1 Assignment 3

(3 points) 1.

(1 point) 2.

(3 points) 3.

(1 points) 4.

with AYy = UxUpiUssUs;, Aij =
states. In the standard three-neutrino framework, n = 3, and U is the PMNS mixing
matrix (dropping Majorana phases):

We have seen that the oscillation probability of neutrinos are described by

P(ve — V) = 0ap — zn: {4 Re (AZB) sin % —2Im (AZB) sin A”} , (1.1)
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Now, we will explore how this probability is modified with a non-Hermitian Hamilto-
nian, which can be used to describe neutrino decay or absorption.

Introduce a non-Hermitian Hamiltonian,

H=Hy—- 5 (1.2)
with Hy being the vacuum term and r describing a leakage of the states out of the
system. When I' is diagonal in the mass basis, that is, I'|;) = T; |v;), then we can
interpret I'; > 0 as the decay width of the state |v;). The full time-evolution of a mass
eigenstate contains a complex as well as a real exponential to account for the loss of
the state over time, (v;|v;(t)) = e~Fite=Ti¥/2_ Therefore, if the state |v;) is produced
at t = 0, the probability of finding it at a later time ¢ is given by P(v; — 1) = e~ lit,
which indicates it is undergoing some decay process to a state outside of our system.
Show that

P(vg — vg) = Z |UM‘|2]U5¢|267F”+Z 2e Vi [Re(AZB) cos Ajj + Im(AijB) sin Aij] ,
i i>j
(1.3)
where 7;; = (I'; + T';)t/2.

Explain the two limits: I'; = 0,Vi =1,2,3 and I';t > 1,Vi =1,2, 3.

Write down the v, survival probability P(v. — v.) in the three-neutrino framework
in the limit of Ag; > 1, so that Asy oscillations have averaged out. Write everything
in terms of of the PMNS mixing angles 012, 613, and 6s3. Given that we have seen
that 613 is small, drop terms of O(sin*613). Show that oscillations can be observed
if 'st > 1, but not if I'1t > 1 or I'agt > 1.

The KamLAND experiment observed a striking v, disappearance oscillation signal
using neutrinos from reactors located at an average distance of L = 180 km away and



(2 point) 5.

(Bonus 2 points) 6.

typical energy of E, = 4 MeV. Given that, set a lower limit on the lifetime 7 of 14
and 15 given that I'; = %% Assume my ~ 0.01 eV and Am3; = 7.5 x 1075 eV? and
express your answer in seconds. (Hint: your limit can arise from the requiremenet
that, e.g., I L < 1.)

Now interpret I'; as the rate of absorption of v; due to interactions with the medium
as it propagates through the Earth. With the same requirement as above, set a
limit on the size of the neutrino absorption cross section on nucleon, o;, given that
I'; = 0iMnucleons, With npucleons the number density of nucleons in the Earth. Express
your answer in cm?.

By extending Eq. (1.3) to antineutrinos, write down the CP asymmetry A, =
P(vy, — ve) — P(Uy — 7e) in the limit of Ay; — 0 and neglecting any term of
O(623) or higher. Write everything in terms of of the PMNS mixing angles 012, 013,
and 693, as well as the sine of the CP-violating phase sindcp. In what limits of I';¢
can CP violation be observed?



