Exercise 3 – Neutrinos and their oscillations

1. Astrophysical Neutrino Oscillations 
Consider the case of 3 generation neutrino oscillations for neutrinos coming from an astrophysical source at Mpc distance from a neutrino detector at the Earth. 

1) Consider the results of atmospheric neutrino experiments, solar neutrino ones and of CHOOZ reactor experiment, and demonstrate that if neutrinos are emitted at the source in the flavor ratios [image: image9..pict]    they are expected to arrive at the Earth with flavor ratios[image: image2.wmf] due to oscillations.

2) Consider oscillations from neutrinos produced by neutrons decaying in the Galactic centre and calculate the expected flavor ratios at Earth after these neutrinos oscillate.

Guidelines:

Consider the MSNP matrix (c=cos and s=sin) 

[image: image1.wmf]
and the normal hierarchy case. Ignore the CP violation phase, consider that the CHOOZ limit implies that 13 is very small and so assume it equal to zero. Moreover consider that atmospheric neutrinos mix maximally and that solar neutrinos have mixing angle of 35 degrees. After determining the numerical value of U elements, consider the oscillation probability: 
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and find out how to calculate this probability when mij2 L/2E » 1 i(j.

Fill in the following matrix with the survival and disappearance probabilities:
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Then you will be available to calculate the expected flavor ratio and the solve the n decay question. You have to describe how many of the resulting neutrinos of the flavor coming out in the decay survive and how many convert into another flavor and say into which flavors they convert.

2. The mass constraint from observed neutrinos from SN1987A

A bunch of neutrinos were observed in some experiments (eg. Kamioande and IMB) a few hours before the SN1987A collapse. The distance of the SN is 55 kpc. Let’s consider an experiment measures the energy of two neutrino induced events E1 and E2 and the times at which they interact in the detector (detection times) t1 and t2. Derive from the time dispersion of the events in the detector and their measured energies (neglecting errors on the measurement) the limit on the neutrino mass assuming it has the same value for the 2 neutrinos. Moreover assume that m << E and use the series expansions:
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As an example take: E1 = 20 MeV and t1 = 0, E2 = 10 MeV and t2 = 12.5 s and consider that the emission time at the source is the same for the 2 events.

Suggested solutions

1.
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2. Energy and momentum are connected by the relation

p = mv

E = mc2

Hence, using the magnitude of vectors: v = p/m = pc2/E

We also know that pc = sqrt(E2-m2c4) = E sqrt(1- m2c4/E2)

So v = c sqrt(1- m2c4/E2) 

Each of the 2 neutrinos is emitted at time te and reaches the detector at time td. So for each of them the propagation time from the supernova at distance d to the Earth is given by:

td-te = d/v ≈ d/c (1+ m2c4/2E2) since m<<E and I used the binomial series expansion.

Hence for the 2 neutrinos the difference in times is:

td|–| te|= d m2c4/(2c) |1/E12-1/E22| = d m2c4/(2c)| E22 – E12|/( E12 E22)

and since the emission times are the same te = 0 and we know that td = |t2-t1| =12.5 s.

Hence solving for the mass:

mc2 = sqrt(2ctd| E12 E22/(d| E22 – E12|) = sqrt(2*3e8 m/s* 12.5 s * 10e6**2 * 20e6**2 eV**4)/[55e3*3.1e16 m (20e6**2 - 10e6**2)eV**2] = 24 eV 

