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• Summary of Feynman rules

• From amplitudes to observables

• e+e− → μ+μ−

• The ALEPH detector at LEP 
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Recall S-matrix element for ep → ep

Related to invariant amplitude M by

→
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Feynman rules
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Feynman rules
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Amplitude for e+e− → μ+μ− 

In QED only one leading-order 
diagram (SM also has 
annihilation into Z).

Assign four-momenta, enforce
conservation at every vertex.

Follow the fermion lines backwards, bar at head, no bar at tail, 
u for particle, v for antiparticle:

Contract Lorentz index ν, use q2 = Ecm
2 ≡ s: 
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Trace theorems

Useful variants:
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Spin averaged |M|2 for e+e− → μ+μ− 
Square the amplitude:

Use Casimir’s trick (neglect rest masses)

to average over initial-state, sum over final-state spins:
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Spin averaged |M|2

Use α = e2/4π = 1/137,

Use trace theorems to evaluate:
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Go to c.m. frame
Consider the c.m. frame:

(suppose μ+μ−  in (y,z) plane)

Let E = Ebeam = Ecm/2:
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Differential cross section for e+e− → μ+μ− 

The required four-vector products are:

giving

Use in the equation for the differential cross section:

Integrate over φ:
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Total cross section for e+e− → μ+μ− 

Integrate differential cross section over cosθ:

TPC/2γ Experiment at SLAC (1984-86) collected data at Ecm = 29 GeV 
with integrated luminosity ∫ L dt = 60 pb−1

In experimentalists units (energy −2 → area):
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The ALEPH detector at LEP
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e+e− → μ+μ− in the ALEPH detector at LEP
https://www.nbi.dk/~xella/teaching-dali.pdf
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S. Bethke and A. Wagner, Eur. Phys. J. H (2022) 47:16 

e+e− → μ+μ− in the JADE detector at PETRA
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