
Physics Beyond The Standard Model

Exercise sheet 1 - Solutions

Exercise 1: e+e− → µ+µ−

total cross-section

σtot =

∫ 1

−1

dσ

d cos θ
d cos θ

=
πα2

2s
β

∫ 1

−1

{

Q1

(
1 + β2 cos2 θ

)
+Q2

(
1− β2

)
+Q32β cos θ

}

d cos θ

=
πα2

2s
β

[

Q1

(

x+ β2x
3

3

)

+Q2

(
1− β2

)
x+Q3βx

2

]1

−1

=⇒ σtot =
πα2

s
β

{

Q1

(

1 +
1

3
β2

)

+Q2

(

1− β2
)}

asymmetry:

AFB =
1

σtot

{∫ 1

0

dx
dσ

dx
︸ ︷︷ ︸

(1)

−
∫ 0

−1

dx
dσ

dx
︸ ︷︷ ︸

(2)

}

(1) =
πα2

2s
β

[

Q1

(

x+ β2x
3

3

)

+Q2

(
1− β2

)
x+Q3βx

2

]1

0

=
πα2

2s
β

{

Q1

(

1 +
β2

3

)

+Q2

(
1− β2

)
+Q3β

}

(2) =
πα2

2s
β

{

Q1

(

1 +
β2

3

)

+Q2

(
1− β2

)
−Q3β

}

=⇒ AFB =
Q3β

Q1

(
1 + 1

3
β2

)
+Q2 (1− β2)

1



How did we arrive at the expression for the differential cross-section?

Example: e−(k1)e
+(k2) → γ(q) → µ−(p1)µ

+(p2) with me = mµ = 0

Amplitude: iT = ūs(p1)(−ieγµ)vs(p2)
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ūs(k1)γνvs(k2)
]

︸ ︷︷ ︸

e−part

=
e4

4s2

∑

s

Tr
[

vs(p2)v̄s(p2)γ
νus(p1)ūs(p1)γ
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= 1st term for massless particle

What’s the physical meaning of Q1,2,3 ?

• Q2
∧
= mass term (β2 = 1

∣
∣
m=0

)
The mass term mixes left and right handed components of the spinor.
Form = 0 the term proportional toQ2 needs to vanish becauseQ2 is the
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only mixing term and handedness is conserved for massless particles:
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This interference therefore only appears for non-zero masses.

• Q3 can only come from the Z-exchange. This can be seen from the cal-
culation of the γ-exchange or when setting Qab = eµee (i.e. pure QED):
QLL = QLR = QRL = QRR = Q̃ =⇒ Q1 = Q2 = Q̃2 & Q3 = 0
Therefore the Q3 term contains the left-right asymmetry due to the
structure of the Z-boson fermion coupling.

Coming back to the result for the total cross-section: The total cross-section
is independent of the left-right asymmetry and for massless particles equals

σ =
4πα2

3s
Q1.
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The asymmetry is only due to the Z-exchange, which is why the numerator
of AFB is proportional to Q3.

Exercise 2: 2 particle phase-space
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where λ(x, y, z) ≡ x2 + y2 + z2 − 2xy − 2xz − 2yz (Kaellen function).
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