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Astroparticle Physics
● Part I  – Brief overview

– Origins, History, Introduction
– The universe at ultra-high energies
– Experiments: cosmic rays, neutrinos, gamma rays
– Multi messenger astronomy

● Part II – Cosmic rays and LHC
– Ultra-high energy interactions
– Extensive air showers
– LHC forward physics, QCD
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Origins: cosmic rays
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Charged particles from space
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High energy and secondary cascades
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Cosmic rays are positively charged
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Huge energies and extensions
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Secondary particle showers
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Cloud chamber, discovery of anti-matter
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Discovery of the 2nd generation
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Discovery of the pion / mesons
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Discovery of the kaon
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Cosmic rays vs. colliders
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Introduction and current status
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What is astroparticle physics today?
Three Aspects:
● Learning high-energy physics from astrophysics:

● Neutrino properties, cross sections at ultra high energies, new forms of matter (dark 
matter and dark energy), time variation of fundamental constants, space-time structure

● Applying high-energy physics techniques to astrophysics:
● calorimetry and tracking detectors onboard satellites and balloons, ground based 

scintillators and Cherenkov detectors, handling of large volume data sets, astronomy 
with neutrinos 

● Cosmology with input from high-energy physics:
● Big Bang theory, nucleon synthesis, candidates for dark matter
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Tools and Sites

Also an adventure!
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GAIA all-sky visible universe

Basically: thermal black-body radiation and some absorption
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Radio astronomy, all-sky at 408MHz

Non-thermal low-
energy emission. 

Accelerated 
charges.
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All-sky x-ray keV (ROSAT)

Elements of both, thermal (extremely hot) and non-thermal emission. 
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All-sky gamma ray >1GeV (Fermi)

Non-thermal, typical decays, particle physics, inverse compton. 
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Supernova remnants: Crab nebula

● https://arxiv.org/pdf/1101.2311.pdf 

https://arxiv.org/pdf/1101.2311.pdf
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Extragalactic gamma rays
● Supermassive 

black holes
● Active galactic

nuclei
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The universe at the highest energies

Ultra-high energy cosmic rays
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Air shower observatories
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around 1958



  27

Cherenkov radiation

There is a 
threshold:

proton in air, Eth~38GeV
proton in water, Eth~1.4GeV 
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Pierre Auger Observatory
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Sources of cosmic rays

Hillas plot

Main idea: 
accelerators must 
confine particles
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Cosmic rays are charged
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Cosmic rays interact with CMB
● Greisen-Zatsepin-Kuzmin

effect
● There is a threshold 

energy for the p to 
produce a delta resonance

● Eth~O(1019 eV)
● Kinematics simple, but don’t forget the CMB 

spectrum and various delta resonances
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GZK effect on cosmic rays energies
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Spectral shape analysis
Proton-dominated model:

p+CMB→ n + pi

p+CMB→ p + e+ + e-

Fe + CMB→ GDR
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Not consistent with mass 
composition measurements



  35

Other models
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Status quo
● UHECR modelling complicated
● Sources at least as important than propagation
● “mixed composition” basically everywhere
● No conclusive situation
● Maybe: proton component at highest energies → 

astronomy
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The universe at the highest energies

Ultra-high energy neutrinos
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Ultra-high energy detection
● Charged current:

– electron, muon, tau

● Leptons can emit Cherenkov 
radiation in dense media 
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Super Kamiokande
● Super-K started data taking in the mid 

1990s 
● 40m tall x 40m diameter water tank under a 

Japanese mountain 
● 50,000 tons of water 
● 11,200 20” Hamamatsu phototubes
● Built as a neutrino observatory 

(atmospheric, solar) 
● Muon/electron discrimination via ring 

“fuzziness” 
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IceCube
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Construction
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Why neutrino astronomy is 
attractive?

● No charge → no deflection
● No charge → no absorption, thus, no horizon
● No mass (basically) → speed of light
● Neutrino production is sign of non-thermal 

processes
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Neutrino spectrum



  46

IceCube sky-map
HESE (high-energy starting events)
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Status
● Very exciting times
● Potential astrophysical neutrinos found
● More statistics and better understanding 

needed 
● Neutrinos are best candidates for multi-

messenger measurements
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The universe at the highest energies

High-energy gamma rays
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Detection principle
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Imaging Atmospheric Cherenkov 
Telescopes – IACTs

● High angular resolution
● High energy resolution
● Very small field-of-view
● Very limited observation time, exposure
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MAGIC
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Air shower gamma-ray 
observatories

● Very dense and low threshold air shower 
detectors

● High rate
● High exposure, huge field-of-view
● Limited resolution
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HAWC
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Full-sky map
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Gamma rays and CMB
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HESS TeV galactic plane survey
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Status
● TeV gamma ray astronomy is a reality
● A wealth of new sources and new morphology
● Concrete data on the high-energy universe
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Multi Messenger
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SN1987a in Large Magellan Cloud
● 50kpc
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 TXS 0506+056
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Status
● Extremely exciting
● Huge potential impact on astrophysics, 

astroparticle physics
● Need far better statistics: larger and more 

sensitive experiments


