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Plan of Talk

• Introduction to Quark Flavour Mixing & the CKM Matrix

• Present Status of the First Two Rows of VCKM

with emphasis on |Vcb| and |Vub|

• Status of the Third Row of VCKM

• Current Knowledge of the Phases α, β and γ

• Summary and Future Prospects
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Flavour Mixing in the Standard Model
• Flavour mixings in the SM reside in the Yukawa sector of the theory

LSM = Lgauge(Ai, ψi) + LHiggs(φi, Ai, ψi)

• 3 Quark families: QLi
= (uL, dL); (cL, sL); (tL; bL); ūR, d̄R; ...

• 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

∣
∣
∣
∣

June 6, 2005

Dubna-Helmholtz Summer School, Dubna
An Overview and Current Status of the CKM Matrix (page 5) Ahmed Ali

DESY, Hamburg



Present Status of the CKM Matrix Elements

|Vud|

• From O+ → O+ Nuclear Superallowed Fermi Transitions:

|Vud| = 0.9740 ± 0.0005 (Townsend&Hardy)

• From Neutron β-decays:

• Great progress in precise measurements of τn and neutron polarization (e.g., at
Grenoble), but gA/gV an issue at present; Restricting to experiments with neutron
polarization of more than 90% :

|Vud| = 0.9725 ± 0.0013; gA/gV = −1.2720 ± 0.0018

• From Pion β-decay: π+ → π0e+νe

• New Result from PIBETA Collaboration (hep-ex/0307258)

BR(π+ → π0e+νe) = (1.044 ± 0.007(stat) ± 0.009(syst)

⇒ |Vud| = 0.9771 ± 0.0056

• Present World Average [PDG 2004]: |Vud| = 0.9738 ± 0.0005
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Current Status of |Vud|

• From O+ → O+ β-decays

〈pf ;O
+|ūγµd|pi;O

+〉 =
√

2(pi + pf)µ

• ME depends on the vector part of the Weak current; isospin symmetry (d → u)
protects from large corrections
• Adding Nucleus-dependent radiative (δR) and isospin (δC) corrections to obtain
process-independent Ft values for these transitions

ft(1 + δR)(1 − δC) ≡ Ft =
K

2G2
F |Vud|2(1 + ∆R)

• ∆R: Nucleus-independent Rad. Corr. [Marciano-Sirlin ’86; Townsend ’92]

|Vud|2 =
K

2G2
F (1 + ∆R)Ft

Current Values:

K = (8120.271 ± 0.012) GeV−4 s
Ft = (3072.3 ± 2.0) s
∆R = (2.40 ± 0.08)%

=⇒ |Vud| = 0.9740 ± 0.0005
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Neutron β-decay: n → pe−νe

〈p|ūγµ(1 − γ5)d|n〉 = ūpγµ(gV + gAγ5)up

• Advantage: No nuclear-structure-dependent corrections
• Disadvantage: ME depends on both Vector and Axial-vector currents
• Requires two measurements, such as the Neutron-lifetime (τn) and a correlation
measurement to determine gA/gV

• β-emission probability W (Ee, θ) relative to the neutron spin direction

W (Ee, θ) = F (Ee)(1 +Aβ cos θ); β =
v

c

A =
−2λ(λ+ 1)

1 + 3λ2
; λ =

gA

gV

; gV = GFVud

|Vud|2 =
1

Cτn(1 + 3λ2)fR(1 + ∆R)

with C = G2
Fm

5
e/(2π)3; fR = 1.71482(15) (rad. corrected phase space)

• 〈τn〉WA = 885.5 ± 0.9 s, 〈λ〉 = −1.2720 ± 0.0018
=⇒ |Vud| = 0.9725 ± 0.0013
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Pion β-decay π+ → π0e+νe

• Advantages: No nuclear-structure dependent corrections
• Handicap: Very small branching ratio, O(10−8)

|Vud|2 =
CB(π+ → π0e+νe)

G2
F (1 + ∆V

R)f(1 + ∆R)τπ

• f = 1
30

( ∆
me

)5; ∆ = mπ+ −mπ0 = (4.5936 ± 0.0005) MeV

• τπ+ = (2.6033 ± 0.0005) × 10−8 s

• ∆V
R = ((1 + δπ

SU(2))(1 + δπ
e2p2))2

• Chiral Perturbation theory Calculations [Cirigliano et al.; hep-ph/0209226]

δπ
SU(2) ∼ 10−5; δπ

e2p2 = (0.46 ± 0.05)%

• B(π+ → π0e+νe) (PIBETA Coll.; D. Pocanic et al.; hep-ex/0307258)

B(π+ → π0e+νe) = (1.044 ± 0.007(stat) ± 0.009(syst)) × 10−8

⇒ |Vud| = 0.9771 ± 0.0056

• In agreement with the SFT- and neutron β-decay results; Final Precision on
B(π+ → π0e+νe) expected to be a factor 3 better
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Theoretical Issues in K`3 Decays and |Vus|

• K`3 Decays

M =
GF√

2
V ∗

usCK

[
fK

+ (t)(pK + pπ)µ + fK
− (t)(pK − pπ)µ

]
Lµ

Lµ = ū(pν)γ
µ(1 − γ5)v(p`); t = (pK − pπ)2; CK = 1[ 1√

2
] (for K0 [K+])

• Partial Width

Γ = C2
K

G2
F |Vus|2M5

K

128π3
· |fK

+ (0)|2 · IK(f+, f−)

• Accurate determination of |Vus| requires:
• Evaluation of fK

+ (0) − 1 (enters QCD)
• Momentum dependence of f±(t) → IK(f+, f−)
• Photonic radiative corrections [Ginsberg; Bytev et al.; Cirigliano et al. ]

• Integrating out W and Z fields =⇒ Effective Low Eneregy Theory (LET)

Leff =
GF√

2
(1 +

α

π
ln
MZ

µ
) ×HµL

µ

• µ ∼ O(Mρ); incomplete matching [Marciano, Sirlin ’80]

June 6, 2005

Dubna-Helmholtz Summer School, Dubna
An Overview and Current Status of the CKM Matrix (page 10) Ahmed Ali

DESY, Hamburg



Theoretical Estimates of f+(0) − 1 in χPT

• Matrix elements calculated in LET using Chiral perturbation theory;
Calculational tool: Chiral symmetry and expansion in the order parameter p/Λχ

• Low Energy Constants (LEC’s) encode physics order by order in χPT; have to be
determined from experiments

Theoretical Developments

• No linear corrections in (ms −mu) [Ademollo-Gatto-Sirlin Theorem ’64]

• In LO χPT [i.e., in O(p2)]: δ ≡ fK
+ (0) − 1 = 0

• In O(p4): finite non-polynomial corrections induced by meson loops; numerically
small: δ(4) = −2.2% [Gasser-Leutwyler ’85]

• In O(p6): Appearance of (ms −mu)
2/Λ4

χ terms; model-dependent

δ(6) = (−1.6 ± 0.8)% [ Leutwyler-Roos, ’84]

• Recent Estimates (including O(e2p2) terms) [Cirigliano et al. ’01]
δ = −(4.0 ± 0.8)% =⇒ fK

+ (0) = 0.961 ± 0.008

• Isospin-conserving part of O(p6) corrections [Bijnens-Talavera; hep-ph/0303103]
fK

+ (0) = 0.976 ± 0.010
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|Vus| from K`3 Decays

• |Vus| = 0.2201 ± 0.0024 [Cirigliano; hep-ph/0305154; older K`3 data]
[almost coincides with the PDG 2004 value: |Vus| = 0.2200 ± 0.0026]

• New Result E865(Brookhaven) [2.3σ higher than the 2002 PDG Value]

B(K+
e3[γ]) = (5.13 ± 0.02(stat) ± 0.09(syst) ± 0.04(norm))%

⇒ |Vus| = 0.2272 ± 0.0023(rate) ± 0.0018(f+) ± 0.0007(λ+)

• KLOE: K`3 BRs for the KS and KL mesons [hep-ex/0307016; hep-ex/0505089]

• |Vus| from B(KS → π±e∓ν) = (7.09 ± 0.07 ± 0.08) × 10−4 and
fK0π

+ (0) = 0.961 ± 0.008 [Leutwyler-Roos ’84]

⇒ |Vus| = 0.2194 ± 0.0030

• Recent measurements of B(KL → π±e∓ν)
• B(KL → π±e∓ν) = (40.67 ± 0.11)% [KTeV]
• B(KL → π±e∓ν) = (40.10 ± 0.45)% [NA48]
• B(KL → π±e∓ν) = (40.07 ± 0.15)% [KLOE]

• These and the improved measurement of the KL-lifetime
τKLOE(KL) = (50.87 ± 0.17 ± 0.25) ns
=⇒ better agreement with the unitarity and the KS-data
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|Vus| × fK
0π

+
from K-semileptonics

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

K
+

e3 K
0
e3

K
+

µ3 K
0
µ3

0.208

0.212

0.216

0.220

0.224

|V
us

| f
+

K
0 π−

PDG-2002

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

K
+

e3 K
0
e3

K
+

µ3 K
0
µ3

BNL-K
+

KTeV-K L
KLOE-K L

NA48-(K
+
-KL)

KLOE-K S*

τKLOE
(KL)=50.87(30) nsτPDG

(KL)=51.50(40) ns
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|Vus| from Non-K`3 Decays

• |Vus| from Hyperon decays; Recent analysis by Cabibbo et al. (hep-ph/0307214),
assuming SU(3) symmetry for the form factors

⇒ |Vus| = 0.2250 ± 0.0027

• Determination of |Vus| from τ -decays [Gamiz et al.; hep-ph/0212230]

⇒ |Vus| = 0.2179 ± 0.0045

• Determination of |Vus| from the unitarity constraints and the measured value of |Vud|

⇒ |Vus| = 0.2269 ± 0.0024

• My Conclusion: Recent K`3 Data and analyses, as well as the Hyperon decay
analysis, in agreement with the UT constraint within ±1σ, and hence no problem
with the unitarity of VCKM involving the first row
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A compilation of Direct & Indirect Determinations of |Vus|
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Current Estimates of |Vcd| and |Vcs|
• |Vcd| still determined from the old dimuon data in Neutrino-Nucleon scattering:

νµ + d → µ−c; c → sµ+νµ =⇒ νµ → µ+µ−X

ν̄µ + d̄ → µ+c̄; c̄ → s̄µ−ν̄µ =⇒ ν̄µ → µ+µ−X

• Using the relation

σ(νµ → µ+µ−X) − σ(ν̄µ → µ+µ−X)

σ(νµ → µ−X) − σ(ν̄µ → µ+X)
=

3

2
B(c → µ+X)|Vcd|2

• With L.H.S.= (0.49 ± 0.05) × 10−2 and B(c → µ+X) = 0.099 ± 0.012 [PDG
2004] =⇒ |Vcd| = 0.224 ± 0.016

• |Vcs|

• From W+ → cs̄(g) and W− → c̄s(g) at LEP
=⇒ |Vcs| = 0.97 ± 0.09 ± 0.07
• From the ratio Γ(W± → hadrons)/Γ(W± → `±ν)
=⇒ |Vcs| = 0.996 ± 0.013
provides a quantitative test of the unitarity of VCKM involving the first 2 rows
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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

, 〈En
γ 〉

Ecut

=

∫

Ecut

En
γ

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

� � ���� � �
��� ��

��� ��
��� �	

��� 
 �


 � �

 � �


 � �

 � �

��� ��
��� 
 �

 �� �
��

� �

� � 

� � �

� � �
 �� ��

��
� �

��� ��
��� 
 �

��� 
 	

� ��� � �
� ��� � 


� ��� � �
��� � �

	 � �
	 � 	

��� �
��� �

 �� ��
��

� �


 	
� �

� �
 �� ��

��
� �

�� � � � �! �

�" � �# � �$ � �% �

&(') * �+ " , �

 -

 �
��

�� �

 �
��

��
� �

 �
��

��
� �

��� � 
 � � 
 � � �� � 
 � � 
 � � ��� � 
 � � 
 � � ��� � 
 � � 
 � �

./0 1234 2 5 / 3 16

78 9: 234 2 5 / 3 16

;< <
4 2 5 / 3 16

5>= ?@ / A B

C(D E C(D F C(D G

E C
HI

E J
E K

E H

CD L

M NO
PQ

RS T
U

. /0 1234 2 5 /3 16

;< <
4 2 5 / 3 16

78 9: 234 2 5 / 3 16

EVD F EVD G EVD I

?8 B ?W B

|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: pµ
b = 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

=
Γs

0

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 |2Γu(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|
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|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

� � �� �� ��

� �
�

��

� �
�

��
� �

�
�

� �
�

� �

� �
�

� �

� �
�

� �

� �
�

� �
�

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
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|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

(f2
Bd
B̂Bd

)M2
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]

-ln
(L

)

0

1

2

3

4

CDF II   - 0.23
 + 0.27R = 1.12

0.5 1 1.5 2 2.5

L

0

0.5

1

R

R
0.5 1 1.5

tru
e

R

0.4

0.6

0.8

1 0.5 1 1.5 R

 95% C.L.
 90% C.L.
 68% C.L.
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∆md (HFAG 2005)

0.4 0.45 0.5 0.55

∆md (ps-1)

World average
for PDG 2005

0.505±0.005 ps-1

ARGUS+CLEO
(χd measurements)

0.494±0.032 ps-1

Average of above
after adjustments

0.505±0.005 ps-1

BELLE *

(3 analyses)
0.509±0.004±0.005 ps-1

BABAR *

(3 analyses)
0.500±0.008±0.006 ps-1

CDF1 *

(4 analyses)
0.495±0.033±0.027 ps-1

OPAL
(5 analyses)

0.479±0.018±0.015 ps-1

L3
(3 analyses)

0.444±0.028±0.028 ps-1

DELPHI *

(5 analyses)
0.519±0.018±0.011 ps-1

ALEPH
(3 analyses)

0.446±0.026±0.019 ps-1

* working group average
   without adjustments

June 6, 2005

Dubna-Helmholtz Summer School, Dubna
An Overview and Current Status of the CKM Matrix (page 31) Ahmed Ali

DESY, Hamburg



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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∆ms (HFAG 2005)

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

∆ms (ps-1)

Am
pl

itu
de

data ± 1 σ 95% CL limit   14.5 ps-1

1.645 σ sensitivity    18.2 ps-1

data ± 1.645 σ
data ± 1.645 σ (stat only)

Average for PDG 2005
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Source: H. Wittig, DPG’05, Berlin
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Source: H. Wittig, DPG’05, Berlin
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Source: H. Wittig, DPG’05, Berlin
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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 imply the following constraint

[Misiak, AA]

|1.69λu + 1.60λc + 0.60λt| = (0.94 ± 0.07)|Vcb|

=⇒ λt = VtbV
∗

ts = −(47.0 ± 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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Examples of the leading electroweak diagrams for B̄ → Xs γ:
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QCD logarithms αs ln M
2

W

m
2

b

enhance BR(B̄ → Xsγ) more than twice.

Effective field theory method is the most convenient for resummation of such large
logarithms.
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Evolution in time � � � ��� � �	� 
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Constraints from the sides and angles of the Unitarity Triangle

• |εK | = (2.280 ± 0.013) × 10−3 [PDG 2004]

η̄[(1 − ρ̄)ηQCD
2 S0(xt) + Pc]A

2B̂K = 0.187

Pc = 0.29 ± 0.07 [Herrlich, Jamin, Nierste]; S0(xt) ' 2.4; ηQCD
2 = 0.57 ± 0.01

[Buras et al.]

• ∆Md = (0.505 ± 0.005) ps−1 [HFAG 2005]

|VtdV
∗
tb| = 8.5 × 10−3[

210 MeV
√
BBd

FBd

]

√

2.40

S0(xt)

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

• ∆Ms > 14.5 ps−1 (at 95% CL) [HFAG 2005]
• Lattice-QCD & SM =⇒ |VtsV

∗
tb| > 0.033;

• These measurements (+|Vub| & |Vcb|) =⇒ sin 2β(cc̄s) = 0.7 - 0.8 (Unitarity fits in
the SM)
• in remarkable agreement with sin 2β(cc̄s) = 0.726 ± 0.037

• Compatibility between the SM & Experiment implies that CP Violation in the
|∆S| = 2 & |∆B| = 2 transitions is dominated by the phase of the CKM matrix, but
current errors do admit an additional subdominant contribution in M12(K) and
M12(Bd, Bs)
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Weak Hadronic Matrix Elements on the Lattice
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Source: H. Wittig, DPG’05, Berlin
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CP violation in neutral meson decay into a CP eigenstate

� � ��� �
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��	
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� � 	
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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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CPV in B-Decays-1
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Unitarity Triangles from CKMfitter and UTfit (2005)
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SM confronts measurements of sin 2β, α, γ

-1.5
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-0.5

0

0.5
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1.5
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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 = 0.725 ± 0.037(β = [23.2 ± 1.5]◦)

• α = [101+16
−9 ]◦

• γ = [63+15
−13]

◦

• Direct and indirect measurements of angles agree very well

• Unconstrained sum of angles = 187◦, consistent with unitarity sum within errors
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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 in
principle also |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 = (100 ± 11)◦; β = (23.3 ± 1.5)◦; γ = (63 ± 14)◦

• Largest current discrepancy from SM is in CPV b → ss̄s penguins; 3.5 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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More on CP Violation in B-decays sensitive to BSM Effects

• In addition to the cc̄s final state, CP asymmetries have been measured in a number of
B decays, involving direct CP violation & interplay of mixings and decay amplitudes

• Direct CP asymmetries provide tests of QCD dynamics in B-decays

ACP(K±π∓) = −0.101 ± 0.020 [BABAR & BELLE]

• More interesting for the BSM searches are measurements involving penguin
amplitudes and B0 -B0 mixing in CP eigenstates

• B0 → φK0
s ; B0 → η′K0

S; B → foK
0
s ;...

• Current experiments (BELLE & BABAR) seem to measure a different effective angle
sin 2βeff in the Penguin-dominated amplitudes b→ ss̄s

sin 2βeff(ss̄s; sd̄d) = 0.43 ± 0.07 (∼ 3.7σ BSM Effect, theor. uncertainties??)

• If confirmed by more data, this would imply the existence of BSM physics in b→ s
transitions
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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]
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Comparison of sin 2β(cc̄) and sin 2β(s-penguins)
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