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Problem 24: Left-right symmetric electroweak model [10 Points]

The left-right symmetric model can be introduced by assuming right-handed fermion doublets
in analogy to the left-handed ones. The quark and lepton spectra consist of

Qi
L, R =

(
U i

L, R
Di

L, R

)
; LiL, R =

(
νiL, R
eiL, R

)
,

with the following SU(2)L, SU(2)R, U(1)B−L transformation properties:

QL : (2L, 1R, 1/3); LL : (2L, 1R, − 1);
QR : (1L, 2R, 1/3); LR : (1L, 2R, − 1).

The Higgs sector contains a bi-doublet φ and two triplets ∆L and ∆R with transformation
properties

φ : (2L, 2R, 0); ∆L : (3L, 1R, 2); ∆R : (1L, 3R, 2).

Note that the bi-doublet and the triplets can be expressed by the following 2× 2 matrices:

φ =
(
φ0

1 φ+
2

φ−1 φ0
2

)
; ∆L, R =

(
∆+/
√

2 ∆++

∆0 −∆+/
√

2

)
.

a) Why does this model not work with only the bi-doublet?

b) Construct the Lagrange density for the fermion-Higgs interactions LYukawa (including all
possible gauge singlets).

c) Use the assumption that after spontaneous symmetry breaking the vacuum is electrically
neutral to derive the fermion mass terms in the broken phase.

d) We leave the quark and lepton sector unchanged, but modify the symmetry-breaking
part of the model. In the Higgs sector we still have the bi-doublet φ, but instead of the
triplets we introduce two scalar doublets AL, R and a fermionic singlet χ with the following
transformation properties under SU(2)L, SU(2)R and U(1)B−L:

AL : (2L, 1R, 1); AR : (1L, 2R, 1); χ : (1L, 1R, 0).

Left-right symmetry implies the invariance of the Lagrange density under the following
transformations (where Ψ denotes any fermion field):

ΨL ↔ ΨR AL ↔ AR φ↔ φ†.

Construct the Lagrange density LYukawa for the fermion masses in this model. (Again,
you have to construct singlets under the whole gauge group.)
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Problem 25: Z ′ physics [10 Points]

The general effective Lagrange density after breaking the SU(3)C × SU(2)L × U(1)Y × U(1)′
symmetry to SU(3)C × U(1)em can be written as

L = LSM + LZ′ + Lmix,

where the relevant part of the Standard Model Lagrangian is

LSM = −1
4B̂µνB̂

µν − 1
4Ŵ

a
µνŴ

µν,a + 1
2M̂

2
ZẐµẐ

µ − e

cW
jµBB̂µ −

e

sW
jµ,aW Ŵ a

µ

and the hats merely denote that the fields are not mass eigenstates. The Z ′ part reads

LZ′ = −1
4Ẑ
′
µνẐ ′

µν + 1
2M̂

2
Z′Ẑ ′µẐ ′

µ
− g′j′µẐ ′µ ,

where g′ denotes the U(1)′ gauge coupling, and the kinetic- and mass-mixing terms can be
parameterized as

Lmix = −sinχ
2 Ẑ ′µνB̂

µν + δM̂2Ẑ ′µẐ
µ

a) Determine the mass eigenstates Zµ
1 and Zµ

2 and determine the couplings of Z1,2 to the
currents jB, jW and j′. Set the kinetic mixing angle χ to zero for simplicity.
Hint: Reexpress B̂µ and Ŵ 3

µ in terms of Aµ and Zµ.

b) Since the mass of the physical Z boson changes compared to the SM, the ρ parameter is
no longer equal to one (at tree-level). Use the current value ρ = 1.0008+0.0017

−0.0007 to constrain
the Z-Z ′ mixing. You can assume M̂Z′ � M̂Z � δM̂ .

c) A well-motivated extension of the SM is a gauged B−L symmetry (baryon minus lepton-
number). Write down explicitly the corresponding current for the SM fermions:

j′µ =
∑
ψ

ψ̄ γµ(B − L)ψ ,

where (B − L) denotes the B − L charge operator.

d) To cancel quantum anomalies in the B − L model, one also has to introduce three right-
handed neutrinos Ni which are then part of the current: ∆j′µ = −∑i N̄i γµPRNi. Due
to Z-Z ′ mixing, the SM-like Z1 will also couple to these new neutrinos. Can you give a
constraint on the Z-Z ′ mixing from the well-measured (invisible) decay width of Z (for
M(Ni)�MZ/2)? See the PDG for numbers.
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