
1

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. Quark mixing and CKM matrix
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1.1 Quark mixing:

Mass eigen-states  are not 
equal to the weak eigen-states:     
Quark-mixing described by 
unitary CKM matrix,

CKMV
For weak charged current one obtains:
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Weak states u’ d‘ s‘ are orthogonal:                          
VCKM is unitary. 
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1.2 Cabbibo-Kobayashi-Maskawa matrix

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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Wolfenstein Parametrization λ, A, ρ, η

→ hierarchy expressed by orders of λ = sinθc≈ 0.22
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Magnitude of the elements:

PDG 2004

90% C.L>
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Komplex CKM elements and CP violation

L
id L

jujiV R
id R

ju∗
jiV

L
ju L

id∗
jiV

CP
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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

2. Flavor oscillation: Mixing of neutral mesons

Standard Model predicts oscillations of neutral Mesons:

b b

d db b

d dW

W

Wtcu ,, tcu ,,

tcu ,,

tcu ,,

0B0B 0B0B W

Neutral mesons:

bsBbdBcuDsuKP

bsBbdBcuDsuKP

sd

sd
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:

:
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dd BB ⇔

Transition can be described by matrix element: 00
dWd BHB
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2.1 Phenomenological description of mixing

Schrödinger equation for unstable meson:
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Heavy and light mass eigenstate:

complex coefficients
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2.2 Neutral kaons
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Observation of two neutral kaons KL (long) and KS (short) with different lifetimes:
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K0 - ⎯K0 (strangeness) oscillation in the SM
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c quark contribution dominant:  although mt
2 is very large, 

the factor |VtsVtd|2 ~ λ5 is very small !

2.3 Neutral B Meson 2 neutral B mesons:

Bd
0 =|d⎯b>    - oscillations precisely measured

Bs
0 =|s⎯b>    - oscillations not yet observed

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

• Mixing through oscillation
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3. CP violation in the K0 and B0 system

τν
−π −τ τν −π−τ

↔
P

↔
P

Cb Cb

τν
+π +τ τν +π+τ

forbidden

forbidden

• C and P violated in weak decays

• CP conserved in weak interaction ?   → No !

allowed

τνπτ −− →

3.1 Observation of CP violation (CPV)  in KL decays

( ) 1CP
2
1 00 −=−= KKKL should decay into 3π w/ CP(|3π>)= -1

• Until the year 2000 the K0 was 
the only system in which CPV 
was observed

• In 2000, CPV was observed in 
the B0 system

• So far the observed CPV is 
consistent with the SM prediction. 
But it is too small to explain the 
baryon asymmetry of the 
universe.

310~
1CP
−

−+

+=

→

BR

KL ππ

Christenson et al., 1967 and not into 2π w/ CP(|2π>)= +1
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3.2 CP Violation in the Standard Modell
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Phase angle≠0: 
complex CKM 
matrix

Different mixing 
for quarks and 
anti-quarks

Origin of                 
CP Violation 
(CPV)

( ) 0Im ** ≠= kjilklij VVVVJStrength of CPV: Characterized by Jarlskog invariant:

γi
ubub eVV −=

βi
tdtd eVV −=

see Wolfenstein
parametrization
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Unitary CKM matrix: VV† = 1 
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area = J/2

Row 1x2, 2x3

Column 1x2, 2x3

“Real” triangles w/ similar sides:

→ expect large CPV effects 

Important for Bd and Bs decays 

Degenerated triangles (same area):

→ small CPV effect (Kaon decays)
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Rescaled Unitarity Triangle
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3.4 “3 Ways” of CP violation in meson decays
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2. Direct CPV
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First observation of direct CPV in B decays
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3. CPV in interference between mixing and decay
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fCPf AA η=
CPV if there is a phase difference λCP between 
the direct path and the path with mixing:
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in decay
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good approximation for 
B0→J/ψKs
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Calculation of the time-dependent CP asymmetry
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3.5 SM prediction for the decay B0→J/ψKs
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3.6 Time dependent ACP for B0→J/ψKs
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Time dependent CP asymmetry measurement for B0→J/ψKs
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CP asymmetry in B0→J/ψKs

)sin(2sin)( mttA CPCP ∆−= βη

sin2β = 0.722 ± 0.040 (stat) ± 0.023 (sys) 
|λ| = 0.950  ± 0.031 (stat.)  ± 0.013  (sys)

ICHEP 2004

3.7 Status of the Unitarity Triangle

R.Nogowski & K.Schubert, Dresden (2004)
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With the current precision the 
CKM phases behave as 
predicted by the Standard 
Model → high precision 
measurements necessary


