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Flavor Mixing and CP Violation
1. CKM Matrix

2.Mixing of neutral mesons

3.CP violation 

4.Precision Study of B mesons at LHC

1. CKM Matrix
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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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2. Mixing of neutral mesons

The quark mixing results into several interesting “loop” effects:                 
Standard Model predicts oscillations of neutral mesons

Neutral mesons:
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Consider time dependent Schrödinger eq. for 2 component wave function        :

As the matrix H is not diagonal B0 and B0 are not mass eigenstates
(defined as state in which to particle propagates in time).

.Diagonalizing H of finds the mass eigenstates
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Time development of B0 and B0
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2.2 Standard Model prediction for B0 mixing

• Mixing through decay:

For B mesons there are many possible hadronic decays  → Γ is large  in 
addition decays like B→ππ are suppressed

decay via mixing expect tdon' 
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Large ∆ms,d:    ∆ms~1/λ2 ∆md → Bs  osc. is about 35 times faster than Bd osc.

• Standard Model result



Standard Model: Flavor mixing and CP violation

6J. Pawlowski / U. Uwer

0
dB

0
dBb

b

+l

lν

−l

lν

+e

−e )4( sΥ

−−

++

−+

→

→

→

ll

ll

ll

00

00

00

BB
BB
BB

00)4(
:GeV58.10  at
BBSee

s
→Υ→

=
−+

ARGUS 1987

Mixed: µνµ +−→ *0 DB
−
SD π0

−+πK

µνµ +−→ *0 DB
0π−D
γγ

−−+ ππK

2.3 Discovery of B0 mixing
First e+e- B factory at DESY:

nb1)( ≈BBσ

Unmixed:

Same 
charge

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6 8 10

)cos1(
2
1)( 00 mteBBP t ∆−Γ=→ Γ−

( )mteBBP t ∆+Γ=→ Γ− cos1
2
1)( 00

-1,5

-1

-0,5

0

0,5

1

1,5

0 1 2 3 4 5 6 7 8 9 10

B

t
τ

)()(
)()(

0000

0000

BBPBBP
BBPBBP

→+→
→−→

Experimental Status of B meson mixing

mixedunmixed
mixedunmixedA

+
−

=

dm∆π

-1ps004.0006.0506.0 ±±=∆ dm

B

0.774
τ

≈

Γ≈Γ≈Γ LHfor



Standard Model: Flavor mixing and CP violation

7J. Pawlowski / U. Uwer

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
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forbidden

forbidden

• C and P violated in weak decays

• CP conserved in weak interaction ?   → No !
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τνπτ −− →
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3.1 Discovery of CP Violation in Kaon Decays
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(Direct CPV)
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The measured CP violation in the kaon system is small – theoretical interpretation is
quiet difficult ! 

In the B meson system effects are much larger, easier to understand and they can be
calculated in the Standard Model.  CPV in the B0 system was observed in 2000.

3.2 CP Violation in Standard Model: complex CKM elements
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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. 

Moreover, as can be shown, CPV requires that all u-type and all d-
type quarks have different masses. 

CP (T) violation ∗≠⇔ jiji VV

i.e. Complex elements
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Unitarity Triangle
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3.3 Observation of CP Violation
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sign under CP and another phase difference (strong) which is unchanged.

→ Phase measurement      
→ Interference experiment

“3 Ways” of CP violation in meson decays
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c) CP violation through interference of mixed and 
unmixed amplitudes 
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Asymmetrie modulated by mt∆sin~

Combinations of the 3 ways are possible!
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c) CP violation in interference between mixing and decay  
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Calculation of the time-dependent CP asymmetry
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To measure CP violation in Bd system:
• Need many B (several 100 × 109)

• Need to know the flavor of the B at t=0

• Need to reconstruct the decay length to measure t



Standard Model: Flavor mixing and CP violation

16J. Pawlowski / U. Uwer

3.4 Measurement of sin2β: Asymmetric e+ e- B factory

GeV3.5−e +e B mesons decay at rest             
→ decay length z≈0

GeV9−e +e

GeV3.5

GeV1.3

Boost β =  0.56 tcz βγ=

GeV58.10ECMS = 50% / 50%

Symmetric:

Asymmetric:

decay length
z≈250µm

Y(4S) resonance decays 
entirely to B pairs 

B0 →D*+ π-fast
→ D0π+soft

→K-π+

→ψ(2S) Ks

→ µ+µ- →π+π-

B0(∆t)CPB

tagB

sKB ψ→0

Measurement of sin2β: Golden decay channel
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B0 →D*+ π-fast
→ D0π+soft

→K-π+

→ψ(2S) Ks

→ µ+µ- →π+π-

B0(∆t)CPB

tagB

PRL 94, 161803.  BB Mio227

023.0040.0722.02sin ±±=β

sKB ψ→0

)sin( β2sin)( mttACP ∆=

Measurement of sin2β: Golden decay channel

3.5 Experimental status of the Unitarity Triangle  

Standard Model CKM mechanism confirmed

1. Large CP Violation in B decays

2. Large direct CP violation observed

3. CPV parameter related to magnitude of non-CP observables
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4. Precision study of B mesons at LHCb
At LHC there are about 1012 BB pairs produced per year                                     
→ study of very rare B decays (branching ratios ~ 10-9) possible.

W
sB sB

CP Violation in Bs→J/ψφ

⇒ Mixing phase φs = -2βs

CP Violation in B+→DK+
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