regions accessible with the
Standard Model with massive neutrinos (nSM),
with new physics similar to neutrino decay, and
with new physics similar to Lorentz-invariance
violation. The neutrino mixing parameters are
generously varied within their uncertainties at
3s . The tilt of the tick marks indicates the ori-
entation along which to read the flavor content.

can probe superheavy dark matter with PeV masses [115–127] and light dark matter [117,126,128–
130]. Multi-messenger constraints are crucial to assess dark matter explanations of the observed
neutrino spectrum [10, 122, 129, 131, 132]. Further, anisotropies in the neutrino sky towards the
Galactic Center can reveal dark matter decaying [133] or interacting with neutrinos [134].

Are there hidden interactions with cosmic backgrounds? High-energy cosmic neutrinos
may interact with low-energy relic neutrino backgrounds via new interactions [65, 135–140], with
large-scale distributions of matter via new forces [141], or with dark backgrounds [142], including
dark energy [143, 144]. These interactions may mimic the existence of neutrino mass, affect the
neutrino flavor composition, and induce anisotropies in the high-energy neutrino sky.

Neutrino Observables: What Do We Use to Probe Fundamental Physics?
To probe fundamental physics, we look at four neutrino observables, individually or together [149].

Energy spectrum: The spectrum of neutrinos depends on their production processes, but BSM
effects could introduce identifiable features, e.g., peaks, troughs, and cut-offs. Present neutrino
telescopes reconstruct the energy E of detected events to within 0.1 in log10(E/GeV) [150]. For
TeV–PeV astrophysical neutrinos, the spectrum is predicted to be a featureless power law. IceCube
data are consistent with that, but also with a broken power law [151–156]. For EeV cosmogenic
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can probe superheavy dark matter with PeV masses [115–127] and light dark matter [117,126,128–
130]. Multi-messenger constraints are crucial to assess dark matter explanations of the observed
neutrino spectrum [10, 122, 129, 131, 132]. Further, anisotropies in the neutrino sky towards the
Galactic Center can reveal dark matter decaying [133] or interacting with neutrinos [134].

Are there hidden interactions with cosmic backgrounds? High-energy cosmic neutrinos
may interact with low-energy relic neutrino backgrounds via new interactions [65, 135–140], with
large-scale distributions of matter via new forces [141], or with dark backgrounds [142], including
dark energy [143, 144]. These interactions may mimic the existence of neutrino mass, affect the
neutrino flavor composition, and induce anisotropies in the high-energy neutrino sky.

Neutrino Observables: What Do We Use to Probe Fundamental Physics?
To probe fundamental physics, we look at four neutrino observables, individually or together [149].

Energy spectrum: The spectrum of neutrinos depends on their production processes, but BSM
effects could introduce identifiable features, e.g., peaks, troughs, and cut-offs. Present neutrino
telescopes reconstruct the energy E of detected events to within 0.1 in log10(E/GeV) [150]. For
TeV–PeV astrophysical neutrinos, the spectrum is predicted to be a featureless power law. IceCube
data are consistent with that, but also with a broken power law [151–156]. For EeV cosmogenic

3

e.g. probe of neutrino-nucleon cross section 
 at high center-of-mass energy

e.g. probe of neutrino oscillations 
 over ultra-long baselines

Astrophysical Neutrinos & Particle Physics

Ahlers, Bustamante et al., Bull.Am.Astron.Soc. 51 (2019) 215 
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Summary
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Neutrinos: 

• Fundamental in most energetic phenomena in our Universe. 

• Ideal messengers. 

• Carry imprints of engine and population of extreme transients. 

• Affect element formation in astrophysical sources. 

• Their flavor conversions are crucial but yet to be fully grasped. 

M.Sc. projects in Neutrino Astrophysics can cover various aspects: 

• impact on stellar evolution 

• potential to probe astrophysical environments 

• fundamental neutrino properties 

• direct probe of the origin of cosmic rays 

• observation in neutrino telescopes or experiments



Thank you  
for your attention!


