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Plan of Talk

• Introduction to Quark Flavour Mixing & the CKM Matrix

• Present Status of the First Two Rows of VCKM

• Status of the Third Row of VCKM

• Current Knowledge of the Phases α, β and γ

• CPV in Penguins (b → ss̄s and b → sd̄d)

• Summary
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Standard Model Lagrangian

LSM = LGSW + LQCD

QCD [SU(3)]

LQCD = −
1

4
F (a)
µν F

(a)µν + i
∑

q

ψ̄αq γ
µ(Dµ)αβψ

β
q

with F (a)
µν = ∂µA

(a)
ν − ∂νA

(a)
µ − gsfabcA

(b)
µ A

(c)
ν ; a, b, c = 1, ..., 8

and (Dµ)αβ = δαβ∂µ + igs
∑

q
1
2
λ

(a)
αβA

(a)
µ

Electroweak [SU(2)I × U(1)Y ]

LGSW = Lgauge(Wi, B, ψj) + LHiggs(φk,Wi, B, ψj)

Lgauge(Wi, B, ψj) = −
1

4
F iµνF

µν
i −

1

4
BµνB

µν+
∑

ψL

ψLiDµγ
µψL+

∑

ψR

ψRiDµγ
µψR

LHiggs(φk,Wi, B, ψj) = LHiggs(gauge) + LHiggs(fermions)

LHiggs(gauge) = (DµΦ)∗(DµΦ) − V (Φ)

DµΦ = (I(∂µ + ig1
2
Bµ) + ig2

τ
2

· Wµ)Φ; V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2

LHiggs(fermions) = Y ij
u Q̄L,iΦ̃uR,j + Y ij

d Q̄L,iΦdR,j + h.c.+ ...
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• 3 Quark families: QLj = (uL, dL); (cL, sL); (tL; bL); ūR, d̄R; ...

• Flavour mixings in the SM reside in the Higgs-Yukawa sector of the theory

• Flavour symmetry broken by Yukawa interactions

QiY
ij
d djφ −→ QiM

ij
d dj

QiY
ij
u ujφ

c −→ QiM
ij
u uj

Md = diag(md, ms, mb); M †
u = diag(mu, mc, mt) × VCKM

• VCKM a (3 × 3) unitary matrix is the only source of Flavour Violation, as all gauge
interactions (involving γ, Z0, g) are Flavour diagonal

• All observed phenomena involving flavour changes in the hadrons are consistently
described by the CKM framework; i.e., in terms of 10 fundamental parameters: 6
quark masses, 3 mixing angles and 1 phase

• Understanding the observed patterns of quark masses and mixings (as well as the
lepton masses and neutrino mixings) requires an organizing principle which is
certainly outside of the SM
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The Cabibbo-Kobayashi-Maskawa Matrix

VCKM ≡





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





• Customary to use the handy Wolfenstein parametrization

VCKM '





1 − 1
2
λ2 λ Aλ3 (ρ− iη)

−λ(1 + iA2λ4η) 1 − 1
2
λ2 Aλ2

Aλ3 (1 − ρ− iη) −Aλ2 (1 + iλ2η) 1





• Four parameters: A, λ, ρ, η

• Perturbatively improved version of this parametrization

ρ̄ = ρ(1 − λ2/2), η̄ = η(1 − λ2/2)

• The CKM-Unitarity triangle [φ1 = β; φ2 = α; φ3 = γ]

� ���� �� �
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Phases and sides of the UT

α ≡ arg

(

−
V ∗
tbVtd

V ∗
ubVud

)

, β ≡ arg

(

−
V ∗
cbVcd

V ∗
tbVtd

)

, γ ≡ arg

(

−
V ∗
ubVud

V ∗
cbVcd

)

• β and γ have simple interpretation

Vtd = |Vtd|e
−iβ , Vub = |Vub|e

−iγ

• α defined by the relation: α = π − β − γ

• The Unitarity Triangle (UT) is defined by:

Rbe
iγ +Rte

−iβ = 1

Rb ≡
|V ∗
ubVud|

|V ∗
cbVcd|

=
√

ρ̄2 + η̄2 =

(

1 −
λ2

2

)
1

λ

∣
∣
∣
∣

Vub

Vcb

∣
∣
∣
∣

Rt ≡
|V ∗
tbVtd|

|V ∗
cbVcd|

=
√

(1 − ρ̄)2 + η̄2 =
1

λ

∣
∣
∣
∣

Vtd

Vcb

∣
∣
∣
∣
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Summary of the First 2 Rows of VCKM

• |Vud| = 0.9739(3) [CKM 2005]

• |Vus| = 0.2262(23) [CKM 2005]
|Vus| = 0.2269(13) [From unitarity]

• |Vub| = (4.38 ± 0.19 ± 0.27) × 10−3 [HFAG 2005; inclusive]
|Vub| = (3.76 ± 0.16+0.87

−0.51) × 10−3 [HFAG 2005; exclusive using FNAL Lattice
Calc.]

Unitarity of the Ist Row of VCKM

1 − (|Vud|
2 + |Vus|

2 + |Vub|
2) = 0.0004 ± 0.0011 [Schune,EPS, 2005]

• |Vcd| = 0.224(16) [PDG 2004]

• |Vcs| = 0.97 ± 0.09 ± 0.07 [PDG 2004]

• |Vcb| = (41.58 ± 0.45 ± 0.58) × 10−3 [Buchmüller-Flächer 2005; inclusive]
|Vcb| = (41.3 ± 1.0 ± 1.8) × 10−3 [HFAG 2005; exclusive]
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|Vus| × fK
0π

+
from K-semileptonics

[G. Lanfranchi (KLOE Collaboration); hep-ex/0505089]

K+
e3 K0

e3
K+

µ3 K0
µ3

0.208

0.212

0.216

0.220

0.224

|V
us

| f +K0 π−

PDG-2002

                                                   Quad. Parametrisation (KTeV+ISTRA+)     
λ`+=0.0221(11), λ"+=0.00226(41), λ0=0.01541(84)    

K+
e3 K0

e3
K+

µ3 K0
µ3

BNL-K+

KTeV-KL
KLOE-KL

NA48-(K+-KL)
KLOE-KS*

τKLOE(KL)=50.87(30) nsτPDG(KL)=51.50(40) ns
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|Vcb| from Inclusive decays B → Xc`ν`
• Theoretical Method

Heavy Quark Mass Expansion and Operator Product Expansion (OPE)

[Chay, Georgi, Grinstein; Voloshin, Shifman; Bigi et al.; Manohar, Wise; Blok et
al.]

• Perform an OPE: mb is much larger than any scale appearing in the matrix element

• Decay rate for B → Xc`ν̄`

Γ = Γ0 +
1

mb

Γ1 +
1

m2
b

Γ2 +
1

m3
b

Γ3 + · · ·

• Γi are power series in αs(mb) → Perturbaton theory

• Γ0 is the decay of a free quark (“Parton Model”)

• Γ1 vanishes due to Luke’s theorem

• Γ2 is expressed in terms of two non-perturbative parameters

2MBλ1 = 〈B(v)|Q̄v(iD)2Qv|B(v)〉

6MBλ2 = 〈B(v)|Q̄vσµν[iD
µ, iDν]Qv|B(v)〉

λ1: Kinetic energy, λ2: Chromomagnetic moment (also called as µ2
π and µ2

G)

• Γ3 is currently under investigation; involves several new Non-perturbative parameters
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Three-loop QCD corrections to b → c`ν` decays
• Obtained at zero recoil limit (q2 = 0)

• QCD corrections to Wc̄b vertex: γµ(1 − γ5) → γµ[ηV (q2) − ηA(q2) γ5]

ηV (q2 = 0) = 1

ηA(q2 = 0) ≡ ηA = 1 +
αs

π
CFη

(1)
A +

(αs

π

)2

CFη
(2)
A +

(αs

π

)3

CFη
(3)
A + O(α4

s)

• η(1)
A and η

(2)
A known since long ago [Shifman, Voloshin; Paschalis, Gounaris; Czarnecki]

• η(3)
A calculated recently [Archambault, Czarnecki]

ηA ' 1 − 0.667
αs

π
− 1.85

(αs

π

)2

−11.1
(αs

π

)3

+ O(α4
s)

' 1 − 0.0510 − 0.0108−0.00495 ' 0.933 (for αs(
√
mbmc) = 0.24)

• Effect of η
(3)
A ' −1

2
%

CFη
(3)
A (BLM) =

(

4 − 33

2

)2

CFT
2
R

(
25

324
− π2

27

)

= −15.0

CFη
(3)
A (non-BLM) = −11.1 + 15.0 = 3.9

• η(3)
A dominated by BLM correction
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Moment analysis of B → Xc`ν` with lepton energy cut

Lepton-energy and hadron mass moments
[Gambino, Uraltsev; Benson et al.]

M
(n)
` (Ecut) =

∫

Ecut
En

`
dΓ
dE`

dE`
∫

Ecut

dΓ
dE`

dE`

, 〈M ν
X〉 =

(
〈M2

X〉
) ν

2

[

1 +

∞∑

k=2

C
k

ν
2

〈(M2
X − 〈M2

X〉)k〉
〈M2

X〉k

]

• Combined with the decay B → Xsγ

〈m2n
X 〉

Ecut

=

∫

Ecut

(m2
X)n

dΓ

dm2
X

dm2
X

∫

Ecut

dΓ

dm2
X

dm2
X

, 〈Enγ 〉
Ecut

=

∫

Ecut

Enγ
dΓ

dEγ
dEγ

∫

Ecut

dΓ

dEγ
dEγ

• Kinematic-mass scheme, µ ' 1 GeV

• No Expansion in 1/mc

• Theory depends on mc(µ),mb(µ), µ2
π(µ), µ2

G
︸ ︷︷ ︸

, ρ3
LS(µ), ρ3

D(µ)
︸ ︷︷ ︸

O(Λ2
QCD/m

2
b) O(Λ3

QCD/m
3
b)
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BABAR hadronic-mass and lepton-energy moments analysis
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?@A BCDE C F @ D BG

HI JK CDE C F @ D BG LM ME C F @ D BG

FON PQ @ R S T9U V T9U W T9U X

V T
YZ

V [
V \

V Y

TU ]

^ _`a
b cd e f

? @A BCDE C F @D BG

LM ME C F @ D BG

HI JK CDE C F @ D BG

VgU W VgU X VgU ZPI S Ph S

|Vcb| = (41.4 ± 0.4exp ± 0.4HQE ± 0.6th) × 10−3

Bceν = (10.61 ± 0.16exp ± 0.06HQE)

mb (1GeV) =

(4.61 ± 0.05exp ± 0.04HQE ± 0.02th) GeV

mc (1GeV) =

(1.18 ± 0.07exp ± 0.06HQE ± 0.02th) GeV
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Analysis of the moments by Bauer et al.
[Bauer, Ligeti, Luke, Manohar, Trott, hep/ph/0408002]

• Global fit of data from BABAR, BELLE, CDF, CLEO, DELPHI

• Theory precision: up to O(α2
sβ0), αsΛQCD/mb, Λ3

QCD/m
3
b

• Parameters: mb(µ), λ1
︸︷︷︸

, ρ1, τ1 − 3τ4, τ2 + τ4, τ3 + 3τ4
︸ ︷︷ ︸

O(Λ2
QCD/m

2
b) O(Λ3

QCD/m
3
b)

• Scheme dependence: 1S, PS, MS, kinematic, pole

• Find: pole and MS schemes significantly worse than others

• Analyse: mn
X ≡ 〈mn

X〉, 〈En
` 〉, (n = 1,...4) (B → Xc`ν`); 〈En

γ 〉 (B → Xsγ)

|Vcb| = (41.4 ± 0.6 ± 0.1τB
)

×10−3,

m1S
b = (4.68 ± 0.03) GeV,
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|Vcb| from B → (D,D∗) `ν` decays

B → D∗`ν` decays

dΓ

dω
=
G2
F

4π3

(
ω2 − 1

)1/2
m3
D∗ (mB −mD∗)2 G(ω) |Vcb|

2 |F(ω)|2

• G(ω) phase space factor: G(1) = 1, F(ω) = Isgur–Wise function: F(1) = 1;

• Leading ΛQCD/mb corrections absent Luke’s theorem

• Theoretical issues: precise determination of the second order correction to
F(ω = 1), slope ρ2 and curvature c

F(ω) = F(1)
[
1 + ρ2 (ω − 1) + c (ω − 1)2 + ...

]
.

• Sum rules: ρ2 > 3
4

[Bjorken]; c > 15/32 [Uraltsev; Orsay group]

HFAG (Summer 2004 Update)

F(1)|Vcb| = (37.8 ± 0.8) × 10−3 , ρ2 = 1.54 ± 0.14 (χ2 = 25.3/14)

Current values of F(1)

F(1) = 0.91 ± 0.04 [BABAR book]

0.919+0.030
−0.035 [Lattice QCD (Hashimoto et al.)]

With F(1) = 0.91 ± 0.04: |Vcb|B→D∗`ν` = (41.6 ± 0.9exp ± 1.8theo) × 10−3
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F(1)|Vcb| (Summer 2004)

]
-3

|  [10cb |V×F(1) 
25 30 35 40 45

]
-3

|  [10cb |V×F(1) 
25 30 35 40 45

ALEPH  
  1.6±  2.1 ±33.7 

OPAL (partial reco) 
  2.4±  1.2 ±38.5 

OPAL (excl) 
  1.8±  1.6 ±39.3 

DELPHI (partial reco) 
  2.5±  1.4 ±36.9 

BELLE  
  1.9±  1.9 ±36.6 

CLEO  
  1.8±  1.3 ±43.6 

DELPHI (excl) 
  2.1±  1.8 ±38.8 

BABAR  
  1.7±  0.3 ±35.5 

Average 
  0.9±37.8 

HFAG
Summer 04

/dof = 25.3/142χ
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|Vub|

From End-point spectra in B → Xu`ν` and B → Xsγ
• To remove the background from B → Xc`ν`, need to impose a large E`-cut

Kinematics: pµb = mbv
µ + kµ; vµ: 4-velocity of the b-quark, kµ ∼ O(ΛQCD);

m2
X = (mbv + k − q)2 = (mbv − q)2 + 2EXk+ + ..., k+ = k0 + k3

• Decay rate in the cut-region depends on the shape function f(k+)

• Use of OPE to calculate inclusive spectra:

Example: Photon Spectrum in B → Xsγ (x = 2Eγ
mb

)

dΓ

dx
=
G2

Fαm
5
b

32π4
|VtsVtb∗ |2|C7|2

(

δ(1 − x) − λ1 + 3λ2

2m2
b

δ′(1 − x) +
λ1

6m2
b

δ′′(1 − x) + · · ·
)

• Leading terms can be resummed into a Shape function: [Neubert; Bigi et al.]

dΓ

dx
=
G2
Fαm

5
b

32π4
|VtsVtb∗|2 |C7|

2 f(1 − x)

• 2MBf(ω) = 〈B|Q̄vδ(ω + n · (iD))Qv|B〉; n a light-like vector, n.v = 1,
n2 = 0

• E` - and MXu -spectra in B → Xu`ν` governed also by f(x)

• f(x) can be measured in B → Xsγ
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Model independent determination of |Vub/(V
∗
tsVtb)|

→ Define Observables (Ec – energy cut)

Γu(Ec) =

∫ mB/2

Ec

dE`
dΓu

dE`
, Γs(Ec) =

2

mb

∫ mB/2

Ec

dEγ(Eγ − Ec)
dΓs

dEγ

Including subleading Shape functions [Bauer, Luke, Mannel]

• b → sγ:
dΓ

dEγ
=

Γs0
mb

[

(4Eγ −mb)F (mb − 2Eγ) +
1

mb

[h1(mb − 2Eγ) +H2(mb − 2Eγ)]

]

• b → u`ν̄`
dΓ

dE`
=

2 Γ0

mb

∫

dω θ(mb − 2E` − ω)

[

F (ω)

(

1 −
ω

mb

)

−
1

mb

h1(ω) +
3

mb

H2(ω)

]

• Ratio receives 1/mb corrections

∣
∣
∣
∣

Vub

VtbV ∗
ts

∣
∣
∣
∣
=

(
3α

π
|Ceff

7 |2
Γu(Ec)

Γs(Ec)

)1

2

(1 + δ(Ec))

2 2.1 2.2 2.3 2.4

0.1

0.2

0.3
(Ec)

Ec (GeV)
0

• δ(Ec) causes a shift of O(15%) in |Vub|

14-19 Nov. 2005
Status of the CKM Matrix & CP Violation in B-Decays (page 17) Ahmed Ali

DESY, Hamburg



|Vub| from inclusive decays
[Bauer, Luke, Mannel; Leibovich, Ligeti, Wise; Neubert]Theoretical uncertainties

• Weak Annihilation (WA) contribution independent of q2
cut and mcut; depends on

the magnitude of Factorization violation
dΓWA

dq2
∼ (B2 −B1) δ (q2 −m2

b)

Γ(q2 < q2
cut,mX < mcut) ≡

G2
F |Vub|2 (4.7 GeV)5

192π3
G(q2

cut,mcut)

• Effect of O(Λ3
QCD/m

3
b) grows as q2 is increased [Bauer, Luke, Mannel]

∆G
G

(q2)cut for mcut = 1.86 GeV (top) to mcut = 1.50 GeV (bottom)

q2  (GeV2)cut

∆G
Gparton

i j kl km kno lqp kno lqp kmo lqp ko lqp l jo lqp l io lqp l no lqp l ml

Experimental cuts

• q2 > (mB −mD)2: insensitive to f(x); sensitive to mb; WA corrections

• mX < mD: lots of rates; depends on f(x)

• E` >
m2

B−m2
D

2mB
: simplest to measure; depends on shape functions

14-19 Nov. 2005
Status of the CKM Matrix & CP Violation in B-Decays (page 18) Ahmed Ali

DESY, Hamburg



|Vub| from inclusive B → Xu`ν` decays

]-3 10×|  [ub|V
2 4 6

]-3 10×|  [ub|V
2 4 6

ALEPH 
 0.71± 0.67 ±4.12 

L3
 1.40± 1.00 ±5.70 

DELPHI 
 0.61± 0.65 ±4.07 

OPAL 
 0.71± 0.71 ±4.00 

CLEO (endpoint) 
 0.63± 0.23 ±4.69 

) 2, QXBELLE  sim. ann. (m
 0.46± 0.46 ±4.75 

BELLE (endpoint) 
 0.61± 0.23 ±4.46 

BABAR (endpoint) 
 0.44± 0.15 ±4.40 
 XBABAR m
 0.43± 0.30 ±5.22 

) 2, QXBABAR (m
 0.42± 0.52 ±5.18 

) 2, QlBABAR (E
 0.51± 0.34 ±4.99 

) 2, QX (mrecoBELLE  B
 0.54± 0.65 ±5.54 

Average  
 0.44±4.70 

HFAG
2004

/dof = 6.7/ 7 (CL = 46.5%)2χ
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|Vub| from exclusive decays B → π`ν`

〈π(pπ)|b̄γµq|B(pB)〉 =

(

(pB + pπ)µ − m2
B −m2

π

q2
qµ

)

F+(q2) +
m2

B −m2
π

q2
F0(q

2) qµ ,

Techniques used to determine F+(q2), F0(q
2)

• Light-cone QCD sum rules [Colangelo, Khodjamirian]

• Lattice-QCD (Quenched) [APE, UKQCD, FNAL, JLQCD]

• Lattice-QCD (Unquenched) [HPQCD, FNAL]

• Lattice-QCD and phenomenological models [Becirevic, Kaidalov]

[Becirevic]BELLE Analysis [Iijima, ICHEP’04]

|Vub|Quenched =
(
3.90 ± 0.71 ± 0.23+0.62

−0.48

)
× 10−3

|Vub|FNAL′04 =
(
3.87 ± 0.70 ± 0.22+0.85

−0.51

)
× 10−3

|Vub|HPQCD =
(
4.73 ± 0.85 ± 0.27+0.74

−0.50

)
× 10−3

• Errors still large!

• |Vub| from BELLE’s inclusive analysis

|Vub|BELLE = (5.54 ± 0.42 ± 0.50 ± 0.12

±0.19 ± 0.42 ± 0.27) × 10−3

1 0.75 0.5 0.25 0 0.25 0.5 0.75 1

q
2
/m

2
 B*

0 0

0.5 0.5

1 1

1.5 1.5

2 2

2.5 2.5

3 3

3.5 3.5
APE 
UKQCD 
FNAL
JLQCD
BK−fit
LCSR

B → πlν

F0(q
2
) F+(q

2
)
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Status of the Third Row VCKM

|Vtb|

• From direct production and decays of the top quark (hep-ex/0505091)

R ≡
B(t → W + b)

B(t → W +
∑

q q)
=

|Vtb|
2

|Vtd|2 + |Vts|2 + |Vtb|2

R = 1.12+0.21
−0.19 (stat)+0.17

−0.13(syst.)

• Assuming CKM unitarity & CDF Data =⇒ |Vtb| > 0.78 ( 95% C.L.)

|Vtd|

• From B0
d - B0

d Mixing; ∆Md = (0.505 ± 0.005) ps−1 [HFAG 2005]

• SM (Box contribution with NLO QCD corrections) (xt = m2
t/m

2
W )

∆Md =
G2
F

6π2
η̂B|VtdV

∗
tb|

2MBd(f
2
Bd
B̂Bd)M

2
WS0(xt)

S0(x) = x ·

[
1

4
+

9

4

1

(1 − x)
−

3

2

1

(1 − x)2
−

3

2

x2 lnx

(1 − x)3

]

〈B̄0
q |(b̄γµ(1 − γ5)q)

2|B0
q〉 ≡

8

3
f2
Bq
BBqM

2
Bq
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−ln(L) vs. R from t-quark decays

[D. Acosta et al. (CDF Collaboration); hep-ex/0505091]
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Vtd and Vts with Lattice-QCD |Vtd|

• Lattice-QCD [Updated H. Wittig, DPG, Berlin, ’05]:
√

B̂Bd
FBd

= 216 ± 30+0
−21 (chiral) MeV

|VtdV
∗
tb| = 8.5 × 10−3[

210 MeV
√

B̂Bd
FBd

]

√

2.40

S0(xt)

• Lattice-QCD & SM =⇒ |VtdV
∗
tb| = (8.5 ± 1.0) × 10−3

|Vts|

• B0
s - B0

s Mixing: ∆Ms > 14.5 ps−1 (at 95% CL) [HFAG 2005]

• SM: ∆Ms =
G2

F

6π2 η̂B|VtsV
∗
tb|2MBs

(f2
Bs
B̂Bs

)M2
WS0(xt)

• Lattice-QCD:

√

B̂Bs
FBs

= 249 ± 34 MeV

• The ratio ∆Ms/∆Md has a smaller non-perturbative uncertainty

∆Ms

∆Md

= ξ
MBs

MBd

|Vts|2
|Vtd|2

; ξ =

√
√
√
√
f2

Bs
B̂Bs

f2
Bd
B̂Bd

• Lattice-QCD: ξ = 1.15 ± 0.05+0.12
−0.0 (Chiral extr.) =⇒ |VtsV

∗
tb| > 0.033
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Determination of Vts from BR (B̄ → Xsγ)

• Unitarity of the CKM Matrix

∑

u,c,t

λi = 0, with λi = VibV
∗
is

• λu = VubV
∗
us ' Aλ4(ρ̄− iη̄) ' O(10−2)

• λt = −λc = −Aλ2 + ... = −(41.0 ± 2.1) × 10−3

• Without invoking the CKM unitarity, NLO SM-calculations in the MS scheme and

current data B(B → Xsγ) = (3.39+0.30
−0.27) × 10−4 imply the constraint [Misiak, AA]

|1.69λu + 1.60λc + 0.60λt| = (0.92 ± 0.07)|Vcb|

=⇒ λt = VtbV
∗
ts = −(46.0 ± 8.0) × 10−3

• In future, NNLO calculations will lead to a determination of BR(B̄ → Xsγ) to an
accuracy of 5%

• With improved data, this will determine Vts to an accuracy of about 10%
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D. Mohapatra (BELLE)[EPS 2005)
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Introduction to CP Violation in B Decays & Mixings -1

• CKM Violation in the SM is due to the phase η in the CKM matrix

• All CP violations in the SM are due to the interference of two different amplitudes

Three Classes of CP Violation in B Decays

1. Direct CP Violation: e.g., in B± → Ksπ
± decays

ACP =
2|A1||A2| sin(δ1 − δ2) sin(φ1 − φ2)

|A1|2 + 2|A1||A2| cos(δ1 − δ2) cos(φ1 − φ2) + |A2|2

• Requires Strong phase difference (δ1 − δ2) 6= 0 & Weak phase difference
(φ1 − φ2) 6= 0; Difficult to calculate

2. Indirect CP Violation:

ASL =
Γ(B0 → `+X) − Γ(B0 → `−X)

Γ(B0 → `+X) + Γ(B0 → `−X)

• Involves the relative phase in the absorptive & dispersive parts of the B0 - B0

Mixing Amplitude: ASL = Im( Γ12

M12
)

• Writing ( Γ12

M12
)q = rqe

iζq : ASL(Bd) = rd sin ζd

• SM (NLO): ASL(Bd) = −(5.5 ± 1.3)(10−4) [Beneke et al.; Ciuchini et al.]

• Present Experimental Constraint: ASL(Bd) = (−0.05 ± 0.71) × 10−2
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CP violation in neutral meson decay into a CP eigenstate
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1. In decay: Ā/A 6= 1
(

Ā
A

= Ā1+Ā2

A1+A2

)

(For example, A1 is a Tree amplitude & A2 is Penguin)

2. In mixing: |q/p| 6= 1
(

q
p

=
2M∗

12−iΓ∗

12

∆m−(i/2)∆Γ

)

3. In interference: Imλ 6= 1
(

λ = q
p

Ā
A

)

• The case theorists love!

• Decay dominated by a single CPV phase: | Ā
A

| = 1;
• CPV in mixing negligible | q

p
| = 1;

• The remaining eefect is: Sf ∼ sin[arg(M12) − 2 arg(A)] = 1
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Interplay of Mixing & Decays of B0 and B0 to CP Eigenstate

• Involving tree-dominated B-decays (b→ cc̄s), such as B0/B0 → J/ψKs; J/ψKL

Af(t) =
Γ(B0(t) → f) − Γ(B0(t) → f)

Γ(B0(t) → f) + Γ(B0(t) → f)

= Cf cos(∆MBt) + Sf sin(∆MBt)

Cf =
(|λf |

2)−1

(|λf |2+1)
; Sf =

2 Imλf

(|λf |2+1)

• Definitions:

λf ≡ (q/p) ρ(f); ρ(f) =
Ā(f)

A(f)

A(f) = 〈f |H|B0〉; Ā(f) = 〈f |H|B0〉

q/p =
V ∗

tbVtd

VtbV ∗
td

= e−2iφmixing = e−2iβ

• If only a Single Amplitude dominant, then one can write:

ρ(f) = ηfe
−2iφdecay

where ηf = ±1 is the intrinsic CP-Parity of the state f ⇒ |ρ(f)| = 1

Af(t) = Sf sin(∆MBt); Sf = −ηf sin 2(φmixing + φdecay); Cf = 0
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Current World Average [EPS 2005]

sin(2β)/sin(2φ1)

H
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 2
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PRL 94, 161803 (2005)
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0.84 +-
0
1

.

.
8
0

2
4 ± 0.16
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3.20 +-
1
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.

.
8
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0
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Current World Average [EPS 2005]
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B → ππ Topologies

Dominant topologies contributed within the Standard Model

Tree (T ) Penguin (P) Color-suppressed (C)

�
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�
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./234 5 6
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B− → π−π0 B̄0 → π+π− B− → π−π0

B̄0 → π+π− B̄0 → π0π0 B̄0 → π0π0

Subdominant topologies:

• exchange (E) =⇒ B̄0 → π+π−, π0π0

• annihilation (A) =⇒ B− → π−π0

• penguin-annihilation (PA) =⇒ B̄0 → π+π−, π0π0

• electroweak-penguin (PEW) =⇒ B− → π−π0, B̄0 → π0π0

• color-suppressed electroweak-penguin (PC
EW) =⇒ B̄0 → π+π−, π0π0
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Time-dependent CP-asymmetry in B0/B0 → π+π−

a+−
ππ (t) ≡

Γ[B̄0(t) → π+π−] − Γ[B0(t) → π+π−]

Γ[B̄0(t) → π+π−] + Γ[B0(t) → π+π−]

= S+−
ππ (t) sin(∆MBt) − C+−

ππ (t) cos(∆MBt)

-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

Cππ

A
verage (M

oriond 05)

BABAR (2004)

Belle (2005)

Average

–0.09 ± 0.15 ± 0.04

–0.56 ± 0.12 ± 0.06

–0.37 ± 0.10
-0.37 ± 0.1

H F A GH F A G
Moriond 2005

-2 -1.75 -1.5 -1.25 -1 -0.75 -0.5 -0.25 0

Sππ

A
verage (M

oriond 05)

BABAR (2004)

Belle (2005)

Average

–0.30 ± 0.17 ± 0.03

–0.67 ± 0.16 ± 0.06

–0.50 ± 0.12
-0.5 ± 0.12

H F A GH F A G
Moriond 2005

• BELLE and BABAR are in better agreement now (2.3σ)
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Cππ − Sππ Data vs. QCDF & PQCD

• Isospin-based analysis of data (68% C.L.)
[Lunghi, Parkhomenko, AA; Parkhomenko ’05]

|P/T | = 0.48+0.09
−0.08 δ = (−38+9.3

−9.0)
◦

• Similar analyses by Buras et al.; Bauer et al.; Gronau et al.; ...
• Theoretical predictions based on Factorization

|P/T | = 0.29 ± 0.09 δ = (9 ± 15)◦ QCDF

|P/T | = 0.23+0.07
−0.05 δ = (−37 ± 5)◦ PQCD
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• Data supports large penguin contribution and strong phase difference
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Current World Average of α [EPS 2005]
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Current World Average of γ [EPS 2005]
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SM confronts measurements of sin 2β, α, γ

-1.5

-1

-0.5

0

0.5

1

1.5

-1 -0.5 0 0.5 1 1.5 2

sin 2β γ

γ

α

α

∆md

∆ms
 & ∆md

εK

εK

|Vub/Vcb|

sin 2β

α

βγ

ρ

η

excluded area has CL > 0.95

C K M
f i t t e r

Moriond 05

P R E L I M I N A R Y

• sin 2β = 0.685 ± 0.032(β = [21.7 ± 1.3]◦)

• α = [99+12
−9 ]◦

• γ = [66 ± 17]◦

• Direct and indirect measurements of angles agree very well

• Unconstrained sum of angles = (187 ± 21)◦, consistent with unitarity sum within
errors
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Flavour Mixing in the MSSM

• Flavour mixings in the MSSM reside in the Superpotential WMSSM and in the soft
supersymmetry-breaking Lagrangian Lsoft

• Assume R-parity: R = (−1)3(B−L)+2S; where B(L) is Baryon (Lepton) quantum
number and S is the spin: SM particles are R-even, supersymmetric particles are
R-odd

• WMSSM

WMSSM = εαβ[−Ĥ
α
u Q̂

β
i Y

ij
u Û

c
j + Ĥα

d Q̂
β
i Y

ij
d D̂

c
j + Ĥα

d L̂
β
i Y

ij
e Ê

c
j − µĤα

d Ĥ
β
u ]

εαβ = −εβα; ε12 = 1

• Lsoft

Lsoft =
1

2
[M3g̃g̃ +M2W̃

αW̃α +M1B̃B̃ + h.c.]

+εαβ[−bH
α
dH

β
u −Hα

u Q̃
β
i ÃuijŨ

c
j +Hα

d Q̃
β
i ÃdijD̃

c
j +Hα

d L̃
β
i ÃeijẼ

c
j + h.c.]

+m2
Hd

|Hd|
2 +m2

Hu
|Hu|

2 + Q̃α
im

2
Qij
Q̃α∗
j

+L̃αim
2
Lij
L̃α∗
j + Ũ c∗

i m
2
Uij
Ũ c
j + D̃c∗

i m
2
Dij
D̃c
j + Ẽc∗i m

2
Eij
Ẽcj

• MSSM contains 124 parameters residing in the Superpotential WMSSM (Yukawa
couplings) and Soft-SUSY-breaking Lsoft (Scalar) terms

• Various realizations of the MSSM differ from each other in the details of Lsoft
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SUGRA and mSUGRA models

• CKM matrix is the only source of Flavour transitions

• In SUGRA models, this is achieved by assuming that the SUSY-breaking parameters
have a simple structure at the GUT scale (mX)

(m2
Q)ij = (m2

E)ij = (m2
D)ij = (m2

U)ij = (m2
L)
i
j = M2

0δ
i
j

m2
Hd

= m2
Hu

= ∆2
0

M1 = M2 = M3 = M1/2

Adij = A0(Yd)ij; Auij = A0(Yu)ij; Aeij = A0(Ye)ij

• In MSUGRA model, in addition ∆2
0 = M2

0

• RG running (mX → mW ) induces flavour non-diagonal terms, but they are small

• This reduces the number of parameters enormously, leaving the parameters: M0,
M1/2, |A0|, tanβ, φµ, φA, where the phases are constrained by the EDMs

• Minimal flavour violation (MFV) models are highly predictive, and hence highly
constrained
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General Flavour Violating SUSY & The MIA Technique
• In a general SUSY Model, many more sources of Flavour Violation

• A technique to carry out an analysis in a general SUSY framework is the Mass
Insertion Approximation (MIA) [Hall, Kostelecky, Raby 1986]

• In the MIA approach, one choses a basis in which the couplings of f̃ig̃fj are
flavour-diagonal (∝ δij); FC take place on the sfermion propagators by mass
insertions: ∆u

ij , ∆d
ij etc.

(m2
0)iδij + ∆ij

• Need not know the full diagonalization of the sfermion (f̃) mass matrices; sufficient
to compute the ratios (〈m2

0〉 is an average sfermion mass squared):

δij =
∆ij

〈m2
0〉

• All FC effects can be parametrized in terms of a limited number of complex MIA
parameters: (δuij)AB & (δuij)AB, (A,B = L,R)

• Typically, one expects (δfij)AB ≤ 1

• Analysis for FV processes can then be carried out in terms of the SUSY-MFV
contributions and the MIA parameters [Masiero et al.,...]
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Typical Mass Insertion Diagrams

qi qjλ

qα
∼ δij

A SUSY contribution for K0 - K0 Mixing

x

x

d

g

d

s d

s
s

d
~~

~

~ ~

~g

s

• For B0
d - B0

d Mixings: s → b; s̃ → b̃

• For B0
s - B0

s Mixings: d → b; d̃ → b̃
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A list of flavour-violating observables

Observable SM Prediction MSSM-MIA (AB=LL, LR, RL, RR)

∆mK ∼ (V ∗
csVcd)

2 (δAB)12

ε ∼Im(V ∗
tsVtd)Re(V ∗

csVcd) (δAB)12

ε
′

/ε ∼Im(V ∗
tsVtd) (δAB)12

b→ sγ ∼ VtbV
∗
ts (δAB)23

ACP (b→ sγ) ∼ αs(mb)
Vub

Vcb

m2
c

m2
b

(δAB)23

∆mBd
∼ (V ∗

tdVtb)
2 (δAB)13

∆mBs
∼ (V ∗

tsVtb)
2 (δAB)23

ACP (B → ψKS) = sin 2β (δAB)13

ACP (B → φKS) = sin 2β (δAB)23
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Feynman Diagrams for sin 2β from Penguins
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Sb→qq̄s and Cb→qq̄s [HFAG 2005; hep-ex/0505100]

sin(2βeff)/sin(2φe
1
ff)

b→ccs

φ K0

η′ K0

f0 KS

π0 KS

π0 π0 KS

ω KS

K+ K- K0

KS KS KS

-3 -2 -1 0 1 2 3

World Average 0.69 ± 0.03

Average 0.47 ± 0.19

Average 0.50 ± 0.09

Average 0.75 ± 0.24

Average 0.31 ± 0.26

Average -0.84 ± 0.71

Average 0.63 ± 0.30

Average 0.51 ± 0.14 +-
0
0
.
.
1
0
1
8

Average 0.61 ± 0.23
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HEP 2005

PRELIMINARY
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Sb→qq̄s and Cb→qq̄s [HFAG 2005; hep-ex/0505100]

Cf = -Af

φ K0

η′ K0

f0 KS

π0 KS

π0 π0 KS

ω KS

K+ K- K0

KS KS KS
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Average -0.09 ± 0.14

Average -0.07 ± 0.07

Average 0.06 ± 0.21

Average -0.02 ± 0.13

Average 0.27 ± 0.54

Average -0.44 ± 0.23

Average 0.14 ± 0.10

Average -0.31 ± 0.17
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Summary

• Thanks to dedicated experiments and progress in theoretical techniques (χPT,
Lattice-QCD, QCD Sum Rules, Heavy quark expansion) VCKM now well measured

• Precision on Vij ranges from δ|Vud|/|Vud| = 5 × 10−4 (best measurement) to
δ|Vtb|/|Vtb| = 0.2 (current CDF measurement), which will be vastly improved at
the LHC and ILC

• |Vcb| determined precisely: δ|Vcb|

|Vcb|
∼ 2%; close on the heels of δ|Vus|

|Vus|
!

• Current precision on |Vub| about 14%; many theoretical proposals to improve our
knowledge of |Vub| ; require lot more data; forthcoming from B factories

• Radiative rare B-decays in agreement with the SM rates; determine |Vts| and
|Vtd|); Current precision on |Vtd| from B0 - B0 mixing is about 10%

• A non-trivial test of the CKM paradigm for CP violation in the K- and B-meson
sectors has been carried out at the current B-factories by overconstraining the CKM
unitarity triangle

• B-factories have measured all three inner angles of the UT triangle:
α = (99+12

−9 )◦; β = (21.7 ± 1.3)◦; γ = (66 ± 17)◦

• Largest current discrepancy from SM is in CPV b → ss̄s penguins; 3 σ effect

• We look forward to new data from the ongoing and planned experiments at CERN,
Fermilab, Frascati, BNL, KEK, and ILC
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Superfield Classification in the MSSM
• Superfields classified according to their SU(3)C ⊗ SU(2)I ⊗ U(1)Y Quantum

Numbers; i = 1, 2, 3 a generation index

• Chiral Superfields for Quarks (Q̂i, Û
c
i , D̂

c
i )

Q̂i(3, 2, 1/6); Û c
i (3̄, 1,−2/3); D̂c

i (3̄, 1, 1/3)

Q̂i = (Q̃Li, QLi); Û c
i = (Ũ c

Li
, U c

Li
); D̂c

i = (D̃c
Li
,Dc

Li
)

• Chiral Superfields for Leptons (L̂i, Ê
c
i )

L̂i(1, 2,−1/2); Êci (1, 1, 1)

L̂i = (ẼLi, ELi); Êci = (ẼcLi, E
c
Li

)

• Chiral Superfields for Two Higgs Doublets (also denoted as Ĥ1 & Ĥ2)

Ĥu(1, 2,−1/2); Ĥd(1, 2, 1/2)

Ĥu = (Hu, H̃u); Ĥd = (Hd, H̃d)

• Vector Superfields (Ĝ, Ŵ , B̂) (α is an SU(2) index)

Ĝ(8, 1, 1); Ŵα(1, 3, 1); B̂(1, 1, 1)

Ĝ = (g, g̃); Ŵ = (Wα, W̃α); B̂ = (B, B̃)
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