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H 6.1 Lepton Masses and Higgs Decay into charged Leptons 15 points

The Yukawa couplings between the Higgs field and the 3 generations or flavors of leptons in
the Standard Model are given by

L',l;‘jlt(" =— (Y1), Li®R; +h.c. where i,j=e,u,7. (1)
(Y1), ;18 a 3 X 3 matrix in the space of flavor. The leptonic doublet and singlet are given by
1% .
Li = (Eeigl) and Rl = (eR)i

respectively. Note that

ep =Ppe and egp=Pre with Prr=-(1sF7s)-

1
2
® denotes the Higgs doublet.

(a) After electroweak symmetry breaking and applying the unitary gauge the Higgs doublet is

given by
1
d=— 0
V2 \v + h(x)
Here v = 246 GeV denotes the Higgs vacuum expectation value and h stands for the
Higgs boson. Insert this into equation and expand the Yukawa interaction into its
components. (1 point)

(b) Find the mass terms for the charged leptons after symmetry breaking. In general the Yukawa
coupling matrix Y; is neither hermititan nor symmetric. For this reason we can not just

diagonalize Y; with a single unitary matrix. Rather one diagonalizes YlYlT with two different
unitary matrices U; and K;. The diagonal coupling matrix Yldiag is then given by
Y, = Ul}/ldiagKlT.
The mass eigenstates are denoted with a ~ over the field operator and one finds the relations:
ér =Uler, ér=Kjer

Rewrite the Lagrangian for the lepton masses in the mass basis. How is the lepton mass
matrix

my = diag (mea My, m‘r)

related to Y187 (2 points)



(¢) Now rewrite the interactions of the charged leptons with the Higgs boson h in the lepton
mass basis. Eliminate all chirality projectors from the Lagrangian. You should find

1Y-.
Lyhe = — (mi),; (1 + Uh> €:€;
for the sum of mass and interaction terms. (1 point)

The Higgs-lepton interaction is just the Yukawa interaction that you were introduced to in H.2.2
on sheet 2. The only difference is that the coupling ¢ from said exercise is now lepton flavour
specific gy = %L (I = e, j1,T).

(d) Using the Feynman rules for a Yukawa interaction from H.2.2 construct the Feynman diagram
for the decay process h — = (p1,s1) + {7 (p2, s2) and find the matrix element. (2 points)

(e) Now determine the squared matrix element and carry out the sum over the final state fermion
spins s; and sa. (2 points)

(f) Use the trace identities from H.2.1 to evaluate the unpolarized matrix element squared.
(1 point)

(g) In the Higgs boson rest frame the four-momenta read

Decaying particle: ph = (%f‘) ’
Outgoing particles: P = (?) . p2= <—Eﬁ> )

Here E? = |ﬂ2 +m?. Use this to evaluate the products of four-momenta in the unpolarized
matrix element and express everything in terms of the Higgs and lepton masses. (2 points)

(h) The decay rate is given by

1
g A (my,mi,mi)* Y M,

T'(h—1717) = Torm?

51,89
where the Kéllén triangle function defined as
MNz,y,2) =22 +y? + 22 — 22y — 222 — 2y
arises from the phase-space integration. Calculate the decay rate. (1 point)
(i) Using my, = 125GeV and v = 246 GeV compute the partial decay rates for the cases

e [=¢e: m,=>511keV,
o | =p: m, =106MeV and
o [=7:m,=177GeV

Which one of these three decay channels has the largest partial width and why does this
occur? (3 points)



H 6.2 Majorana Masses and the Weinberg Operator 10 points

Consider the usual Dirac Lagrangian describing a free, massive fermion,
L=V (i0,y* —m) V.
Recall that the projection operators defined as,

1

1
Pri=3 (Li-9%), Pr=5(L+7°),

o |

allow us to rewrite the fermion field in terms of its chiral components,
U=V, + Upg, (2)

with U/ p == Pr,r¥. We found good use for this decomposition while writing down the La-
grangian for the Standard model since the chiral components transform differently under the
gauge symmetries.

(a) Use Eqn. in the Dirac Lagrangian above in order to rewrite it as:
L= i@L’}/”au\IfL + Z'@R’}/“(?,L\IJR — m(EL\IfR + ER\I’L).
(1 point)

We define a Majorana fermion via the condition that the fermion field is identical to its charge
conjugate ﬁeldEI That is,

Uy = 05, = 0Ty,
with C' = iv2~° the charge conjugation matrix from the lecture.

(b) Show that for a Majorana fermion, the choice Up = C@Z = U¢ in Eqn. is sensible
in the sense that it ensures the Majorana condition is satisfied, and the object \I/g indeed
behaves like a right-handed spinor. Further, what does the Lagrangian of part (a) look like

now?
Hint: Consider the action of Pr, on the object and use the property of the charge conjugation
matriz, P,C = CPF. (2.5 points)

Note that in the above we could have also made the choice ¥ = \Ilg and derived analogous
results in terms of the right-handed parts. But the important point is the important distinction:
for Dirac fermions, we need both left and right-handed components in order to write down mass
terms, whereas for Majorana fermions we can write it in terms of just the left (or right)-handed
parts. Let us now see this in action through a familiar example.

We know, in the Standard Model, neutrinos are massless. However, neutrino oscillation experi-
ments require non-zero masses for at least two of the three neutrino species. The origin of the
masses and their nature - Dirac, or Majorana - is still an open question; nevertheless, neutrino
physics provides one of the strongest evidences for physics beyond the Standard Model and is of
significant interest to high-energy physics currently. We quickly review a couple of mechanisms
for their mass generation here.

The simplest option would be to follow what we did for the other particles and generate a Dirac
mass term. However, as we saw - this would mean we have to add a right-handed partner for
each neutrino. As discussed in the lecture, these new partners would be singlets under all gauge
groups. For the rest of this exercise, we assume the single generation case for simplicity, without
losing generality of the discussion.

ITechnically we can also allow a non-zero phase relating the two fields; however we set this to zero.



(c) Assume that we add a singlet partner vz = PrV, to the SM. Why does the term Ldvg

+
where L = (ZL> is the lepton doublet and ® = <(20> is the Higgs doublet not work?
L

(0.5 points)

(d) Define ® = iTy®* with 75 the second Pauli matrix. Show that the terms yDZCi)I/R + h.c..
are gauge invariant and lead to mass terms for the neutrinos after electroweak symmetry
breaking. (1.5 points)

(e) Use the experimental bound on the neutrino masses, m, < O (0.1eV), and the fact that the
electroweak symmetry breaking scale is v ~ O (100 GeV) in order to derive a bound on the
Yukawa, coupling yp. (1 point)

Thus, we see that even though it is simple enough to write down a Dirac mass term for neutrinos,
the required coupling has to be ‘unnaturally’ tiny (compare, for example, to the next smallest
one - the electron yukawa coupling y. ~ O (10_6)). Further, there have been no hints for the
existence of the right-handed neutrino yet. Thus, the hierarchy could be a hint that the neutrino
mass scales are generated by a different mechanism.

(f) Consider adding to the Lagrangian, the terms %(Zi)(éTLc) + h.c. where y is a dimen-

c

sionless coupling, My is a new scale of mass dimension one, and L¢ = (Zé) Show that
L

the term (called the Weinberg Operator) is gauge invariant and leads to a Majorana mass

term for the neutrino after electroweak symmetry breaking. (1.5 points)

(g) What are the mass dimensions of the operator added in the previous part? What does this
tell you about the renormalisability of the theory?
Hint: Recall what you had learnt in the Classwork Sheet. (0.5 points)

Thus, we see that an alternative to the Dirac mechanism is provided by considering the Weinberg
operator. However, being non-renormalisable, this can not be the fundamental theory. The idea
is that the fundamental theory occurs at a much higher energy scale My; at lower scales it is
‘hidden’ and can be approximated by the non-renormalisable effective theory - similar to what
happens in the Fermi interaction mentioned in the lecture and to the case we studied in the Bonus
exercise of the Classwork Sheet.

(h) Estimate the scale of new physics My by using the bound on the neutrino masses and
assuming the yukawa yp; to be of order one. (1 point)

(i) If there are two experimental proposals to search for the Majorana nature of a neutrino

e Look for double beta decay ((Z, A) — (Z + 2, A) + 2e~ + 21,), or
e Look for neutrinoless double beta decay ((Z,A) = (Z +2,A) +2e7),
which experiment do you think could be more relevant?

Hint: Consider the lepton number in both reactions and see whether a Majorana mass term
conserves lepton number. (0.5 points)



