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Problem 1: Total cross section for e+e− → µ+µ−

The differential cross section for the 2→ 2 scattering process

a+ b→ 1 + 2 (1)

is given by (cf. Ulrich Uwer’s lecture slides)

dσ =
|M|2

Φ
(2π)4δ(4)(pa + pb − p1 − p2)

d3p1

(2π)32E1

d3p2

(2π)32E2
, (2)

where Φ = 4
√

(pa · pb)2 −m2
am

2
b is the flux factor.

1. Assuming that the initial particles travel on the beam axis (the x3 direction, say), show
that the flux factor Φ can be expressed as

Φ = 2λ(s,m2
a,m

2
b) , (3)

where λ(x, y, z) =
√
x2 + y2 + z2 − 2xy − 2xz − 2yz and s = (pa + pb)2.

(Hint: It is simpler to work in a frame where one of the initial particles is at rest.)

2. Use the result of question (1.1) to show that in the high energy limit (neglect all particle
masses), the formula in Eq. (2) can be simplified to

dσ =
1

64π2s
|M|2dΩ (4)

in the centre-of-mass frame, where dΩ = dφ dcosθ is the solid angle into which the particles
are scattered.

3. In problem 2 of sheet 2 we computed the spin-averaged squared matrix element |M(e−µ− →
e−µ−)|2 in terms of the Mandelstam variables, s, t, u. Use this result to write down the
matrix element |M(e+e− → µ+µ−)|2, by making use of crossing symmetry.

4. Use Eq. (4) and the result from question (1.3) to compute the total QED cross section,
σtotal, for this process. Express the result in terms of the fine-structure constant α and the
centre-of-mass energy, s. You may work in the centre-of-mass frame, and neglect particle
masses.

5. What do you expect would be the qualitative effect of Z boson exchange on the result
calculated in question (3)? Write down any additional Feynman graph(s) that may arise in
this case.



Problem 2: Bhabha Scattering (e+e− → e+e−)
Show that the differential cross section for Bhabha scattering, e+e− → e+e−, is given by
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1. Write down the two first order Feynman diagrams that contribute to this process. Why is
there a relative minus sign between the two diagrams?

2. Use the QED Feynman rules to show that the amplitude can be written as

iM =
ie2

t
A1 −

ie2

s
A2 , (6)

where A1 and A2 are products of spinors and gamma matrices.

3. Calculate |M|2, in the high energy limit (neglect the electron mass)

(a) Use trace identities to show that the first term is given by

1
4

∑
spins

|A1|2 = 2(u2 + s2) (7)

Note that this is the same expression obtained for the eµ scattering process in problem
sheet 2, in the massless limit.

(b) Calculate (or use crossing symmetry, cf. question 1.3) the second term, 1
4

∑
spins |A2|2.

(c) Use the identities γµ/a/b/cγµ = −2/c/b/a and γµ/a/bγµ = 4(a · b) to show that the two
interference terms are given by

1
4

∑
spins

A1A∗2 =
1
4

∑
spins

A2A∗1 = −2u2. (8)

4. Add up the different contributions and use Eq. (4) to translate the matrix element into the
differential cross section dσ/dcos θ.
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