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Section 14.6 ▶

γ(k1) + γ(k2) → e−(p1) + e+(p2)

Kinematics in the center of mass frame of 
reference.

k1
μ = ( ω , 0 0 ω )    and    k2

μ = ( ω , 0  0  −ω ) 

p1
μ = ( Ee , p sinθ  ,  0  ,    p cosθ )

p2
μ = ( Ee , −p sinθ  ,  0  ,  −p cosθ )

Conservation of energy ω+ω = Ee+Ee  , 
implies Ee = ω .

Then p = β Ee = SQRT( Ee
2 − m2 ) ; 

so  p = β ω     and     m2 = ω2 ( 1 − β2 ) ;

or,    ω = m /SQRT( 1 − β2 ) .
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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
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Mandelstam variables in the center of mass frame of reference:

s  =  ( k1 + k2 )2 = 4ω2 = ( p1 + p2 )2 = 4 Ee
2 

t  =  ( k1 − p1 )2 = ( ω − Ee )
2 − ( − p sinθ)2 − ( ω − p cosθ )2

= − p2 − ω2 + 2 ω p cosθ = − ω2 ( β2 + 1 − 2 β cosθ )

u = ( k1 − p2 )2 = ( ω − Ee )
2 − (  p sinθ)2 − ( ω + p cosθ )2

= − p2 − ω2 − 2 ω p cosθ = − ω2 ( β2 + 1 + 2 β cosθ )

Note: s + t + u =  4ω2 − 2ω2 ( β2 + 1 ) = 2ω2 ( 1 − β2 ) = 2 m2 ✔

I'm using the standard Mandelstam 
variables; Maiani and Benhar use 
different definitions for s, t, u for this 
example.
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● Calculate the square of the 
transition amplitude

There are two Feynman diagrams

Ma = 

= e2 u1 γ
μ SF( p1 − k1 ) γ

ν v2 ε1με2ν

Mb = 

= e2 u1 γ
μ SF( p1 − k2 ) γ

ν v2 ε1νε2μ

2
| Ma |

2  = e4 u1 γ
μ SF( p1 − k1 ) γ

ν v2    ε1με2ν 
v2 γ

β SF( p1 − k1 ) γ
α u1     ε1αε2β

For unpolarized scattering: 
| Ma |

2  = ¼ e4 /(t − m2)2 /(2m)2

     Tr { γμ (p1 − k1 + m) γν ( p2 − m)
γν

 ( p1 − k1 + m ) γμ (p1+m) }

| Mb |2  = e4 u1 γ
μ SF( p1 − k2 ) γ

ν v2    ε1νε2μ 
v2 γ

β SF( p1 − k2 ) γ
α u1     ε1βε2α

For unpolarized scattering: 
| Mb |2  = ¼ e4 /(u − m2)2 /(2m)2

     Tr { γμ (p1 − k2 + m) γν ( p2 − m)
γν

 ( p1 − k2 + m )) γμ (p1+m) }

/       /                     /
     /       /                    /

/       /                    /
    /       /                      /

_

_

_
_

_
_
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The interference terms   

Ma Mb* = e2 u1 γ
μ SF( p1 − k1 ) γ

ν v2 ε1μ ε2ν

e2 v2 γ
β SF( p1 − k2 ) γ

α u1 ε1β
 ε2α

For unpolarized scattering: 
Ma Mb* = ¼ e4 /(t − m2)2 /(u − m2) /(2m)2

     Tr { γμ (p1 − k1 + m) γν ( p2 − m)
γμ( p1 − k2 + m ) γν ( p1 + m) }

/      /                    /
   /        /                    /

_

_
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So,

                   =                  −−    |M|2    
           CM

Here p1 means  |k1| = ω ;

and p3 means |p1| = β ω .

dσ =                             |M|2 dΩ3

Also,
dΩ3  = 2π  d(cosθ) .

8

The cross section

First recall the general formula for a 2 to 2 process

dσ =                        (2π)4 δ4( Pf − Pi ) 

                                                                         |M|2  .

Apply it to γγ→ee in the center of mass frame of 
reference,

dσ =                                                              |M|2     dΩ3

3

[∏n2]

4 E1E2 vrel

d3p3          d3p4

(2π)3 2E3    (2π)3 2E4 

4m2

4 ω √s

1

16 π2

p3
2    E3E4

E3E4   √s  p3

dσ

dΩ3
   

4m2

64 π2 s

p3

p1

,

4m2β (1 − β2) 

64 π2 4m2

s = 4 ω2 = 4 Ee
2 = 4 p2 / β2  ;  ω2 = m2 ( 1 − β2 ) ;
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dσ /dΩ versus cos θ
red : β = 0.9
blue : β = 0.1

3

dσ/dΩ formula
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* : agrees with Eq. (14.157)

*

3

Total cross section for γγ→e+e- versus v/c Total cross section versus ωγ

threshold
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The related process e −  + e +  → γ + γ ,
and the mean lifetime of positronium. 

Homework Problems due Friday April 14
22. Is it possible to observe γγ→e −  + e + .
If so, how. If not, why not?
23. Calculate the mean lifetime of 
para-positronium. (You can use the results in the 
book, but fill in the gaps.)
24. Show why the annihilation process

e −  + e +  → γ  cannot occur.

HW


