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I report on the experimental studies of the CKM unitarity angles α(φ2) and γ(φ3) with emphasis on recent measure-

ments by the Belle and BaBar experiments at the B-factory accelerators.

1. Introduction

In the Standard Model, the origin of CP-violation

lies in the charged weak interaction sector, which in-

volves transitions amongst quarks of different flavor

and charge through the emission of a virtual W . The

coupling strengths of these transitions for the 3 gen-

erations of quarks form a 3×3 matrix first introduced

by M. Kobayashi and T. Maskawa1 and known as the

(CKM) matrix. The CKM matrix is a unitary ma-

trix parameterized by 3 real angles and one complex

phase. This single complex phase of the CKM matrix

is the source of CP-violation in the Standard Model

(SM). A popular parametrization of the CKM ma-

trix, by L. Wolfenstein,2 is given below, where the 4

parameters are A, λ, ρ and η:

VCKM =







1 − λ2

2 λ Aλ3(ρ − iη)

−λ 1 − λ2

2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1






.

The parameter η controls the CP-violating effects in

this framework. The values of the CKM parame-

ters are not specified by the SM and must be de-

termined from experimental measurements. A re-

view of the measurements of the magnitudes of the

CKM matrix elements is given by K. Schubert at this

conference, reporting values of λ = 0.2235 ± 0.0033

and Aλ2 = 0.0415 ± 0.0011. Information on the

parameters ρ and η can be obtained from a global

fit (hereafter referred to as the“CKM fit”) to sev-

eral measured quantities in the K and B meson sys-

tems, including |Vub|, B0 ↔ B̄0 oscillation frequen-

cies ∆md and ∆ms, and CP-violation observables

in the neutral kaon system(εK), whose values in the

framework of the SM depend on these parameters

(Fig. 1).3 For the (ρ, η) values in the small overlap

region in Fig. 1, the SM can accommodate all of the

above observables, of which the CPV effect in the

kaon system imposes the requirement of a non-zero

value for η. An interesting and important conse-
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Figure 1. The “CKM fit” to data from the CKMfitter group

(http://ckmfitter.in2p3.fr/). See the text for more details.

quence of a non-zero complex parameter in the CKM

matrix is CP-violation in other particle systems, no-

tably the decays of charged and neutral B mesons.

The primary mission of the B-factory experiments

is to search for the breaking of the CP-symmetry in

B meson decays and examine the consistency of the

measurements with the expected values within the

CKM mechanism. A deviation from the SM could

be an indication of New Physics effects.

1.1. Definition of the CKM Unitarity

Angles and CPV Observables in B

Decays

The unitarity of the CKM matrix imposes 9 complex

relations amongst the matrix elements, the most fa-

mous of which is the so-called CKM unitarity trian-

gle, shown below and pictured in Fig. 2:

V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0.

The sides of this triangle are determined (or con-

strained) by the values of the CKM matrix elements.
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Figure 2. The CKM unitarity triangle.

The three angles:

α(= φ2) = arg
[

− VtdV ∗

tb

VudV ∗

ub

]

,

β(= φ1) = arg
[

−VcdV ∗

cb

VtdV ∗

tb

]

, and

γ(= φ3) = arg
[

−VudV ∗

ub

VcdV ∗

cb

]

can be extracted from the measurements of CP-

violating effects in B meson decays. The experimen-

tal goal is to measure the three angles, which along

with the knowledge of the sides of the triangle will

overconstrain the model and reveal possible devia-

tions from the SM.

The measurements of sin2β, the CP-violating

asymmetry in B0 decays to charmonium final states

(b → cc̄s), by the BaBar and Belle collaborations es-

tablished the breaking of CP-symmetry in B decays.4

The experimental status of sin2β measurements are

reviewed at this conference by T. Browder. The

knowledge of sin 2β leads to four possible solutions in

the (ρ, η) plane as shown in Fig. 1, one of which co-

incides with the allowed region from the “CKM fit”.

The fit also yields the allowed ranges 77o < α(φ2) <

122o, 37o < γ(φ3) < 80o at 95% CL, which set a

reference point for comparison with direct measure-

ments.

1.2. Experimental Strategies for

Extracting Angles α and γ

Since the angles α and γ essentially measure the

phase of the CKM element Vub relative to other ma-

trix elements, any experimental strategy must in-

volve the tiny component of B decays which occur

through the b → u transition. The obvious candidate

channels for experimental studies are the so-called

“charmless” B decays, such as B → ππ, B → ρπ

and B → ρρ which can arise from the tree level tran-

sition b → u(ūd), carrying the CKM element Vub

(Fig. 3 (left)). However, a complication to this ap-
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Figure 3. The tree (left) and penguin (right) diagrams con-

tributing to “charmless” B decay (B → ππ, B → ρρ,... ).

proach arises from the presence of loop level (pen-

guin) processes (Fig. 3 (right)), involving different

CKM matrix elements, which can also lead to the

same final states. The interference of the two dia-

grams then obscures the connection between the CP

observables and the angles α and γ, thus the ex-

perimental program must also include a “tree and

penguin disentanglement” strategy.

Complementary methods, free of penguin effects,

for the determination of γ have also been explored

experimentally and will be discussed in Secs. 6 and 7.

These approaches involve CPV measurements in de-

cay modes which can occur through both the CKM

suppressed b → uW− transition and the dominant

b → cW− diagram, with the interference effects pro-

viding the sensitivity to CPV phases.

1.2.1. CPV observables in “charmless” B decays

Two sets of experimental observables are explored

for CP-violation studies in charmless B decays. For

a given final state f with CP conjugate f̄ , the mean

branching ratio and the time integrated direct CP-

asymmetry, defined as:

Adirect
CP =

Γ(B̄ → f̄) − Γ(B → f)

Γ(B̄ → f̄) + Γ(B → f)

acquire sensitivity to the angle γ as a result of the

interference between the tree and penguin diagrams.

This can easily be seen in the dependence of the de-

cay amplitudes for the B → f and B̄ → f̄ :

A = −(|T |eiγ + |P |eiδ), and

Ā = −(|T |e−iγ + |P |eiδ);

resulting in:

BR ∝ 1 + 2|P
T
|cosδcosγ + |P

T
|2

Acp = −2|P
T
| sin δ sin γ
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where T and P are the amplitudes of the tree and

penguin diagrams, respectively, and δ is the relative

strong phase of the two amplitudes.

Another set of observables are the CP-violating

quantities extracted from the time evolution of neu-

tral B decays to final states that are common to

B0 and B̄0 mesons. Time dependent CP-asymmetry

results from the interference of two possible paths

for reaching the same final state: B0 → f and

B0 ↔ B̄0 → f . All CP-violation information is en-

coded in the parameter:

λf = ηfCP

p
q

Ā
A ,

where A = |〈f |T |B0〉|, Ā = |〈f |T |B̄0〉|,ηfCP
is the

CP-eigenvalue of the final state and q
p is a measure

of CPV in mixing. Observation of either arg(λf ) 6= 0

or |λf | 6= 1 would indicate the presence of CPV in

the final state f . Time dependent CP-asymmetry

follows:

Acp(∆t) = Sfsin(∆md∆t) − Cfcos(∆md∆t)]

where the observables Sf =
2=(λf )
1+|λf |2

and Cf =
1−|λf |

2

1+|λf |2

measure the so-called indirect CP violation resulting

from interference of decay and mixing, and direct CP

violation in the decay (|A| 6= |Ā|), respectively. In

the simplest case where the decay is dominated by

a single tree diagram, λf = η
V ∗

tbVtdVubV ∗

ud

VtbV ∗

td
V ∗

ub
Vud

= ei2α,

Cf = 0, thus Sf = sin 2α. However, in general, with

the penguin contribution present, one has:

λf = e2iα 1 + |PT |eiδeiγ

1 + |PT |eiδe−iγ
,

resulting in Cf 6= 1 and Sf =
√

1 − C2
f sin 2αeff (see

the References14,16 for more details.). The net effect

of the penguin presence is to introduce the possibility

of direct CP-violation (Cf 6= 1) and a possible shift

of ∆α = αeff − α, the magnitude of which would

depend on the ratio |P/T | and the strong phase δ.

The presence of “non-tree” level diagrams in

charmless decays is inferred from the observed pat-

tern of the branching ratios in these modes, as seen

in the compilation of the data for the 2-body charm-

less decays by the Heavy Flavor Averaging Group.5

At the tree level the expected rate for the CKM

suppressed decay B0 → K−π+ would be about

5% of the rate for B0 → π+π−. However, the

pattern of the data does not follow this expecta-

tion; the measurements (initially by CLEO) give

B(B0 → K−π+) = (18.2± 0.8)× 10−6 and B(B0 →
π−π+) = (4.6 ± 0.4) × 10−6. This enhancement of
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Figure 4. Summary of branching ratios for charmless 2-body
B decays by the Heavy Flavor Averaging Group.

the Kπ mode, also observed in the rest of the family

of Kπ and ππ modes, is an indication of the pres-

ence of another process contributing at a significant

level to these decays. The main candidates within

the Standard Model are the radiative loop diagrams

(penguins), dominated by the QCD penguins. The

experimental investigation of charmless decays aim-

ing at the determination of the angles α and γ from

these modes is performed with the reality of the pen-

guin contribution in mind. It is clear that no single

measurement in these channels is likely to lead to

the determination of α and γ. The answer is likely

to arise from exploiting the connections (via isospin

symmetry, SU(3) of flavor) amongst the rates and

CP-asymmetries of many modes, along with the use

of factorization and perhaps other more predictive

theories such as QCD factorization6 or perturbative

QCD7 (when independently verified). This requires

a comprehensive experimental and theoretical anal-

ysis of all pieces of the “charmless” puzzle, which

forms the basis of the knowledge of α and γ.

2. Experimental Arrangement at the

B-factories

The B-factory experiments, BaBar at the PEP-II

machine at SLAC and Belle at the KEKB machine

in the KEK laboratory in Japan, have been designed

and optimized to study time-dependent CP-violation
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in B decays at the Υ(4S). The detailed descrip-

tion of the machines and the detectors can be found

elsewhere. Here I will briefly summarize the main

features of the experimental arrangement, in partic-

ular the aspects pertaining to the study of charmless

B decays. The B-factories are asymmetric electron-

positron colliders operating at a center-of-mass en-

ergy near the Υ(4S) (10.58 GeV) resonance. The

Υ(4S) is just above the threshold for open Bottom

(B) production and decays exclusively to a B+B−

or B0B̄0 pair, with nearly equal proportion. Close

to the threshold, B’s are produced nearly at rest in

the center-of-mass frame of the Υ(4S). The Υ(4S)

resonance, which produces a cross section peak of

about 1 nb−1 on a continuum backround of about

3 times larger, has been mined in the past 20 years

by the CLEO experiment at the CESR machine at

Cornell and the ARGUS experiment at the DORIS-

II machine in DESY, for exploring properties of the

B mesons. The new machines (PEP-II and KEKB)

have earned the title of “Factory” because of their

high luminosities, which is required for producing

large number of B’s for CPV studies. The other

new feature is their asymmetric laboratory beam en-

ergies: 9 GeV e− on 3.1 GeV e+ for PEP-II and

8 GeV e− on 3.5 GeV e+ for KEKB, resulting in

a relativistic boost to the B mesons, which allows

for mapping the time-evolution of “tagged” neutral

B decays. “Tagged” here refers to the identification

of the initial flavor (b or b̄) of the B meson at the

∆t = 0. Since the B0 meson undergoes flavor os-

cillation before decaying, information on its initial

flavor is extracted from the flavor of the other B

meson in the event, taking advantage of the quan-

tum entangled nature of the “B0B̄0” system in an

L=1, CP=-1 state, which by spin statistics forbids

the pair to transform into a B0B0 or a B̄0B̄0 state,

hence correlating the flavor of the two B mesons un-

til one of them decays. The particle content and

the kinematical properties of the decay products of

the B meson reveal its (B or B̄) flavor. The experi-

ments perform decay time measurements using pre-

cision silicon vertex tracking, and particle identifica-

tion using a variety of techniques, including electro-

magnetic calorimetry, measurement of dE/dx in the

tracking system and Čerenkov detectors. Charmless

2-body B decays pose a particularly difficult exper-

imental problem for hadron identification, as π/K

discrimination is crucial to separating the overlap-

B
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Figure 5. A cartoon of a BB̄ event at an asymmetric B-

factory. See the text for more detail.

ping B → ππ and B → Kπ modes, whose decay

products populate the momentum range of 1-4 GeV

in the laboratory frame.

A cartoon of a BB̄ event produced in an asym-

metric B-factory is shown in Fig. 5, depicting the

decay products of a pair of B mesons boosted along

the beam direction (the z-axis). In such a scenario

one B meson decays into a rare CP-eigenstate such

as B → π+π− (Bcp) and the other B in a generic

“flavor revealing” mode (Btag). For a fully recon-

structed B meson, two kinematical quantities can be

constructed from measurements of its decay products

and the knowledge of the colliding beam energies, all

calculated in the center-of-mass frame: beam energy

constrained mass defined as MES =
√

E2
beam − P ∗2

B

and the energy difference ∆E = Ebeam − E∗
B , where

E∗
beam is half of the total center-of-mass energy and

P ∗
B and E∗

B are the reconstructed momentum and

energy of the B meson candidate. The experimental

resolution of MES is dominated by the knowledge of

the beam energy and is typically around 2 to 3 MeV.

The resolution in ∆E is dominated by the E∗
B reso-

lution, thus its value is mode dependent with a range

of 15-30 MeV, for modes with only charged tracks in

the final state.

Quantities central to a CP analysis of B meson

decays are decay vertex separation along the beam

axis ∆Z = Ztag−Zcp and the flavor tagging informa-

tion from the decay products of the other B in the

event. The decay time difference is extracted from

the relation ∆t ' ∆Z/γβ, with a typical resolution

of around 180 µm, dominated by the vertex measure-

ment on the tagging side. Flavor tagging is achieved

with an effective efficiency ε(1−2w)2 ' 30%, where ε
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and w are the tagging efficiency and the mis-tagging

probability, respectively.

Charmless B decays of interest to CP analy-

sis require additional experimental attention. Typi-

cally, the relevant branching ratios are of the order of

10−5 or less and their kinematical features are read-

ily mimicked by the copious continuum e+e− → qq̄

events. Furthermore, the modes of similar topology,

such as B → ππ, B → Kπ and B → KK have

considerable overlap in the ∆E distribution. A num-

ber of experimental handles exploiting the differences

in event shape properties of BB̄ and continuum qq̄

events have been developed to suppress the back-

ground effects. The powerful hadron identification

capabilities of the detectors are the key to separat-

ing modes of similar topologies.

3. CP-violation Studies with 2-body

Charmless B Decays

The B-factory experiments have performed compre-

hensive studies of the branching ratios and CP-

asymmetries in 2-body charmless decays B → ππ

and B → Kπ, improving significantly over the previ-

ous measurements from the CLEO experiment. Be-

low, I will discuss the latest measurements of the

time-dependent CP-asymmetries in B → π+π− and

results on the first observation of the decay B →
π0π0, followed by a summary of the measurements

of 2-body charmless decays and comments on the im-

plication of these results for the angles α and γ.

3.1. CP Analysis of the Decay B → π+π−

Both BaBar8 and Belle9 have performed and pub-

lished CPV analyses of the decay B → π+π−.

The published results are based on data samples of

81 fb−1 for BaBar and 78 fb−1 for Belle, collected up

to the summer conferences in 2002. The BaBar col-

laboration has updated their measurements for this

conference by including their Run 3 data and the

reprocessed Run 1 and Run 2 data samples, total-

ing 113 fb−1 at the Υ(4S) peak. The measurements

from the Belle collaboration were not updated for

this conference.

For their 2002 results, each experiment observes

about 200 events in this channel, with compara-

ble signal-to-noise ratio of S/B ' 1. The quality

of the signals and the relative contributions of the

backgrounds can be seen in the ∆E distributions in

Figs. 6 (Belle) and 7 (BaBar).
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Belle data (2002).
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Figure 7. ∆E distribution for B → π+π− candidates in the
BaBar data (2002).

These distributions are obtained after applying

cuts on various variables developed for background

suppression, including particle identification crite-

ria. The distribution for the BaBar data is a pro-

jection plot, where the cut is applied on the signal-

to-background likelihood ratio, which is constructed

from the distributions of the various quantities used

in the analysis. The ∆E distributions show the resid-

ual Kπ component, which is present in the distribu-

tion of the signal candidates, the size of which de-

pends on the K/π separation of the experiment. In

the CP analysis, the ∆t and “tagging” information

are added to the kinematical and event shape quanti-

ties to perform an unbinned maximum-likelihood fit

to the event sample in order to extract the values of

the CP observables, Sππ and Cππ. For details of the

methods in each case, see the published papers on the

subject.8,9 The results are summarized in Table 1, in-

cluding the updated BaBar results with 113 fb−1 ,

which supersedes their previous measurement. The

∆t distributions and the CP-asymmetries are shown

in Fig. 8 for the BaBar measurement (2003) with

their full data sample, including Run 3, and in Fig. 9
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for the Belle measurement (2002). The BaBar and

Belle results have a χ2 of 6.7 for 2 degrees of free-

dom, which corresponds to about a 2σ separation.

A simple average of the two measurements is given

in Table 1. There is no significant evidence for di-

rect CPV (Cππ 6= 0) or indirect CPV (Sππ 6= 0) in

this channel. Further discussion of the implications

of the results and possible constraints on the CKM

unitarity angle α are presented in Sec. 4.
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Figure 8. The ∆t distributions of B → π+π− candidates in

the BaBar data, including their Run 3 data sample. The mea-
sured time dependent asymmetries are shown in the bottom
plot.

Figure 9. The ∆t distributions of B → π+π− candidates

in the Belle data. The measured time dependent CP-

asymmetries are shown in the bottom plot.

3.2. Observation of the Decay B → π0π0

Perhaps the most pleasant new input of relevance

to the angle α at this conference is the obser-

vation of the decay B → π0π0 by the BaBar

collaboration,10 supported by strong evidence from

the Belle collaboration.11 The decay B → π0π0 is

one of the components of the isospin analysis, which

allows for disentangling the penguin and tree effects

in charmless 2-body B decays. Previous results in

this mode were limited to upper bounds (at 90%

CL) on its branching ratio: < 3.6× 10−6 for BaBar,

< 6.4 × 10−6 for Belle and < 4.4 × 10−6 for CLEO.

The new BaBar result is based on their full data

set of 113 fb−1, which represents a 40% enhance-

ment in statistical power of the data. Two major

improvements were also introduced in the analysis.

A major source of background in this analysis is the

decay B → ρ+π0, whose branching ratio was recently

measured by the BaBar collaboration to be: (B(B →
ρ+π0) = (11.0±1.9±1.9)×10−6), significantly lower

than the previous upper bound from the CLEO ex-

periment (B(B+ → ρ+π0) < 43× 10−6 at 90% CL).

This results in a lower level (and lower uncertainty)

for the estimated background from this source. The

second analysis improvement is the new optimization

of the Fischer discriminant (F), which is a linear com-

bination of several signal and continuum background

discriminating variables and includes the output of

a neural network program on “flavor tagging” anal-

ysis. The MES and (F) distributions of the π0π0

candidates are shown in Fig. 10, where a clear peak

is evident at the B mass. The small estimated back-

ground from B → ρ+π0 is shown in the dashed curve.

The signal is, by choice of binning, distributed uni-

formly in the F variable (solid histogram), whereas

the background qq̄ events are represented by the ris-

ing dashed histogram. There is a clear excess of

events above the expected background in the first

bin, which is the most discriminating region of the

distribution. From a fit to the data, the BaBar col-

laboration reports 46+14+2
−13−3 events in the B → π0π0

decay. The overall significance of the effect, including

the systematic uncertainties, is 4.3σ, qualifying it for

an “Observation” report. They report a branching

ratio of (2.1 ± 0.6(stat) ± 0.3(syst)) × 10−6.

The Belle collaboration also presents strong ev-

idence for this mode, using their full data set of

158 fb−1 on the Υ(4S) peak. The distributions of
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Table 1. Measurements of Sππ and Cππ by the BaBar and Belle experiments.

Experiment Data sample Sππ Cππ

BaBar(2002) 81 fb−1 0.02 ± 0.34 ± 0.05 −0.3 ± 0.25 ± 0.04

Belle(2002) 78 fb−1 −1.23 ± 0.41+0.08
−0.07 −0.77 ± 0.27 ± 0.08

BaBar(2003) 113 fb−1 −0.40 ± 0.22 ± 0.03 −0.19 ± 0.19 ± 0.05

Average (BaBar 2003 & Belle 2002) −0.58 ± 0.20 −0.38 ± 0.16
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Figure 10. Distribution of MES and Fischer discriminant (F )
for B → π0π0 candidates in the BaBar data.

their candidate events in MES and ∆E are shown in

Fig. 11, along with the estimated background from

B → ρ+π0 using the new BaBar measurement of this

branching ratio, and the estimated background from

continuum qq̄ events. A fit to the data yields 25.6+9.3
−8.4

events with a significance of 3.4σ. They report a

branching ratio of (1.7±0.6(stat)±0.3(syst))×10−6,

consistent with the BaBar measurement.

With the observation of the decay B → π0π0,

all modes needed for the isospin analysis have now

been identified, an important step in the overall pro-

gram of measuring the angle α. The measurements

of the branching ratios are summarized in Table 2,

along with the world averages from the Heavy Flavor

Averaging Group (HFAG).5
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3.3. Summary of Measurements of

Charmless 2-body Decays

A summary of the measured branching ratios and

direct CP-asymmetries in charmless 2-body B de-

cays has been produced by HFAG and is shown in

Figs. 4 and 12. Clearly much progress has been made

with the data from the B-factories. The new mea-

surements confirm the original finding by the CLEO

experiment that the penguin effects play a signifi-

cant role in rare B decays. Except for the direct

CP-asymmetry in the mode B → π0π0, all other

components of the isospin analysis for “the tree and

penguin disentanglement” in the mode B → ππ have

been identified.

The improvement in the accuracy of time-

integrated direct CP-asymmetries is worthy of some

attention. In the mode B0 → K−π+, the ex-

periments report: −0.107 ± 0.041 ± 0.013(BaBar)

and −0.086 ± 0.035 ± 0.014 (Belle), each at about

2.5σ from no CPV, with a world average (includ-
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Table 2. Summary of the measurements of the branching ratios (×10−6) of B → ππ decays.

Mode CLEO Belle BaBar Average

π+π− 4.5+1.4−0.5
−1.2−0.4 4.4 ± 0.6 ± 0.3 4.7 ± 0.6 ± 0.2 4.6 ± 0.4

π+π0 4.6+1.8+0.7
−1.6−0.6 5.3 ± 1.3 ± 0.5 5.5+1.0

−0.9 ± 0.6 5.2 ± 0.8

π0π0 < 4.4 1.7 ± 0.6 ± 0.3 2.1 ± 0.6 ± 0.3 1.97 ± 0.47

HFAG August 2003

-1.0 -0.5 0.0 0.5 1.

CP Asymmetry in Charmless B Decays

   Babar
   Belle
   CLEO
   PDG02
   New Avg

ACP

Figure 12. Summary of direct CP-asymmetries for charm-

less 2-body B decays by the Heavy Flavor Averaging Group

(HFAG).

ing the CLEO measurement −0.04 ± 0.16 ± 0.02) of

−0.09± 0.03. It is also interesting that at this point

there is no evidence for “large” direct CP-violation

in any mode.

4. What Have We Learned About α and

γ?

To begin with, the consistency of the CPV measure-

ments with the CKM picture in the Standard Model

must be examined. I refer the reader for detail dis-

cussions of the topic to several recent reviews.16−18

As discussed in the previous sections, the SM refer-

ence points for the purpose of comparison with data

are the expected ranges of the angles from the “CKM

fit”: (77o < α(φ2) < 122o, 37o < γ(φ3) < 80o at

95% CL). Following the approach of M. Gronau and

J.L. Rosner,14,16 the CPV measurements are com-

pared with theoretical predictions in the plane of

(Sππ and Cππ) (Fig. 13). Sππ and Cππ are com-

puted according to the equations in Sec. 1.2, which

require as inputs the ratio of penguin to tree, |P/T |,
and the relative strong phase of the two amplitudes

(δ). In the Gronau and Rosner approach, the value

of |P/T | is estimated by employing factorization and

SU(3) relations, and exploiting information on 2-

body charmless B decays, such as the rates for the

penguin dominated decay B → K0π+, the tree dom-

inated decay B → π+π0 as well as the form factor

from the semi-leptonic decay B → π`ν. A value of

around 0.27 (±0.03) is favored from these consider-

ations. For the plot presented here a ballpark value

of 0.3 is used. No constraints are imposed on δ, al-

lowing it the full range of −π to +π. Figure 13 illus-

trates the physical boundary imposed by the relation

S2 +C2 < 1.0 (the large circle), the family of Cππ vs

Sππ curves (the circles from right to left) for input

values of α= 30(deg.), 60(deg.), 90(deg.), 105(deg.),

120(deg.) and 140(deg.). The circles correspond-

ing to the two ends of the allowed range of α from

the “CKM” fit: 77o and 122o are also labeled. The

data points for BaBar (square), Belle (circle) and

the “world average”(WA) (diamond) are also shown.

Clearly, at the current level of predictive power of the

theory and the experimental precision, the SM can

accommodate the experimental measurement. Fur-

ther progress in sharpening this comparison and its

implication for the angle α would require indepen-

dent constraints on the strong phase δ and improved

accuracy on the knowledge of the value of |P/T |.

4.1. Constraints on α using Sππ and Cππ

and Connections amongst 2-body

Charmless B Decays

Gronau and London12 proposed the use of isospin re-

lations amongst rates and CP-asymmetries of B →
ππ decays for extracting the shift ∆α = αeff − α,

where αeff is determined from sin 2αeff = Sππ√
1−C2

ππ

.

The isospin analysis involves construction of sepa-
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See the text for further description of the graph.

rate triangles from the information on B0 and B̄0

decays, thus requiring measurement of direct CP-

asymmetries in addition to the average branching

ratios into ππ final states (Fig. 14). The mismatch

between the two triangles yields the value of |∆α|,
with a four-fold ambiguity. Given the current sta-

tistical power of the data, we are still some distance

from achieving a useful measurement of direct asym-

metry in the π0π0 mode, thus a full isospin analysis is

not yet possible. Quinn and Grossman19 have shown

that the knowledge of the ratio of mean branching

fractions for B̄(B → π0π0) and B̄(B → π0π+) de-

cays imposes an upper bound on ∆α according to

the following equation:

sin2∆α <
B̄(B0 → π0π0)

B(B± → π±π0)
.

The current data leads to |αeff − α| < 48o at 90%

CL, which is not a very useful constraint and given

the large value of the ratio of branching ratios, no

significant improvement is expected in the future.

Other relations have also been developed but unfor-

tunately with the current level of accuracy of the

measurements none improves significantly over the

above limit.20,21

A. Hoecker, H. Lacker, M. Pivak and L. Roos18

report an analysis of the information on charmless
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Figure 14. Isospin triangles for the B → ππ system.

2-body decays, within several theoretical scenarios

for connecting the various pieces of the data. These

include SU(2) (isospin relations), flavor SU(3), and

inputs from QCD factorization6 on SU(3) breaking

and penguin and tree ratios and phases. They em-

ploy the tools of the “global CKMfitter” to compute

confidence level for the possible values of the angle α.

In Fig. 15, is plotted the confidence level vs α from a

fit to the data for two scenarios: (top) SU(3) relation

among various modes and an estimate of the penguin

amplitude from B → K0π+ and (bottom) using the

QCD factorization predictions for P/T and δ. The

confidence level plot from the “CKM fit” for the an-

gle α is also shown. In both cases the “global CKM

fit” has substantial overlap with fits to the data from

the 2-body decays, again indicating that the SM can

accommodate the data.

4.1.1. Any constraints on γ?

The decay rates and direct CP-asymmetries in the

B → Kπ channels are sensitive to the angle γ. A

number of ratios of branching ratios and pseudo-

asymmetries, defined below, have been proposed and

examined by several authors for extracting informa-

tion on γ (Rosner, Gronau, Fleischer, Neubert and

Mannel).22−24 These are:

R0 = B(B0→K+π−)+B(B̄0→K−π+)
B(B0→K+π0)+B(B̄0→K−π0)

τ(B+)
τ(B0) ,

A0 = B(B0→K+π−)−B(B̄0→K−π+)
B(B0→K+π0)+B(B̄0→K−π0)

τ(B+)
τ(B0) ,

Rc = 2B(B+→K+π0)+B(B̄−→K−π0)

B(B+→K0π+)+B(B̄−→K̄0π−)
,
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Figure 15. A global fit to the measurements of the ππ system.
See the text for detail description of the content of the graphs.

Ac = 2B(B+→K+π0)−B(B̄−→K−π0)
B(B+→K0π+)+B(B̄−→K̄0π−)

,

Rn = 1
2

B(B0→K+π−)+B(B̄0→K−π+)

B(B0→K0π0)+B(B̄0→K0π0)
, and

An = 1
2

B(B0→K+π−)−B(B̄0→K−π+)
B(B0→K0π0)+B(B̄0→K0π0)

.

The updated values of these ratios based on the lat-

est world averages (from HFAG) are:

R0 = 0.99 ± 0.09 A0 = −0.09 ± 0.03

Rc = 1.30 ± 0.15 Ac = 0.0 ± 0.06,

Rn = 0.8 ± 0.11 An = −0.07 ± 0.03.

Comparisons of the data with theoretical rela-

tions have been discussed by the authors mentioned

above and shown that the data accommodates the

range of γ from the “global CKM fit”. (For recent

reviews see the References.16,17)

5. Other Channels for Reaching α

Extending the measurement of the angle α to higher

multiplicity charmless B decay modes, such as B →
3π and B → 4π, is the natural next step. The CPV

studies in these channels would require the additional

analysis step of isolating the CP-eigenstate compo-

nents of the multiparticle system. The simplest ap-

proach would be to identify quasi-2 body decays into

resonances, such as B → ρπ, B → a1π, or B → ρρ,

and perform an angular analysis of the final states

to isolate the CP-odd and CP-even components.

The B → ρπ system presents a special case for

the neutral B decays: the final states ρ+π− and

ρ−π+, which can be reached by both B0 and B̄0,

have substantial overlap in the Dalitz plot, thus their

amplitudes interfere and generate additional depen-

dence on α and the strong phases of the final states.

Quinn and Snyder13 have shown that the interfer-

ence effect can be exploited to extract the angle α

even in the presence of penguins. This would involve

an amplitude analysis of the 3π Dalitz distribution,

which is a formidable task given the presence of large

background from qq̄ and generic BB̄ events. Studies

have shown that the sensitivity of such an analysis

begins to become interesting for the B-factory data

samples at around 100 fb−1. Studies along these lines

are currently underway in both BaBar and Belle with

results expected in the next few months.

In the absence of a full amplitude analysis,

BaBar has presented a CP analysis of the quasi 2-

body decay B → ρ±π∓25 and both BaBar and Belle

have performed measurements of the branching ra-

tios of the various modes necessary for an isospin

analysis of the ρπ system, analogous to the ππ sys-

tem. More details on these measurements are dis-

cussed below. Both BaBar and Belle have also pre-

sented results on the decay B → ρρ, which indicate

interesting possibilities for extracting information on

the angle α.

5.1. CP Studies of the Decay B → ρπ

The system ρ±π∓ is not a CP-eigenstate, but both

final states ρ+π− and ρ−π+ can be reached by B0

and B̄0, thus it is a candidate for time-dependent

CP-asymmetry studies. The time evolution of a neu-

tral B decay in this mode follows:

fB0(ρ±h∓)(∆t) = (1 ± Acp(ρh))e−|∆|t/τ (1 + [(Sρh ±
∆Sρh)sin(∆m∆t) − (Cρh ± ∆Cρh)cos(∆m∆t)]),

fB̄0(ρ±h∓)(∆t) = (1 ± Acp(ρh))e−|∆|t/τ (1 − [(Sρh ±
∆Sρh)sin(∆m∆t) − (Cρh ± ∆Cρh)cos(∆m∆t)]),

Where h = π or K. Summing over the charge of the

ρ meson, results in the time-dependent asymmetry:

Aρπ(B0/B̄0) ' Sρπsin(∆m∆t) − Cρπcos(∆m∆t).

The CP-violating observables are: Sρπ for indirect
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Table 3. Summary of the measurements of branching ratio (×10−6) of B → ππ decays.

N(ρπ) N(ρK) Cρπ Sρπ

804.2 ± 49.2 260.4 ± 31.4 0.35 ± 0.13 ± 0.05 −0.13 ± 0.18 ± 0.04

ACP (ρπ) ACP (ρK) ∆C ∆S

−0.11 ± 0.06 ± 0.03 0.18 ± 0.12 ± 0.08 0.2 ± 0.13 ± 0.05 0.33 ± 0.18 ± 0.03

CP-violation, and the quantities Cρπ and the charge

asymmetry Aρh = N(ρ+h−)−N(ρ−h+)
N(ρ+h−)+N(ρ−h+) (Aρπ and AρK)

are measures of direct CP-violation. The parameters

∆Cρπ and ∆Sρπ are CP conserving quantities and

are labeled as dilution factors. The projection plots

in ∆t and the corresponding time-dependent asym-

metry plot are shown in Fig. 16. The results, includ-

ing the charge asymmetry for the decay B → ρK,

are summarized in Table 3.
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Figure 16. Time-evolution and asymmetry plot for B →

ρ±π∓ candidates in the BaBar data.

There is no significant evidence for CP-violation

in this mode, but the values of the direct CPV quan-

tities, Cρπ and ACP (ρπ), both showing about 2σ de-

viations from zero, deserve a little more attention.

In order to present a statistical statement on direct

CPV effects in this channel, these quantities are re-

cast in more familiar forms:

A+− = N(B̄0→ρ+π−)−N(B0ρ−π+)
N(B̄0→ρ+π−)+N(B0ρ−π+)

=
Aρπ

CP
−C−Aρπ

CP
.∆C

1−∆C−Aρπ

CP
.C

,
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A
+
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Figure 17. Confidence intervals for the direct CP-asymmetries
A+− and A−+ using total error bars (statistical and system-

atic errors in quadrature).

A−+ = N(B̄0→ρ−π+)−N(B0ρ+π−)

N(B̄0→ρ−π+)+N(B0ρ+π−)

=
Aρπ

CP
+C+Aρπ

CP
.∆C

1+∆C+Aρπ

CP
.C

.

and plotted in Fig. 17 along with the corresponding

confidence level plots. This puts the data point at

about 2.5σ away from the origin (zero CPV point).

5.2. Comments on the Decay B → ρρ

Both BaBar and Belle have performed extensive

studies of the B → V V decays, where V stands for

a vector meson (reviewed in the talk by J. Fry at

this conference). An important channel among this

class of final states, presenting interesting opportu-

nities for measuring α, is the family of B → ρρ de-

cays, which includes B0 → ρ+ρ−, B+ → ρ+ρ0 and

B0 → ρ0ρ0. The ρρ system is essentially an analog

of the ππ system (with one caveat discussed below),

providing a measurement of αρρ
eff . The decay am-

plitudes are connected via isospin symmetry and a

Quinn-Grossman (type) bound on |αρρ
eff − α| can be

extracted from information on the mean branching
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ratios of the decays B0 → ρ0ρ0 and B+ → ρ+ρ0.

The main difference from the ππ system is in the CP

composition of the final state, which in this case can

be a mix of CP-odd and CP-even states. In general,

the pair of ρ mesons can be in a state of relative or-

bital angular momentum L=0 (S-wave), 1 (P-wave)

and 2 (D-wave), thus allowing for both a CP-odd

state (transversely polarized ρ) and a CP-even state

(longitudinally polarized ρ). The angular analysis

of the decays B+ → ρ+ρ0 (Belle and BaBar) and

B+ → ρ+ρ− (BaBar) have shown that the decays

are dominated by the longitudinal polarization (CP-

even component)(fL).26−27 This significantly simpli-

fies the time-dependent measurements which are cur-

rently underway, with results expected in the near

future. Furthermore, applying the Quinn-Grossman

relation to the constraints on branching ratios gives:

sin2(αρρ
eff − α) ≤ (fL(ρ0ρ0)×B(ρ0ρ0))

(fL(ρ+ρ0)×B(ρ+ρ0))

resulting in: |αρρ
eff − α| < 19o, at 90% CL which is

already more restrictive on penguin effects than in

the ππ system.

6. Reaching γ via the B → DK Channel:

Interference of b → u(W −
→ c̄s) and

b → c(W −
→ ūs)

The family of B → DK decays represents a “penguin

free” channel for reaching the angle γ. The responsi-

ble diagrams are illustrated in Fig. 18. For details of

the methods and formulation of strategies for these

measurements see the References.29 The amplitude

relations below show the connection to the angle γ,

which enters via Vub:

A(B− → D̄0K−) = |A1|eiδ1eiγ

A(B− → D0K−) = |A2|eiδ2 ,

A(B+ → D0K+) = |A1|eiδ1e−iγ

A(B+ → D̄0K+) = |A2|eiδ2 ,

where δ1 and δ2 are the CP conserving strong phases.

For final states where the D meson decays into a

CP-eigenstate (such as π+π− or φK0
s ), Dcp, both

diagrams contribute, with the corresponding decay

amplitudes:

A(B− → DcpK
−) = |A1|eiδ1eiγ + |A2|eiδ2 ,
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Figure 18. Diagrams of contributions to the decay B →

DcpK. See the text for details.

A(B+ → DcpK
+) = |A1|eiδ1e−iγ + |A2|eiδ2 .

The resulting interference effects preserve the

sensitivity to the angle γ in the rates and CPV

observables. From the experimental point of view,

however, the task is difficult: the expected asym-

metries are small (the scale set by the relative sizes

of the interfering CKM suppressed and favored di-

agrams) and the D0 decays into CP-eigenstates are

rare. The original proposal by Wyler et al.,29 in-

volved construction of the two amplitude triangles in

the complex plane using the decay rates, and deter-

mination of the angle γ from their mismatch. How-

ever, it turns out that in practice when hadronic final

states are employed for identifying D meson decays,

the b → u channel (B+ → D0K+) is indistinguish-

able from the final state B+ → D̄0K+ (b → c) fol-

lowed by the Double Cabibbo Suppressed Decay of

D̄0. The alternative set of observables, which have

been explored in these channels, consists of the rate

ratio and the CP-asymmetry defined as :

Rcp =
B(B−→D0

cpK−)+B(B+→D̄0
cpK+)

B(B−→D0K−)+B(B+→D̄0K+)

= 1 + r2
DK ± 2rDKcosδDKcosγ,

Acp =
B(B−→D0

cpK−)−B(B+→D̄0
cpK+)

B(B−→D0K−)+B(B+→D̄0K+)

= ±2RDKsinδDKsinγ
1+r2

DK
±2rDKcosδDKcosγ

,

where the unknown parameters are the ratio of the

amplitudes of the b → u and the b → c transi-

tions (for each decay process), rDK , their relative

strong phase δDK and the angle γ. In principle,

all three unknowns can be extracted from the data,
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Table 4. Measured Branching ratios for B → DK decays

Mode CLEO Belle BaBar

B− → D0K− (9.9 ± 1.3 ± 0.7)% (7.7 ± 0.9 ± 0.6)% (8.31 ± 0.35 ± 0.2)%

B− → D0K∗− (6.1 ± 1.6 ± 1.7) × 10−4 (5.2 ± 0.5 ± 0.6) × 10−4 (6.3 ± 0.7 ± 0.4) × 10−4

B− → D∗0K∗− (7.7 ± 2.2 ± 2.6) × 10−4 (8.3 ± 1.1 ± 1.0) × 10−4

B0 → D̄0K∗0 (4.8 ± 1.1 ± 0.5) × 10−5 (3.0 ± 1.3 ± 0.6) × 10−5

B0 → D̄0K0 (5.0 ± 1.3 ± 0.6) × 10−5 (3.4 ± 1.3 ± 0.6) × 10−5

B0 → D̄∗0K0 < 6.6 × 10−5(90% CL)

B0 → D̄∗0K∗0 < 6.9 × 10−5(90% CL)

B0 → D∗0K0 < 1.8 × 10−5(90% CL)

B0 → D∗0K∗0 < 4.0 × 10−5(90% CL)

Table 5. Measured CP observables for the B → DK decays

B− → D0K− R1(CP = +1) A1(CP = +1) R2(CP = −1) A2(CP = −1)

Belle 1.21 ± 0.25 ± 0.14 0.06 ± 0.19 ± 0.04 1.41 ± 0.27 ± 0.15 −0.19 ± 0.17 ± 0.05

BaBar 1.06 ± 0.26 ± 0.17 0.17 ± 0.23 ± 0.08

B− → D0K∗−

Belle −0.06 ± 0.33 ± 0.07 0.19 ± 0.50 ± 0.04

when sufficient precision in the measurements has

been achieved. The method has also been extended

to B0 decays.

The experiments have covered many of the pos-

sible channels in the B → DK system,30−33 as com-

piled in Table 4 and Table 5, with several incomplete

areas waiting for more data. The Belle collaboration

has performed an analysis of the decay B → D0K,

using the 3-body decays of D0,34 reporting a 90% CL

interval of 61o < γ < 142o.

7. Reaching 2β + γ Through the Decay

B → D(∗)+π−: Interference of the

b → c and b → u Diagram via B0
→ B̄0

Mixing

A small interference effect present in the decay B →
D(∗)+π provides sensitivity to the phase 2β + γ.35

The dominant contributing diagram to this channel

is the CKM favored b → c(ūd) transition. A small

contribution is also expected from the diagram in-

volving B0 ↔ B̄ oscillation, followed by the CKM

suppressed b̄ → ū(cd̄) transition. The interference of

the two diagrams generates sensitivity to the phase

2β +γ, where the mixing diagram contributes to the

phase 2β.

As expected the resulting CP-asymmetry is very

small, the scale set by the ratio of the amplitudes:

rDπ = A(B̄0→D−π+)
A(B0→D−π+) ' 0.02. The experimental anal-

ysis involves a time-dependent CP analysis of tagged

neutral B decays into this final state. The time evo-

lution relations are:

P (B0 → D∓π±,∆t) =

Ne−Γ|∆t|[1 ± CDπcos(∆md∆t) + S∓
Dπsin(∆md∆t)],

P (B̄0 → D∓π±,∆t) =

Ne−Γ|∆t|[1 ∓ Ccos(∆md∆t) − S∓
Dπsin(∆md∆t)],

where the CP observables are CDπ =
1−r2

Dπ

1+r2
Dπ

' 1 and
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SDπ = 2rDπ

1+r2
Dπ

sin(2β + γ ± δDπ). Besides 2β + γ,

the other unknowns in this analysis are rDπ and the

relative strong phase δDπ. BaBar and Belle pre-

sented preliminary results on time-dependent CP-

asymmetries in B → D∗+π− and B → D+π− at

this conference. A summary of the measurements is

given below.

BaBar with fully reconstructed decays36

2rD∗πsin(2β + γ)cosδD∗π = −0.068 ± 0.038 ± 0.021

2rD∗πcos(2β + γ)sinδD∗π = −0.031 ± 0.070 ± 0.035

2rDπsin(2β + γ)cosδDπ = −0.022 ± 0.038 ± 0.021

2rDπcos(2β + γ)sinδDπ = −0.025 ± 0.068 ± 0.035.

Belle with fully reconstructed decays37

2rD∗πsin(2β + γ + δD∗π)

= +0.092 ± 0.059 ± 0.016 ± 0.036(D∗`ν)

2rD∗πsin(2β + γ − δD∗π)

= +0.033 ± 0.056 ± 0.016 ± 0.036(D∗`ν)

2rDπsin(2β + γ + δDπ)

= +0.094 ± 0.059 ± 0.013 ± 0.036(D∗`ν)

2rDπsin(2β + γ − δDπ)

= +0.022 ± 0.056 ± 0.013 ± 0.036(D∗`ν).

BaBar with partially reconstructed decays36

2rD∗πsin(2β + γ)cosδD∗π = −0.064 ± 0.025 ± 0.017.

The BaBar collaboration has presented limits on

sin(2β + γ) using an estimate of rDπ by employ-

ing factorization relations and information from the

decay B → Dsπ, corrected for flavor SU(3) break-

ing. They perform a χ2 fit, taking into account es-

timates of the theoretical and experimental uncer-

tainties to calculate confidence levels as a function

of the CPV phase. They set an upper bound of

|sin(2β + γ)| > 0.76 at 90% CL Figure 19 shows

the implication of the confidence level information

on sin(2β + γ) in the (η, ρ) plane, along with the

standard “CKM fit”, indicating that the sin(2β + γ)

information also favors the Standard Model (η, ρ)

region.

8. Summary and Conclusion

After establishing that CP-symmetry is broken in B

meson decays, the B-factory experiments have been

hard at work to examine the consistency of the mea-

surements with the Standard Model predictions and

search for new physics effects via possible deviations
from the SM. A major focus of the experiments has

been on the determination of the CKM unitarity an-

gles α(φ2) and γ(φ3), through a variety of channels

and the use of theoretical relations to interpret the

results. The BaBar and Belle collaborations have

performed measurements of the time-dependent CP

observables in the channel B → π+π−. The results

from the two experiments, which are about 2σ apart,

do not yet establish CPV in this channel, but are

consistent with the expected values from the SM.

Significant progress has also been made in identi-

fying and measuring the components of the 2-body

charmless B decays, which together with theoretical

models and symmetry relations will eventually lead

to the determination of the angles α and γ. The

BaBar collaboration announced the observation of

the decay B → π0π0, supported by strong evidence

from the Belle experiment. New results were also

presented on the B → ρπ decays, including mea-

surements of time-dependent CPV observables in the

quasi 2-body channel B → ρπ by the BaBar collab-

oration, with hints (at 2σ level) of possible direct

CPV effects. Both experiments expect results with

amplitude analyses in this channel in the near fu-

ture. Measurements of the rates and polarization in

the B → ρρ system by Belle and BaBar indicate

that this is a potentially powerful channel for the
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determination of α. The experiments have also pre-

sented results, albeit with large errors, on branching

ratios and CPV observables in the B → DK system,

which is sensitive to the angle γ, and time-dependent

CPV analyses of B → D∗+π− with information on

sin(2β + γ). At the current level of experimental

and theoretical accuracies, all of the measurements

in this area can be accommodated in the SM and

the information on α and γ are consistent with the

CKM picture. However, this is just the begining of

the experimental investigation of these channels for

CPV information. With the expected significant in-

crease in the data from the B-factories in the next

few years, the goal is to extract information on α and

γ through as many channels as possible, thus reduce

both the experimental and theoretical uncertainties

on these quantities.
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DISCUSSION

Tom Browder (Univ. of Hawaii): This is re-

lated to the issue about final-state interactions

in B → ρπ. Belle has presented evidence for

B → ρ0π0, which is perhaps a hint that there are

large final-state phases in that system as well?

Abolhassan Jawahery: That’s a good comment.

Maybe the theorists want to comment on it. I

will leave it at that.

Ikaros Bigi (Univ. of Notre Dame): You talked

about the new BaBar result on B → ππ, one

of my interests is to show deviations from the

Superweak scenario with the new BaBar re-

sult. How far away from pure Superweak CP-

violation are you?

Abolhassan Jawahery: You mean with pure Su-

perweak we have S = sin(2β), so is S = sin(2β)?

We cannot say it is not. I think with the num-

bers we have, we are within 1σ of that.

Klaus Schubert (TU Dresden): This is a com-

ment to Bigi’s question. As long as cos(2β)

and cos(2αeff ) are not measured, direct CP-

violation in λ(ccK)/λ(ππ) can not be established

with the present data on sin(2β) and sin(2αeff ).

Ikaros Bigi (Univ. of Notre Dame): We can dis-

cuss this on Thursday, in the breakout session.


