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The Plan

1. Astroparticles

2. Cosmic-rays

3. Neutrinos

4. Gamma-rays

5. Gravitational Waves ➢
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Neutrinos
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Particles from outer space
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Particles from outer space

Photons

Neutrinos

Protons
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Neutrino can pass through Earth without any interaction

Electronse⁻
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Multimessengers

Process A

Process B

Fundamental 
particles and nuclei

PropagationPropagation
EnvironmentEnvironment

Cosmic-rays
Gamma-rays
Neutrinos
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Neutrino Physics
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The Standard Model
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Symmetries
● CPT
● SU(3)c: Color
● SU(2)L: Isospin
● U(1)y: Hypercharge

Matter content
● 3 families quarks
● 3 families leptons

Higgs fields
● SU(2)LxU(1)y  U(1)→ EM

● Mass to fundamental particles
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Neutrinos in the SM

Neutrinos are part of the SU(2) of left-handed leptons

Interaction/mass termsCovariant derivatives

SU(2) isospin hypercharge
electric
charge
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Neutrinos in the SM

Standard Model Neutrinos only interact via weak boson: Z and W 
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Neutrinos in the SM

Standard Model Neutrinos only interact via weak boson: Z and W 
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● The Standard Model predicts 
massless neutrinos

● Neutrino Oscillation 
experiments require O(eV) 
neutrino masses

The Standard Model (fail)
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Neutrino Oscillations
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Neutrino oscillations

Flavor and mass eigenstates do not coincide

The final  flavor depends on: ν Initial state, Source distance, Neutrino energy

Mass eigenstates 
evolve according to: 



29 July - 2 August 2019 R. A. Lineros.  Winter School HEP 2019 - PUC 15

With more details:

Flavor and mass eigenstates are related by a unitary transformation:

where the eigenstates satisfy:

and these states evolve according to the time-evolving operator:
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With more details:
Since neutrino can be detected using weak interactions, the flavor evolution is:

and the transition amplitude between flavors corresponds to:

but the observable is the transition probability:
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With more details:

The expression for the probability is in term of time:

but it is more useful in term of distance:
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With more details:
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With more details:
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Neutrino oscillations
arxiv:1708.01186

● The analysis of different neutrino 
oscillation experiments help to 
constraint mixing angle and mass 
splitting.
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Matter effects (a.k.a. MSW effect)

The interaction with a medium modifies the oscillation patterns w.r.t. vacuum
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Matter effects (a.k.a. MSW effect)
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Mass Mechanisms
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To add to the slides

Neutrino mass mechanism
Sources of neutrinos

Astroparticles neutrinos
Solar neutrinos (DM also)

Icecube neutrinos
Cosmology neutrino
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Neutrinos

Super-K: 
Neutrinos in the Sun

The SM predicts massless neutrinos

Physics beyond SM is needed to explain 
neutrino's mass spectrum and mixing angles

Forero, Tortola and Valle PRD 90 (2014) 093006

AGM2015: Antineutrino Global Map 2015
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Neutrino Sources

ν
ν
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Neutrino Sources
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Neutrinos from the Sun
The Sun is the brightest source
of neutrinos at the MeV scale
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Neutrinos from the Sun
The Sun is the brightest source
of neutrinos at the MeV scale
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Neutrinos from the Sun
The Sun is the brightest source
of neutrinos at the MeV scale
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Neutrino Observatories

IceCube
(located in Antartica)
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Neutrino Observatories

ANTARES
(located in the mediterrean sea)

muon
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Neutrino Observatories

KM3NET
(located in the mediterrean sea)
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Flavor composition in IceCube
ICRC 2015

Sensitivity after 10 yearsLatest result on flavor composition
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Flavor composition
M. Bustamante et al. PRL 115, 161302 (2015)
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Effects from New Physics
Argüelles et at. PRL 115, 161303 (2015)

Sources of New Physics:

● Space torsion
● CPT - Lorentz violation
● Dark Matter interactions
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Dark Matter Searches 
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Dark Matter in the Sun
χ
χ

χ
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Dark Matter in the Sun
χ
χ

χ
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Dark Matter in the Sun
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Dark Matter in the Sun
χ

χ

χ
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Dark Matter in the Sun
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Dark Matter in the Sun

χ
χ

Capture

arxiv:1005.5711

Annihilation

Evaporation
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Dark Matter in the Sun
Phys.Lett. B759 (2016) 69-74 
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DM in the Sun

Phys.Lett. B759 (2016) 69-74 
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The Tools
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Sterile
neutrino

Muon 
neutrino

Tau 
neutrino

Electron
neutrino

Tomorrow we continue...
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