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1 Astronomy with protons

What is the minimum energy of a proton (Emin) coming from a source located at d = 2 kpc from the Earth we
can detect as “pointing” to the source? The mean strength of the magnetic field in the Milky Way is B = 1 µG.
Assume that the magnetic field is uniform and the proton travels through it perpendicular to the field lines.

2 Crypton flux

Cryptons are superheavy particles hypothesized within string theories. They were proposed as possible dark-
matter particles. They could also be responsible for the high-energy cosmic-ray events observed beyond the
Greisen–Zatsepin–Kuzmin cutoff. They are supposed to have a sufficiently long lifetime to still exist. Deter-
mine the flux of cryptons if they were responsible for the 11 cosmic-ray events with energies ≥ 1020 eV observed
with the AGASA experiment. The AGASA extensive air shower experiment was situated at an altitude of approx-
imately 900 m, covering an area of around 100 km2 and was operational for 14 years. The cross section of the
interaction crypton-atmospheric nucleon is about 10−8 pb.
AGASA experiment: http://www-akeno.icrr.u-tokyo.ac.jp/AGASA/
AGASA events ≥ 1020 eV : http://www-akeno.icrr.u-tokyo.ac.jp/AGASA/results.html#highest/

3 The Glashow resonance

Show that the neutrino energy of the Glashow resonance process is 6.3 PeV.
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Figure 4.2: High-energy neutrino cross-sections. The charged- and neutral current cross-

sections are taken from Cooper-Sarkar et al. [87]. The Glashow resonance cross-section is

taken from Formaggio and Zeller [86].

Figure 4.2 shows the charged- and neutral-current cross-sections for neutrinos and anti-

neutrinos. These cross-sections and the cross-sections from [88], which are based on CTEQ5

distribution functions [89], are used for the result presented here. The current uncertainty

on the cross-section is on the order of a few percent and increases with energy due to the

uncertainty on the parton distribution functions at small x.

At very high energies (6.3 PeV) an additional process occurs: νe interacting with electrons

due to the resonant formation of a W-boson. Sheldon Glashow first proposed such a resonance

as a consequence of a charged boson mediating the muon decay [90] and it is therefore known as

the Glashow resonance. The corresponding Feynman diagram is shown in Fig. 4.1. The cross-

section is shown in Fig. 4.2. Around the resonance it strongly dominates the total cross-section.

The resulting W-boson decays into leptons or quarks.

The overall increase of the neutrino cross-section with energy has a significant impact on

the neutrino detection. At high energies (ą 100 TeV) Earth becomes opaque to neutrinos.

Figure 4.3 illustrates how an isotropic E´2 neutrino flux at the Earth’s surface is transformed

by neutrino interactions within the Earth before reaching a detector. The strength of the

absorption effect depends on the neutrino energy, the amount of matter between the Earth’s

surface and the detector, and the neutrino flavor. The general trend is quite obvious, absorption

increase with neutrino energy and the amount of traversed matter. At TeV energies neutrinos

are almost unimpeded. In the PeV range neutrinos are absorbed significantly. For electron

neutrinos the effect of the Glashow resonance is visible by the increase in absorption. For tau

neutrinos the overall absorption effect is shifted towards higher energies. This is caused by tau

regeneration - a tau neutrino undergoing a charged-current interaction will produce a tau. Due
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