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General view
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1.Neutrinos in particle physics 

2.Neutrino Earth Tomography 

3.Hands-on: two simple exercises 



Class 1: outline
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1.Neutrinos in the Standard Model 

2.Neutrino Masses 

3.Neutrino Oscillations 

4.Neutrino Sources 



Neutrinos in the Standard Model 
(of fundamental interactions)
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Neutrinos in the Standard Model 
(of fundamental interactions)
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Colourless
Chargeless

Three fermions



Neutrinos in the Standard Model 
(of fundamental interactions)
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Colourless
Chargeless

Three fermions

SU(2) doublets
(weakly interacting)



Are neutrinos massive?
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Not in the

           Standard Model

They are massive, 
though…



Neutrino oscillations, 1 
(two families)
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Neutrino oscillations, 1 
(two families)
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(…just as for quarks, 1)
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(…just as for quarks, 2)
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VCKM = U†
u Ud



Neutrino oscillations, 2a 
(Three families)
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For massless neutrinos…

…there would be no misalignment



Neutrino oscillations, 2b 
(Three families)
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Neutrino oscillations, 2b 
(Three families)
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CP-even

(disappearance and appearance)



Neutrino oscillations, 2b 
(Three families)
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CP-even

(disappearance and appearance)

CP-odd

(appearance only)



Neutrino oscillations, 3a 
(Probabilities in vacuum)
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νμ

νe

ντ



Neutrino oscillations, 3b 
(SuperKamiokaNDE data: atmospheric neutrinos)
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Expected
Observed



Expected
Observed

Neutrino oscillations, 3c 
(KamLAND data: reactor neutrinos)
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Neutrino oscillations, 3d 
(SNO data: solar neutrinos NC vs CC)
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Observed all neutrinos
Observed νe



Neutrino oscillations, 4 
(Probabilities in matter)
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Only νe All neutrino species

eνe

Hands-on session, exercise 1: diagonalize and find the value of 

        the angle in vacuum for which there is resonant oscillation



Neutrino oscillations, 5a 
(Probabilities in matter)
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νe → νμ

ν̄e → ν̄μ

 in vacuumνe → νμ

Matter matters!



Neutrino oscillations, 5b 
(Probabilities in matter)
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Matter is CP-odd!

(if you are looking for
leptonic CP-violation, 

better you know this…)



Neutrino sources
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1. Solar neutrinos: νe

2. Atmospheric neutrinos:  νe, νμ, ν̄e, ν̄μ

3. Reactor neutrinos: ν̄e

4. Accelerator-produced:  with some  componentνμ, ν̄μ νe, ν̄e

5. Geo-neutrinos: see L. Ludhova course

6. Astrophysical neutrinos (neutrino telescopes)



Class 2: outline
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1. Why a neutrino Earth tomography 

2. Neutrino telescopes 

3. From the source to the detector  

4. 1st Neutrino Earth Tomography 

5. 2nd Neutrino Earth Tomography 

(2019)

(2026)



The Earth interior
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σtot(E) = ρ(E) × σνN(E)
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σtot(E) = ρ(E) × σνN(E)
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IceCube: a 1 km3 neutrino 
telescope
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WE USED THIS SAMPLE IN 2018 TO PERFORM THE FIRST

NEUTRINO EARTH TOMOGRAPHY. SEVEN MORE YEARS


OF DATA WERE NOT AVAILABLE AT THAT TIME
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1.

3.

2.

4.
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1.
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A. Donini, S. Palomares-Ruiz, J. Salvado, Nature Phys. (2019)
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1 year measurement
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10 years forecast
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15 years measurement !!!!!!!

New ICECUBE measurement
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NEW measurement of Earth’s mass: two sigma off
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NEW measurement of Earth’s moment of inertia: two sigma off



Understanding the new 
measurement
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1. Which data push the Earth’s mass to large values?

2. What if we fix the Earth’s mass?

3. New vs Old analyses
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FIVE LAYERS



72

EIGHT LAYERS
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OLD DATA
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NEW DATA

YOU NEED LESS MATTER IN THE CORE
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OLD vs NEW DATA



My personal guess
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Missing systematics: best choice could be related to ice opacity

Dust accumulates on mostly horizontal planes,

a wrong reconstruction may affect neutrino detection with low angle

1.



My personal guess

78

Missing systematics: best choice could be related to ice opacity

Dust accumulates on mostly horizontal planes,

a wrong reconstruction may affect neutrino detection with low angle

1.

2. Do you remember this?

1 year sample, 2017

Could you please check again?



How to use neutrinos?
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What if we had a gravitational model different
from Newtonian gravity?

The density profile depends on the gravitational model!
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1 year measurement

SO WE ARE BACK TO THIS!



New telescopes: Km3Net
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New telescopes: Km3Net
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New telescopes: Km3Net
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Mediterranean Sperm Whale-singing recorded by Km3Net



More telescopes
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Lake Baikal

Km3Net

P-ONE

IceCube Gen2

4 Km3

1 Km3

1 Km3

8 Km3



HANDS-ON
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MSW resonance
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Hands-on session, exercise 1: diagonalize and find the value of 

        the angle in vacuum for which there is resonant oscillation
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Hands-on session, exercise 2: estimate the exposure you need

to test a 10% difference between the PREM (Newton-driven) 

and a mod-gravity model   Earth’s core mass?  

Neutrino usefulness

Assume that 

errors from 

seismology

are negligible



SOLUTIONS
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MSW resonance
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Hands-on session, exercise 1: diagonalize and find the value of 

        the angle in vacuum for which there is resonant oscillation

MSW condition
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Hands-on session, exercise 2: estimate the exposure you need

to test a 10% difference between the PREM (Newton-driven) 

and a mod-gravity model   Earth’s core mass?  

Neutrino usefulness

Assume that 

errors from 

seismology

are negligible
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Neutrino usefulness
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Neutrino usefulness

You need the error to go down to 2-3% in order to distinguish


                       between two models 10% apart… 

Extra factor 10: 
1

10
∼ 0.1σ150

σ15

If you do not want to wait 150 years, we need at least 10 Km3



BACKUPS
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