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Abstract. In this talk I give a personal selection of recent theoretical topics in flavour physics and CP
violation. The main emphasis is on the theoretical methods used to calculate rates and spectra for heavy
meson decays and how these results compare to the data.

PACS. 13.20.He Decays of bottom mesons

1 Introduction

Currenly flavour physics and in particular heavy flavour
physics is one of the most active fields in particle phy-
sics. Large experimental efforts are made to investigate
the flavour sector of the standard model, which have to
be supported by theoretical progress in order to perform
a precise test of our picture of flavour mixing and CP vio-
lation.

The heart of the standard-model flavour sector is the
CKM matrix

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 . (1)

VCKM is a unitary matrix carrying an irreducible phase
which is the origin of CP violation in the standard model.
Unitarity and the phase are usually depicted in the form
of the unitarity triangle which is shown in Fig. 1. This
triangle represents the unitarity relation obtained from
multiplying the first column with the conjugate complex
of the last column.

The area of the triangle is a measure of CP violation;
hence any trivial values of the CKM angles α, β and γ
(0◦ or 180◦) would mean vanishing CP violation. It was
a major breakthrough, when the B factories established
a non-trivial value of β by measuring the time dependent
CP asymmetry in B → J/ΨKs in the year 2001 [1].

It is the goal of the current experiments in flavour phy-
sics to overconstrain this triangle to test CKM unitarity
as stringently as possible. Any significant inconsistency
would indicate new physics in the flavour sector. Howe-
ver, this also requires further progress in the theoretical
description of (heavy) meson weak decays to reduce the
uncertanties stemming from hadronic matrix elements.

Our current understanding of flavour is in fact very
unsatisfactory:
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Fig. 1. The standard unitarity triangle with the definitions of
ρ, η and the CKM angles α, β and γ

– A large number of parameters originates from the fla-
vour sector. The Yukawa couplings are the source of
quark-flavour mixing in the standard model, while for
the leptons there is very likely an additional source
of flavour mixing, which is the Majorana mass ma-
trix. Out of the 27 parameters of the standard model
(including lepton-flavour mixing assuming Majorana
neutrinos) 22 are related to the flavour sector.

– The hierarchical structure of the CKM matrix ele-
ments remains a mystery.

– The quark masses (with the exception of the top) have
very small values relative to the electroweak vacuum-
expectation value, i.e. the Yukawa couplings are unna-
turally small.

– There is no theoretical ansatz why the number of fa-
milies is three.

– CP violation exhibits a specific pattern, e.g. CP viola-
tion in flavour diagonal processes (such as electric di-
pole moments) has not been observed; it is very small
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in the standard model due to the suppression by a large
number of loops [2].

– The amount of CP violation in the standard model
seems to be too small to explain the observed matter-
antimatter asymmetry.

I this talk I try to summarize the recent developments
which will help to get closer to an answer to the above fun-
damental questions. The main point is to obtain a clean
theoretical description of (quark) flavour physics and CP
violaton. I shall focus on the field of heavy flavours and CP
violation in the B system, and – even with this restriction
– I shall not be able to cover all the recent topics in this
field. After a short introduction I will discuss the theoreti-
cal machinery that is used to describe heavy quark decays
emphasizing some of the very new ideas. In the second
part I shall discuss rare decays and give a few comments
on models for physics beyond the standard model.

2 Developments in heavy-flavour theory

In this section I give a mini-review of the theoretical tools
(excluding lattice methods, which are discussd in a sepa-
rate contribution to this conference [3]) used in describing
heavy-meson decays, which are mainly based on the heavy
mass expansion. I shall focus on applications where the
theoretical results can be confronted with data or can be
used to extract fundamental parameters.

2.1 Semi-leptonic decays, Vcb and Vub

The main obstacle in expressing the observed flavour mi-
xing and CP violation in terms of the fundamental pa-
rameters of the standard model is the presence of strong
interactions. Hence the primary challenge for theory is to
develop model-independent methods to deal with strong
interactions.

As far as decays of heavy quarks are concerned, the
main tool to deal with strong interactions is the heavy
quark expansion (HQE) [4] and / or heavy quark effective
theory (HQET) [5]. Here one makes use of the fact that
the quark mass is large compared to the scale parameter
of QCD ΛQCD. In reality we certainly have mb � ΛQCD,
while the relation mc � ΛQCD can be debated.

In both HQE and HQET one performs an expansion
in the quantities

ΛQCD

mQ
and αs(mQ) (2)

which can be done using methods of effective field theory
and operator product expansion.

The heavy mass limit has additional symmetries
beyond the ones of QCD which allow us to relate matrix
elements of static heavy mesons moving with velocities v
and v′. The master example is the heavy-quark-symmetry

relation [5]

〈B(v)|b̄Γ c|D(v′)〉
〈B(v)|b̄Γ c|D∗(v′)〉

}
= CΓ (v · v′)ξ(v · v′)

+ O(1/mQ, αs(mc)) (3)

which defines the Isgur-Wise function ξ containing all
the non-perturbative information in the heavy-mass limit.
The coefficient CΓ (v · v′) is calculable from heavy quark
symmetries and depends on the Dirac matrix Γ in the
current and on the velocities of the initial and the final
state.

In the heavy mass limit the Isgur-Wise function is nor-
malized to unity at v = v′; corrections to this normalizati-
ons can be discussed in HQET. In particular, for currents
related to the generators of the heavy-quark symmetries
Luke’s theorem [6] ensures that first order (O(1/m)) cor-
rections to the normalization at vv′ = 1 are absent.

These relations coming from the heavy mass limit have
extensively been used to perform a determination of Vcb

via the relation

lim
v→v′

1√
(vv′)2 − 1

dΓ

d(vv′)
= (4)

G2
F

4π3 |Vcb|2(mB − mD∗)2m3
D∗ |ξA1(vv′ = 1)|2

where ξA1(vv′) is one of the form factors of the axial-
vector current, which becomes the Isgur-Wise function in
the heavy mass limit for both the charm and the bottom
quark. According to Luke’s theorem ξA1(1) is protected
against 1/mc corrections and, including αs(mc)2 [7] and
an estimate of the 1/m2

c corrections, the currently best
estimate for this quantity is [8]

ξA1(vv′ = 1) = 0.91+0.03
−0.04 (5)

Estimates of the 1/m2
c terms are model dependent, the

results from different estimates agree and are shown in
the left plot of Fig. 2. The right plot shows a probability
distribution suggested in [8], the broader one represents
the theoretical uncertainty today, the more narrow curve
is a projection into the future assuming further progress
e.g. from the lattice.

The extrapolation usually uses a linear fit in which also
the slope ρ2 defined by

ξA1(vv′) = ξA1(1)
(
1 − ρ2[vv′ − 1] + · · · ) (6)

is extracted. From the theoretical side the slope is re-
stricted from unitarity and analyticity [9]. The current
results from the various experiments have been collected
and averaged by the heavy-flavour-averaging group [10]
and are shown in Fig. 3. From this the value

V excl
cb = (40.2 ± 0.9exp ± 1.8theo) × 10−3 (7)

has been extracted [10].
The uncertainty quoted in (4) is mainly from the un-

known contributions of order 1/m2
c and higher and con-

stitutes a limitation of this method unless lattice deter-
minations will improve our knowledge of the higher order
terms. First progress has been made on this, see [11].
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Fig. 2. Current status of the form factor ξA1 = hA1 = F in
the transiton B → D∗ at v = v′. The different entries in the
left plot correspond to different methods to estimate the 1/m2

c

corrections. The right plot shows probability distributions for
the theoretical uncertainty; the narrow curve is a projection
into the future. The plot is taken from the CERN Yellow Book
[8]

Another possibly more precise determination of Vcb

can be performed using inclusive decays. In this case one
performs an operator-product expansion (OPE) to write
an inclusive (differential) rate as

dΓ = dΓ0 +
1

mQ
dΓ1 +

1
m2

Q

dΓ2 +
1

m3
Q

dΓ3 + · · · (8)

Here dΓ0 is the partonic rate, i.e. this terms does not de-
pend on an unknown hadronic matrix element. Due to
heavy quark symmetries dΓ1 always vanishes, while dΓ2
can be expressed in terms of two parameters λ1 and λ2

2MHλ1 = 〈H(v)|Q̄v(iD)2Qv|H(v)〉 (9)
6MHλ2 = 〈H(v)|Q̄vσµν [iDµ, iDν ]Qv|H(v)〉 (10)

The contribution dΓ3 is currently under investigation [12],
the main contribution comes from the “Darwin term”

2MHρ1 = 〈H(v)|Q̄v(iD)µ(ivD)(iD)µQv|H(v)〉 (11)

Applying this method to the inclusive semi-leptonic de-
cays one uses

Γ = |Vcb|2Γ̂0m
5
b(µ)(1 + Aew)Apert(r, µ) (12)[

z0(r) + z2(r)
(

λ1

m2
b

,
λ2

m2
b

)
+ ...

]

where we only quote the structure of the formula, the de-
tails can be found in [13]. The inputs into this relation
are
• The heavy quark mass which enters superficially at

fifth power needs to be defined in a suitable scheme.
It has been argued that the pole mass is not the best
choice, since it suffers from a renormalon abiguity [14,
15]. A better choice is a short distance mass such as the
MS mass or the kinetic mass. We will not go into any
details concerning this issue; we quote only the uncer-
tainties obtained in recent determinations [16] which
is of the order of 50 MeV.
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Fig. 3. Current situation of Vcb from different experiments.
Upper plot: Correlation ellipses in the ρ2-ξA1(1)Vcb plane. Lo-
wer Plot: Results for ξA1(1)Vcb. The plots are taken from [10]

• Perturbative contributions from electroweak and
QCD radiative corrections are known at O(αs) and for
mc → 0 also at O(α2

s). The size of the QCD radiative
corrections is strongly correlated with the definition of
the mass of the b quark. In particular, a short distance
mass like the kinetic mass seems to result in a good
convergence of the perturbative series. Also the terms
of order αn+1

s βn
0 have been included [17,13].

• The ratio mc/mb enters through the phase space
functions z0 and z2. This ratio is usually determined
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from the spin averaged meson masses using

MB − MD = mb − mc − λ1

(
1

2mc
− 1

2mb

)

+O(1/m2
c) (13)

which, however, introduces corrections as a series in
inverse powers of the charm mass. With more data
this could be avoided by fitting also the charm mass
using the moments of the lepton-energy spectrum.

• The heavy quark parameters λ1 and λ2 (or µ2
π and

µ2
G) at order 1/m2

b and ρ1 and ρ2 (or ρ3
D and ρ3

LS) at
order 1/m3

b are determined from moments of either the
lepton-energy spectrum, the hadronic mass spectrum
(see below) or from the photon-energy spectrum of the
radiative decay B → Xsγ. Comparison of the different
methods provides a consistency check of the HQE.

Estimating the uncertainties taking into account the cor-
relations of e.g. the heavy-quark mass and the radiative
corrections one can expect a theoretical uncertainty in this
kind of determination as good as ∆Vcb/Vcb ∼ 2%. The
current value from the inclusive determination is [18]

V incl
cb = (40.8 ± 0.9) × 10−3 (14)

It is satisfactory to note that the two results for Vcb from
the exclusive and the inclusive determination are consi-
stent and can be averaged. Recent concerns, that there
may be still uncertainties stemming from parton-hadron
duality making the naive average difficult, are probably
not valid; this issue will be discussed below.

The determination of Vub is complicated by the fact
that the rate for b → u
ν̄� is supressed by the square
of Vub. This results in a huge background from charmed
decays, which has to be removed by appropriate cuts. Ho-
wever, this can restrict the available phase space so much
that the 1/mb expansion becomes poorly convergent.

There are three observables on which cuts may be im-
posed. The first is the energy of the charged lepton E�,
which extends to larger values in the case of charmless final
states. However, the expansion parameter for the lepton-
energy spectrum is 1/(mb − 2E�) instead of 1/mb. While
in most of the phase space mb − 2E� is of order mb, this
is not true in the endpoint region E� ∼ mb/2 which is the
relevant region for the charmless semi-leptonic decays.

It has been shown that in this endpoint region one
may still use the heavy mass expansion, however, one has
to switch to a twist expansion [19,20,21]. In this case one
proceeds similarly to deep inelastic scattering, and one is
lead to define a light-cone distribution function (the ana-
logue of the parton-distribution function in deep inelastic
scattering) of the residual momentum of the heavy quark
according to

2MBf(ω) = 〈B|Q̄vδ(ω + n+ · (iD))Qv|B〉 (15)

where n+ is a light cone vector defined below. In the ki-
nematic regime given by

p2
X ∼ ΛQCDmb and EX ∼ mb , (16)

where pX is the momentum pX of the final state hadrons
and EX is their energy in the rest frame of the B meson,
all differential decay rates can be expressed in terms of
this universal function.

In particular, for the energy spectrum of charmless
semi-leptonic decays one finds in this kinematical region

dΓ

dy
=

G2
F m5

b

96π3 |Vub|2
∫ MB−mb

−mb(1−y)
dω f(ω) y =

2E�

mb
(17)

One may indeed obtain a model independent determina-
tion of Vub by comparing this spectrum to the photon-
energy spectrum of B → Xsγ which is directly proportio-
nal to f(ω). Although this comparison can be performed
including even the subleading twist terms [22,23,24], it
still needs the function f(ω) as an input, which increases
the theoretical uncertainty of this method. Furthermore,
only a small fraction of about 10 % of the rate is actually
above the cut at E� > (M2

B − M2
D)/(2MB) which is nee-

ded to get rid of the charm background, so this method
has certainly serious drawbacks.

The advantage of the cut on the lepton energy spec-
trum is that the neutrino momentum does not need to be
reconstructed. However, once the neutrino momentum is
known, one may also use other variables to perform cuts.
One alternative is the hadronic invariant mass m2

X [25]
which is peaked at small values for charmless decays and
thus may serve as a very efficient cut. However, although
in this case about 80 % of the rate are still within a cut of
M2

X < MD, there is still a dependence on the light-cone
distribution function. Another alternative is to cut on the
leptonic invariant mass q2 [26], which still has about 20%
of the rate within the cut of q2 > (MB − MD)2, however,
this method does not depend on the light-cone distribu-
tion function. The effect of the cuts is schematically shown
in Fig. 4. The shaded bar indicates the region which needs
to be cut away in order to suppress the b → c background.

Combing these different cuts in an optimized way one
can arrive at a scheme which still has about 45 % of the
b → u
ν̄� rate and only a moderate dependence on the
light-cone distribution function [27]. In such a scheme a
theoretical uncertainty of ∆Vub/Vub ∼ 5% seems to be
achievable at the B factories.

2.2 Parton–Hadron duality: A potential problem of the
heavy-quark expansion?

In the context of HQE a concern that has been around over
the last few years is the question, if parton-hadron dua-
lity is valid in inclusive decays. This is indeed a relevant
question once one is aiming at precision determinations of
CKM matrix elements.

In order to discuss this question one first has to give
the notion of “duality” a precise meaning. I will follow
the arguments given in [28,29] and argue that very likely
violations of duality will be still too small to be relevant.

The common folklore is that “sufficiently” inclusive
quantites can be calculated in terms of quarks and gluons
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Fig. 4. Effect of the different possible cuts on b → u semileptonic decays. The region indicated by the shaded bar is contaminated
by b → c decays. The solid line is the tree-level result (including the effect of the light-cone distribution function), the dashed
line includes QCD radiative corrections. Plot a is the lepton energy spectrum, plot b is the hadronic invariant mass spectrum
and plot c is the leptonic invariant mass spectrum. The plot is taken from [8]

[30]. The basis for this is the OPE, which is the 1/m ex-
pansion for the case at hand. Thus a precise definition of
“duality violations” is that these are terms that are not
described by the OPE or, likewise, render the OPE non-
convergent in the same sense as the perturbative series is
at best an asymptotic series.

However, to make this statement more quantitative,
one would need an exact solution of QCD. Typically the
OPE is performed in the euclidean region and it is known
to miss exponentially small terms (such as e.g. an instan-
ton contribution) behaving like exp(

√
−q2). However, the

analytic continuation to minkowskian q2 as needed for
HQE (where q2 = m2) may turn exponentially small terms
into oscillatory ones, which could have a significant effect.

In [28] various model dependent estimates have been
given, which typically yield

Duality Violations ∼ sin(mρ)
mk

(18)

where ρ is a hadronic mass scale and k is a power which
turns out to be large k ∼ 5 in the models considered.

Thus no reliable calculation is possible on purely theo-
retical grounds. However, one may use data to check the
validity of the OPE and of duality. One obvious possibility
is to extract the HQE parameters from different sources
and to check consistency; duality violations would mani-
fest themselves in unnaturally large higher order correc-
tions. The most recent comparisons have been shown in
[31] and are reproduced in Fig. 5.

In the lower plot of Fig. 5 one can see that the extrac-
tion of the HQE parameters from the hadronic moments
seems to differ slightly from the one using lepton energy
moments; however, both extractions are compatible with
the values obtained from B → Xsγ, so this cannot be
considered as significant.

Another observable which can be calculated reliably
is the dependence of the first hadronic moments on the
lower cut on the lepton energy, at least not for too high
values of the cut. At the conference new data from CLEO
has been presented [18] that shows a consistent picture
for this observable. The data from CLEO and BaBar are
shown in Fig. 6.
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Thus concerning violations of duality there is no sig-
nificant hint to a problem, the small deviations shown in
Fig. 5 are statistically not significant enough to support
claim that an additional uncertainty should be included
due to possible violations of duality.
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Fig. 6. Dependence of the first hadronic moment on the lo-
wer cut on the lepton energy, data versus theory. The band
between the two dashed lines indicates the range of the theo-
retical prediction. Plot is taken from [18]

2.3 Soft collinear effective theory and QCD
factorization

HQET and HQE are well suited for applications in which
the light degrees of freedom are soft, i.e. with momenta of
the order ΛQCD. However, in heavy hadron decays we can
also have the kinematic situation where the light degrees
of freedom carry a large energy but have a small invariant
mass. In order to discuss the point, I consider inclusive
decays, but – with a few modifications – similar arguments
apply to exclusive decays.

The endpoint region of inclusive heavy-to-light decays
is defined by the situation where the invariant mass p2 of
the outgoing hadrons is small of the order of ΛQCDm, but
the hadronic energy (in the rest frame of the decaying B
meson) is still of the order m. Thus one has to consider

p2 ∼ λm2 and (v · p) ∼ m (19)

where p is the momentum of the outgoing light degrees
of freedom, v is the velocity o the decaying heavy meson.
and λ = ΛQCD/m. This kinematic situation is realized in
inclusive decays such as B → Xsγ in the region where
the photon energy is close to maximal, or in the endpoint
region of the lepton energy spectrum of B → Xu
ν̄�, which
has been discussed already above.

This particular limit can be formulated an an effec-
tive field theory, the so called soft-collinear effcetive field
theory (SCET) [32]. Similar to HQET one splits off a
“large” part of the momentum of the heavy quark, which
is identified by using the light-cone vectors n+ and n−,
defined by v = (n+ + n−)/2 and by a second light-like di-
rection which is e.g. the photon momentum in B → Xsγ
or the lepton momentum in B → Xu
ν̄�.

The momentum of the light degrees of freedom is writ-
ten as

p =
1
2
(n−p)n+ +

1
2
(n+p)n− + p⊥ (20)

Small invariant mass of the light degrees of freedom means
that p2 ∼ λm2, and from (vp) ∼ m we infer the following
power counting

(n−p) ∼ mb (n+p) ∼ λmb p⊥ ∼
√

λmb (21)

Without going into any details this power counting shows
that one needs not only the soft degrees of freedom scaling
as λ, but one has to include scales of the order

√
λ in order

to describe inclusive processes.
SCET may be formulated as an effective field theory

based on a Lagrangian, implementing the above power
counting. We shall not go into any details here, rather
we quote the results that have been achived so far. Fur-
thermore, in order to describe exclusive modes one has
to match to a theory where the light degrees of freedom
scale as p2 ∼ λ2m2, which is sometimes called SCETII in
comparison to SCETI discussed so far for inclusive pro-
cesses. However, formulation of this theory may require to
include degrees of freedom with yet another scaling beha-
viour which is currently under study [33].

The main result of SCET is the proof of factorization
in B → Dπ [34]. It is based on the fact, that the light de-
grees of freedom in a decaying B meson have to be soft ac-
cording to the counting scheme discussed above. Since the
soft degrees of freedom can be treated exactly (using ba-
sically the non-recoil limit known from the solution of the
QED infrared problem) one may remove the coupling to
the other degrees of freedom by field redefinitions. In this
way one may e.g. recover the the factorization of the inclu-
sive rate B → Xsγ into a shape function and a (perturba-
tively calculable) short distance coefficient. Likewise one
can show that the exclusive non-leptonic decay B → Dπ
factorizes at leading order in the large mass expansion
into the B → D form factor and the pion-decay constant.
This statement is proven to all order in αs using SCET.
However, a poof of a similar factorization in B → ππ on
the basis of SCET has not yet been constructed, although
first attempts exist [35]

A similar development (which actually predates
SCET) is the so called QCD factorization [36], which uses
the same kinematical limit but investigates the correspon-
ding Feynman diagrams in full QCD. In this approach also
the decays B → ππ and B → Kπ have been investigated
which are important for the determination of the CKM
angle γ [37]. With this method factorization in the same
sense as in B → Dπ has been shown, but up to now only
on the basis of the one-loop QCD results. The typical re-
sult of factorization to leading order of the 1/m expansion
in exclusive non-leptonic heavy-to-light transitions may be
diagrammatically described as in Fig. 8.

The corresponding expression of the amplitude is

〈πK|Qi|B〉 = FB→π
0 T I

K,i ∗ fKΦK + FB→K
0 T I

π,i ∗ fπΦπ

+ T II
i ∗ fBΦB ∗ fKΦK ∗ fπΦπ (22)

where the T
I/II
M,i are the hard scattering kernes which are

perturbatively calculable, the F
B→π/K
0 are soft non-per-

turbative contributions to the form factors and ΦM are the
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Fig. 7. Predictions of QCD factorization [37] for ratios of rates verus the CKM angle γ in comparison with data. The width of
the bands indicate the theoretical and experimental uncertainties. The plot has been shown in [38,18]
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Fig. 8. Graphical interpretation of the QCD factorization
theorem in charmless B decays. Figure is taken from [37]

light-cone distribution functions of the meson M , which
are also non-perturbative inputs. Furthermore, the ∗ de-
notes a convolution, involving a light-cone variable.

Without going into any details, an important general
feature of these new approaches is appearent. To leading
order in the 1/m expansion, any imaginary part of an
amplitude must originate from the hard scattering ker-
nels T

I/II
M,i and thus is perturbatively calculable. From this

one concludes that the strong phases entering the analy-
sis of CP violation has to be small, namely it is either of
the order αs(mb) or it is suppressed by powers of 1/mb.
Hence the rescatting, which has been discussed intensively
in connection with bounds on the CKM angle γ [39], has
to be small.

QCD factorization has been applied to charmless non-
leptonic B decays [37] and may now be confronted with
the data, which have become quite precise. The rates of
B → Kπ and B → ππ decays depend on the CKM angle

γ through the interference of tree and penguin contribu-
tions. Evaluating the hadronic matrix elements in QCD
factorization allows us to predict the rates of these pro-
cesses as a function of γ. Furthermore, one may also take
ratios of rates, in which some of the theoretical uncertain-
ties cancel.

Figure 7 shows the theoretical predictions for the ratio
of branching ratios from [37] in comparison with the data.
The straight shaded regions is the data published since last
year. The new data show that the leading order terms of
QCD factorization do not reproduce the data very well.
As an example, the ratio of the B → Kπ decays of the
neutral B mesons hint at a small value of the CKM angle
γ, while the ratio of the neutral to charged B → ππ decays
hint at a large value of this CKM angle.

Furthermore, the very recently published data on
B0 → π0π0 [40,41] also is not compatible with the predic-
tions of QCD factorization. The right plot in the second
row involves this newly measured branching ratio, and the
central value (averaged over the measurements of BaBar
and Belle) is outside of the range of the theoretical pre-
dictions or any value of γ.

It is worthwhile to point out that QCD factorization
and SCET are systematic approaches based on an expan-
sion of QCD. In contrast to models, where the dependence
on the specific model has to be treated like a systema-
tic uncertainty, such systematic methods allow at least
an estimate of the remaining uncertainties. In particular,
QCD factorization has put the description of exclusive
non-leptonic decays on a sound theoretical basis. Compa-
red to the previously used naive factorization [42] one can
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Fig. 9. Allowed region in the Sππ-sin 2α plane as predicted
from QCD factorization. The width of the band indicate the
theoretical uncertainty. Plot taken from [37]

identify additional contributions which in general improve
the description. However, the data shown above are hard
to explain in any theoretical framework [43,44], and also
in QCD factorization there are many sources of theoreti-
cal uncertainties that need to be understood in order to
identifying the sources of possibly large corrections.

One may also use QCD factorization to predict time-
dependent CP asymmetries. Here the decay B0 → π+π−
is the phenomenologically most interesting one, since it
allows access to the CKM angle α. The time-dependent
CP asymmetry is written as

ACP(t) = Cππ cos(∆m t) − Sππ sin(∆m t) (23)

where the lifetime difference in the B0 system is neglec-
ted. Note that sometimes a different notation Aππ for
the coefficient in front of the cosine term is used where
Cππ = −Aππ.

Without penguin-tree interference one would have

Sππ = sin(2α) Cππ = 0 ; (24)

however, this interference leads to deviations from (24).
In QCD factorization these deviations are perturbatively
calculable and lead to a prediction for Sππ shown in Fig. 9,
where the relation between sin 2α and Sππ is plotted.

The data on the CP asymmetry in B → π+π− is not
yet conclusive. While BaBar finds a result compatible with
the predictions of QCD factorization, the Belle result in-
dicates large rescattering and sizable strong phases which
cannot be fitted to QCD facorization [45]. However, the
discrepancy between the two experiments is at the level
of 2σ, so data has to become more precise to settle this
issue. In addition, one has to see how the recent data on
B → π0π0 fit into the picture, see above.

2.4 Flavour symmetries in non-leptonic decays

In case that the subleading terms in QCD factorization
and SCET turn out to be so large that these approaches

are not useful in phenomenology, one has to use other
methods. One approach, which is well established, is to
make use of flavour symmetries such as isospin, U-spin or
even full flavour-SU(3). After the classical work by Gro-
nau London and Rosner [46] to extract the CKM angle α
from B → ππ using isospin, a lot of work has been done
using flavour symmetries. One of the most recent papers
deal with the extraction of γ from the decays B → Kπ
[47] which we shall discuss to contrast the results from
QCD factorization for these processes.

Following [47] we consider the observables

Rc

Ac
0

≡ 2
[
BR(B+ → π0K+) ± BR(B− → π0K−)
BR(B+ → π+K0) + BR(B− → π−K0)

]
(25)

Rn

An
0

≡ 1
2

[
BR(B0

d → π−K+) ± BR(B0
d → π+K−)

BR(B0
d → π0K0) + BR(B0

d → π0K0)

]
(26)

which are sensitive to both the CKM angle γ and the
strong phase δ between the tree and the penguin con-
tributions. Using SU(3) flavour symmetry and neglecting
certain rescattering terms which are believed to be small,
one may relate amplitudes in B → Kπ to the ones in
B → ππ, and thus one can study the allowed regions for
the observables (25) and (26) in the R-A0 plane.

In Fig. 10 the R-A0 plane it is shown. For fixed values
of γ one obtains elliptical curves and the shaded region
represents the envelope of these curves, assuming the cur-
rently allowed region for γ. The data point indicates the
current data on B → Kπ decays; the data seem to prefer
a large value of γ.

Likewise one may plot the allowed ranges for different
values of the strong phase δ. This is shown in Fig. 11.
This analysis seems to point at sizable strong phases in
contrast to the results form QCD factorization.

2.5 Results from QCD sum rules

Another well established method in the calculation of ha-
dronic matrix elements is the approach through QCD
sum rules. This methods makes use of duality and ana-
lyticity to perform analytic continuations from the deep-
eucliedean region (where perturbative calculations are
performed) to the minkowskian region, where the correla-
tors are needed.

Since QCD sum rules are the only QCD based me-
thod that allows to obtain an estimate of hadronic matrix
elements by an analytic calculation, an enormous ammo-
unt of work has been devoted to them. In the sector of
heavy quark physics recently heavy-to-light form factors
have been discussed in [48,49] and also the comparison to
QCD factorization has been performed [50].

Here we shall restrict ourselves again to recent deve-
lopments concerning the decays B → Kπ. It has become
customary to use flavour symmetries in exclusive non-
leptonic decays, and the question, how well these sym-
metries actually hold, is very difficult to answer. QCD
sum rules offer a way to at least estimate the breaking of
flavour symmetries. This has been done recently for the
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Fig. 10. Allowed region in the R-A0 plane, assuming SU(3)
flavour and the standard model range for γ. The upper plot
a is for the charged, the lower c for the neutral modes. The
lines represent fixed values of γ. The data point is the current
status of B → Kπ. The plot is taken from [47]

decays B → Kπ in [51]. In QCD the origin of SU(3) brea-
king is the strange-quark mass ms which leads also to the
fact that the value of the strange-quark condensate 〈s̄s〉 is
different from the value 〈q̄q〉 for the up- and down quarks.
However, there is no way to obtain this relation between
ms and 〈s̄s〉 − 〈q̄q〉 so one keeps these two parameters
independently.

One possible SU(3) relation, which does not involve a
matrix elements with Bs mesons, is given by

A(B− → π−K̄0) +
√

2A(B− → π0K−) (27)

=
√

2
(

Vus

Vud

)
A(B− → π−π0){1 + δSU(3)}

where we have introduced an SU(3)-breaking parameter
δSU(3) which vanishes in the SU(3) limit. Performing a
light-cone QCD sum rule estimate of δSU(3) one obtains
[51]

δSU(3) = (0.210+0.015
−0.014) − (

0.008−0.015
+0.013

)
i (28)

which is of the size expected from e.g. the ratio of fK/fπ.
However, the prediction of this quantity depends on

the light-cone distribution used for the kaon. While the
distribution amplitude for the pion is assumed to be the
asymptotic one, the manifestation of SU(3) breaking in
the distribution amplitude is its asymmetry for the kaon,
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Fig. 11. Allowed region in the R-A0 plane, assuming SU(3)
flavour and the standard model range for γ. The upper plot
b is for the charged, the lower d for the neutral modes. The
lines represent fixed values of δ. The data point is the current
status of B → Kπ. The plot is taken from [47]

which is given by the coefficient a1 of the first Gegen-
bauer polynomial appearing in the asymtotic expansion
of the distribution amplitudes. This coefficient, however,
has been recently reanalysed in QCD sum rules [52], yiel-
ding a1 < 0, a somewhat counter-intuitive result, namely
that the strange quark in the kaon carries a smaller mo-
mentum fraction then the light quark. In order to quote
a definite number for δSU(3) this issue has to be clarified
[53].

3 Rare flavour–changing neutral–current
decays of B mesons

Rare flavour-changing neutral current decays of the b
quark such as b → sγ and b → s
+
− are important mo-
des to constrain new physics. Being loop processes in the
standard model, it is generally assumed that these mo-
des have a good sensitivity to “new physics” beyond the
standard model.

3.1 Theoretical developments in B → Xsγ

After the leading order effective Hamiltonian has been
constructed some time ago [54], a lot of work has been
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Fig. 12. Examples of diagrams leading to an mc/mb depen-
dence at two loops

done to improve the leading order result. In fact, the
QCD effects in this decay turn out to be large and large
logarithms have to be summed improving the O(αs) re-
sult. Still the residual dependence on the renormalization
scale remains significant and thus the next-to-leading or-
der terms have to be included. The various contributions
have been calculated subsequently in [55,56,57,58] and
the dependence on the renormalization scale has been re-
duced significantly.

From the experimental side this decay is interesting,
since it has a reasonably large branching fraction. The
first measurement by CLEO in 1995 [59] indicated that
the branching ratio is indeed in the expected range. In the
meantime the data has improved a lot; the experimental
uncertainty has reached the level of ten percent [60].

However, it has been noted recently that the calcula-
tion of the matrix element induces a dependence on the
charm-quark mass at the two-loop level [56,61]; examples
for the relevant diagrams are shown in Fig. 12

The main point is that the dependence on the parame-
ter mc/mb is very steep and small variations change the
prediction for the branching fraction dramatically. It has
been argued in [62] that one should use the pole mass for
the b quark, since the b quark is an external line with the
b quark in the B meson almost on-shell, while the c quark
is inside a loop and hence a short distance mass like the
MS mass is appropriate. Of course, this is only a guess for
the higher order corrections, but it indicates the range of
uncertainties.

Inserting mMS
c (mb)/mpole

b shifts the prediction for the
rate by one sigma upwards compared to the values obtai-
ned from mpole

c /mpole
b and hence the uncertainties from

this source are significant.
In order to settle this issue one has to perform a

next-to-next-to-leading order calculation, involving an an-
omlous dimension at the four-loop level and the calcula-
tion of the three-loop finite terms. Clearly this is a techni-
cal challenge and first steps have been performed, namely
the nf dependent terms have been investigated [63]. This
involves the calculation of diagramms of the type shown
in Fig. 13.

The current status of the theoretical prediction is not
satisfactory; although the NLO result is fully known, the
theoretical predictions in the standard model for B →
Xsγ still vary quite a bit. Including the uncertainty from
the masses discussed above, one may quote

Br(B → Xsγ) = (3 − 4) × 10−4 , (29)

�� ��

�� ��

Fig. 13. Examples for three-loop nf -dependent contributions
to B → Xsγ

which is not satifactory and the NNLO calculation is ur-
gently needed to perform a test of the standard model
using this decay.

3.2 Theoretical developments in B → Xs�
+�−

The mode B → Xs

+
− is complementary to the decay

B → Xsγ, since it tests different contributions to the ef-
fective Hamiltonian. Also here the leading and next-to-
leading contributions have been calculated in the standard
model, allowing a test for new physics.

The effective Hamiltonian relevant for these decays
may be written as

Heff = −4GF√
2

V ∗
tsVtb

10∑
i=1

Ci(µ) Oi(µ) , (30)

O1...6 = Four Quark Operators,
O7 : b → sγ O8 : b → sg

O9 =
e2

g2
s

(s̄LγµbL)
∑

�

(
̄γµ
) (31)

O10 =
e2

g2
s

(s̄LγµbL)
∑

�

(
̄γµγ5
)

From this we infer that B → Xsγ mainly tests the coeffi-
cient C7, while B → Xs


+
− also tests the coefficients C9
and C10.

It has been pointed out already some time ago that a
new physics contribution will manifest itself in a deviation
of the coefficients from their standard-model value [64].
However, in order to disentangle the various contributions
one has to consider not only the total rate, but also e.g.
the differential forward-backward asymmetry defined by

AFB(s) = (32)∫
d(cos Θ)sgn(cos Θ)

d2Γ (B → Xs

+
−)

ds d(cos Θ)

where Θ is the angle between the 
+ and the b quark in
the center-of-mass frame of the two leptons.

A measured value of the rate for B → Xs

+
− trans-

lates into a circle in the C9-C10 plane and the measured
value has to lie on this circle, if no new-physics contribu-
tion is present. Figure 14 is taken from [65] and shows the
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Fig. 14. Allowed region in the ∆C9-∆C10 plane, where ∆
denotes the deviation from the standard model. The shaded
circle is the region allowed by the current measurement of the
rates. The parameter A7 corresponds roughly to the Wilson
coefficent C7 in (30). The upper plot is for C7 > 0, the lower
one for C7 < 0. The points around the origin are a scan over
the supersymetric parameter space, keeping the B → Xsγ to
its measured value. The figure is taken from [65]

status of such an analysis based on current data. Since
B → Xsγ is only sensitive to the modulus of C7, there are
two possibilities for the rate of B → Xs


+
−, since this
process depends also on the sign of C7.

In order to obtain additional information on the Wil-
son coefficients one can use the forward backward asym-
metry (32). This observable is very sensitive to new phy-
sics contributions; in particular the standard model pre-
dicts a pronounced zero in this observable at a particular
leptonic invariant mass of s ∼ 0.16m2

b , which has been
shown to be stable under radiative corrections [66]. Fi-
gure 15 shows the forward-backward asymmetry as a fun-
ction of the leptonic invariant mass. However, a measure-
ment of the forward-backward asymmetry requires a tag-
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Fig. 15. Differential forward backward asymmetry as defined
in (32). The solid line indicates the standard model, the dashed
lines correspond to values of C9 and C10 given by the points
in the lower plot of Fig. 14. The figure is taken from [65]

ging of the b quark flavour, which makes such a measure-
ment more difficult.

4 Are there hints to “new physics”?

Through the current experiments the flavour sector of the
standard model passes its first detailed test, and up tp
now no significant discrepancy has been found indicating
a deviation from the CKM picture of the standard model.
On the other hand the precise extraction of the fundamen-
tal parameters in the flavour sector is often severely limi-
ted by hadronic uncertainties, reducing the sensitivity to
new physics. Related to this, assigning a theoretical uncer-
tainty to an extracted value of a fundamental parameter
is often very difficult. This in turn makes the significance
of a small deviation hard to judge with respect to new
physics.

Compared to the gauge sector the situation in the fla-
vour sector is much more complicated. When parametri-
zing non-standard-model effects in a general way by di-
mension-six (dim-6) operators [67], a simple and quite ge-
neral parametrization in terms of e.g. the Peskin-Takeuchi
parameters S, T and U [68] is possible in the gauge sec-
tor, while a similar parametrization in the flavour sector
would have too many parameters to be useful. Still, with
restictive assumptions one may arrive at useful statements
[69,70].

4.1 Comments on models of “new physics”

The alternative is to use a definite model to describe the
flavour sector. However, up to now there is no plausible
model for the observed flavour structure, with the possible
exception of Frogatt-Nielsen-like models [71,72].

From what has been used in the context of the gauge
sector (including elektroweak symmetry breaking) and its
tests performed at LEP there is a huge choice of possi-
ble models. However, generically all these models have a
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more complicated Higgs sector implying more parameters
in the flavour sector. Even worse, due to the more compli-
cated Higgs sector there is the possibility of having more
complex couplings inducing additional CP violating pha-
ses. In this way one obtains generically far too much CP
violation, if the natural size of the couplings is assumed.
Furthermore, typically one also obtains sizable CP viola-
tion in flavour-diagonal processes, such as electric dipole
moments.

One popular model for physics beyond the standard
model is supersymetry. Inducing the breaking of super-
symmetry by so-called soft-breaking terms, one obtains
about 120 parameters in the flavour sector in the most
general case, out of which 44 are CP violating. Thus su-
persymmetry clearly has a flavour problem which can only
be overcome by additional assumptions.

In the most general case, a supersymmetric model has
additional mixing through quark-squark interactions. This
leads to a by far too large contribution to K-K mixing
which has to be suppressed by a fine tuning of parameters.
Likewise, one obtains large electric dipole moments e.g.
for the electron, which in a generic supersymmetric model
come out to be

de
SUSY ∼ 10−25e cm (33)

while the current experimental limit is

de
exp ≤ 1.6 × 10−27e cm (34)

which shows the problem concerning flavour-diagonal CP
violation. Clearly flavour phenomenology strongly con-
strains possible supersymmetric models.

One may avoid these problems by asuming super-
symmetry with so-called minimal-flavour violation (MFV)
[73]. Here the flavour mixing is entirely given in terms of
the CKM matrix, i.e. also the quark-squark mixing is given
in terms of the CKM matrix. However, there is no symme-
try protecting the equality of these two mixing matrices
under renormalization; furthermore, the questions concer-
ning the CKM phases and the hierarchy of the mixing-
matrix elements still remain open.

4.2 Current hints to new physics

As stated above, there are no significant hints to physics
beyond the standard model. However, in B physics there
are a few non-significant hints, one of which has triggered
a lot of work.

In the standard model the time dependent CP asym-
metries in B → J/ΨKs and B → φKs both measure the
Bd-Bd mixing phase, which is 2β. However, current data,
which actually was published after the conference [76], do
not yield a consistent picture. While the world average on
sin(2β) from B → J/ΨKs is

sin(2β)B→J/ΨKs
= 0.731 ± 0.056 (35)

-1
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-1 0 1 2

sin 2βΦKs

∆ms
 & ∆md

|Vub/Vcb|

ρ

η

CK M
f i t t e r

p a c k a g e

Fig. 16. CKM fit inclusing only b → s transitions and
Vub/V cb. The figure is produced with CKMFitter [74] and ta-
ken from [75]

the new data from BaBar and Belle on sin(2β) from B →
φKs are

sin(2β)B→φKs
=

{
−0.96 ± 0.50−0.11

+0.09 Belle
+0.45 ± 0.43 ± 0.07 BaBar

(36)

showing a discrepancy between the two experiments at the
level of two standard deviations.

If the final value is close to the Belle value (which was
actually the situation at the time of the conference) this
would indicate new physics, which would most probably
reside in the b → ss̄s piece of the effective Hamiltonian.
A fit including only the observables sensitive to b → s
transitions is shown in Fig. 16 and prefers the apex of the
unitarity triangle in the fourth quadrant. However, from
the theoretical side it is difficult to find a model in which
the b → ss̄s vertex is modiefied but at the same time
leaves e.g. the b → sγ interaction at the standard-model
value. However, in view of the experimental situation it is
too early to draw any conclusion

5 Conclusions

The flavour sector of the standard model seems to be
very well described by the CKM picture, at least as far
as quarks are concerned. The overall fit based on CKM-
Fitter [74] shown in Fig. 17 from G. Eigen’s presentation
at this conference is consistent and constrains the apex of
the unitarity triangle already significantly. Based on the
current data any deviation from the standard model has
to be small.

The B factories as well as the second generation B
physics experiments will further increase the precision of
the observables. However, in order to do precision flavour



T. Mannel: Flavour physics and CP violation 179

Fig. 17. The current status of the CKM fit. The plot is pro-
duced with CKMFitter [74] and taken from the presentation
by G. Eigen at this conference [77]

physics one needs to improve the theoretical side further
in order to match the experimental precision.

As far as semileptonic decays are concerned the situa-
tion is already quite satisfactory. The heavy quark expan-
sion allows clean access to the CKM matrix elements Vcb

and Vub.
However, the extraction of CKM angles involves exclu-

sive non-leptonic decays for which still no working QCD-
based method exists. The problem with hadronic uncer-
tanties is appearent since some time in the Kaon sector,
where the precision of the measurement of the CP viola-
ting parameters ε and ε′ in the kaon sector cannot (yet?)
be matched by theoretical calculations [78].

However, the situation in B decays is better, since the
b-quark mass sets a large scale, which can be used to per-
form an expansion. In this sense the ideas like QCD fac-
torization and SCET are systematic approaches based on
such an expansion of QCD, but the comparison with the
recent data, in particular on charmless B decays, indicates
that these methods still have problems, which remain to
be clarified.
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