
FYSH300 fall 2011
Exercise 3, return by Mon Oct 3rd at 9.00 to box in the lobby, discussed Mon Oct 3rd, at 12.15 in

FYS5

1. (a) The HERA accelerator at DESY in Germany made electron-proton collision experiments
with energies Ee = 30 GeV and Ep = 920 GeV. What was

√
s in these experiments?

What would the corresponding projectile particle energy be in a fixed target experiment
if the target was i) the proton or ii) the electron.

(b) The RHIC accelerator at BNL in the US and the LHC at CERN both collide proton
beams. In RHIC the center of mass energy is

√
s = 500 GeV and the corresponding value

for the LHC is
√
s = 14 TeV. How large projectile particle energies would you need if

these were fixed target experiments?

2. (a) Consider elastic scattering a+ b→ a+ b. Derive the results

t = −2|p∗
a|2(1− cos θ∗c ) (1)

cos θ∗c = 1 +
2st

λ(s,m2
a,m

2
b)

(2)

To go from (1) to (2) you may use the results (slides 23,24) derived in last week’s exercises.

(b) Derive the ultrarelativistic (=massless) results given for s, t and u.

s = 4|p∗
a|2 (3)

t = −s
2

(1− cos θ∗c ) (4)

u = −s
2

(1 + cos θ∗c ). (5)

Show also that s+ t+ u ≈ 0.

3. Let’s consider an elastic proton-proton scattering as in the lectures. In the CMS frame we
have θ∗c = 60◦ and |p ∗| =

√
3mp. Calculate the quantities θTRF

c , θTRF
d , |pTRF

c |, |pTRF
d |, ETRF

c

and ETRF
d . Verify your results by checking that energy and momentum are conserved in the

TRF frame.

4. (a) The flux factor in the target rest frame was shown to be 2ETRF
a 2ETRF

b |vTRFa | = 2
√
λ(s,m2

a,m
2
b).

Now if we consider colliding beams with velocities va and vb in opposite directions on
the z-axis the flux factor would be 2Ea2Eb|va − vb|. Show that also this can be written
in the Lorentz invariant form 2

√
λ(s,m2

a,m
2
b).

(b) Show that the Lorentz-invariant phase space measure can be written in a manifestly
Lorentz-invariant way as ∫

d3p

2E
=

∫
d4pθ(E)δ(p2 −m2) (6)

5. (a) Show that the Klein-Gordon equation (KGE) (∂µ∂
µ + m2)ψ(x) = 0 has plane wave

solutions ψ~p(x) = N e−ip·x, where E2 = p 2 +m2 and N is a normalisation constant.

(b) Show that the continuity equation ∂µj
µ = 0, where jµ = i(ψ∗∂µψ − ψ∂µψ∗), follows

from the KGE.

(c) Show that plane wave solutions for the KGE give jµ = 2p µ|N |2.

6. Let’s examine the scattering process e+e− → µ+µ− discussed in the lectures (part 3, slides
28-30). You can neglect the particle masses in the following calculations.

(a) The squared invariant amplitude, averaged over initial and summed over final spins, is

|M|
2

= 2e4(t2 + u2)/s2. From this derive the differential cross-section dσ/dΩ∗ given as
a function of the scattering angle θ∗.

(b) Show that the total cross-section is σ = 4πα2

3s .

(c) If the muon was a spin-0 particle (but the electron a spin-1/2 particle and the photon a

spin 1 particle) the invariant squared amplitude (averaged, summed) would be |M|
2

=
8e4(pa · pd)(pa · pc)/s2. Now calculate the differential and total cross-sections as above
and compare the results.


