
FYSH300 Particle Physics

Exercise 10

Autumn 2012

Return by 16.00 on Thursday 4.12.

1. Let’s practice drawing Feynman graphs for scatterings in a given theory

(a) Let’s first consider a φ3-theory for an interacting neutral spin-0 particle, with a
Lagrangian

L =
1

2
∂µφ∂

µφ− 1

2
m2φ2 − λ

3!
φ3.

Draw all possible topologically different Feynman diagrams for 2→ 2 scattering
in this theory, first in the lowest order (LO) in λ, then in the next-to-lowest
order (NLO). Note that in the latter case there are quite many diagrams, be
systematic in sorting these out.

(b) Let’s then consider some QED scatterings. Draw all Feynman graphs which cont-
ribute to the invariant amplitude in the lowest order in e (figure out which power
of e corresponds to the lowest order in each case!) for the following scatterings

i e+ + e− → e+ + e−

ii e+ + e− → µ+ + µ−

iii e+ + e− → e+ + e− + µ+ + µ−

Label the lines and draw the required arrows.

2. Using the Clifford algebra and the properties of the gamma matrices, show the useful
results

(a) γµγ
µ = 414

(b) γµ a/ γ
µ = −2a/

(c) γµ a/ b/ γ
µ = 4a · b

(d) γµ a/ b/ c/ γ
µ = −2c/ b/ a/

(e) γ5† = γ5

(f) (γ5)2 = 14

(g) {γ5, γµ} = 0

(h) Tr(γµγν) = 4gµν

(i) Tr(γµγνγργσ) = 4(gµνgρσ − gµρgνσ + gµσgνρ)

(j) Tr(γ5) = 0

(k) Tr(γµ1γµ2 . . . γµ2n+1) = 0

(Hint: In proving the last results, make use of the γ5 properties.)

3. Compute the unpolarized differential cross section dσ
dΩ∗

e
(in the CMS frame) for the

QED process
e− + µ− → e− + µ−

starting from the Feynman rules for obtaining the invariant amplitudeM, then care-
fully doing the spin summations (recall: average over the intial state spins, sum over
the final state spins) to obtain |M|2, where the muon mass is kept non-zero. The
electron mass you can set to zero. Express the final result in terms of the Mandels-
tam variables, the muon mass and the fine structure constant α. In the end, compare
your result with the one we obtained in the lecture notes on p. 298. Figure out the
order of magnitude for the mass correction relative to the massless result, say, at
θ∗e = 90◦ when

√
s = 10 GeV.



4. The exercise suggested on p. 298-299 in the lecture notes:
Starting from the QED Feynman rules, compute the spin-summed/averaged squared
invariant amplitude |M|2 for the unpolarized process e+ + e− → µ+ + µ−. Let’s
consider only the high-energy limit where all masses can be neglected.

5. Bonus problem, extra 3 points available!
In the Exercise 4, Problem 1c, we used the fact that if the muon was a spin-0 particle
instead of a spin-1

2
particle, the squared invariant amplitude (and thus the angle

distributions) would look quite different from the result above. Now compute |M|2
in the high-energy limit, and check your result against Ex.4/1c. Use the following
Feynman rules for spin-0 particle:
For the γ → µ+(pc) + µ−(pd) vertex there is a factor −ie(−pc + pd)µ, and for the
external muon and antimuon legs, just use a factor 1 (i.e. no spinors for muons now
– however for the electron and the positron you must use spinors as normal). Note
here that before averaging over the spins you can use the Dirac equation to simplify
M.


