
The Lagrangian densities for the 
interactions are

￡int =  e  ψeγ
μψe  Aμ(x);

and
￡int = −e ψp[γμ+iκσμνqν /2M]ψp  Aμ(x),

treating the proton as a point particle.

There is one Feynman diagram,

Applying Feynman rules,

Mfi = e2 [u(p3)γμu(p1)][u(p4)Γνu(p2)] gμν/q
2 
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CHAPTER 14 - APPLICATIONS : QED

OUTLINE of the chapter

14.1 ▶ Scattering in a Coulomb field ✓
14.2 ▶ Form factors
14.3 ▶ The Rosenbluth formula
14.4 ▶ Compton scattering
14.5 ▶ Inverse Compton scattering
14.6 ▶ Processes γγ→e+e− and → e+e− →γγ
14.7 ▶ e+e− →μ+μ− annihilation
14.8 ▶ Problems

Today's lecture is about 
electron-proton scattering.
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        __ 
[ u(p4) Γμ u(p2) ]

Γμ  = γμ + i κ σμν qν /2M

➪ Use the Gordon Decomposition _
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The differential cross section

dσ = ¼  (2π)4  δ4( p3 + p4 − p1 − p2 )

× m2 M2 / (E1 E2 E3 E4) 

× d3p3 d3p4 /(2π)6

e4 /(q2)2  ×  l μν/(2m)2 × hμν/(2M)2

where the tensors are

l μν = Tr { (p1+m) γν (p3+m) γμ }

hμν = Tr { (p2+M) Γν (p4+M) Γμ }

where
Γμ = (1 + κ) γμ − (κ/2M) ( p2

μ + p4
μ )
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➪ ➪  Square the matrix element,

Mfi = e2 [u(p3)γμu(p1)]  [u(p4)Γνu(p2)]  gμν/q
2 

➪ ➪ ➪  Sum and average over spins to 
obtain the unpolarized cross section,
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How are the form factors defined?

● For a point-like proton,

● Lorentz invariance implies the form

● Sachs form factors
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Form factors (Section 14.2)

So far we have treated the proton as 
point-like.

To take into account the internal structure 
of the proton, we introduce 
phenomenological form factors;

either F1(q2) and F2(q2) ;
(Dirac and Pauli)

or GE(q2) and GM(q2) .
(Sachs)

How are these defined?
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We'll calculate the angular differential cross section ,
dσ/dΩ3 , for observation of the final electron , in the
rest frame of the initial proton.

Kinematics_

p1
μ = ( E1 , 0 , 0 , p ) where E1

2 = p2+m2

p2
μ = ( M , 0 , 0 , 0 )

p3
μ = ( E3 , p3 sinθ , 0 , p3 cosθ) where E3

2 = p3
2+m2

p4
μ = ( E4 , − p3 sinθ , 0 , p − p3 cosθ) where E4

2 = p3
2+p2 − 2pp3 cosθ+M2 

(Be careful! It can be difficult to distinguish between the various notations;
p could mean pμ or p or |p|.)
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Equation (14.63)
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The differential cross section
3
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Rosenbluth formula
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The calculated cross section, assuming 
constant form factors, for κ = 0 and κ = 1.793.
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Robert Hofstadter was an American physicist. 
He was the joint winner of the 1961 Nobel 
Prize in Physics (together with Rudolf Mössbauer) 

"for his pioneering studies of electron 
scattering in atomic nuclei and for his 
consequent discoveries concerning the 
structure of nucleons". (Wikipedia)
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Homework not assigned
The next two problems are very difficult. 
Use Mathematica to do the algebra.
Mandl and Shaw, problems 8.2 and 8.3.
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