
Particle Physics 2 : Exercise 11

1) Higgs potential
Explain why the Higgs potential can only contain terms with even powers of the field ϕ.

2) Covariant derivative
Show that the Lagrangian for a complex scalar field ϕ,

L = (Dµϕ)∗(Dµϕ),

with the covariant derivative Dµ = ∂µ + igBµ, is invariant under local U(1) gauge trans-
formations,

ϕ(x) → ϕ′(x) = eigχ(x)ϕ(x),
provided the gauge field transforms as

Bµ → B′
µ = Bµ − ∂µχ(x).

3) Z and γ fields
From the mass matrix and its eigenvalues, show that the eigenstates in the diagonal basis are

Aµ =
g′W (3)

µ + gWBµ√
g2

W + g′2
and Zµ =

gWW (3)
µ − g′Bµ√

g2
W + g′2

,

where Aµ and Zµ correspond to the physical fields for the photon and Z.

4) HZZ coupling
By considering the interaction terms in

(Dµϕ)†(Dµϕ) = 1
2(∂µh∂µh) + 1

8g2
W(W (1)

µ + iW (2)
µ )(W µ(1) − iW µ(2))(v + h)2

+ 1
8(gWW (3)

µ − g′Bµ)(gWW µ(3) − g′Bµ)(v + h)2,
(1)

show that the HZZ coupling is given by

gHZZ = 1
2

gW

cos θW
mZ.

5) H → WW
For a Higgs boson with mH > 2mW, the dominant decay mode is into two on-shell W bosons,
H → W+W−. The matrix element for this decay can be written

M = −gWmWgµνξµ(p2)∗ξν(p3)∗,

where p2 and p3 are respectively the four-momenta of the W− and W+.
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a) Taking p2 to lie in the positive z-direction, consider the nine possible polarisation states of
the W+ and W− and show that the matrix element is only non-zero when both W bosons
are left-handed (M↓↓), both W bosons are (M↑↑), or both are longitudinally polarised
(MLL).

b) Show that

M↑↑ = M↓↓ = −gWmW and MLL = gW

mW

(1
2m2

H − m2
W

)
.

c) Hence show that

Γ(H → W+W−) = GFm3
H

8π
√

2
√

1 − 4λ2(1 − 4λ2 + 12λ4),

where λ = mW/mH.
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