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IX. Flavor oscillation and CP violation

1. Quark mixing and the CKM matrix

2. Flavor oscillations: Mixing of neutral mesons 

3. CP violation

4. Neutrino oscillations

1. CKM Matrix

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

b
s
d

)-(1 )t,c,u( 5 CKMVγγ µ

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
⋅

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

′
′
′

b
s
d

VVV
VVV
VVV

 
b
s
d

tbtstd

cbcscd

ubusud

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

′
′
′

∝+

b
s
d

 )-(1 )t,c,u(J  5γγ µµ

weak 
eigenstates

mass/ 
flavor

W

d uudVCharged currents:

weak

mass 
eigenstates

CKM matrix

1=+
CKMCKMVV

Unitarity

d ′
+ ∝ ψγγψ µµ )-(1J 5u



Advanced Particle Physics: IX. Flavor Oscillation and CP Violation

2U. Uwer

18 parameter   (9 complex elements)

-5  relative quark phases (unobservable)

-9  unitarity conditions

=4 independent  parameters: 3 angles + 1 phase

Number of 
independent 
parameters:

PDG parametrization
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3 Euler angles

1 Phase

1.1 Parameters of CKM matrix

121323 ,, θθθ
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Unobservable Phases

Phases of left-handed fields in Jcc are unobservable:   possible redefinition
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Real numbers
Under phase transformation:
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Reflects hierarchy of elements in O(λ)
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Complex CKM elements and CP violation

L
id L

jujiV R
id R

ju∗
jiV

L
ju L

id∗
jiV

CP

T

Remark: For 2 quark generations the mixing is described by the  real 2x2
Cabbibo matrix  → no CP violation !!. To explain CPV in the SM 
Kobayashi and Maskawa have predicted a third quark generation. 

CP (T) violation ∗≠⇔ jiji VV

i.e. Complex elements
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2. Mixing of neutral mesons

As result of the quark mixing the Standard Model predicts 
oscillations of neutral mesons:

Neutral mesons:
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Similar graphs for other neutral mesons:

2.1 Phenomenological description of mixing

Schrödinger equation for unstable meson:

⇒⎟
⎠
⎞

⎜
⎝
⎛ Γ−== ψψψ

2
imH

dt
di

t

timt

et

eet
Γ−

Γ−−

⋅=

⋅⋅=
2

0

2

2
1

0

)(

)(

ψψ

ψψ

Γ=Γ=Γ

==
==

2211

2211

2211

    CPT mmm
HHH

2112   CP HH =⇒

00 PP WH

M and Γ hermitian: 

*
1221

*
1221

Γ=Γ

=mm
⇒

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

Γ−Γ−

Γ−Γ−
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ −=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
0

0

22221212

*
12

*
121111

0

0

0

0

2212

2111
0

0

0

0

22

22
2 P

P
imim

imim

P
Pi

P
P

HH
HH

P
P

P
P

dt
di ΓMH

),(),,(),,(),,( 00000000
ss BBBBDDKKFor neutral mesons consider 2 

components



Advanced Particle Physics: IX. Flavor Oscillation and CP Violation

5U. Uwer

HHH

LLL

mPqPpP

mPqPpP

Γ−=

Γ+=

,
00

,
00

with

with

122 =+ qp
2112

2112

2112,

2112,

Im4

Re2

Im2

Re

HH

HHmmm

HH

HHmm

LH

LH

LH

LH

−=Γ−Γ=∆Γ

=−=∆

Γ=Γ

±=

m

Γ
∆Γ

≡
Γ
∆

≡
2

und ymx

Mass eigenstates (by diagonalizing matrix)

Heavy and light mass eigenstate:

complex coefficients

Parameters of the mass states
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Time evolution of neutral meson states
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CP, T- violation in mixing: 1)()( 0000 ≠⇒→≠→
p
qBBPBBP

Two mixing mechanisms:
• Mixing through decays

• Mixing through oscillation )1(
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2.2 Neutral kaons
Observation of two neutral kaons KL (long) and KS (short) with different lifetimes:
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KL and KS can be identified with the mass eigenstates (ignoring CP violation) 
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After the lifetime of the Ks the K0 consists 
entirely out of Kl’s, which are essentially 
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K0 - ⎯K0 (strangeness) oscillation in the SM
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the factor |VtsVtd|2 ~ λ5 is very small !

2.3 Neutral B Meson

Mixing mechanisms:
• Mixing through decay: many possible hadronic decays  → Γ is large

decay via mixing expect tdon' 
B for )1.0(

B for 0
  small is

2 0
s

0
d ⇒

⎩
⎨
⎧

≈
≈

=
Γ

∆Γ
=⇒

O
y

0
dB

d

b

0
dB

d
t

b
t

0
sB

s

b

0
sB

s
t

b
t

→ Significant contribution only from top loop

)(~~ 6222 λOmVVmm ttdtbt ⋅∆ )(~~ 4222 λOmVVmm ttstbt ⋅∆

Large ∆ms,d:    ∆ms~1/λ2 ∆md → Bs  osc. is about 35 times faster than Bd osc.

• Mixing through oscillation
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τ
26ps)syst.(07.0)stat.(10.077.17 1- =±±=∆ sm

Observation: 

Spring 2006

]ps[t

5σ Messung

(CDF Collaboration, September 2006) 35 times faster
than B0

3. CP violation in the K0 and B0 system
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forbidden

forbidden

• C and P violated in weak decays

• CP conserved in weak interaction ?   → No !
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Reminder:

3.1 Observation of CP violation (CPV)  in KL decays

If no CPV:
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KL ππ

should always decay into 3π:

CP(|3π>)= -1  

and never into 2π CP(|2π>)= +1 

Christenson, Cronin, Fitch, Turlay, 1964

Explanation:
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Not a CP eigenstate: CP violation !

If no CPV:
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Interpretation of CPV measured in the kaon
system is difficult. Much easier to understand
and to predict in the SM is the B meson
system:                                                               
CPV in the B0 system was observed in 2000.
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Comments:


