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  B meson system 

MV−A = q γμ 1−γ5( )b[ ] q γμ 1−γ5( )b[ ]
MS−P = q 1−γ5( )b[ ] q 1−γ5( )b[ ]

quark operators

λi
q =VibViq

∗
CKM elements

integrating out W
Bij

Cij

Real part → M12, Imaginary part → Γ12

The short distance effect dominates in the oscillations.
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Heffective
ΔB=2 =

GF
2mW

2

16π 2 λi
qλ j

q B0 MV−A
q B 0 Bij + B0 MS−P

q B 0 Cij( )
i, j=
u,c,t

∑

q = d for Bd and s for Bs



|λs
t
2| = |Vtb

2Vts
2|� ≈ A2λ4 S0(xt) ≈ 2.5

|λs
c
2| = |Vcb

2Vcs
2|� ≈ A2λ4 S0(xc) ≈ 0.00024

|λs
cλs

t| = |VcbVcs VtbVts |� ≈ A2λ4 S0(xc, xt) ≈ 0.0021

⇐ dominating

top-loop  dominate for M12 →  mb can be neglected, i.e. Ctt=0

M12
q =

GF
2

12π 2 fBq

2 BBq
mBq

mW
2 λt

q2
ηBS0 xt( ) ei π−θCP( )

ηB = 0.55 QCD correction
BBfB

2 = 0.83(223±40)2 MeV2 for Bd lattice calculations
(no experimental measurement on fB)

|λd
t
2| = |Vtb

2Vtd
2|� ≈ A2λ6 S0(xt) ≈ 2.5

|λd
c
2| = |Vcb

2Vcd
2|� ≈ A2λ6 S0(xc) ≈ 0.00024

|λd
cλd

t| = |VcbVcd VtbVtd |� ≈ A2λ6 S0(xc, xt) ≈ 0.0021

⇐ dominating
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Γ12
q ≈

GF
2

8π
fB

2BBmBmb
2 λt

q2
+

8
3
λt
qλc

qzc +O zc
2( )⎡ 

⎣ ⎢ 
⎤ 
⎦ ⎥ 
 e−iθCP

zc = (mc/mb)2 ≈ 0.09

λu =  λc  λt     unitarity relation

mb can not be neglected, i.e. Cij ≠ 0

absorptive terms (no top)



Γ12
q

M12
q = −

3πxb
2S0 xt( )

1+
8λc

q

3λt
q zc +O zc

2( )
⎡ 

⎣ 
⎢ 

⎤

⎦
⎥

λc
s

λt
s = − 1+ iλ

2η( )λc
d

λt
d =

ˆ ρ −1( ) + i ˆ η 

ˆ ρ −1( )2 + ˆ η 2

Γ12
M12

≈ 4 ×10−3 i.e. small for both Bd and Bs

where,

ζ =
Μ12

∗ −
i
2
Γ12
∗

Μ12 +
i
2
Γ12

≈ 1−
1
2
Im

Γ12
M12
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⎝ 
⎜ 

⎞ 

⎠ 
⎟ e

−iφM for |Γ12/ M12| << 1

φM = arg M12



Im
Γ12

M12
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⎝ 
⎜ 
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⎠ 
⎟ = −

4πxbzc

S0 xt( )
Im

λc
q

λt
q

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ =

−
4πxc

S0 xt( )
ˆ η 

ˆ ρ −1( )2 + ˆ η 2
≈ −6×10−4

4πxc

S0 xt( )
λ2η ≈ 2×10−5

⎧ 

⎨ 
⎪ ⎪ 

⎩ 
⎪ 
⎪ 

Bd

Bs

arg Γ12  arg M12 ≈ 
π + 0.15 �Bd�
π  0.005 �Bs�

→|ζ| ≈ 1 i.e. CP violation in oscillation is small!

B± =
1

1+ ζ 2
B0 ±ζ B 0( )

Weak eigenstates with definite masses and decay widths:

  Γ± =Γ ∓ Γ12 cos argΓ12 − argM12( )

ΔΓ = Γ   Γ+ = 2|Γ12| ×
1  O(10 2) �Bd

1  O(10 5) �Bs

B-heavy decays slower

m± =M ± M12

Δm = m+  m  = 2|M12|

lh  , BBBB ≡≡ −+

for |Γ12/M12|<<1



For Bd,
experimental knowledge: 

Δm = 0.472×1012 s 1, τ = 1.55×10 12 s

⏐Γ12⏐�
⏐M12⏐�

(Δm×τ)�=
ΔΓ�

Γ�

SM
~4×10 3�

≈ 3×10 3 �

Negligible decay widths difference.

For Bs,
experimental knowledge: 

Δm = 17.77×1012 s 1, τ = 1.44×10 12 s

⏐Γ12⏐�
⏐M12⏐�

(Δm×τ)�=
ΔΓ�

Γ�

SM
~4×10 3�

> 7×10 2�

Non negligible decay widths difference.



ε =
M12 Γ12 ΔM −Γ

4M12
2 + Γ12

2 1+ i
2M12

Γ12

⎛ 

⎝ 
⎜ 

⎞

⎠
⎟

KS L( ) =
1

2 1−Reε( )
K0 + (−) 1− 2ε( )e−iφΓ K 0[ ]

φΓ = arg Γ12.
ε: complex

K

heavier meson decays little slower

For B

Bl h( ) =
1

2 1−εB( )
B0 − (+) 1− 2εB( )e−iφM B 0[ ]

εB =
1
4
Im

Γ12
M12

φM = arg M12.
εΒ: real

heavier meson decays slower



=
1+εB
2

e−iλht Bh + e−iλ lt Bl( )

f± t( ) 2 =
1
2
e−Γ t cosh

ΔΓ
2
t ± cosΔmt

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

f+ t( ) f−
∗ t( ) =

1
2
e−Γ t sinh

ΔΓ
2
t + i sinΔmt

⎛ 
⎝ 
⎜ 

⎞
⎠
⎟

Useful to know... 

B0 t( ) = f+ t( ) B0 + 1− 2εB( )e−iφM f− t( ) B 0B0 at t = 0

f± t( ) =
1
2
e−iλht ± e−iλ lt( )

B0 at t = 0 B 0 t( ) = 1+ 2εB( )eiφM f− t( ) B0 + f+ t( ) B 0

=
1+εB( )eiφM

2
e−iλht Bl − e

−iλ lt Bh( )



Time dependent decay rates 

Four kinds of decay final states:
- unique CP eigenstate,

e.g.  K and B → π+π , B → J/ψ KS
- mixed CP eigenstate,

e.g.  K and B → π+π π0, Bs → J/ψ φ
- flavour specific, semileptonic and hadronic

e.g.  K and B → +νX  vs K and B → νX+

B → K+π  vs B → K π+

- flavour non-specific, 
e.g.  B → D π+, → D+π  vs B → D π+, → D+π

Bs → Ds K+, → Ds
+K  vs Bs → Ds K+, → Ds

+K �

-not possible in the kaon system-



Semileptonic decays:

  
−Xh

+ν HW B0 = +Xh
−ν HW B 0 = 0

  A+ = +Xh
−ν HW B0 ,  A − = −Xh

+ν HW B 0

Like for the kaon system

b c, u

+�

ν�
b c, u

�

ν�

−+ = AA

No strong phase and only one diagram



  

R− t( ) = −Xhυ HW B0 t( )
2

= f+ t( ) −Xhυ HW B
0 + 1− 2εB( )e−iφM −Xhυ HW B

0 f− t( )
2

= f+ t( )A− + 1− 2εB( )e−iφM A − f− t( )
2

= 1− 4εB( ) A −
2 f− t( ) 2

B0 at t = 0 → Xhν at t

  

R + t( ) = +XhυHW B 0 t( )
2

= 1+ 4εB( )A+
2 f− t( ) 2

B0 at t = 0 → +Xhν at t

  

ACP t( ) =
R +(t)− R−(t)
R +(t)+ R−(t)

= 4εB = Im
Γ12
M12

CP violation in B-B mixing

∼10 3 (Bd) 
to ∼10 5 (Bs)



K−π+ HW B0 = K+π− HW B 0 = 0

Two isospin eigenstates and tree + penguin contributions

Kπ: I = 3/2 and 1/2

b

d

u
u

W+

g
u, c, t

s

d

+ γ and Z0 penguins

KK AA ≠most likely → CP in decay amplitudes 

Flavour specific hadronic decays:
AK = K+π− HW B0 ,  A K = K−π+ HW B 0

b u b u

u
s

d d

u
s

d d

Example



RK−π + t( ) = 1− 4εB( )A K
2 f− t( ) 2

B0 at t = 0 → K π+ at t

R K+π − t( ) = 1+ 4εB( )AK
2 f− t( ) 2

B0 at t = 0 → K+π  at t CP violation in B-B mixing
and CP violation in decay
amplitudes are mixed...

R K−π + t( ) = A K
2 f+ t( ) 2

RK+π − t( ) = AK
2 f+ t( )

2
B0 at t = 0 → K+π  at t

B0 at t = 0 → K π+ at t

ACP
K t( ) =

R K−π + (t)− RK+π − (t)

R K−π + (t)+ RK+π − (t)

=
A K

2 − AK
2

A K
2 + AK

2

CP in decay amplitudes only can be extracted by ... 

AK
CP BABAR 0.133±0.030±0.009 BELLE 0.101±0.025±0.005

Observation of CP in decay amplitudes: much faster progress than K



CP eigenstates

Af CP = fCP HW B0 ,  A f CP = fCP HW B 0

CP fCP =σCP f
CP σCP: CP eigenvalue of fCP�

B0 at t = 0 → fCP at t

Rf CP t( ) = f CP HW B0 t( )
2

= f+ t( ) fCP HW B0 + 1− 2εB( )e−iφM fCP HW B 0 f− t( )
2

= A f CP

2
1− 2εB( )2 1+ 2εB( )eiφM

Af CP

A f CP

f+ t( ) + f− t( )
2

= A f CP

2
1− 4εB( ) Lf CP f+ t( ) + f− t( )

2

= A f CP

2
1− 4εB( ) Lf CP

2
f+ t( ) 2

+ f− t( ) 2
+ 2Re Lf CP f+ t( ) f− t( )∗[ ]⎧ 

⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

Lf
CP = 1+ 4εB( )eiφM

Af CP

A f CP



2Re Lf CP f+ t( ) f− t( )∗[ ]
= 2ReLf CP Re f+ t( ) f− t( )∗[ ]− 2 Im Lf CP Im f+ t( ) f− t( )∗[ ]

= e−Γ t ReLf CP sinh
ΔΓ
2
t − Im Lf CP sinΔmt

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

f+ t( ) f−
∗ t( ) =

1
2
e−Γ t sinh

ΔΓ
2
t + i sinΔmt

⎛ 
⎝ 
⎜ 

⎞
⎠
⎟

Lf CP
2
f+ t( ) 2 + f− t( ) 2

=
1
2
eΓ t 1+ Lf CP

2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosh

ΔΓ
2
t − 1− Lf CP

2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosΔmt

⎡ 
⎣ ⎢ 

⎤
⎦⎥

f± t( ) 2 =
1
2
e−Γ t cosh

ΔΓ
2
t ± cosΔmt

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 



B0 at t = 0 → fCP at t

R fCP t( ) =
A fCP

2

2
e−Γ t I+

CP t( ) + I−
CP t( ){ }

CP violating term

RfCP t( ) =
A fCP

2
1− 4εB( )
2

e−Γ t I+
CP t( )− I−

CP t( ){ }

I+
CP t( ) = 1+ Lf

CP 2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosh

ΔΓ
2
t + 2ReLf

CP sinh
ΔΓ
2
t

I−
CP t( ) = 1− Lf

CP 2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosΔmt + 2 Im Lf

CP sinΔmt



I+
CP t( ) = 1+ Lf

CP 2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosh

ΔΓ
2
t + 2ReLf

CP sinh
ΔΓ
2
t

I−
CP t( ) = 1− Lf

CP 2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosΔmt + 2 Im Lf

CP sinΔmt

Lf
CP = 1+ 4εB( )eiφM

Af CP

A f CP

“CP conserving” part

“CP violating” part

Mixed CP eigenstates

fCP = f+
CP + f−

CP ,  CP fCP = f+
CP − f−

CP



Flavour non specific hadronic decays:

Example

DS
b c

u
s

s s
BS

0
b u

c
s

s s
BS

0

Af = DS
+K− HW BS

0 ,  A f = DS
+K− HW B S

0

b u b c

c
s

s s

u
s

s s
DS

+ KBS
0 BS

0

K+

Af = DS
−K+ HW BS

0 ,  A f = DS
−K+ HW B S

0



Rf t( ) = f HW B
0 t( )

2

= f+ t( ) f HW B0 + 1− 2εB( )e−iφM f HW B 0 f− t( )
2

=
Af

2

2
e−Γ t I+

f t( ) + I−
f t( ){ }

B0 at t = 0 → f at t

I+
f t( ) = 1+ Lf

2( )coshΔΓ2 t + 2ReLf sinh
ΔΓ
2
t

I−
f t( ) = 1− Lf

2( )cosΔmt + 2 Im Lf sinΔmt

Lf = 1− 4εB( )e−iφM
A f
Af

R f t( ) = f HW B 0 t( )
2

=
Af

2

2
e−Γ t I+

f t( )− I−
f t( ){ }

B0 at t = 0 → f at t



Rf t( ) =
Af 

2

2
e−Γ t I+

f t( ) + I−
f t( ){ }

B0 at t = 0 → f at t

I+
f t( ) = 1+ Lf 

2( )cosh
ΔΓ
2
t + 2ReLf sinh

ΔΓ
2
t

I−
f t( ) = 1− Lf 

2( )cosΔmt + 2 Im Lf sinΔmt

Lf = 1− 4εB( )e−iφM
A f 
Af 

R f t( ) =
Af 

2

2
e−Γ t I+

f t( )− I−
f t( ){ }

B0 at t = 0 → f at t

Four time dependent decay rates.



Standard model predictions

CP eigenstates generated by b → c + W decays

B0 → J/ψ KS

CP(J/ψ KS) = CP(J/ψ)×CP(KS)×( 1)l = 1�

I = 1/2

cb

d

cW+�

d

s u
W+�

d
u

Vcb  Vcs Vus  Vud

J/ψ�

KS

Tree diagram (T): GF

B0 decay



{ Vtb  Vts F(mt
2) + Vcb  Vcs F(mc

2) + Vub  Vus F(mu
2) } Vus  Vud

F(mc
2) ≈ F(mu

2) ≡ F

{ Vtb  Vts F(mt
2) + [ Vcb  Vcs + Vub  Vus ] F } Vus  Vud

Vtb  Vts + Vcb  Vcs + Vub  Vus = 0

Vtb  Vts [ F(mt
2)  F ] Vus  Vud

c

b

d

c

d

s u
W+�

d
uJ/ψ�

KS

gt, c, u

AJ/ψKS
 ∝ [Vcb  Vcs + Vtb  Vts P/T ] Vus  Vud 

Penguin (P): GF×αs



Only one state (I=1/2) is involved.

Final state interaction between J/ψ and KS are elastic (???).

AJ/ψKS
 ∝ [Vcb  Vcs + Vtb  Vts P/T ] Vus  Vud e

iδ 

SS KJ/KJ/ ψψ = AA

Unitarity: Vtb  Vts + Vcb  Vcs + Vub  Vus = 0

|Vtb  Vts| ≈ |Vtb  Vts| = Aλ2 << |Vub  Vus| = Aλ4 √ρ2+η2�

Vtb  Vts =  Vcb  Vcs + O(λ4)

arg Vtb  Vts ≈ arg Vcb  Vcs + π + O(λ2)

Penguin is suppressed by the strong interactions: P/T < 1

AJ/ψKS
 ∝  [Vcb Vcs  + Vtb Vts  P/T ] Vus Vud  e

iδ e iθCP

CP(J/ψKS)



AJ/ψKS

A J/ψKS

= −
Vcb
∗VcsVus

∗Vud 1− e
iO 10−3( )⎛ 

⎝ 
⎜ ⎞ 

⎠ 
⎟ 

VcbVcs
∗VusVud

∗ 1− e
−iO 10−3( )⎛ 

⎝ 
⎜ ⎞ 

⎠ 
⎟ 
eiθCP

≈ −
Vcb
∗VcsVus

∗Vud
VcbVcs

∗VusVud
∗ eiθCP

= −e
i θCP+2argVcs+2argVud−2argVcb−2argVus( )

M12
q =

GF
2

12π 2 fBq

2 BBq
mBq

mW
2 λt

q2
ηBS0 xt( ) ei π−θCP( )

From 

argM12 = π −θCP + 2argλt
d

= π −θCP + 2argVtb − 2argVtd



Lf
CP = 1+ 4εB( )eiφM

Af CP

A f CP

LJ/ψKS

CP = −1× eiπ ×

1+ 4εB( )ei 2argVtb−2argVtd−θCP( )ei θCP+2argVcs+2argVud−2argVcb−2argVus( )

= 1+ 4εB( )ei2 argVtb−argVcb+argVcs−argVus+argVud−argVtd( )

This phase is invariant under 
the redefinition of the quark phases:
≡ β or φ1�

With an accuracy of ~10 3�

LJ/ψKS

CP = ei2β



∼10 4�

Interpretation of β:

β = arg Vtb  arg Vcb + arg Vcs  arg Vus + arg Vud  arg Vtd

The first 2×2 submatrix is unitary to λ4�

Vud Vus  + Vcd Vcs  = 0 + Ο(λ5)�

(arg Vud  arg Vus)  (arg Vcd  arg Vcs ) ≈ π 

arg Vcs ≈ π  arg Vud + arg Vus + arg Vcd

β ≈ π + arg Vtb  arg Vcb + arg Vcd  arg Vtd

= π + (arg Vcd  arg Vcb)  (arg Vtd  arg Vtb)�
�= π + arg Vcd Vcb   arg Vtd Vtb  

β = π + arg Vcd Vcb   arg Vtd Vtb
 + Ο(10 4) 



Vcd Vcb
� Vtd Vtb

�

Re

Im
(2π  arg Vtd Vtb ) + (arg Vcd Vcb   π)

= π + arg Vcd Vcb   arg Vtd Vtb  = β �

Vcd Vcb
� Vtd Vtb

�

Re

Im

β�

OR...



I+
CP t( ) = 1+ Lf

CP 2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosh

ΔΓ
2
t + 2ReLf

CP sinh
ΔΓ
2
t

≈ 2

“CP conserving” part

I−
CP t( ) = 1− Lf

CP 2⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ cosΔmt + 2 Im Lf

CP sinΔmt

≈ 2sin2β sinΔmt

“CP violating” part

RJ/ψKS
t( )∝ e−Γ t 1− sin2β sinΔmt{ }

R J/ψKS
t( )∝ e−Γ t 1+ sin2β sinΔmt{ }

Initial B0

Initial B0

Time dependent
decay rates

Correct to an accuracy of 10 3



Another way to look at it...

RJ/ψKS
t( ) = J/ψKS HW B0 t( )

2

=
1
2
e−iλht J/ψKS HW Bh + e−iλ lt J/ψKS HW Bl

2

∝ e−Γ t 1+ eiΔmtηJ/ψKS

2
,      ηJ/ψKS

=
AJ/ψKS

l

AJ/ψKS

h

∝ e−Γ t 1+ ηJ/ψKS

2
+ 2ReηJ/ψKS

cosΔmt − 2 ImηJ/ψKS
sinΔmt( )

B0 at t = 0 → J/ψKS at t

ηJ/ψKS
 is a CP violation parameter like η+  for the kaon system



ηJ/ψKS
=

AJ/ψKS

l

AJ/ψKS

h

=
AJ/ψKS

− 1− 2εB( )e−iφM A J/ψKS

AJ/ψKS
+ 1− 2εB( )e−iφM A J/ψKS

=
LJ/ψKS

−1

LJ/ψKS
+1

≈
e2iβ −1
e2iβ +1

=
i sin2β
1+ cos2β

ηJ/ψKS
 is is imaginary to ~10 3�



RJ/ψKS
t( )∝ e−Γ t 1+ ηJ/ψKS

2
+ 2ReηJ/ψKS

cosΔmt − 2 ImηJ/ψKS
sinΔmt( )

= e−Γ t 1+
sin2 2β

1+ cos2β( )2
−
2sin2β
1+ cos2β

sinΔmt
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

=
e−Γ t

1+ cos2β
1− sin2β sinΔmt( )

R J/ψKS
t( )∝

e−Γ t

1+ cos2β
1+ sin2β sinΔmt( )

If sin2β ≈ O(1), Bl and Bh are far from the CP eigenstates,
(differen from KS, KL), although εB ≈ 0!



~0.4

DS
 K+�

ADs  K+�

Vcb  Vus × Tree-1

Vub Vcs
 × Tree-2

ADs  K+�
=

= r × ei argVub−argVus+argVcb−argVcs( )eiΔe−iθCP

r =
VubVcs
VcbVus

×
Tree - 2
Tree -1

=
Aλ3 ρ2 +η2

Aλ3
×
Tree - 2
Tree -1

Δ: Tree-1 Tree-2 “strong phase” difference
Only Ds-K elastic scattering

DS
�b c

u
s

s s
BS

0�
b u

c
s

s s
BS

0�K+�

Vcb  Vus × Tree-1 Vub Vcs
 × Tree-2



M12
q =

GF
2

12π 2 fBq

2 BBq
mBq

mW
2 λt

q2
ηBS0 xt( ) ei π−θCP( )From 

argM12 = π −θCP + 2argλt
s

= π −θCP + 2argVtb − 2argVts

Lf = 1− 4εB( )e−iφM
A f
Af

LDs
−K+ = − 1− 4εB( )ei θCP+2argVts−2argVtb( )

                × rei argVub−argVus+argVcb−argVcs−θCP( )eiΔ

= − 1− 4εB( )rei argVub−argVus+argVcb−argVcs+2argVts−2argVtb( )eiΔ

This phase is invariant under 
the redefinition of the quark phases:
≡  γ + 2δγ or  φ3 + 2δφ3�

= −rei −γ+2δγ+Δ( ) with an accuracy of ~10 4�



argVub  arg Vus + arg Vcb  arg Vcs + 2arg Vts  2arg Vtb

   = argVub  arg Vus  arg Vcb + arg Vcs 

+ 2(arg Vcb  arg Vcs + arg Vts  arg Vtb)

arg Vcs ≈ π  arg Vud + arg Vus + arg Vcd

= argVub  arg Vud  arg Vcb + arg Vcd  π�
+ 2(arg Vcb  arg Vcs + arg Vts  arg Vtb)

= arg VcdVcb   arg VudVub
  π + 2(arg VtsVtb   arg VcsVcb

 )�

= 2δγ  γ�



Vcd Vcb
�

Re

Im

arg Vud Vub   (arg Vcd Vcb   π)

= π + arg Vud Vub   arg Vcd Vcb  = γ �

Vud Vub
�

Vts Vtb
�

Re

Im

Vcs Vcb
�

arg Vts Vtb   arg Vcs Vcb  = δγ �



DS
+ K

ADs+ K

Vub  Vcs × Tree-2

Vcb Vus
 × Tree-1

ADs+ K

=

=
1
r
× ei argVcb−argVus+argVub−argVcs( )e−iΔe−iθCP

b u b c

c
s

s s

u
s

s s
DS

+ KBS
0 BS

0

Vub  Vcs × Tree-2 Vcb Vus
 × Tree-1

LDs
+K− ≈ −ei θCP+2argVts−2argVtb( )

                ×
1
r
ei argVcb−argVus+argVub−argVcs−θCP( )e−iΔ

= −
1
r
ei argVub−argVus+argVcb−argVcs+2argVts−2argVtb( )e−iΔ

=
1
r
ei −γ+2δγ−Δ( )



RDs
−K+ t( ) =

ADs
−K+

2

2
e−Γ t I+

Ds
−K+

t( ) + I−
Ds
−K+

t( ){ }

Bs
0 at t = 0 → DS

 K+ at t

I+
Ds
−K+

t( ) = 1+ r2( )coshΔΓ
2
t − 2r cos γ − 2δγ −Δ( )sinh

ΔΓ
2
t
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−K+

t( ) = 1− r2( )cosΔmt + 2r sin γ − 2δγ −Δ( )sinΔmt
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ADs
−K+
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2
e−Γ t I+
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−K+
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ADs
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−K+ t( ) =

ADs
−K+
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2
e−Γ t I+

Ds
−K+

t( )− I−
Ds
−K+

t( ){ }
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0 at t = 0 → DS

+ K  at t

r, γ  2δγ + Δ, γ  2δγ  Δ can be determined: → γ  2δγ�



Vcd Vcb
� Vtd Vtb

�

Im

γ�

Vud Vub
�

β�

Bd → J/ψ KS: 2β�
Bd → D*±πμ, γ + 2β�
Bs → J/ψ φ :  2δγ
Bs → Ds

±Kμ, γ  2δγ�

γ and β can be extracted.



CKM parameters 

Measurements CKM elements
Δmd (B

0-B0 oscillations) |Vtb Vtd
 |�

Δms (Bs
0-Bs

0 oscillations) |Vtb Vts
 |�

Γ(B → D ν) |Vcb|
�

Γ(B → ρ ν) |Vub|

n, π, K decays → sinθc = λ = 0.22
unitarity → |Vtd|=1
Wolfenstein parametrization

|Vcb| = A λ2�

|Vub| = A λ3 √ ρ2 + η2�

|Vtd| = A λ3 √ (1  ρ)2 + η2�

�|Vts| = A λ2�

η = η ( 1  λ2/2 )�
ρ = ρ ( 1  λ2/2 )�

~ ~
~
~



Using the Wolfenstein’s parametrization (λ, A, ρ, η)

Re

Im

α

γ β

ρ(1 λ2/2)

η(1 λ2/2)

1
Vcb  Vcd

Aλ3

Vtb  Vtd

Aλ3Vub  Vud

Aλ3

1) Vub  Vud + Vcb  Vcd + Vtb  Vtd = 0



2) Vud  Vtd + Vus  Vts + Vub  Vtb = 0

Re

Im

α

β′�

Vud  Vtd

Aλ3

ρ

η

Vub  Vtb

Aλ3

Vus  Vts

Aλ3

ηλ2

1         +  ρλ2�λ2�
2

δγ�γ′

γ′ + δγ = γ�

β′  δγ = β�



If we ignore the λ2 correction, 1) and 2) are degenerate.

arg Vtd = β�
arg Vub = γ�
arg Vts = δγ+π

δγ = ηλ2�

β = tan 1�
η�

1 ρ�
1 �

λ2�
2(1 ρ)�

η�
ρ�

γ = tan 1�



PEP II at SLAC



3.5 GeV e- Belle  8.0GeV e+ 

KEKB at KEK



BABAR detector

B0

B0

μ+

J/ψ

KS

Δt

e e+

in the lab. frame

ϒ(4S)

boost

boosted
B0B0 system

(remains always B0B0)



B0 → J/ψ KS

B0 → J/ψ KS



si
n 

(
2 

ar
g 
V

td
)

sin 2β =
0.734 ± 0.055



Bd → ππ, ρπ, ρρ

b

d

u
u

W+

g
u, c, t

d

d

+ γ and Z0 penguins

b u

u
d

d d

Vub → γ

Vtd → β

ππ, ρπ: penguin contribution cannot be neglected
ρρ: �penguin contribution seems to be very small�



Processes we have looked at are:

B B

B
f

B B

B
f

B B

B
f

B B

B
f

CP

CP

Another way to mix tow decay processes

B
b → c + W+ tree

b → u + W+ tree
f

only for the neutral B mesons

for both neutral and charged B mesons

no phase

phase γ



c
s

Another way to determine γ without new physics contamination

D0 K 0(→K+π )
b c

u
s

d d

Bd
0�

b u

d d

Vcb  Vus × Tree-1 Vub  Vcs
 × Tree-2

D0 K 0(→K+π )

D0→KSπ+π ←D0�

Vcb  Vus × Tree-1+ Vub  Vcs
 × Tree-2

D0→K+K , π+π ←D0�

K-K mixing (GLW)

D-D mixing (GGSZ)

weak phase γ

strong phase

D0→K+π , K+π π+π ←D0� Doubblly Cabibbo Suppressed Decay (ADS)



K +→K0π+�
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D K 0�

b c
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d d
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d d

b u
s
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d
u
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u
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d

K →K0π �

K 0�

K 0�

( D0 )

( D0 )

π+�
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s
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d
u

K0→KS→π+π �

ρ0→π+π �

→KS→π+π �

π �

→KS→π+π �

s

u

d
u

K0→KS→π+π �

ρ0→π+π �

B0�

b→c

b→c

b→c
   + b→udifferent

strong phases
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b→c
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   + b→udifferent

strong phases
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D K 0�
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d d

B0�

d d
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s
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K 0�

K 0�

( D0 )

( D0 )

π+�
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K �
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Possible effect of new physics

u dW

Penguin level decays

c s, d
s u
b c, u

t

s dW

Tree level decays Box level decays

t

b, s
q, l
q, lq,l

W

Wd, sb s, d



u dW

Penguin level decays

c s, d
s u
b c, u

t

s dW

Tree level decays Box level decays

t

b, s
q, l
q, lq,l

W

Wd, sb s, d

unchanged + new particles

Phases
Lorentz structure of the amplitude modified
Absolute values



•  (ρ, η) determination with loop diagrams
Δmd + CPV(B J/ψKS, εK)

and
(ρ, η) determination with tree diagrams

CPV(B DK) and Γ(b ulν)
would be different
Better low energy QCD theory for BBfB2, BK, …
and
More statistics for CPV(B DK) γ determination

LHCb experiments
•  CPV(Bs J/ψφ) does not agree with the CKM fit
•  CPV(Bs J/ψφ) and CPV(Bs φφ) are different

New phases in new physics loops…



•  Angular distribution of the decay particles in 
Bd K 0μ+μ  different from the SM: e.g. AFS of μ+μ �

•  CPV(Bs φγ)

New Lorentz structure in new physics loops…



•  Br(Bs μ+μ ), Br(Bd μ+μ )

And enhanced rare decays



Are they really signs of new physics?

LHCb will answer.


