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THE ELUSIVE NEUTRINO



3

PART I

ASTROPHYSICS
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WHAT IS ASTROPARTICLE PHYSICS ?

It is a fairly new field of physics that combines high energy particle physics, astrophysics 
and cosmology, together with the necessary calorimetry and data processing. It has seen a 
big development of the field since the early 2000s.

The main object of study are the creation and acceleration mechanism of the 
particles that arrive to earth from the (inter)galactic medium, specially those 

which range at very high energies (far beyond the LHC!) 
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A BIT OF HISTORY TO WARM UP

Å1912: Victor Hess found that radiation levels decreases as you go 
higher (till ~700m). Then, it starts increasing again. What's the 
origin of this mysterious radiation?

Å1927: Jacob Clay measures a dependency of this radiation with 
ǘƘŜ 9ŀǊǘƘǎ ƭŀǘƛǘǳŘŜΦ /ƻǳƭŘ ƛǘ ōŜ ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΚ ¢ƘŜƴ 
they must be charged particles not photons!

Å1932: Bruno Rossi showed that at sea level, this radiation can still 
trigger a detector protected by 1 meter of lead! They must be 
super energetic and create secondary particles!

Å>1932: They are positive particles. They generate extended air 
showers. Mainly composed of protons 90%, heavy nuclei 9% and 
electrons 1%
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Back to the present (just uncertainty)

The cosmicrayspectrumfollowsa power law:
Ὠὔ

ὨὉ
ᶿὉ

‎ ςȢχ ‎ σȢσ ‎ ςȢχ

Secondknee?

‭ ήὄὙ

Below3 PeVthe CR are mainlyof
galacticorigin. SNR?

OverEeVenergies, contributionsare 
dominatedby extragalacticsources. AGN?
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Proofof CR acceleration

²ŀƛǘΧ LŦ ŎƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜǎ ŀǊŜ ōŜƛƴƎ ŀŎŎŜƭŜǊŀǘŜŘΣ ǎƘƻǳƭŘ ƴƻǘ ōŜ ǎƛƎƴǎ ƻŦ ǎȅƴŎƘǊƻǘǊƻƴ ǊŀŘƛŀǘƛƻƴ ŦƻǊ ŜȄŀƳǇƭŜΚ
[Ŝǘǎ ǎŜŜ ǿƘŀǘ ǿŜ ǎƘƻǳƭŘ ŜȄǇŜŎǘΧ

Neutral pion decay

Synchrotron radiation

Bremsstrahlung

Synchrotron radiation

Inverse self Compton

Inverse Compton (external)

Bremsstrahlung

Radio X-ray GeV TeV

Multiwavelength observations are needed
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What havewe seen? SNR eddition
The Crab Nebula is a SNR 
associated with SN observed by 
chineseastronomers in 1054 AD

Ὁ πȢρ
Ὁ

ὃ

Does this mean that protons are not accelerated here? Well 
maybe it is that the are insufficient targets and the scape the 
confinement region

Tycho Brahe SNR

Potential 
hadronic 
emission

IC 443 and W44 with nearby molecular clouds
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What are AGNs? 

AGN stands for Active Galactic Nucleus,  a galaxy with an active black 
hole powered by accretion of mass onto it from nearby matter.

They are very efficient transforming gravitational energy of falling 
particles into very collimated radiation outflows in the shape of jets.
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What are AGNs? 

AGN stands for Active Galactic Nucleus,  a galaxy with an active black 
hole powered by accretion of mass onto it from nearby matter.

They are very efficient transforming gravitational energy of falling 
particles into very collimated radiation outflows in the shape of jets.

Maybe?
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²ŀǎƴΩǘthis about neutrinos? 

Hadronic interactions also result in charged pions! Which later decay in neutrinos! They are the key to unfold the mystery

Å Protons:Are deflected by magnetic fields. Not that much at high 
energies, but them, the universe turns opaque (GZK limit) due to 
ɝ resonance with CMB photons. 

Å Photons:Not deflected, but absorbed :C. At high energies 
universe is also opaque due to pair production with EBL light.

Å Neutrinos:Not deflected, they point back to the 
original source. Neither absorbed, they have no 
horizon and can scape almost any compact object.

Å Gravitational Waves: they can also travel far distances, but come 
from very specific objects.
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Onthe hunt for cosmicneutrinos 

The idea of neutrino telescope was born in 1960 but only 
came fully to life in 1997 with AMANDA, and led by 
IceCubefrom 2010 and onwards.

Among all neutrinos, cosmic and cosmogenic neutrinos are 
those of higher energy

Ὁ πȢπυ
Ὁ

ὃ

Today, there is still not any significant 
association of  neutrinos detected at earth 
with a known source. 

However a breakthrough discovery was done by 
the Ice Cube experiment on 2013: the existence 
of a diffuse extragalactic flux of high energy 
neutrinos

Best fit to Ὁ Ȣ
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First two milestonesof MultimessengerAstronomy

GW170817
The 17th of August of 2017, the LIGO-Virgo detector network detected a 
WG consistent with a binary neutron star merger. Less than 2 seconds 
later a GRB was observed by Fermi and INTEGRAL satellites. Optical 
telescopes confirmed the existence of a new point-like optical source at 
galaxy NGC 4993, 40 Mpcaway from earth, consistent with the estimate 
of LIGO/Virgo. Observation in other wavelengths revealed signatures of 
newly synthetized materials, including gold an platinum. 

TXS 0506+056
The 22nd of Sept 2017, the IceCubeneutrino observatory issued the alert 
for a neutrino of energy around 200 TeVand a 56% chance of being of 
astrophysical origin. The event was coincident with a known ‎-ray emitting 
blazar, which happened to be in a state of enhanced emission. A posterior 
analysis of the IceCubedata showed a potential neutrino flare coming 
from the same direction during 2015. It was also followed in radio, optical 
and X-ray.
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PART II

NEUTRINO TELESCOPES



18

HOW CAN WE DETECT NEUTRINOS?

RECIPE TO DETECT HIGH ENERGY NEUTRINOS

(from sub-GeVto few PeV).

1. Use a largedetector.

2. Use a transparentmaterial medium.

3. Reduce your backgroundas muchas possible.

4. Havepatience! (= accumulatestatistics). 



’

‘
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HOW CAN WE DETECT NEUTRINOS?
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INTERLUDE: THE CHERENKOV EFFECTWhena cargedparticleexceedsthe phasevelocityof
light in the medium, it emitsCherenkov radiation.

Cherenkov angle

vsource< vlight in medium
vsource > vlight in medium



’
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HOW CAN WE DETECT NEUTRINOS?

We can detect neutrinos!
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450 m14,5 m

57 m

The first under-seawater 
neutrino telescope.

Located in the 
MeditarreanSea, 40km 

away from Toulon.

12 lines (885 PMTs)

2500 meters depth

Has been taking data 
since 2008 to 2022.

Astronomywith a Neutrino Telescopeand AbyssenviromentalRESearch
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Astronomywith a Neutrino Telescopeand AbyssenviromentalRESearch

STOREY

PHOTOMULTIPLIER
(To detect light)

OPTICAL MODULE

Deployment (2008) Recovery (May 2022)

OPTICAL BEACON
(Time Calibration)



25

SECOND GENERATION: KM3NEUTRINO TELESCOPE
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TWO DETECTORS, ONE TECHNOLOGY

KM3NeT-ORCA(Oscillation Research with Cosmicsin the Abyss)

o 2.450 metersdepth
o 40 km awayfrom shore (Toulon, France)
o 1 highdensityblock (115 lines)
o Low energies(~GeV)
o Neutrino properties& BSM physics

KM3NeT-ARCA(Astroparticle Research with Cosmicsin the Abyss)

o 3.500 metersdepth
o 100 km awayfrom shore (CappoPassero, Sicily)
o 2 low densityblocks (2x115 lines) 
o High energies(from sub-TeVto few PeV)
o Neutrino astronomy
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n
t CC
½ ­½ t  +  shower

CC ⱨⱲ
оΦ άŘƻǳōƭŜ ōŀƴƎέ

Ⱳ

CC ⱨⱧ

1. tracklike events

good pointing

Ⱨ

ⱨⱧ

CC ⱨ▄+ all flavours NC 

2. showerlike events 

good energy reconstruction

ⱨ●

ⱨȾ■

NEUTRINO INTERACTIONS

Charged Current Neutral Current

TOPOLOGY OF NEUTRINO EVENTS
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TOPOLOGY OF NEUTRINO EVENTS

n
t CC
½ ­½ t  +  shower

CC ⱨⱲ
оΦ άŘƻǳōƭŜ ōŀƴƎέ

Ⱳ

CC ⱨⱧ

1. tracklike events

good pointing

Ⱨ

ⱨⱧ

CC ⱨ▄+ all flavours NC 

2. showerlike events 

good energy reconstruction

ⱨ●

ⱨȾ■

TRACK-like
event

vs.

SHOWER-like
event
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Atmospheric muon

BACKGROUND!!

Ⱨ

CC ⱨⱧ

1. tracklike events

good pointing

Ⱨ

ⱨⱧ

TeV

PeV

EeV

Upgoing events

Downgoingevents

MAIN BACKGROUND: ATMOSPHERIC MUONS
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ANGULAR RESOLUTION

ANTARES

KM3NeT/ARCA

Differencebetweenthe simulatedneutrino 
directionand the reconstructedmuon direction.

For neutrino telescopes, we define the angular resolution as the median 
of the probabilitydensityfunctionfor‌. 

It dependsstronglyon the energy, and includesthe effect of two terms:

Å Thekinematicsbetweenthe neutrino that interactsand the muon 
that we detect: 

Å Theability of the detector to reconstructaccuratelythe directionof
a muon trackthroughits Cherenkov emission.

Theangular resolutionisbetter for tracksthan for showers. It isalso
better in sea water than in ice dueto the opticalproperties. 

Key to detect neutrino sources: havea goodangular resolution(below
лΦмɕ for E>100 TeV) and detecta largenumberof events(statistics). 
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THE LIGHT THAT WE CAN SEE All of thesecan makehits (=photon
detectedby PMT) in the detector!

K40 decay
(‍decaycan produce 
Cherenkov photons)

Cherenkov photons
from the interaction
productsof cosmic

neutrinos

Cherenkov photonsfrom atmosphericmuons
& the interactionproductsof atmosphericneutrinos

Bioluminescence
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NEUTRINO TELESCOPES IN THE WORLD

ANTARES
Seawater, 
0.01 km3

2008 ς2022

KM3NeT
Seawater, 1 km3

Underconstruction

Baikal/GVD
Lake, ~1 km3

Underconstruction

IceCube
Ice, 1 km3

2011 ςnow

IceCube-Gen2
Ice~10 km3

Future


