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DisclaimerDisclaimer

• Flavor physics is a rich and vibrant field
O(100) abstracts at ICHEP08.

• This talk: CKM matrix 
Magnitude, angles and phase of the matrix.
Will focus on the newest results, and summaries.
Charm physics and hadron spectroscopy not included.
My apologies if I omit your favorite paper ! 

• Talks in parallel sessions at this conference:
1B
2B
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OutlineOutline

The theoretical and experimental 
environment.

The angles of the Unitarity Triangle.
The magnitude of the elements of the 
CKM matrix.

Perspectives and Conclusions.
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CKM MatrixCKM Matrix

Measure magnitudes from rates:

*b
u

Measure phases through interference: CP violation. Need at least
two amplitudes, e.g. 2 decay amplitudes (“direct CPV”), or decay and mixing 

2

b d

d b

W W
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Unitarity TriangleUnitarity Triangle
Unitary mixing matrix: 4 parameters (c.f. MNSP matrix in neutrinos)
For quarks, conventional Wolfenstein parameterization:

: unitarity relation for Bd decays

1

2

3

Vtd Vtb
*

*Vcd Vcb

Vud Vub
*

*Vcd Vcb

(0,0) (1,0)

(,) : interfere bu & mixing

: interfere bu & bc

: interfere bc & mixing

, ,BaBar


1
, 

2
, 

3
 Belle

CP
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Common DefinitionsCommon Definitions

Time-dependent CP Observable:

A f CP t =
Γ  Bphys

0  t  f CP−Γ  Bphys
0  t  f CP

Γ  Bphys
0  t  f CP+Γ B phys

0  t  f CP
=C f CP⋅cos  ΔmBd t +Sf CP sin  ΔmBd t 

C f CP=
1 −∣λ f CP ∣

2

1 ∣λ f CP ∣
2

S fCP=
−2Im λ f CP
1 ∣λ f CP ∣

2

CP violation in interference between decays with and without mixing:

CP eigenvalue

amplitude ratio

≈e
−2iφCP CP phase

CP 1;   CP

B0

B0

m
ix

in
g

decay

A f CP

Af CP

fCP

(t=0)

(t)

C
fCP

=0    S
fCP

=sin2 for JK
s

C
fCP

=0    S
fCP

=sin2 for + 

                      (if tree only)
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Measuring the CP parametersMeasuring the CP parameters
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B-FactoriesB-Factories

PEP-II at SLAC

1
3

~1 km in diameter

Mt. Tsukuba 

KEKB at KEK
Belle

 e+e- colliders @ Y(4S) resonance

....but also run @ Y(2S), Y(3S) and Y(5S)!

.

~1 nb
~3 nb

e+e-  hadrons cross section vs. energy (CLEO)

 e+e-Y(4S)BB (~1nb)
 e+e-qq: main background (~3nb)
B-Factory also a charm and tau factory 
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B-FactoriesB-Factories


Y(4S)

~0.43


Y(4S)

~0.56

BABARBABAR

e (9GeV)

e+ (3.1GeV)

e (8GeV)

e (3.5GeV)

 e+e- colliders @ Y(4S) resonance

....but also run @ Y(2S), Y(3S) and Y(5S)!

.

~1 nb
~3 nb

e+e-  hadrons cross section vs. energy (CLEO)

 e+e-Y(4S)BB (~1nb)
 e+e-qq: main background (~3nb)
B-Factory also a charm and tau factory 
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 e+e- colliders @ Y(4S) resonance

....but also run @ Y(2S), Y(3S) and Y(5S)!

.

B-FactoriesB-Factories

~1 nb
~3 nb

Total Lumi = 895.01 fb-1

Y(4S) ~ 725 fb-1

Data taking ongoing.
Results shown ~500-600 fb-1

Total Lumi = 553.48 fb-1

Y(4S) = 432.89 fb-1

Data taking ended in 2008.
Analysis data ongoing.
Results shown ~349-432 fb-1

e+e-  hadrons cross section vs. energy (CLEO)

 e+e-Y(4S)BB (~1nb)
 e+e-qq: main background (~3nb)
B-Factory also a charm and tau factory 



6 April 2009 F. Di Lodovico, QMUL 13

OutlineOutline
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The angles of the Unitarity Triangle.
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Angle Angle  : “Golden” Channel b: “Golden” Channel bccs   ccs   

K 0
b

c

s

c

dB0

J /ψ

d

S=sin2
C=0

bkg

CP-odd

CP-even

bkg

Belle: PRL98, 031802 (2007)

arXiv0902.1708 [hep-ex] submitted to PRD
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•Most precise measurements of CPV
in B decays to date.
•BaBar results for the final dataset.
•Still statistically-limited measurements.
•Theoretical uncertainty for sin2 from 
charmonium modes below 0.01: 
further improvements from LHCb and Super B factories.

Angle Angle  : “Golden” Channel b: “Golden” Channel bccs   ccs   
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More on Angle More on Angle  : b: bccdccd

More info needed for C in D+D 
modes.

CP violation clearly established. 
Good agreement with golden modes.

Tree amplitudes Cabibbo-
suppressed: potential sensitivity 
to penguin (loop) effects
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More on Angle More on Angle  : b: bqqs (penguin)qqs (penguin)

More statistics crucial for mode-by-mode 
studies and comparison with theory.

Penguin only or penguin dominated 
modes. 

some of recent QCDF estimates
sin2β f

eff − sin2β



6 April 2009 F. Di Lodovico, QMUL 18

Angle Angle        

 Time-dependent CPV in bu transitions.
 Problem: 2-3 amplitudes, additional interference.

– “Penguin” pollution: 
 Isospin analysis to measure 

– 4-fold ambiguity in 
– Small branching fractions.

 Most useful modes: 
– B 

Gronau, London, PRL65, 3381 (1990)   

Tree Color-suppressed “Penguin” loop
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   from Bfrom B    
From BaBar: 
B0 (arXiv:0807:4226)

B0

CP violation clearly established.
Difference BaBar-Belle 1.9
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InterpretationInterpretation

1-C
L

BABAR
arXiv:0807:4226

B() ~ B:  could be large
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World averages:

B() << B()

   from Bfrom B 
BaBar (PRD78,071104) : B0 

3.1 evidence for   

Belle(PRD78,111102): B0 



6 April 2009 F. Di Lodovico, QMUL 22

InterpretationInterpretation

(eff)~6o, <14.16o  
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Summary of Summary of      

[83.5 ; 94.0]o @ 68% CL
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• Hardest angle of all to tackle
– =−arg(Vub), and Vub is small

 Direct CPV in BD(*)0K(*) decays  
3-body Dalitz Decays (Giri,Grossman,Soffer,Zupan)
 D0Ks  

CP eigenstates (Gronau,London,Wyler)
  D0,KK,…

Doubly Cabibbo-suppressed (Atwood,Dunietz,Soni)
  D0K+ vs D0K−

• Several complementary techniques
– Time-dependent CPV in B0D(*), D(*)

  Measures sin(2)
• Key parameter: rB, ratio of |A(bu)/A(bc)|

Difficult, statistics-limited measurements! Combination of constraints: 

 = (70 28)0, uncertainty of ~28o. Larger statistics needed (LHCb, 
SuperB) 

Angle Angle      
CLEO-c



6 April 2009 F. Di Lodovico, QMUL 25
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V
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V
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•Fundamental parameters of the Standard Model
•They cannot be predicted but can be measured
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|V|Vusus| from | from   decays decays
•Preferred method to extract  is |V

us
| is from Kℓ3

,Kℓ2 decays.

•But |V
us

| can be extracted from  decays  in final states with kaons.

•However, |V
us

| ~3 below |V
us

| from Kℓ3
,Kℓ2

•Possibly due to convergence of the OPE series (arXiv:0807.3195 [hep-ph])
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|V|Vusus| from | from   decays decays

Using f
K
/f=1.189 0.007 from

E.Follana et al. Phys. Rev. Lett. 100, 062002 (2007) 

|V
us

| = 0.2255  0.0023

Consistent with |V
us

| from Kℓ3
,Kℓ2 

K
signal

background

BaBar 

•Preferred method to extract  is |V
us

| is from Kℓ3
,Kℓ2 decays.

•But |V
us

| can be extracted from  decays  in final states with kaons.

•However, |V
us

| ~3 below |V
us

| from Kℓ3
,Kℓ2

•Possibly due to convergence of the OPE series (arXiv:0807.3195 [hep-ph])

= 0.06531  0.00056  0.00093

BaBar measurement:
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Semileptonic B decaysSemileptonic B decays

Experimentally: 
good signal/background but 
proportional to form factor. Need 
Lattice QCD.

Total width easy to compute but, 
in bu, kinematic cuts
are essential to reduce bc 
background.

Exclusive and inclusive decays have different strength, complementary!

q2= transferred moment squared to 
the ℓ
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|V|Vubub| from B| from Bℓℓ ℓℓ decays decays

            (B(B  ℓℓ++ ℓℓ) = (1.34 ) = (1.34 0.06 0.06 0.05) 0.05) 1010-4-4

Belle, arXiv:0812.1414 [hep-ex]

+

0
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Theory lags behind experiments
|V

ub
|/|V

ub
| exp ~ 5%

|V
ub

|/|V
ub

| f+(0)~            (e.g HPQCD & FNAL) 

|V|Vubub| from B| from Bℓℓ ℓℓ decays decays
Belle, arXiv:0812.1414 [hep-ex]

+

0

Light-Cone Sum Rules (LCSR) P. Ball, R. 
Zwicky               Phys. Rev. D71:014015 (2005)

Unquenched Lattice QCD                          
      E. Gulez et al. Phys.Rev.D73, 074502 
(2006), Erratum-ibid.D75:119906,2007    

Unquenched Lattice QCD                       
     Okamoto et al., Nucl. Phys. Proc. 
Suppl.140:461-463, 2005   

Quenched Lattice QCD                
A. Abada et al. Nucl. Phys. B 619 
(2000) 565-587

|V
ub

| using different theoretical methods

+17%
11%
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|V|Vubub| from  B| from  BXX uuℓℓ ℓℓ decays decays
Analyses apply different kinematic cuts to 
suppress the bc background.BaBar PRL100:171802 (2008)
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B.O. Lange, M. Neubert and G. Paz, Phys. 
Rev. D72:073006 (2005)

J.R. Andersen and E. Gardi, JHEP 
0601:097 (2006)

P. Gambino, P. Giordano, G. Ossola, N. Uraltsev, 
JHEP 0710:058,2007

U. Aglietti, FDL, G. Ferrera, G. Ricciardi 
[arXiv:0711.0860]

C.W. Bauer, Z. Ligeti and 
M.E. Luke, Phys. Rev. 
D64:113004 (2001)

BaBar PRL100:171802 (2008)

Experimental error smaller 
than theoretical one:
|V

ub
|/|V

ub
| exp ~ 4%

|V
ub

|/|V
ub

| theo~ 6-7%

|V
ub

| from inclusive decays higher than from 
exclusive decays being investigated.
|V

ub
| from exclusive decays consistent with 

indirect predictions from sin2.

|V|Vubub| from  B| from  BXX uuℓℓ ℓℓ decays decays

|V
ub

|
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BaBar PRL100:171802 (2008)

|V
ub

| from inclusive decays higher than from 
exclusive decays being investigated.
|V

ub
| from exclusive decays consistent with 

indirect predictions from sin2.

|V|Vubub| from  B| from  BXX uuℓℓ ℓℓ decays decays

Form factors from: Nuovo 
Cim.123B:674-688,2008

Exclusive Decays

Inclusive Decays
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F(1)|VF(1)|V
cbcb| =(35.97 | =(35.97 0.53) 0.53) 1010-3-3

for F(1)=0.924 0.012 0.019

(J.Laiho) arXiv:0710.1111 [hep-lat]

|V|Vcbcb| =(38.7 | =(38.7  0.60.6
expexp   .9.9theotheo) )  1010-3-3

|V|Vcbcb| from B| from BDD(*)(*)ℓℓ ℓℓ decays decays
BD*ℓ

G(1)|VG(1)|V
cbcb| =(42.9 | =(42.9   1.6) 1.6) 1010-3-3

for G(1)=1.074 0.018 0.016 

(M.Okamoto et al NPPS 140, 461 (2005))

|V|Vcbcb| =(39.7 | =(39.7  1.41.4
expexp   0.90.9

theotheo )  )  1010-3-3

BDℓ

Zoom to the region 
close to the average


D

2

G(1) form factor, 
D
 slope


D*

2

F(1) form factor, 
D*

slope
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 Calculations in “kinetic” scheme (Benson, Bigi, 
Gambino, Mannel, Uraltsev, Nucl. Phys. B665:367)

 Fit to > 60 moments: DELPHI, CLEO, BaBar, 
Belle, CDF

Inclusive BInclusive BXXccℓℓ ℓℓ decays decays

Lepton moments: 

Hadronic mass moments:

|V|Vcbcb| = (41.67 | = (41.67 0.43 0.43 0.08 0.08  0.58) 0.58) 1010-3-3

m
b
= 4.6010.034 GeV 

+ other fitted parameters

Difference between exclusive and inclusive 
|V

cb
| determinations ~2.3

<En
ℓ
>=        (E

ℓ
-<E

ℓ
>)n        dE

ℓ
1                      d    
                     dE

ℓ
      

<mn
X
>=        mn

X
        dm

X
1             d    
             dm

X
      

Moments are related to |V
cb

|, m
b
, m

c
  and  non-perturbative parameters

Similarly for photon energy moments for bs

fit                
B                   

 theory
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Complementary to B
s
-mixing (from 

Tevatron) : different experimental and  
theoretical issues (penguin decays with 
respect to box diagrams), but 
statistically limited.

|V|Vtdtd|/|V|/|V
tsts| from b| from bdd /b/bss

BaBar, arXiv:0807.4975  [hep-ex]

Belle, PRD101, 111801 (2008)

,d ,d

Theoretical computations: A. Ali, H. Asatrian, C. Greub
                                          A. Ali, E. Lunghi and Parkhomenko
                                          P. Ball, G. Jones, R. Zwicky

Limited final states used. 
Not included in the theo. error.

PRD78, 112001 (2008)
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OutlineOutline

The theoretical and experimental 
environment.

The angles of the Unitarity Triangle.
The magnitude of the elements of the 
CKM matrix.

Perspectives and Conclusions
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How we were... ca March 2000How we were... ca March 2000
PDG 2000

These results do not include the ones from the B-Factories.
BaBar and Belle started to take data in 1999.
First results presented at the Summer conferences in 2000.
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How we are... in 2009!How we are... in 2009!

=(70+27)0 =(21+0.9)0

=(89.0+4.4)0

29


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A Lesson from Quarks

known theta_13: a turning point to the era of precision measurements

θ12     →    θ23    →    θ13     →    δ   →   new physics ?

～ 13°     ～ 2°       ～ 0.2°    ～ 65°     unitarity ?

CKM quark 
mixing:

Exp. steps:

MNS lepton mixing:

Exp. steps: θ23      →  θ12    →  θ13     → δ/ρ/σ       new physics ?

                  ～ 45°    ～ 34°    <10°    ～ ? ? ?           unitarity ?

Z
hi-zhong X

ing, IC
H

E
P

08
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A
drian B

evan, M
oriondE

W
 2009
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• High-precision measurements from the B-factories (final 
dataset from BaBar ~500M B). Belle continues operations 
to O(1000M decays)

Overall, excellent agreement between sides and 
angles of the Unitarity Triangle.
 But a few tantalizing hints.

Nontrivial constraints on the flavor of new physics.
• Still statistics limited.

  ~ 2o; theory errors below 1o.
   ~ 10o; limited by measurements of penguin pollution.

  ~ 15o; limited by statistics and theory.

 |V
ub

| ~ 7o; the real limitation is from theory errors.

• CPV measurements in the B system will continue to provide 
important insights and constraints on the flavor structure of 
physics within and beyond the Standard Model.

ConclusionsConclusions
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