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The Elusive Neutrino

Standard Model of Particle Physics

e three neutrino flavours

* very small masses
(unknown origin)

1947: Manchester Unlversity 1977: Fermilab

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

e 2nd most abundant
particle in the Universe
(impact on cosmology) o Wi e R |

* unique probe of
high-energy astrophysics

(+ Higgs boson)
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Neutrinos in Astrophysics

multi-
messenger
source

/
/\

absorption
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Unique abilities of cosmic neutrinos:

no deflection in magnetic fields
(unlike cosmic rays)

. no absorption in cosmic backgrounds
magnetic .
deflection (unlike gamma-rays)

smoking-gun of
unknown sources of cosmic rays

coincident with
photons and gravitational waves

BUT, very difficult to detect!

Neutrino Astrophysics



~ Neutrinos as Messengers

. Crab Nebula seen with Hubble in Photons




Neutrinos as Messengers
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GAMMA-RAYS
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Powerful Probes in Astrophysics

Neutrinos provide us with:

1. Energy Distribution 2. Flavor Ratios 3. Light Curve
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Neutrinos are copiously produced in astrophysical sources, e.g.

Sun Supernovae Active Galaxies Gamma-ray Bursts
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Neutrino Fluxes

The Sun Non-Anthropogenic Neutrino Fluxes (per flavour)
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Neutrino Fluxes

The Sun Non-Anthropogenic Neutrino Fluxes (per flavour)
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Neutrino Flavor Oscillations

Two neutrino approximation

probability
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Neutrino oscillate between flavors in time / distance.

(mass state)
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Neutrinos in Supernovae and Mergers
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Neutrino Interactions

Understood phenomenon.

Ve,u,t Ve,u,t Ve Ve

’ ! ’ ° ° °
: : Neutrinos interact with
| |

Z: W neutrons, protons and

| |
: ! electrons.

> >

fermion (p, n, €) electron

We still need to learn a lot about this process!
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Stellar Nucleosynthesis

Elements heavier than iron are born in supernovae and neutron-star mergers.

Supernovae and neutron-star mergers
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Neutrino Imprints on SN Dynamics

1000 - - lceCube Event Rate (15 My)
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Tamborra, Walk et al,, Phys.Rev. D98 (2018) no.12, 12300

Neutrinos probe explosion mechanism of a supernova and its rotation.

Complementary information from detection of gravitational waves.
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Multi-Messenger Astronomy

Acceleration of charged nuclei (cosmic
rays) - especially in the aftermath of
cataclysmic events, sometimes visible in
gravitational waves.

: nucl
cosmic ray ucieus @

magnetic proton

deflection

multi-
messenger
source
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O pions

Secondary neutrinos and gamma-rays
from pion decays:
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The IceCube Observatory

lceCube Lab IlceCube uses the clear glacial
e = ey ice at the South Pole to
detect neutrinos.
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Breakthrough in 2013

First observation of high-energy astrophysical neutrinos by IceCube!

“track event” (from v, scattering) “cascade event” (from all flavours)
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[ “Breakthrough of the Year” (Physics World), Science 2013]
(neutrino event signature: early to late light detection)
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Status of Neutrino Astronomy

Arrival directions of most energetic neutrinos (in Galactic coordinates)

Earth
absorption

4+

Galactic Plane
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Status of Neutrino Astronomy

Centau rus*A

| Messier 82

binary neutron
star merger

Crab Nebula

Pulsar Wind Nebulae?

GRB 170817A §

Gamma Ray Bursts?

Many candidate sources, but no smoking-gun!
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Astrophysical Neutrinos & Particle Physics
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Cosmic backgrounds

Fundamental symmetries

Neutrino decay

Neutrino cross sections
Sterile neutrinos

Dark matter
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Astrophysical Neutrinos & Particle Physics

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

M Standard Model (vSM)
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Neutrinos:

e Fundamental in most energetic phenomena in our Universe.

e |deal messengers.
e Carry imprints of engine and population of extreme transients.
e Affect element formation in astrophysical sources.

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

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

e impact on stellar evolution

e potential to probe astrophysical environments

e fundamental neutrino properties

e direct probe of the origin of cosmic rays

e observation in neutrino telescopes or experiments
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