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Sheet 12: Theory

1. Majorana Neutrinos [10 Points]

The Lagrangian for the coupling of a fermion pair f with the Z-Boson is given by

f vy —agpys)fZy 1)
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For neutrinos we have a, = v, = 1/2

(@) On sheet 9 we discussed the decay of the Z-boson. Calculate the decay width for Z —
Dv in the Standard Model but keeping a possible neutrino mass in the expression.

(b) Neutrinos could be Majorana particles, which obey the relation v¢

C denotes charge conjugation

= v. The superscript

VY=ot ()
with C' = 7270 in the Dirac basis. Show the following properties:
—C=C0"=Cc"'=-Cc"=0", (3)
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where (\IJC)L =Py (\Ifc)

(c) Show that for Majorana neutrinos the vector current 7,v vanishes. What happens
with Tysv, Uy, ysv and 7 [y, 7] 1?

(d) Using the previous result calculate the decay width Z — vv for Majorana neutrinos
and compare with a)
(Hint 1: Note that due to the Majorana properties the final state particles are indistin-
guishable from each other resulting in a factor of 1/2.

Hint 2: Compared to the Dirac case the Majorana axial-vector contribution gains a fac-
tor of 2)

2. Seesaw [10 Points]

The Higgs mechanism generates Dirac masses for the active neutrinos when right-handed
sterile neutrinos Np are introduced through the following term:

Lpirac = —V1MpNpg + h.c. 8)



where (v, = vi,v?,v3)T is the column vector of the active neutrinos and Np the corre-

sponding vector for the sterile neutrinos. THe matrix Mp is (in general) a complex 3 x 3
matrix. Additionally, the right-handed sterile neutrinos can have a Majorana mass with the
Lagrangian density

1
EMajorana = _i(NR)CMRNR + h.c. (9)

where My, is a symmetric 3 x 3 matrix and ¥¢ = " fora general Dirac spinor ¥ and the
charge conjugation matrix C' = ivy?7°.

Let mp and mp denote the mass scale of Mp and Mg, respectively. Suppose the entries of
Mp are much larger than the ones of Mp (mpr > mp)

(a) Show that it is possible to rewrite the whole mass matrix in the flavour basis in the
following way:

17
Liass = LDirac + EMajorana = _i\IICM\I] + h.c. (10)
with
g - () and = (0 Mp (11)
Npgr - Mg Mg

For the solution prove and use the identity

vLMpNRr = (]\/YR)CJM%1 (I/L)C . (12)

(b) Using the (unitary) transformation ¥ = U¢ with U = (—1pT /1)> (change of basis) it is

possible to convert the 6 x 6 matrix M into a block diagonal form, i.e. that it takes on
the following form

T (M0
lIMU_<0 MJ, (13)

with symmetric 3 x 3 matrices M;, Ms. The matrix p in the transformation matrix U is
assumed to be proportional to the scale m ;' and terms of order m > (and smaller) can
be neglected in the calculation.

Determine p, My and M, from Eq.(13). What is the connection between the fields x1, x2
and the original fields vz, Ng? (Hint: You may assume that Mg is invertible.)

(c) Where does the name “seesaw” come from?



