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Problem 1: CKM matrix and unitarity triangle

a) Starting from the standard convention for the CKM matrix find a new phase conven-
tion in which 5 CKM elements are exactly real and positive. Keep Vud, Vus, Vcb, Vtb
as they are and choose one of the remaining elements to be real. For which CKM
elements is this possible?

b) In the Wolfenstein approximation one has Vub = |Vub| exp(−iγ) and Vtd =
|Vtd| exp(−iβ), while all other CKM elements are real. Rephase Vij in order to ex-
press V such that the only non-zero phases are

i) α and β

ii) α and γ.

c) Show explicitly that the three angles α, β and γ of the unitarity triangle are indepen-
dent of the phase convention of V .

d) Two sides of the unitarity triangle are

Ru =
√
ρ̄2 + η̄2 , Rt =

√
(1− ρ̄)2 + η̄2 ,

and the angles γ and β are given by

γ = arctan
η̄

ρ̄
, β = arctan

η̄

1− ρ̄
.

Express

i) Rt and β in terms of Ru and γ,

ii) Ru and Rt in terms of β and γ.



Problem 2: Jarlskog invariant

For i 6= k and j 6= l consider

J = σikσjl Im
[
VijV

∗
ilVklV

∗
kj

]
with σik =

3∑
m=1

εikm .

a) Show that J is independent of the phase convention of V .

b) Show that J is independent of i, k, j, l.

c) Express J in terms of the (improved) Wolfenstein parameters A, λ, ρ̄ and η̄.


