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Problem 51 Dark matter direct detection

Weakly Interacting Massive Particles (WIMPs) are currently the most popular dark
matter candidates. WIMPs are supposed to be highly-massive neutral particles
(mc2 ∼ 100 GeV) not included in the Standard Model. They should have been cre-
ated in the earliest phases of the Universe and their interaction cross-section must
be very small, since the Weak Nuclear Force (which is a short-range force, due to the
mass of the force-carrying W± and Z0 bosons) is their only interaction channel. Ac-
cording to the theoretical models, WIMPs should have driven the galaxy formation
and nowadays they must have small kinetic energy and be clustered in correspon-
dence of massive objects (like galaxies or clusters of galaxies). Nevertheless, a large
spacial dispersion is expected, because of their very small interaction cross-section
which prevents them to collapse into a single point (i.e. a black hole). Such elusive
particles have never been detected and a clear proof of their existence is still missing.
In the last decade several experiments have been developed (e.g. CDMS, XENON,
LUX, etc.), looking for the very small signal WIMPs produce when they elastically
scatter on an atomic nucleus.

a) Given a WIMP mass mχ = 100 GeV/c2 and a WIMP velocity vχ = 50 km/s,
compute the upper limit of the energy transfer to a proton, a Helium nucleus, and
a Xenon nucleus through elastic scatter.

Hint: assume Newtonian kinematics and mp = 0.938 GeV/c2, mHe = 3.75 GeV/c2,
and mXe = 123.8 GeV/c2.

b) Based on the results obtained at point a), identify the ideal target element should
be used in a WIMP detector to maximize the signal in case of mχ = 10 GeV/c2,
mχ = 50 GeV/c2, and mχ = 200 GeV/c2.

c) Evaluate the maximum energy transfer to a Xenon nucleus (mXe = 123.8 GeV/c2)
by the elastic scattering of a solar neutrino with energy Eν = 1 MeV (this process
is also known as “neutrino coherent scattering”). Compare the obtained value with
the one obtained at point a).



Problem 52 Dark matter indirect detection

Dark Matter is an open issue involving both astronomy and particle physics. The
first prediction of “Dark Matter” was done by Zwicky in 1933 by observing the
kinematics of galaxies in the Coma cluster. Only in the last couple of decades,
Dark Matter has been started to be investigated as proof of the existence of exotic
particles beyond the Standard Model.

Given the difficulties in achieving Dark Matter direct detection, efforts have been
continuously spent studying other observables (like gamma rays, neutrinos, positrons,
etc.), aiming for a proof of exotic Dark Matter particles interaction in the outer space
(“Dark Matter indirect detection”).

a) Given the simplistic annihilation of 2 WIMPs (χχ → γγ), what will be the shape
of the energy spectrum of the produced gammas? How will the spectrum look at
Earth, and why the difference?

b) By assuming in the galactic center region a WIMP density of 1 particle/cm3, a
mean WIMP velocity v = 200 km/s, and a WIMP annihilation cross-section equal
to 5 10−40 cm2, compute the average WIMP annihilation time τ .

c) By assuming the radius of the galactic center equal to R = 1 kpc, a homogeneous
WIMP density of 1 particle/cm3 in that region, a distance from Earth equal to
D = 8.5 kpc, and neglecting any absorption mechanism, compute the number of
gammas produced by WIMP annihilation processes reaching the Earth per unit of
surface and time.

Problem 53 Gravitational wave detection

Gravitational waves are ripples in the curvature of spacetime produced by the in-
teraction of massive objects. Their prediction follows the description of the gravi-
tational force in Einstein’s theory of General Relativity.

The detection of gravitational waves generated by the coalescence of two black holes
(MBH,1 ∼ 29 MSun, MBH,2 ∼ 36 MSun) into a single one (MBH,final ∼ 62 MSun) has
recently been claimed by the LIGO experiment as the first ever achieved direct detec-
tion of gravitational waves (the detected event is usually referred as “GW150914”).

a) Compute the gravitational acceleration generated at Earth by a black hole of
mass MBH = 60 MSun located at a distance of 100 Mpc.

b) Compare the obtained value with the terrestrial gravitational acceleration and
with the tidal lunar acceleration.

Hint: MMoon = 7.34 · 1022 kg, DMoon = 384000 km, REarth = 6380 km.

c) LIGO is composed of two identical two-arm interferometers, each of them with
an arm length of 4 km. Use the results of point b) to estimate in first approximation
the geometrical displacement induced in each interferometer arm by the black hole,
and compare this value with the proton geometrical radius rp = 0.85 · 10−15 m.

The solutions will be discussed during the werkcollege on 15.12.2016 in HG02.702.
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