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1. Introduction

The present situation in Particle Physics is characterized, on the one
hand, by a very rich activity in a number of fields, both theoretical and
experimental, and a moment of tension and suspense, waiting for the LHC,
the clarification of the origin of Electroweak Symmetry Breaking and the
possible discovery of New Physics that we hope it will provide.

Among the fields in which a great effort is being developed presently and
has been in the recent past, there are the following:

— The extraordinary data from the B-factories BaBar and BELLE, and
their theoretical interpretation. The attained luminosity is of the order
of 1000 fb−1 ∼ 109BB pairs, far beyond the designed one.

— The recent very important measurement of ∆ms at CDF.

— The progress in lattice QCD with dynamical fermions.

— The great effort and success achieved in Neutrino Physics with the
indirect evidence of New Physics due to the see-saw mechanism.

— The indirect evidence for dark matter in Observational Cosmology.
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Concerning Flavor physics and CP Violation, already many observables
are over-constraining the unitarity triangle. These observables are of quite
different nature, and it is important to distinguish among them. The main
reason is that the present issue is to put in evidence if there are discrepancies
with the Standard Model (SM) or, if this is not the case, why New Physics
is not flavor sensitive. On the other hand, we know that new sources of
CP violation beyond the Standard Model must exist due to the matter-
antimatter asymmetry of the universe.

There are three different ways to analyze the Unitarity Triangle (UT)
[1, 2]:

(1) To consider the UT constructed from CP violating (CPV) observables
(εK , α, β, γ) versus the UT dependent CP conserving (CPC) observ-
ables (|Vub|/|Vcb|,∆md,∆ms).

(2) The UT from QCD free quantities (α, β, γ) versus the UT with QCD
dependent quantities (εK , |Vub|/|Vcb|,∆md,∆ms).

(3) The UT from tree quantities (|Vub|/|Vcb|, γ) versus the UT from loop
quantities (εK ,∆md,∆ms, α, β,KL → π0νν).

Each of these ways of analysis pursues very crucial different goals. The
QCD-dependent observables would allow to check the lattice calculations,
that are attaining a great precision, and the agreement or not with the SM
for the electroweak part. The third method is the most appropriate in the
search of New Physics, since heavy particles beyond the SM would contribute
within loops to the observables that appear in the SM only at the quantum
level.

One could adopt each of these three ways of analyzing the data. We will
adopt the third method, that distinguishes between loop and tree quantities,
suitable in the search of New Physics. More generally, besides the precise
determination of the UT triangle by different observables, loop processes are
the ideal place to look for New Physics, either in CP conserving (rare decays
like B → Xsγ), or in CP violating (e.g. B → ϕKs asymmetries) processes.

In the first part of this talk (Section 2) we will sketch the main results of
the ICHEP 06 Conference on Heavy Flavors Physics, in particular we will
follow closely some aspects of the summary talks by Okada [3], Hazumi [4,5],
Kowalewski [6], Barlow [7] and Glenzinski [8], experimental contributions by
CDF, BaBar and BELLE and theoretical talks at the parallel sessions. In
Section 3 we will list the topics studied at the Euridice EC network in Heavy
Flavour physics in the last four years, and we will give some details on a few
contributions of importance.
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2. Status of B physics at ICHEP 2006

2.1. Tree level observables in the Unitarity Triangle

The CKM parameters that can be determined by tree-level processes are
the quantities |Vcb|, |Vub| and their relative phase γ

Vub
Vcb

=
|Vub|
|Vcb|

e−iγ .

The most delicate quantity to measure is γ, on which further improvement
is essential.

Semileptonic inclusive or exclusive B → Xc,uℓνℓ decays allow to mea-
sure |Vub| and |Vcb|, while the interference between common final states

(D0,D
0 → f)

A
(
B−→ K−f

)
=A

(
B−→ K−D0→ K−f

)
+A

(
B−→ K−D

0 → K−f
)

allows to measure γ as these amplitudes are respectively proportional to

A(B− → K−D0) ∼ Vcb (D0 production) and A(B− → K−D
0
) ∼ Vub (D

0

emission).

2.1.1. The sides |Vcb| and |Vub|

There is consistency [9–11] between the determination of |Vcb| using B →
Xcℓνℓ moments within the OPE + QCD corrections in the kinetic [12–14],
and 1S schemes [15, 16]. |Vcb| is presently known to better than 2%,

|Vcb|inclusive = (42.0 ± 0.23 ± 0.69) × 10−3 .

The exclusive determination relies on B → D(∗)ℓνℓ. The present more
thorough experimental study by BaBar [17, 18] gives

F (1)|Vcb| = (34.68 ± 0.32 ± 1.15) × 10−3 ,

while the slope of the form factor hA1
(w) is determined to be

ρ2 = 1.179 ± 0.048 ± 0.028 .

The form factor at zero recoil has been calculated in quenched lattice QCD
[19], yielding

F (1) = 0.919 ± 0.030

giving the result

|Vcb|exclusive = (39.4 ± 0.9 ± 1.5) × 10−3 .
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There has been a major effort in the last years to obtain |Vub| based on
the OPE within HQET and SCET [20, 21]. One needs the Shape Function
(SF) of the quark b about which one can have information by relating the
decay b → uℓνℓ to b → sγ. The SF moments 〈Eγ〉 and 〈E2

γ〉 − 〈Eγ〉2 are

respectively related to the HQET parameters mb/2 and µ2
π.

The result obtained is [6, 22]

|Vub|inclusive = (4.49 ± 0.19 ± 0.27) × 10−3 .

The exclusive determination of |Vub| is based on the decays B → π(ρ)ℓνℓ
and depends on the theoretical determination of the heavy-to-light form
factors within Light-Cone Sum Rules or lattice QCD.

At ICHEP 06 there have been results on the clean mode B → πℓνℓ from
BELLE, BaBar [23–25] and CLEO giving the branching ratio [6]

BR (B → πℓνℓ) = (1.37 ± 0.06 ± 0.06) × 10−4 .

Averaging over the theoretical predictions for the form factors obtained
from Light-Cone Sum Rules and lattice QCD (HPQCD, FNAL, APE), one
gets [6],

|Vub|exclusive = (3.59 ± 0.21 ± 0.58) × 10−3 .

One realizes that there is some discrepancy between |Vub|inclusive and
|Vub|exclusive.

2.1.2. The angle γ(φ3)

To extract the phase γ one needs the interference between tree-level

decays, namely K(∗)− emission and D
(∗)0

B− → K(∗)−D(∗)0 → K(∗)−f ∼ a1VcbV
∗
us ∼ O(λ3) ,

B− → K(∗)−D
(∗)0 → K(∗)−f ∼ a2VubV

∗
cs ∼ 0.2 ×O(λ3) ,

where f is a common decay of D(∗)0, D
(∗)0 → f . The ratio of amplitudes

can be parametrized by

A
(
B− → K−D

0
)

A (B− → K−D0)
= rB eiδB e−iγ ,

where rB and δB are hadronic parameters. There are therefore for each
mode two hadronic parameters rB, δB and the CP angle γ.
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A number of methods have been proposed in the literature, according to
the chosen common final state f = CP Eigenstate (Ksπ

0, π+π−) [26], DCSD
(K+π−) [27], Ksπ

+π− (Dalitz analysis) [28].
Up to now, the method that seems more promising is the last of the

listed. The relevant amplitudes are related to the CKM matrix via

A
(
B− → D0K−

)
∼ VcbV

∗
us , A

(
B− → D

0
K−
)
∼ VubV

∗
cs ,

A
(
B+ → D

0
K+
)
∼ V ∗

cbVus , A
(
B+ → D0K+

)
∼ V ∗

ubVcs .

Looking at the common final state Ksπ
+π− one isolates two superpositions

of D0 and D
0
,

B− → D0
−K

− → Ksπ
+π−K− , B+ → D0

+K
+ → Ksπ

+π−K+ ,

where the quantum superpositions are

|D0
−〉 = |D0〉 + rei(−γ+δB)|D0〉 , |D0

+〉 = |D0〉 + rei(γ+δB)|D0〉 .

The Dalitz plots for the two modes are

M
(
D0

− → Ksπ
+π−

)
= f

(
m2

−,m
2
+

)
+ rB ei(−γ+δB) f

(
m2

+,m
2
−

)
,

M
(
D0

+ → Ksπ
+π−

)
= f

(
m2

+,m
2
−

)
+ rB ei(γ+δB) f

(
m2

−,m
2
+

)
,

where m2
+ = m2

Ksπ+ and m2
− = m2

Ksπ− . The function M(D
0 → Ksπ

+π−) =

f(m2
+,m

2
−) can be determined from the continuum, outside the Υ (4S) source

of the B mesons.
Due to CP violation, the Dalitz plots for D0

− → Ksπ
+π− and D0

+ →
Ksπ

+π− are not identical and allow to determine the parameters (rB , δB ,
γ). Fitting Re(rBe

±γ+δB ) and Im(rBe
±γ+δB ) from Dalitz distributions one

gets rB 6= 0 and the difference between B+ and B− gives γ 6= 0. One
obtains [6, 29, 30]

rB ∼ 0.1 , γ = 78 ± 30◦ .

2.1.3. Summary of tree observables

To summarize, one has the following determinations of tree observ-
ables [6]

|Vcb|inclusive = (42.0 ± 0.23 ± 0.69) × 10−3 ,

|Vcb|exclusive = (39.4 ± 0.9 ± 1.5) × 10−3 ,
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|Vub|inclusive = (4.49 ± 0.19 ± 0.27) × 10−3 ,

|Vub|exclusive = (3.59 ± 0.21 ± 0.58) × 10−3 ,

γ(ϕ3) = 78 ± 30◦ .

The present integrated luminosity (BaBar + BELLE) is about 1 ab−1

= 1000 fb−1. One expects for 2008 about 2 ab−1 from B factories, from
which the error on |Vub/Vcb| will be of the order ∼ 5% and the error on γ
will decrease to about ∼ 10–15◦.

It is very important to underline that the inclusive and exclusive deter-
minations are complementary. Indeed, there is a 2σ tension between the
value of sin 2β obtained from the global fit using |Vub|inclusive and the mea-
sured sin 2β, and the inclusive and exclusive determinations of |Vub| do not
quite converge. It is crucial that both determinations, that have quite dif-
ferent hadronic uncertainties, agree before drawing firm conclusions about
the possibility of New Physics, explored in a number of schemes beyond the
Standard Model, like in Little Higgs models [31, 32].

2.2. Loop observables in the Unitary Triangle

In a few years we have become aware that not only there are other
observables violating CP besides the ε parameter, but also that it seems
likely that the Kobayashi–Maskawa phase is the dominant source of CP
violation. The problem that stands in front of us is to know if there are
deviations from the CKM picture and new sources of CP violation.

2.2.1. The angle β(φ1)

The cleanest observable of CP violation in the B0–B
0

system is the
parameter sin 2β. The results are the following. From BELLE [33] and the
modes B0 → J/ψK0 (Ks, KL), from the t-dependent CP asymmetry, one
has

sin 2ϕ1 = 0.642 ± 0.031 ± 0.031

A = 0.018 ± 0.021 ± 0.014 ,

where A denotes the direct CP violation parameter. From b → ccs transi-
tions (J/ψK0, ψ(2S)Ks, ηcKs, J/ψK

∗0, . . .) from BaBar [34]

sin 2β = 0.710 ± 0.034 ± 0.019

A = − 0.07 ± 0.028 ± 0.018 ,

that gives the average [5]

sin 2β = 0.674 ± 0.026 .

Therefore, sin 2β is now known with 4% accuracy.
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It is worth noticing here that this measured value agrees with the value
of sin 2β obtained from the global fit to the UT if one uses the exclusive
value for |Vub| given above,

sin 2β = 0.689 ± 0.028 (from |Vub|exclusive) .

However, using the inclusive value of |Vub| one gets a much higher value for
sin 2β from the global fit

sin 2β = 0.734 ± 0.024 (from |Vub|inclusive) .

There is therefore a tension between the measured value of sin 2β and
|Vub|inclusive [1].

On the other hand, there is a discrete ambiguity, two branches depend-
ing on the sign(cos 2β) [34], that has been solved with a number of methods
in BaBar and BELLE, namely B0 → D∗+D∗−Ks time-dependent Dalitz
analysis [35] , B0 → D(∗)h0 → Ksπ

+π−h0 time-dependent Dalitz analy-
sis [36,37] or B0 → J/ψK∗0 angular analysis [38], that all favour the branch
cos 2β > 0 in agreement with the indirect determinations of β(ϕ1) in the
Standard Model.

The time-dependent CP asymmetries in penguin processes B
0 → ϕKs,

ϕKL, ϕK∗, KKK, η′Ks, etc. measure in principle the same sin 2β
CP-violating observable as in the tree process B0 → ψK0. These decays,
each with a BR of O(10−5) arise at the one-loop level, and are in principle
sensitive to New Physics. BELLE and BaBar have presented new tCPV in
B0 → η′Ks at the level of 5σ. Making the average of all the penguin-induced
modes, sin 2β turns out to be smaller than in tree b → ccs. The average of
all b→ s modes gives [4]

(sin 2β)Penguin = 0.52 ± 0.05

i.e. a 2.6 σ negative deviation of the penguin transitions b → s versus the
tree ones b→ c. Theory tends to predict a positive shift for (sin 2β)Penguin−
(sin 2β)tree, instead of negative difference, in QCDF [39,40] and SCET [41].
The difference (sin 2β)Penguin − (sin 2β)tree varies from mode to mode, from
+ 0.03± 0.02 for ϕKs to + 0.10± 0.10 for ωKs. Therefore, for the moment
there is a hint of deviation from the SM in tCPV in b → s transitions.
However, the disagreement is not the same for all modes, and it is not large.
One would need a factor 10 more data to resolve the issue and therefore a
new generation of B-factories or LHC-B.
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2.2.2. The angle α(φ2)

There are three possibilities, namely B → ππ, ρρ, πρ, to measure the
angle α(ϕ2) in two-body time-dependent CP asymmetries. The branching
ratios are CKM suppressed, and Tree and Penguin diagrams with different
CKM phases contribute to these modes, hence the difficulty of the measure-
ment of this angle.

The important news is that BELLE [4, 42, 43] has measured the tCP
asymmetry for B0 → π+π− with 532 M BB pairs. The results are, for the
indirect and direct CP violation parameters

Sππ = −0.61 ± 0.10 ± 0.04 ,

Aππ = +0.55 ± 0.08 ± 0.05 .

One observes that there is a large direct CP violation at the 5.5 σ level
and also a large mixing-induced CP violation at 5.6 σ. BaBar [4, 44] has
measured at 3.6 σ mixing-induced CPV, but direct CPV has still not been
observed,

Sππ = −0.53 ± 0.14 ± 0.02 ,

Aππ = +0.16 ± 0.14 ± 0.02 .

The observed large direct CPV means a large penguin diagram (P) ∼
Tree diagram (T) and a large strong phase between P and T.

SU(3) symmetry allows to relate the ACP(K+π−) and the direct CP
asymmetry in π+π− [45, 46],

ACP(π+π−) ∼ −3ACP(K+π−) .

From the data on ACP(K+π−) = −0.115 ± 0.018 one infers ACP(π+π−) ∼
+0.3, in agreement with the average value that combines BELLE and BaBar
data [4],

ACP(π+π−) ∼ +0.39 ± 0.07 .

However, there are discrete ambiguities for α from B0 → π+π−, and one
needs the other modes ρρ and ρπ. The mode ρρ is very useful due to its large
BR, small Penguin pollution BR(B0 → ρ0ρ0) <∼ 10−6 and the fact that the ρ
is ∼ 100% longitudinally polarized [47, 48]. This mode was the favorite one
till the measurement of B0 → π+π−. However, in the system ρρ the isospin
triangle in the complex plane between the amplitudes was not closed. The
new measurements for the ρ0ρ0 and ρ+ρ0 BR [49] give now a closed isospin
triangle as shows the below Table.
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Decay mode BR(10−6)

B0 → ρ+ρ− 23.5 ± 4.6

B0 → ρ0ρ0 1.2 ± 0.4

B+ → ρ+ρ0 16.8 ± 3.1

Moreover, Dalitz analysis in the πρ system helps also to lift the discrete
degeneracies [50, 51]. All this gives a determination of α with ππ/πρ/ρρ

α =
(
93+11

−9

)0

in agreement with the indirect determination from the global fit α=
(
98+5

−19

)0
.

Summarizing, there has been a revival of the ππ mode, ρπ is essential to
suppress the ambiguity α ∼ 00, 1800, and there is good agreement with the
global CKM fit.

2.2.3. Bs − Bs mixing

One of the great news in Flavor Physics in 2006 was the measurement

of the mixing parameter of the B0
s–B

0
s system ∆ms by CDF [8,52–54]

∆mBs =

(
17.31

+0.33

− 0.18
± 0.07

)
ps−1 (CDF) ,

17 ps−1 < ∆mBs < 21 ps−1 (D0) .

It confirms that, as expected in the SM, the B0
s–B

0
s system is quite dif-

ferent from the B0
d–B

0
d one. In the Standard Model one expects indeed

∆mBs/∆mBd
∼ 40, ∆ΓBs/ΓBs ∼ 10%, and almost no CP phase in mixing.

Taking literarily the CDF value, there is some small room left for NP if
one compares this value with the indirect determination of ∆mBs from the
Unitarity Triangle, since from the global fit of the UT [1] one finds

∆mBs = (20.9 ± 2.6) ps−1 .

If New Physics gives a phase to Bs mixing, this would lead to a time
dependent CP asymmetry Sψϕ in Bs → J/ψ ϕ

Amixing
CP (t) = Sψϕ sin(∆Mst) .

The correlation between the semileptonic CP asymmetry and the time-
dependent one Sψϕ has been pointed out as a possible signal of some models
of NP like Little Higgs models [31, 32].
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2.3. Other processes that could be sensitive to New Physics

We now list some phenomena that could allow to dig out New Physics,
or observables that were in disagreement with the Standard Model and for
which recent data has shown to be in agreement.

2.3.1. Tauonic B decay.

BELLE has delivered an important measurement, a 3.5σ effect [55–57]

BR
(
B+ → τ+ντ

)
=

(
1.79

+ 0.56 + 0.46

− 0.49 − 0.51

)
× 10−4 .

Combining BELLE and BaBar [7] one gets

BR
(
B+ → τ+ντ

)
= (1.36 ± 0.48) × 10−4 ,

while the Standard Model predicts

BR
(
B+ → τ+ντ

)
= (1.59 ± 0.40) × 10−4 .

Although there is an agreement within errors, it is worth to notice [7, 56]
that this process, due to the large Yukawa couplings to heavy fermions, is
sensitive to charged Higgs boson exchange in Two Higgs Doublet Models
(2HM) as well as in SUSY. Indeed, the charged Higgs contribution depends
on the parameters

r =
tan β

mH
, tan β =

v2
v1
.

There is a number of processes that are sensitive to these parameters in a
different way, so that they can distinguish between the SM and the 2HM,
namely various tauonic B decays [7]: BR(b → cτν) [58], that has been
measured at LEP with large errors [59,60], BR(B → τν) [61] and BR(B →
Dτν) [62]. These decays can give constraints on r and can resolve a two-fold
ambiguity between the SM and the 2HM.

2.3.2. Direct CP violation

Direct CP violation has been a major achievement of B-factories. The
present results for the K+π− mode are

ACP(K+π−) = −0.108 ± 0.024 ± 0.007 (BaBar [63])

ACP(K+π−) = −0.093 ± 0.018 ± 0.008 (BELLE [64]) .

Direct CP violation does not only depend on the CPV phases but also on
strong phases, so that the value of these asymmetries does not constitute by
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itself a test of the SM. However, in the SM a problem could arise comparing
the direct CP asymmetries [HFAG ICHEP 06]

ACP(K+π−) = −0.093 ± 0.015 ,

ACP(K+π0) = +0.047 ± 0.026

that are predicted to be equal [65]. The difference 0.14 ± 0.03 is several
σ away from zero. One possible interpretation, although unlikely, is that
color-suppressed tree diagrams are responsible for the difference, or maybe
New Physics [7].

2.3.3. Update of B → Kπ ratios

For some time, a number of ratios of rates of B → Kπ decays have been
considered to be in disagreement with the SM and a possible signal of NP.
At present there is no more any discrepancy [7, 66]. One of these is the
ratio [67]

RLipkin = 2
Γ (B+ → K+π0) + Γ (B0 → K0π0)

Γ (B+ → K0π+) + Γ (B0 → K+π−)

that in the SM, assuming isospin symmetry and penguin-dominated dia-
grams gives RLipkin = 1 +O(10−2). The present HFAG ICHEP 06 average

RLipkin = 1.06 ± 0.05

shows that there is no more disagreement with the SM.
Two other ratios of interest, predicted to be close to 1 in the SM, are [68]

Rn =
Γ (B0 → K+π−)

2Γ (B0 → K0π0)
, Rc = 2

Γ (B+ → K+π0)

Γ (B+ → K0π+)
.

The present HFAG averages are [66]

R0 = 0.99 ± 0.07 , Rc = 1.11 ± 0.07 .

Therefore, there is no more Kπ puzzle that could point to New Physics.

2.3.4. B → V V polarization

As shown in Section 3.6, the chiral structure of SM plus the heavy quark
limit and large energy limit for the light meson (LEET) predict approxi-
mately, for the longitudinal polarization fraction in B → V V decays, where
V is any light vector meson,

fL = 1 −O
(

1

m2
Q

)
.



2852 L. Oliver

Experimentally this is indeed the case for the tree modes B → ρρ, but there
is a disagreement for the penguin-induced decays B0 → ϕK∗0, . . . as shows
the below Table.

Decay mode BR(10−6) fL

B0 → ρ+ρ− 23.5 ± 4.6 0.98 ± 0.03

B0 → ρ0ρ0 1.2 ± 0.4 0.86 ± 0.13

B0 → ϕK∗0 11.1 ± 1.1 0.52 ± 0.05

B+→ ρ+K∗0 9.6 ± 2.3 0.52 ± 0.11

B0 → ωK∗0 2.4 ± 1.3 0.71 ± 0.25

It is important to notice that CDF [69] has confirmed the BaBar [70]
and BELLE data on fL(B → ϕK∗). Interestingly, Penguin-like modes like
B+ → ρ+K∗0 give values for fL that are consistent with B0 → ϕK∗0.
There is a number of models that suggest new Standard Model contributions
to these longitudinal polarization fractions, like considering the effect of
penguin annihilation [71], the effect of the c-Penguin [72] or rescattering
effects [73]. We will develop this last mechanism in Section 3.6.

2.3.5. Rare decays b → sγ

This is a rare electroweak penguin process that could be sensitive to New
Physics. The SM branching ratio, including NLO QCD corrections is [7]

BR(b→ sγ) =

(
3.61

+ 0.37

− 0.49

)
× 10−4 ,

to be compared to the BaBar experimental result

BR(b→ sγ) = (3.67 ± 0.53) × 10−4 .

As it is well known, the NLO corrections are large, of the order of 25%
and hence the necessity of calculating the NNLO QCD corrections, that
have been reviewed by Hurth [74, 75] and, since Euridice members have
been involved in its calculation, will be detailed in Section 3.2.

Another related process is the mixing-induced CP asymmetry in B →
K∗γ → Ksπ

0γ where Ksπ
0 is a CP eigenstate. This asymmetry is sensitive

to the right-handed photon operator that could come from NP and is given
by the expression

Amix
CP (B → K∗γ) =

2 Im
(
e−iϕMC7C

′
7

)

|C7|2 + |C ′
7|2

,
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where the effective Hamiltonian is

H =
4GF√

2

[
C ′

7 (sRσ
µνbL)Fµν +C7 (sLσ

µνbR)Fµν + h.c.
]
.

Naively, since in the SM the photon has a left-handed polarization, the
asymmetry is suppressed by the mass ratio ms

mb
that at most is of the order

of a few %. The method has been extended to multibody final states like
B → K∗(→ Ksπ

0)γ. In this case, it has been shown using factorization in
QCD as follows from SCET, that the separation of NP effects is polluted by
terms of order ΛQCD/mb and Amix

CP (B → K∗γ) could be of the order of 10%
in the SM [76].

2.3.6. Forward–backward asymmetry B → K(∗)ℓ+ℓ−

The forward–backward asymmetry AFB for the processes B → K(∗)ℓ+ℓ−

is a very interesting observable which gives the possibility of testing NP. For
example, AFB in B → K∗ℓ+ℓ− has a zero in the SM for a very stable value
of the effective mass m2

ℓ+ℓ− , as computed within the QCD Factorization
approach [77] or within Soft Collinear Effective Theory [78], and the sign
is well defined in the low and high values of m2(ℓ+ℓ−). Models beyond
the SM predict other behaviours for AFB(m2

ℓ+ℓ−), providing clean tests of
these models. Both BELLE [79] and BaBar [80] have already measured the
branching ratios of B → K(∗)ℓ+ℓ− and produced preliminary data on the
corresponding forward–backward asymmetries.

2.4. Conclusions on the status of B physics

In conclusion, the Standard Model is in rather good quantitative agree-
ment with the data, and CKM physics has entered its precision era.

However, there are some problems or room for New Physics:

(1) In the Penguin modes one obtains, averaging over all modes, sin 2βeff =
0.52 ± 0.05, i.e. a 2.6σ effect relatively to the tree mode. One needs
much more statistics to settle this problem due to the small BR of the
Penguin decays.

(2) There is a ∼ 2σ tension between (sin 2β)observed and (sin 2β)global fit

using the recent determination of |Vub|inclusive.

(3) There is some room (∼ 1.5σ) in ∆ms for New Physics.
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3. Survey of the Euridice contribution to B physics

3.1. Outline of the topics treated within Euridice

The Euridice network has contributed to a number of topics in B physics
in the last four years. Besides the general important synthesis and critical
work done within the CKMfitter Group to extract the fundamental param-
eters of the Standard Model, in which the Marseille node has been very
active [2, 81], and the collective work in the CKM matrix Workshop [82],
to which several Euridice members have contributed, these topics can be
grouped in the following general trends:

1) Higher order QCD corrections to rare decays have been worked out at
the nodes of Bern, Frascati and Warsaw, in particular the completion
of the NLO QCD calculation to B → Xsγ [83], the effect of charm loops
in B → Xsγ [84], three loop matching of the dipole operators b→ sγ
and b→ sg [85,86], NNLO QCD corrections to B → Xsγ [87–91] and
NNLO calculations for B → Xsℓ

+ℓ− [92–94].

2) Bjorken-like sum rules, theorems on the Isgur–Wise function ξ(w) and
on the subleading, at order in 1/mQ, form factors in Heavy Quark
Effective Theory (Paris node [95–97]).

3) Contributions to QCD Factorization and Soft Collinear Effective The-
ory have been done at the nodes of Bari, Durham and Paris, in par-
ticular the decays of B mesons into axial-vector mesons [98,99], power
corrections in charmless B decays [100], the question of the contribu-
tion of the charming penguin to charmless B decays [101], the rare
decay B → γℓνℓ [102, 103] and B decays using QCDF and flavour
symmetries [104].

4) Light-Cone QCD Sum Rules, has been a main activity in the node

of Durham, in particular the decays B → K
∗
γ, ργ [105] and the

heavy-to-light form factors of the type B → π [106, 107] have been
investigated.

5) Constraints on the Unitarity Triangle from CP violating and CP con-
serving observables (Barcelona and Marseille nodes [2, 81, 108–111]).

6) Exclusive B decays have been studied at the nodes of Bari, Paris and
Oslo, in particular the B → V V [73], B → (cc)K [112–115], relations
for direct CP asymmetries in B → PP and B → PV [116], rates and
CP violation in B → ππ [117,118] and exclusive rare B decays into D
mesons [119–122].
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7) New Physics in B decays at the Barcelona, Bari, Durham, Frascati and
Paris nodes, in particular Minimal Flavor Violation [123], Two Higgs

models in flavour physics [124,125], New Physics in B0–B
0
mixing [126,

127], SUSY models in B decays [128–130], Extra Dimensions in B
decays [131–133].

8) Quantum Mechanics in B–B System (Barcelona node [134]).

It is not possible to review here all these topics, and we will concentrate
only on a few most significant results.

3.2. NNLO QCD contributions to rare decays

The rare weak inclusive radiative decay B → Xsγ is known to be a sen-
sitive probe of New Physics. The NLO QCD radiative corrections are large,
and therefore the corrections have to be computed at higher orders. The
status of the calculation of higher orders has been reviewed by Misiak [90],
that we sketch now. The situation can be summarized by the formula

BR(B → Xsγ)Eγ>1.6 GeV = BR(B → Xceν)exp

[
Γ (b→ sγ)

Γ (b→ ceν)

]

LO EW

×fLO

[
αs(MW)

αs(mb)

] [
1 + O(αs) + O(α2

s ) + O(αem)

+O
(
Λ2

m2
b

)
+ O

(
Λ2

m2
c

)
+ O

(
αsΛ

mb

)]
,

where BR(B → Xceν)exp is the measured semileptonic branching ratio,
[Γ (b → sγ)/Γ (b → ceν)]LO EW is computed perturbatively at the leading
order in electroweak interactions and neglecting QCD effects, fLO[αs(MW)/
αs(mb)] is the LO QCD correction factor. Normalization to the semilep-
tonic rate is introduced to eliminate uncertainties from the CKM angles
and overall factors of mb. The corrections are of O(αs) ∼ 25% (NLO),
O(α2

s ) ∼ 7% (NNLO), O(αem) ∼ 4%. The NLO corrections are very large,
hence the necessity of a calculation at NNLO. The NNLO estimation quoted
above was made sometime ago, before the recent more accurate calculation.
An important feature of the inclusive decay is that there are no correc-
tions of order Λ/mQ and therefore the non-perturbative effects are relatively
small O(Λ2/m2

b) ∼ 1%, O(Λ2/m2
c) ∼ 3%, O(αsΛ/mb) <∼ 5%. Adding

the errors in quadrature, the world average experimental branching ratio is
BR(B → Xsγ)Eγ>1.6 GeV = (3.55 ± 0.26) × 10−4.

An enormous effort has been made to compute the NNLO corrections.
The calculations include three-loop matching conditions, four-loop anoma-
lous dimensions and two- and three-loop on-shell amplitudes. Certain parts
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of the three-loop matrix elements are found by interpolation in the charm
quark mass between the large-β0 approximation in the mc = 0 case and
the complete result in the mc ≫ mb/2 case. The NNLO correction to the
branching ratio for Eγ > 1.6 GeV can be parametrized by the expression

BRNNLO(r) = BRNLO(r) + BRNLO(0.262) [δ1 + δ2(r) + δ3(r)] ,

where r = mc/mb, BRNLO(0.262) ∼= 3.38×10−4 and δ1, δ2, δ3 depend on the
Wilson coefficients

Ci(mb) = C
(0)
i (mb) +

αs(mb)

4π
C

(1)
i (mb) +

(
αs(mb)

4π

)2

C
(2)
i (mb) + . . . ,

where the index i runs over the operators involved in the process: tree
(i = 1, 2), Penguin (i = 3, . . . 6), magnetic (i = 7) and chromomagnetic

(i = 8) operators. The parameter δ1 depends on C
(0)
i C

(2)
j and C

(1)
i C

(1)
j , δ2

on C
(0)
i C

(0)
j and δ3 has terms proportional to C

(0)
i C

(1)
j . The parameter δ2

can be splitted as δ2 = δβ0

2 + δrem2 , where δβ0

2 is known for all r while the
remaining piece δrem2 is known only for r ≫ 1

2 and needs to be interpolated at

low r. Two ways of interpolation give 3.06×10−4 < BRNNLO < 3.24×10−4,
a result that is below the BRNLO by about 7%.

The average BRNNLO = 3.15 × 10−4 is 1.5σ below the experimental
result, severely constraining physics beyond the Standard Model.

3.3. Minimal Flavor Violation

In an important paper, D’Ambrosio, Giudice, Isidori and Strumia [123]
have made a general analysis of extensions of the Standard Model satisfying
the criterion of Minimal Flavor Violation (MFV), underlying the symmetry
principle behind MFV.

The hierarchy problem or stabilization of the Higgs mass requires that
there should be New Physics at a scale Λ <∼ few TeV. On the other hand, the
data seems to indicate that there are no general flavor-violating interactions
at a scale Λ <∼ TeV. One way out to solve this contradiction is to ask that NP
schemes satisfy the principle of MFV, that schematically asks for all flavour
and CP-violating interactions to be related to the known structure of the
Yukawa couplings. The interest of MFV is that it is a symmetry principle
and can be imposed to NP schemes like e.g. extensions of the SM with one
Higgs doublet or two-Higgs models, or Supersymmetry.

It is important to underline the algebraic nature of th MFV principle,
that we will summarize here. In the SM one has two SU(2)L doublets
(QL, LL) and three SU(2)L singlets (UR, DR and ER). Considering this
fermion structure plus the SU(2)L× U(1) gauge group, the global symmetry
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of the gauge part of the SM is large, GF = U(3)5, and can be decomposed
as

GF = SU(3)3q ⊗ SU(3)2ℓ ⊗ U(1)B × U(1)L ⊗ U(1)Y ⊗ U(1)PQ ⊗ U(1)ER

with SU(3)3q = SU(3)QL
⊗ SU(3)UR

⊗ SU(3)DR
and SU(3)2ℓ = SU(3)LL

⊗
SU(3)ER

.
In the SM the Yukawa interactions

LYukawa = QLYDDRH +QLYUURH
c + LLYEERH + h.c.

break the symmetry group SU(3)3q ⊗ SU(3)2ℓ × U(1)PQ × U(1)ER
while they

preserve the U(1)B × U(1)L × U(1)Y part. The symmetry principle that is
imposed is to promote the Yukawa couplings to background dimensionless
fields or spurions, transforming like

YU ∼ (3, 3, 1), YU ∼ (3, 1, 3),
[
under SU(3)3q

]
, YE ∼ (3, 3),

[
under SU(3)2ℓ

]

then, LYukawa is consistent with the flavor symmetry and it describes the
most general coupling of the Y fields to renormalizable SM operators. With-
out loss of generality one can rotate the auxiliary fields Y and set

YD = λd YL = λℓ YU = V +λu ,

where λ are diagonal matrices and V is the CKM matrix.
One then defines any effective theory that satisfies the criterion of MFV

if all the higher dimension operators constructed from SM and Y fields are
invariant under CP and under the flavour group GF. The consequence is that
the dynamics of flavour violation is completely determined by the ordinary
Yukawa couplings and that the unique CP-violating phase is the CKM phase.
Moreover, since the SM Yukawa couplings for all fermions except the top
are small, the unique structure is obtained by contracting two YU,

(λFC)ij =
(
YUY

+
U

)
(1 − δij) ∼= λ2

tV
∗
3iV3j (1 − δij) ,

and λFC is the effective coupling governing all FCNC processes with external
down quarks.

The rule for the construction of effective NP theories is then to build
all possible higher dimension operators made out of the possible dimension
three operators that, for example in the case of extensions of the SM with
one Higgs doublet, are QLYUY

+
U QL, DRY

+
D YUY

+
U QL, DRY

+
D YUY

+
U YDDR.

By expansion in powers of the small Yukawa couplings this gives the only
possible bilinear structures QLλFCQL and DRλdλFCQL.
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From this bilinear structures one can construct ∆F = 2 and ∆F = 1
dimension 6 operators On and get the possible NP structure

Heff =
1

Λ2

∑

n

anOn .

One can then go to phenomenology to constrain the parameters characteriz-
ing the NP scheme, i.e. an/Λ

2. Of course, different observables constrain in
different ways these parameters and give an idea of the possible extensions
of the SM.

The method has been extended to theories with two Higgs doublets
where, due to the possibility of large tan β, the bilinear YDY

+
D can also enter,

and to Supersymmetry, in particular the MSSM with conserved
R-parity and supersymmetry soft-breaking terms.

3.4. Bjorken-like sum rules in HQET

Within the Operator Product Expansion, new sum rules have been for-
mulated in Heavy Quark Effective Theory in the heavy quark limit [95, 97]
and at order 1/mQ [96], using the non-forward amplitude [135]. These sum
rules imply that the elastic Isgur–Wise function ξ(w) is an alternate series
in powers of (w− 1). Moreover, one obtains that the n-th derivative of ξ(w)
at w = 1 is bounded by the (n− 1)-th one

(−1)n ξ(n)(1) ≥ 2n+ 1

4

[
(−1)n−1ξ(n−1)(1)

]

yielding the absolute bound

(−1)n ξ(n)(1) ≥ (2n+ 1)!!

22n
.

Moreover, for the curvature one has found the stronger bound

ξ′′(1) ≥ 1

5

[
4ρ2 + 3(ρ2)2

]
,

where ρ2 is the slope ρ2 = −ξ′(1). The simple parametrization

ξ(w) =

(
2

w + 1

)2ρ2

with ρ2 ≥ 3

4

satisfies all these bounds. These results are consistent with the dispersive
bounds, and they strongly reduce the allowed region of the latter for ξ(w).
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The method has been extended to the subleading form factors at order
1/mQ, that of two types, Current perturbations and Lagrangian perturba-
tions. Concerning the perturbations of the current, one has derived new
simple linear relations between the functions ξ3(w) and Λξ(w) and the sums

∑

n

∆E
(n)
j τ

(n)
j (1)τ

(n)
j (w)

(
j =

1

2
,
3

2

)

that involve leading quantities, Isgur–Wise functions τ
(n)
j (w) and level spac-

ings ∆E
(n)
j . These results follow because the non-forward amplitude depends

on three variables (wi, wf , wif ) = (vi · v′, vf · v′, vi · vf ) where vi, vf are the
initial and final four-velocities of the B meson and v′ is the one of the in-
termediate D(n) mesons. At the zero recoil frontier (w, 1, w) only a finite

number of jP =
(

1
2

+
, 3

2

+
)

states contribute.

New sum rules have also been obtained for the elastic subleading form
factors χi(w) (i = 1, 2, 3) at order 1/mQ that originate from the Lkin and
Lmag perturbations of the Lagrangian. To the sum rules contribute only

the same intermediate states jP =
(

1
2
−
, 3

2
−
)

that enter in the 1/m2
Q correc-

tions of the axial form factor hA1
(w) at zero recoil, crucial for the exclusive

determination of |Vcb|. This allows to obtain a lower bound on the correc-

tion −δ(A1)
1/m2 in terms of the χi(w) and derivatives of the elastic IW function

ξ(w). An important theoretical implication is that χ′
1(1), χ2(1) and χ′

3(1)
(χ1(1) = χ3(1) = 0 from Luke theorem) must vanish in the limit in which the
slope and the curvature attain their lowest values ρ2 → 3

4 , σ → 15
16 . These

constraints should be taken into account in a realistic parametrization of the
functions χi(w) for the extraction of |Vcb|.

3.5. The decay B → γℓνℓ within QCD Factorization

The rare radiative decay B → γℓνℓ is quite interesting in its apparent
hadronic simplicity, since it depends directly on the so-called Light Cone
Distribution Amplitudes (LCDA) of the B meson. Descotes-Genon and
Sacharadja [102] have studied this process in the framework of QCD Factor-
ization. They have essentially demonstrated that, in the heavy quark limit
and at one-loop order, the amplitude can be written as a convolution of a
perturbatively hard scattering amplitude with a non-perturbative LCDA of
the B-meson.

The amplitude B → γℓνℓ writes in terms of two form factors

〈γ(ε∗, q)|uγµ(1 − γ5)b|B(p)〉
=

√
4πα {εµνρσε∗νvρqσFV (Eγ) + i [ε∗ν(v · q) − qµ(v · ε∗)]FA(Eγ)} .
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They obtain the one-loop factorized expression for the form factors, including
the resummation of leading and next-to-leading logarithms,

FV (Eγ) = FA(Eγ) =

∫
dk+Φ

B
+(k+, µF)T (k+, Eγ , µF) ,

where the LCDA ΦB+(k+) is the Fourier transform of Φ̃B+(z) defined by

〈0|uβ(z)[z, 0]bα(0)|B(p)〉

= −ifBMB

4

{
1 + /v

2

[
2Φ̃B+(z) +

/z

t

(
Φ̃B−(z) − Φ̃B+(z)

)]
γ5

}

αβ

,

v = p
MB

, t = v · z, µF
∼= O(

√
mbΛQCD) and the hard kernel is given by

T (k+, Eγ , µF) = C(µF)
fBQuMB

2
√

2Eγ

1

k+

×
{

1 +
CFαs(µF)

4π

[
Log2

(
2q−k+

µ2
F

)
− π2

6
− 1

]}
,

and C(µF) = C3(µF) = C6(µF) is the Wilson coefficient of the matching
of the current onto the relevant operators O3, O6 of the SCET effective
theory [136]

uγµ(1 − γ5)b =
∑

i

Ci(µ)Oµi (µ) .

The differential rate is given by the expression

dΓ

dEγ
=
αG2

F|Vub|2M4
B

48π2
R(1 −R)3

[
F 2
V (Eγ) + F 2

A(Eγ)
]
,

with R = 1 − 2Eγ/MB . At leading order one has

FLO
V (Eγ) = FLO

A (Eγ) =
fBQuMB

2EγλB
=

1

1 −R

fBQu
λB

,

where λB is an important parameter, the first inverse moment of the
B-meson LCDA √

2

λB
=

∞∫

0

dk+

k+
ΦB+(k+)

for which a number of estimates have been given in the literature. The
authors adopt the value of [137] λB = (350 ± 150) MeV.
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The final integrated branching ratio is found to be at LO,

BRLO(Ecγ) = 18.4 × 10−6

( |Vub|
3.6 × 10−3

)2( fB
190 MeV

)2

×
(

350 Mev

λB

)2

R2
c

(
1 − 2Rc

3

)
,

where Ecλ is a lower cut-off on the photon energy. The NLO corrections
depend strongly on Rc = 1 − 2Ecγ/MB . The difference between the LO and
the NLO results is typically of the order of 25%.

3.6. The riddle of polarization in B → V V transitions

Colangelo, De Fazio and Pham made an interesting contribution to the
possible resolution of this puzzle [73]. As we have seen in Section 1.3.4,
the longitudinal polarization fraction is experimentally found much lower
in Penguin-induced modes like B → ϕK

∗
than in similar tree processes like

B → ρρ. There are general reasons to expect that the decay B → V V where
V are light vector mesons should be mainly longitudinally polarized [71].

Let us recall the argument within the hypothesis of factorization. The
amplitude A(B → ϕK

∗
) writes then

Afact(B
0 → ϕK

∗0
) =

GF√
2
VtbV

∗
tsaWfϕMϕ

{
−iεµνρσε∗µη∗νpρp′σ

2V (M2
ϕ)

MB +MK∗

−(MB +MK∗)A1(M
2
ϕ)(η∗ · ε∗) +

A2(M
2
ϕ)

MB +MK∗

(η∗ · p)
[
(p+ p′) · ε∗

]
}
,

where aW is a combination of Penguin Wilson coefficients. The transversity
amplitudes are proportional to the quantities

AL ∝M3
B

{
A1(M

2
ϕ) −A2(M

2
ϕ) +

MK∗

MB

[
A1(M

2
ϕ) +A2(M

2
ϕ)
]}

A⊥ ∝MBA1(M
2
ϕ) , A‖ ∝MBV (M2

ϕ) .

In the heavy quark limit MB → ∞ and large energy limit for the light
meson the form factors A1(q

2), A2(q
2) and V (q2) depend on two universal

functions [139]. The relations between these form factors imply A1(0) =
A2(0) = V (0), and one expects

ΓL

Γ
∼= 1 + O

(
Λ2

M2
B

)
,

Γ⊥
Γ‖

∼= 1 .
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Invoking these general arguments, the deviation observed in B → ϕK
∗

could be interpreted as a signal of New Physics [140]. Without invoking
NP, one could advance an explanation of this deviation by invoking, beyond
the strict framework of QCD factorization [141], logarithmically divergent
annihilation diagrams that can modify the polarization amplitudes in B →
ϕK

∗
[71].

Colangelo et al. [73] have invoked another effect that can change the

polarization in the Penguin transitions like B → ϕK
∗

without affecting the
observed B → ρρ, namely rescattering of intermediate charm states arising
at the quark level from the process b → ccs → sss, i.e. at lowest order the

triangle diagram with exchange of D
(∗)
s in the t-channel,

B → D
(∗)
s D(∗) → ϕK

∗
.

Such processes can give sizeable contributions to the Penguin amplitude
since they involve Wilson coefficients of O(1), while the Wilson coefficient aW

in the Penguin process b → sss is smaller, of O(10−2). On the other hand,
there is not a CKM suppression in such processes because |VtbV ∗

ts| ∼= |VcbV ∗
cs|.

The estimation of these effects is somewhat model-dependent, but can
be parametrized in a simple way. The absorptive part of the rescattering
diagram can be written in the form

Im Aresc ∝
+1∫

−1

d(cos θ)A
(
B

0 → D(∗)−
s D(∗)+

)
A
(
D(∗)−
s D(∗)+ → ϕK

∗0
)
,

where θ is the angle between the three-momenta of D
(∗)−
s and ϕ. The

amplitude A(B
0 → D

(∗)−
s D(∗)+) can be estimated using factorization and

heavy quark symmetry and t-dependent couplings with a cut-off Λ have to be
introduced to compute the triangle diagrams. Writing the total amplitude
in the form A = Afact + rAresc, there are reasonable values of r that can fit
the polarization amplitudes in B → ϕK

∗
.

In conclusion, FSI effects can modify the helicity amplitudes in Penguin
dominated processes and at the same time the considered rescattering effects
are too small to affect the observed B → ρρ.

In conclusion, the situation of B physics after the Moscow ICHEP 2006
Conference has been presented and a few main topics have been underlined.
Also, a review of the contributions in the field within the Euridice EC net-
work in the last four years has been sketched, developing some main works
on this field.
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