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Universität Zürich
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For particle information, including hadronic quark content, particle masses, particle lifetimes, or other
physical constants not given in the problem, please consult the Particle Data Group’s Review of Particle
Physics. It is available for free on their website: http://pdg.lbl.gov/. More detailed information on Nuclei
can also be found at https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html.

1. (4 points) Dark matter has been hypothesized based on astronomical observations, but it has yet to
be conclusively detected in a particle experiment. Three different approaches for detecting particle
dark matter are direct detection, indirect detection, and production at a collider.

(a) For each of these three detection methods draw a representative Feynman diagram showing the
process of interest, describe the detection method briefly in words, and give an example of at
least 1 experiment which could detect dark matter using that method.

(b) Imagine a hypothetical Dark Matter particle with a mass of 1 TeV moving with a relative velocity
of ∼ 250 km/s with respect to the earth. Suppose that the particle has an elastic collision with
an atomic nucleus. Find an expression for the recoil energy of the Nucleus in terms of the angle,
θ, of the atomic recoil with respect to the incident direction of the dark matter particle, the
dark matter particle’s mass and kinetic energy, and the mass of the atomic nucleus. What is the
maximum recoil energy for the hypothetical Dark Matter particle given above interacting with a
Xenon nucleus?

2. (2 points) Consider the Homestake mine experiment that employs as detector a large tank of C2Cl4
located below ground to measure solar neutrinos. The idea is to look for argon atoms (A37) produced
by the inverse β-decay reaction Cl37(ν, e−)Ar37. This reaction, owing to threshold effects, is relatively
insensitive to low energy neutrinos, which constitute the expected principal component of neutrinos
from the sun. It is supposed to respond to a smaller component of higher energy neutrinos expected
from the sun. The solar constant (radiant energy flux at the earth) is ∼ 1 kW/m2.

(a) Briefly explain why the experiment is located underground.

(b) What is the minimum neutrino energy that you expect the experiment to be sensitive to? How
does this compare to the energy of neutrinos produced in the p + p→ d + e+νe reaction? (Give
numerical values.)

(c) How was the presence of Ar37 detected in this experiment?

(d) How did the results of the experiment compare with the expected results at the time?
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3. (4 points)

Primary cosmic ray protons interact in the atmosphere with mean free path λ ∼ 100 gm cm−2. They
produce relativistic charged pions of energy E travelling vertically downwards. Both charged and
neutral pions are produced in the interactions. The charged pions may subsequently decay in flight,
or they may undergo nuclear interaction, again with a mean free path equal to λ. Assuming an
exponential atmosphere of scale length H (i.e. that the density of the atmosphere, ρ, as a function of
height, h, is given by ρ = ρ0e

−h/H). Note: Assume the same interaction length for protons and pions.

(a) Find an expression for the probability of the proton to interact as a function of atmospheric
depth, x (x has dimensions g m cm−2 ).

(b) Show that the overall probability that the charged pion will decay before interacting with the

atmosphere is P = E0/(E + E0) where E0 ≡ Hmπc2

cτπ
. You can assume that the total depth of the

atmosphere, X ≈ 1030 gm cm−2, is much larger than an interaction length, i.e. X � λ.

(c) Calculate the value of E0 for charged pions using H ≈ 6.5km

(d) How does the expression you determined in 3b change if the pion is produced at an angle θ from
the Zenith?

(e) What is the approximate probability for a neutral pion, rather than a charged pion, with an
energy of 1 TeV to decay before undergoing a nuclear interaction?
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