* PROBLEM 11: A NEW THEORY OF THE WEAK INTERACTIONS (40
points)

This problem was Problem 3, Quiz 3, 2009.

Suppose a New Theory of the Weak Interactions (NTWI) was proposed, which dif-
fers from the standard theory in two ways. First, the NTWI predicts that the weak
interactions are somewhat we: han in the standard model. In addition, the tw
implies the existence of new spin—% particles (fermions) called the Rt and R, with a rest
energy of 50 MeV (where 1 MeV = 10° eV). This problem will deal with the cosmological
consequences of such a theory.

The NTWI will predict that the neutrinos in the early universe will decouple at
a higher temperature than in the standard model. Suppose that this W
place at k7" ~ 200 MeV. This means that when the neutrinos cease to be thermally
coupled mtter, the hot soup of particles would contain not only photons,
neutrinos, and et-e~ pairs, but also pu*, p~, 7+, 77, and 7° particles, along with the
R*-R~ pairs. (The muon is a particle which behaves almost identically to an electron,
except that its rest energy is 106 MeV. The pions are the lightest of the mesons, with
zero angular momentum and rest energies of 135 MeV and 140 MeV for the neutral and
charged pions, respectively. The 7+ and 7~ are antiparticles of each other, and the 7"
is its own antiparticle. Zero angular momentum implies a single spin state.) You may
assume that the universe is flat.

(a) (10 points) According to the standard particle physics model, what is the mass
density p of the universe when T ~ 200 MeV? What is the value of p at this
temperature, according to NTWI? Use either g/cm?® or kg/m?. (If you wish, you can
save time by not carrying out the arithmetic. If you do this, however, you should
give the answer in “calculator-ready” form, by which I mean an expression involving
pure numbers (no units), with any necessary conversion factors included, and with
the units of the answer specified at the end. For example, if asked how far light
travels in 5 minutes, you could answer 2.998 x 10% x 5 x 60 m.)

(b) (10 points) According to the standard model, the temperature today of the thermal
neutrino background should be (4/11)Y/3T,, where T, is the temperature of the
thermal photon background. What does the NTWI predict for the temperature of
the thermal neutrino background?

(¢) (10 points) According to the standard model, what is the ratio today of the number
density of thermal neutrinos to the number density of thermal photons? What is
this ratio according to NTWI?

(d) (10 points) Since the reactions which interchange protons and neutrons involve neu-
trinos, these reactions “freeze out” at roughly the same time as the neutrinos decou-
ple. At later times the only reaction which effectively converts neutrons to protons
is the free decay of the neutron. Despite the fact that neutron decay is a weak inter-
action, we will assume that it occurs with the usual 15 minute mean lifetime. Would
the helium abundance predicted by the NTWT be higher or lower than the prediction
of the standard model? To within 5 or 10%, what would the NTWT predict for the
percent abundance (by weight) of helium in the universe? (As in part (a), you can
either carry out the arithmetic, or leave the answer in calculator-ready form.)

Useful information: The proton and neutron rest energies are given by m, ¢ =

938.27 MeV and m,, ¢? = 939.57 MeV, with (m, —m,)c* = 1.29 MeV. The mean
lifetime for the neutron decay, n — p+e~ + 1., is given by 7 = 886 s.
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