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”Oh-My-God” particle

3 x 1020 eV cosmic ray --- highest-energy ever observed (1991)

Kinetic energy: ~50 Joules = baseball traveling at 60 mph.

Much more energetic than what we can produce in particle accelerators on Earth

(although accelerating both particles that collide in opposite directions dramatically 
reduces the effective difference)

Ultra-high energy:  > 1018 eV



Hillas criterion

Max. energy of particle is such that it still needs to be 
contained by magnetic fields within source.

à Larmor radius needs to be smaller than the size of 
the accelerator (Hillas 1984):

10 21
eV proton

10 20
eV proton  

Very few astrophysical processes satisfy this for the 
highest-energy detected cosmic rays.



Greisen-Zatsepin-Kuzmin limit (GZK limit)
independently calculated in 1966

Cosmic rays with energies above the GZK limit will interact with the cosmic microwave background, are 
attenuated and will make it to Earth with reduced energies.

GZK limit for protons: 5 x 1019 eV (c.f. highest energy observed, 3 x 1020 eV)

à Protons observed beyond the GZK limit cannot have originated from beyond ~50 Mpc

(limit is different for heavier elements)



extragalactic

Mollerach & Roulet
PPNP 2018



Gaisser+ 2013 (1303.3565)
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the high-energy (EM) universe

gamma-ray bursts active galactic nuclei 
(blazars)

supernova remnants
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Cosmic ray showers



Cherenkov telescopes
• Cherenkov Telescope Array (completed soon soon)
• H.E.S.S.
• Magic
• Veritas



Cosmic ray observatories
• e.g. Pierre Auger Observatory



Cherenkov radiation

Charged particle passes through medium at speed faster than the speed of 
light in the medium (in water the speed of light is 0.75c).



high-energy neutrino detection

Moisey Markov (1960): we propose to install detectors deep 
in a lake or in the sea and to determine the direction of 
charged particles with the help of Cherenkov radiation.

muon
neutrino

lattice of photomultipliers



DUMAND (Deep Underwater Muon And Neutrino Detector)

1976–1995





ultra-transparent ice below 1.5 km











Neutrino cross section

What fraction will cross the Earth at 10 TeV
energy? (the energy of the LHC)

(pp cross section at 10 TeV --- ~10-25 cm2)





Waxman-Bahcall upper bound

Waxman & Bahcall 1998

Extragalactic cosmic rays should eventually collide with gas and produce high energy neutrinos.
What will be the neutrino flux if the extragalactic flux 
• follows a Fermi spectrum and 
• continues down to lower energies?

E-2



Discovery of “diffuse” astrophysical neutrino flux

• Excess neutrino flux over expected background 
at >100 TeV

• No identified source

• Spectrum consistent with Fermi process



Detected high-energy neutrinos (>100 TeV)

Seems to be extragalactic



Waxman-Bahcall upper bound

Lack of neutrino doublets rules out “rare, bright” sources.



starburst galaxies?
4 years of observation

cosmic ray calorimeters.
high-star formation à cosmic ray injection
strong magnetic fields à traps cosmic rays longer
dense ISM à CRs interact.

Loeb & Waxman 2006

cutoff at few PeV
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hadronic gamma rays?
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Fermi IGRB (2014)
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gamma-ray + neutrinos

Bechtol+ 2015

non-blazar diffuse gamma-ray flux 
limited by Fermi-LAT to ~15%

need more multimessenger observations!



instrumented volume: x 10
same budget as IceCube

PINGU infill
40 strings

GeV threshold

beyond IceCube




