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With the running B, kaon and neutrino physics experiments, flavour physics takes centre stage within today’s

particle physics. We discuss the opportunities offered by these experiments in our search for new physics beyond

the SM and discuss their complementarity to collider physics.

We focus on rare B and kaon decays, highlighting specific observables in an exemplary mode. We also comment

on the so-called B → ππ and B → Kπ puzzles. Moreover, we briefly discuss the restrictive role of long-distance

strong interactions and some new tools such as QCD factorization and SCET to handle them.

1. Introduction

There are three main issues within the present
B and kaon physics programme: (i) the search
for new degrees of freedom beyond the standard
model (SM) in flavour- or CP-violating processes;
(ii) the question of the precise mechanism of CP
violation and (iii) the search for a quantitative
understanding of the strong interactions within
flavour observables.

Rare B and kaon decays representing loop-
induced processes are highly sensitive probes for
new degrees of freedom beyond the SM. Through
virtual (loop) contributions of new particles to
such observables, one can investigate high-energy
scales even before such energies are accessible at
collider experiments.

Such flavour information is complementary to
the collider data of the Large Hadron Collider
(LHC); for example the present flavour data from
the B factories in the b → s sector is not very
restrictive (yet). Within a supersymmetric new
physics scenario, present bounds on squark mix-
ing still allow for large contributions to flavour-
violating squark decays at tree level, which can be
measured at the LHC. In these cases, additional
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information from future flavour experiments will
be necessary to interpret those LHC data prop-
erly.

The CKM prescription of CP violation with
one single phase is very predictive. Before the
start of the B factories, the neutral kaon sys-
tem was the only environment where CP violation
had been observed. It was difficult to decide if
the CKM description of the SM really accounted
quantitatively for the CP violation observed in
the kaon system, because of the large theoreti-
cal uncertainties due to long-range strong inter-
actions. The rich data sets from the present and
planned B experiments now allow for an inde-
pendent and really quantitative test of the CKM-
induced CP-violating effects in several indepen-
dent channels.

Quark-flavour physics is governed by the in-
terplay of strong and weak interactions. One
of the main difficulties in examining the observ-
ables in flavour physics is the influence of the
long-distance strong interaction. The resulting
hadronic uncertainties restrict the opportunities
in flavour physics significantly. If new physics
does not show up in B physics through large devi-
ations, as recent experimental data indicate, the
focus on theoretically clean variables within the
indirect search for new physics is mandatory.

Nevertheless there are new tools, such as QCD
factorization and the soft-collinear effective the-
ory (SCET), to tackle the strong interaction
within B decays. The large data sets from the
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B experiments should be used to sharpen these
new tools and improve our present understanding
of the strong interaction.

1.1. Experimental roadmap

The present experimental roadmap of flavour
physics offers great opportunities. Several B-
physics experiments are successfully running at
the moment and, in the upcoming years, new fa-
cilities will start to explore B physics with in-
creasing sensitivity and within various experi-
mental settings. There are two B factories, op-
erating at the Υ(4S) resonance in an asymmet-
ric mode, successfully obtaining data, namely the
BABAR experiment at SLAC (Stanford, USA) [1]
and the BELLE experiment at KEK (Tsukuba,
Japan) [2]. An upgrade of the BELLE machine
is planned; and there are also plans for Super-
BELLE [3]. After the present hadronic B-physics
programme at FERMILAB (Batavia, USA) [4],
there are strong B-physics programmes planned
at three LHC experiments at CERN in Geneva,
especially at LHCb [5]. There is also a future op-
tion of a B-physics programme at a future linear
collider via a Giga-Z factory (see [6]).

The main motivation for a B physics pro-
gramme at hadron colliders is the huge b-quark
production cross section with respect to the one
at e+e− machines, and the opportunity to analyse
also the Bs system. Nevertheless, a future Super-
B factory would be competitive but also comple-
mentary to the planned hadronic B physics pro-
gramme (see for details [7,8]).

There are many further sectors of flavour
physics that offer important experimental op-
portunities. K decays such as K → πνν̄ and
KL → π0ℓ+ℓ− are extremely sensitive to possi-
ble new degrees of freedom and are largely un-
explored. In fact, at present we have fewer con-
straints on short-distance-dominated s→ d quark
transitions than on b → s ones. In the pres-
ence of new physics, charm physics could pro-
vide important inputs by future e+e− and fixed-
target experiments. Searches for electric dipole
moments of various particles are a very impor-
tant source of information on the flavour and CP
structure. Open questions in neutrino physics,
regarding their masses, their mixing and their

particle nature, are actively being attacked in
the present and future experimental programme.
The study of the correlation of neutrino prop-
erties with flavour phenomena in the charged-
lepton and in the quark sector, e.g. charged-
lepton flavour violation, is also an important tar-
get. Pushing the present limits on µ ↔ e and
µ ↔ τ transitions might lead to important in-
sight.

1.2. Hadronic uncertainties

The crucial problem in the new physics search
within flavour physics is the optimal separation
of new physics effects and hadronic uncertainties.
This can be successfully solved only for a selected
number of golden observables in flavour physics,
where hadronic physics can be disentangled to a
large extent and clean tests of the SM are possi-
ble. In principle there are three strategies:
• One can focus on inclusive decays modes.

These modes are dominated by the partonic con-
tributions because bound-state effects of the fi-
nal states are eliminated by averaging over a spe-
cific sum of hadronic states. Moreover, also long-
distance effects of the initial state are accounted
for, through the heavy mass expansion in which
the inclusive decay rate of a heavy B meson is
calculated, using an expansion in inverse pow-
ers of the b-quark mass. In fact, one can use
quark-hadron duality to derive a heavy mass ex-
pansion of the decay rates in powers of ΛQCD/mb

(HME). For example, it turns out that the decay
width of the B̄ → Xsγ is well approximated by
the partonic decay rate, which can be calculated
in renormalization-group-improved perturbation
theory:

Γ(B̄ → Xsγ) = Γ(b→ Xparton
s γ) + ∆nonpert.

Non-perturbative corrections occur at the order
Λ2

QCD/m
2
b only. The absence of first-order power

corrections is a consequence of the fact that there
is no independent gauge-invariant operator of di-
mension 4 in the operator product expansion
because of the equations of motion. The lat-
ter fact implies a rather small numerical impact
of the non-perturbative corrections to the de-
cay rate of inclusive modes. Nevertheless, there
are additional nonperturbative corrections within
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inclusive modes due to necessary cuts in the ex-
perimental spectra like the photon energy spec-
trum in B̄ → Xsγ (see [9]).
• In exclusive processes, however, one cannot

rely on quark-hadron duality and has to face the
difficult task of estimating matrix elements be-
tween meson states. Therefore, exclusive modes
are not well-suited to the new physics search in
general. Nevertheless, one can focus on ratios
of exclusive decay modes such as asymmetries,
where large parts of the hadronic uncertainties
partially cancel out. In particular, there are CP
asymmetries that are governed by one weak phase
only. In that specific case the hadronic matrix el-
ements cancel out completely.
• There are also specific decays like K → πνν̄

modes where the hadronic uncertainties can be
eliminated by experimental data. In these kaon
decays the hadronic matrix element can be re-
lated to the well-known rare semileptonic Kl3 de-
cays.

Regarding the hadronic matrix elements of ex-
clusive modes, the method of QCD-improved fac-
torization has been systemized for non-leptonic
decays in the heavy-quark limit. This method al-
lows for a perturbative calculation of QCD correc-
tions to naive factorization and is the basis for the
up-to-date predictions for exclusive rare B decays
in general [10]. However, within this approach, a
general, quantitative method to estimate the im-
portant 1/mb corrections to the heavy-quark limit
is missing.

A more general quantum field theoretical
framework was proposed – known under the name
of SCET – which allows for a deeper understand-
ing of the QCD factorization approach [11,12].
In contrast to the well-known heavy-quark effec-
tive theory (HQET), the recently proposed SCET
does not correspond to a local operator expan-
sion. While HQET is only applicable to B decays,
when the energy transfer to light hadrons is small,
for example to B → D transitions at small recoil
to the D meson, it is not applicable, when some
of the outgoing, light particles have momenta of
order mb; then one faces a multi scale problem:
a) Λ = few × ΛQCD, the soft scale set by the
typical energies and momenta of the light degrees
of freedom in the hadronic bound states; b) mb

the hard scale set by the heavy-b-quark mass
(we note, that in the B-meson rest frame, for
q2 ≃ 0 also the energy of the final-state hadron is
given by E ≃ mb/2); c) the hard-collinear scale
µhc =

√
mbΛ appears through interactions be-

tween soft and energetic modes in the initial and
final states. The dynamics of hard and hard-
collinear modes can be described perturbatively
in the heavy-quark limit mb → ∞.

The separation of the two perturbative scales
from the non-perturbative hadronic dynamics is
formalized, within the framework of SCET, with
the small expansion parameter λ =

√

Λ/mb.
Thus, SCET describes B decays to light hadrons
with energies much larger than their masses, as-
suming that their constituents have momenta
collinear to the hadron momentum. On a tech-
nical level, the implementation of power counting
in λ, at the level of momenta, field and operators,
corresponds directly to the well-known method of
regions for Feynman diagrams [13].

The large varity of experimental data on those
decay modes allows us to test these new tools
and perhaps to reach sufficient accurary for the
determination of the CKM parameters and even
for the detection of new physics effects.

2. Exploration of higher scales via rare de-

cays

Rare B and kaon processes often represent
flavour changing neutral currents (FCNCs) and
occur in the SM only at the loop level. This fact
leads to the high sensitivity to potential new de-
grees of freedom beyond the SM. Such potential
new contributions are not suppressed with respect
to the SM contributions (see Fig.1). This indirect

b

s
γ

b

s
γ

b

s
γ

Figure 1. Standard and nonstandard contribu-
tions to b→ sγ at the-loop level only .
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search for new physics signatures within flavour
physics takes place today in complete darkness,
given that we have no direct evidence of new par-
ticles beyond the SM. However, the day the exis-
tence of new degrees of freedom is established by
the LHC, the searches for anomalous phenomena
in the flavour sector will become mandatory. The
problem then will no longer be to discover new
physics, but to measure its (flavour) properties.
In this context, the measurement of theoretically
clean rare decays, even when found to be SM-like,
will lead to important and valuable information of
the structure of the new physics models and will
lead to complementary information to the LHC
collider data.

Because new physics effects beyond the SM
seem to be rather small it is important to go be-
yond the pure study of branching ratios and also
look at complex kinematic distributions, in par-
ticular at CP, forward-backward, isospin and po-
larization asymmetries. Only the measurements
of a large overconstraining set of these observables
allow us to detect specific pattern and to distin-
guish between various new-physics scenarios.

Finally, rare decays are also important tools
to analyse the famous flavour problem, namely
how FCNCs are suppressed beyond the SM. This
problem has to be solved by any viable new
physics model. One solution of the flavour prob-
lem is given by minimal flavour violation (MFV).
In [27], a consistent definition of this scenario
was presented, which essentially requires that all
flavour and CP-violating interactions be linked to
the known structure of Yukawa couplings. The
constraint within an effective field approach is in-
troduced with the help of a symmetry concept
and can be shown to be renormalization-group-
invariant [27].

Perhaps this MFV-based effective field theory
approach is too pessimistic from the current point
of view. One of the key predictions of the MFV
is the direct link between the b → s, b → d, and
s → d transitions. This prediction within the
∆F = 1 sector is definitely not well-tested at the
moment and there is still room for new flavour
structures to be discovered. Nevertheless, in con-
trast to the scale of the electroweak symmetry
breaking, there is no similarly strong argument

that new flavour structures have to appear at the
electroweak scale.

2.1. b→ s/dγ and b→ sℓ+ℓ− modes

The inclusive b → sγ mode is still the most
prominent rare decay, because it has already
measured by several independent experiments
[14,15,16,17,18,19] and the present experimental
accuracy has reached the 10% level [20]:

BR[B̄ → Xsγ] = (3.52 ± 0.30)× 10−4 .

In the near future, more precise data on this
mode are expected from the B factories. Thus,
it is mandatory to reduce the present theoretical
uncertainty accordingly. A systematic improve-
ment certainly consists in performing a complete
NNLL calculation which will reduce the well-
known large uncertainty due to the definition of
the charm mass [21] by a factor 2 as was recently
shown [22]. In a recent theoretical update of the
NLL prediction of this branching ratio, the uncer-
tainty related to the definition of mc was taken
into account by varying mc/mb in the conserva-
tive range 0.18 ≤ mc/mb ≤ 0.31 which covers
both, the pole mass (with its numerical error)
value and the running mass m̄c(µc) value with
µc ∈ [mc,mb] [24]: BR[B̄ → Xsγ] = (3.70 ±
0.35|mc/mb

±0.02|CKM±0.25|param.±0.15|scale)×
10−4 . The stringent bounds obtained from the
B → Xsγ mode on various non-standard scenar-
ios (see e.g. [25,26,27,28,29,30] are a clear example
of the importance of clean FCNC observables in
discriminating new-physics models.

Besides the b → sγ mode, also the b → sℓ+ℓ−

transitions are already accessible at the B facto-
ries [31,32,33], inclusively and exclusively. Quite
recently also the b → dγ transition was mea-
sured for the first time [34] (for a recent review
see [35]). The inclusive decay b → sℓ+ℓ− is par-
ticularly attractive because of kinematic observ-
ables such as the invariant dilepton mass spec-
trum and the forward–backward (FB) asymme-
try. This inclusive decay is also dominated by
perturbative contributions if the cc̄ resonances
that show up as large peaks in the dilepton in-
variant mass spectrum are removed by appro-
priate kinematic cuts. In the ’perturbative win-
dows’, namely in the low-s (dilepton mass) region
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Figure 2. Comparison between NNLL and NLL
results for AFB(s) in the low s region. The
three thick lines are the NNLL predictions for
µ = 5 GeV (full), and µ = 2.5 and 10 GeV
(dashed); the dotted curves are the corresponding
NLL results. All curves for mc/mb = 0.29.

(0.05 < s = q2/m2
b < 0.25 and also in the high-s

region with 0.65 < s, a theoretical precision com-
parable with the one reached in the decay b→ sγ
is in principle possible. The recently calculated
NNLL contributions [36,37,38,39,40,41] have sig-
nificantly improved the sensitivity of the inclu-
sive B̄ → Xsℓ

+ℓ− decay in testing extensions of
the SM in the sector of flavour dynamics, in par-
ticular the value of the dilepton invariant mass
(q20), for which the differential forward–backward
asymmetry vanishes, is one of the precise predic-
tions in flavour physics (see Fig.2):

q20, NNLL = (3.90 ± 0.25) GeV2.

Let us briefly comment on the impact of the
exclusive B → K(∗)ℓ+ℓ− modes. Hadronic un-
certainties on these exclusive rates are domi-
nated by the errors on form factors and are much
larger than in the corresponding inclusive de-
cays. In fact, following the analysis presented
in Ref. [42], we see that inclusive modes already
put much stronger constraints on the various Wil-
son coefficients. Concerning the measurement of
a zero in the spectrum of the forward-backward

asymmetry, things are different. According to
Refs. [43] the value of the dilepton invariant mass
(q20), for which the differential forward–backward
asymmetry vanishes, can be predicted in quite a
clean way. In the QCD factorization approach at
leading order in ΛQCD/mb, the value of q20 is free
from hadronic uncertainties at order α0

s (a depen-
dence on the soft form factor ξ⊥ and the light cone
wave functions of the B and K∗ mesons appear
at NLL). Within the SM, the authors of Ref. [43]
find: q20 = (4.2 ± 0.6)GeV2. As in the inclusive
case, such a measurement will have a huge phe-
nomenological impact.

2.2. There is also beauty in kaon physics

Although the general focus within flavour
physics is at present on B systems, kaon physics
offers interesting complementary opportunities in
the new physics search, such as the exclusive rare
decays K+ → π+νν̄ and KL → π0νν̄. These
decay modes are extremely sensitive to possible
new degrees of freedom, but they also allow for
an accurate determination of the unitarity trian-
gle, which is completely independent from that of
the B system (for a recent review, see [44]).

These modes are basically unexplored yet.
While there is only an upper limit on the neu-
tral mode, three events were found in the charged
mode by the AGS E787 and the E949 Collabora-
tions at Brookhaven [45,46], leading to

BR(K+ → π+νν̄) =
(

1.47 + 1.3
− 0.9

)

× 10−10.

Within the experimental and theoretical uncer-
tainties this is fully consistent with the present
theory prediction, which is based on a perturba-
tive NNLL QCD analysis [47] and on a recent
improvement of the long-distance contributions
[48]:

BR(K+ → π+νν̄)SM = (0.80 ± 0.11) × 10−10 .

The error is dominated by parametrical errors on
CKM matrix elements and on mc which can be
significantly reduced in the future.

The rare decays K+ → π+νν̄ and KL → π0νν̄
are both exceptionally clean modes, for two rea-
sons essentially. First, the hard (quadratic) GIM
mechanism, is active; thus, these decays are dom-
inated by short-distance dynamics. In fact, at
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the quark level the two processes arise from the
s → dνν̄ process, which originates from a combi-
nation of the Z penguin and a doubleW exchange
(see Fig.3).

s d s d s d

W

Z `�
u,c,t u,c,t

�Z � � � �
Figure 3. Graphs for s→ dνν̄ in the SM

In these graphs the u, c, t quarks appear as in-
ternal lines. The hard GIM mechanism implies
on the amplitude level:

Aq ∼ m2
q/m

2
WV ∗

qsVqd, q = u, c, t .

Thus, the top-quark contribution dominates, with
a smaller contribution, in the case of the K+ →
π+νν̄ decay, from the charm contribution. The
up-quark contribution is in both cases negligible,
so that s → dνν̄ is essentially a short-distance
process.

Moreover, the short-distance amplitude is gov-
erned by a single semileptonic operator whose
hadronic matrix element can be determined ex-
perimentally by the semileptonic kaon decay
K+ → π0e+ν using isospin symmetry; so the
main hadronic uncertainties can be eliminated by
experimental data.

s d s d s d

χ

Z� �Z � � � �~̀~u ~u ~u
Figure 4. Graphs for s→ dνν̄ in supersymmetry

Besides their rich CKM phenomenology, the
decays KL → π0νν̄ and K+ → π+νν̄, as
loop-induced processes, are very sensitive to new

physics beyond the SM and are crucial tools to
discriminate between various new physics scenar-
ios in the future. Thanks to the cleanliness of the
theoretical predictions, the measurement of these
decays leads to very accurate constraints on any
new physics model and will help us to discrimi-
nate between various new physics scenarios in the
future, when new physics is discovered within the
direct search. Moreover, there are also very in-
teresting and theoretically clean correlations be-
tween B and K physics allowing for crucial preci-
sion tests of the SM and also of so-called minimal
flavour violation scenarios in which the flavour
structure is essentially SM-like. These correla-
tions are generally violated in models with new
sources of flavor violation. There is also the pos-
sibility that these clean rare decay modes them-
selves lead to direct evidence for new physics, if
the measured decay rates are not compatible with
the SM. New effects in supersymmetric models,
for example, can be induced through new box-
and penguin-diagram contributions which involve
new particles such as charged Higgs or charginos
and stops (Fig. 4), that replace the W boson and
the up-type quark of the SM (Fig. 3).Explicit
analyses of possible post-SM scenarios, with di-
rect new-physics contributions in the s → dν̄ν
amplitude or in BB̄ mixing, can be found in [49]
and [44].

Besides the recently finalized Brookhaven ex-
periments on the charged mode [45,46] and the
running experiment on the neutral mode at KEK
[51], there are two new proposals for the charged
mode[52,53], one for the neutral [54] currently un-
der discussion.

The novel feature of the proposed measurement
of K+ → π+νν̄ at CERN [53] is that, in contrast
to previous experiments, one does not use stopped
kaons but kaons in flight. One expects 80 K+ →
π+νν̄ events in about two years of data taking,
starting in 2010, based on the SM predictions.

As can be seen in Fig. 5, the main background
is the mode K+ → π+π0. Thus, one of the main
issues is the vetoing of the photons out of the π0

decay, which is much easier than in previous ex-
periments because of the high-energy kaon beam.
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Figure 5. Distribution of the missing mass
squared for the signal and the most frequent kaon
decays. The signal region is divided into region I,
which lies between the two prominent two-body
decays of the charged kaon, while region II ex-
tends to the three-pion kinematical limit [50].

2.3. Charmless rare B decays: B → ππ
Charmless rare B decays are an ideal testing

ground for the QCD factorization approach. The
QCD factorization theorems on non-leptonic de-
cay modes, first proposed in [10], identify short-
distance effects (TI and TII) that can be sys-
tematically calculated in perturbation theory:
〈PP |Heff |B〉 = FB→P · TI ⊗ φP + TII ⊗ φB ⊗
φP ⊗φP +terms suppressed by 1/mb, where the
symbol ⊗ represents convolution with respect to
the light-cone momentum fractions of light quarks
inside the mesons. Non-perturbative effects are
parametrized in terms of a few universal func-
tions such as form factors (FB→P ) and light-cone
distribution amplitudes (φB , φP ), on which our
information is rather restricted. Moreover, phe-
nomenological applications are limited by the in-
sufficient information on (power-suppressed) non-
factorizable terms. Thus, the limiting factor
of the QCD factorization theorems is twofold,
namely the insufficient information on their non-
perturbative input and on the power-suppressed
(non-factorizable) terms. This problem should be
tackled by the large data sets made available by
current and future B physics experiments and by
the development of suitable new non-perturbative
methods on the theory side.

B Fj
T Iij �M2

M1
M2+ T IIi �M1

�M2�BB M1
M2

Figure 6. Illustration of QCD factorization theo-
rems for non-leptonic B decays

If one does not want to rely on particular as-
sumptions about the hadronic dynamics, the tra-
ditional model-independent approach to charm-
less non-leptonic B-decays is to decompose the
various decay amplitudes according to isospin
[68,69]. The present experimental data on B →
ππ decays is consistent with this isospin decom-
position. In [55] it was proposed to use the model-
independent predictions from QCD factorization
for the factorizable part of the decay amplitudes.
The standard isospin analysis is then applied
to the non-factorizable contributions only, which
thus covers the model-dependent estimate of chi-
rally enhanced power corrections, large devia-
tions from the standard hadronic input parame-
ters, etc. Comparing with the experimental data
on branching ratios and CP asymmetries, this
method allows to quantify the amount of non-
factorizable effects in particular isospin ampli-
tudes without additional theoretical bias.

From the present data on B → ππ decays,
one finds that small non-factorizable contribu-
tions are disfavoured. Clearly, the dynamical ori-
gin of these non-factorizable corrections remains
a theoretical challenge. At present, different phe-
nomenological assumptions can accommodate the
data. For instance, the latest update [57] of the
BBNS approach [56] advocates scenarios where
certain hadronic input parameters are put to the
edges of the allowed regions and the estimate
about the size of a particular class of 1/mb cor-
rections is included in the theoretical uncertain-
ties. Other authors assume the dynamical en-
hancement of certain flavour topologies to explain
the experimental data, for instance the charming
penguin approach of [58]. Also a new analysis
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using SCET methods was recently presented [59],
where SCET relations in leading order are com-
bined with SU(3) flavour relations. This leads to
a further reduction of hadronic parameters due
to the vanishing of some strong phases in the
mb → ∞ limit.

Often only dominant 1/mb corrections are iden-
tified corresponding to simple 1/mb SCET op-
erators. However, the 1/mb corrections also in-
clude more power-suppressed decay current op-
erators and more insertions of subleading La-
grangian terms which lead to terms sensitive to
higher Fock-state-contributions (see Fig.7) which
are not necessarily suppressed.

Finally, it should be stressed that any dy-
namical assumption which further constrains the
isospin analysis may lead to a strong bias when
used in CKM fits. Therefore, one should rather
use the experimental data itself to distinguish
between different alternatives, and to measure
the power-suppressed non-factorizable matrix el-
ements in QCD factorization/SCET.

Figure 7. Annihilation contributions to B → PP .
(a) Example for one-gluon exchange included in
the BBNS analysis. (b) Example for higher Fock-
state-contribution

2.4. Is there a B → Kπ puzzle?

The B → Kπ modes are well-known for being
sensitive to new electroweak penguins beyond the
SM [60,61]. The present data on CP averaged
Kπ branching ratios can be expressed in terms of
three ratios:

R =
τB+

τB0

BR[B0
d → π−K+] + BR[B̄0

d → π+K−]

BR[B+
d → π+K0] + BR[B−

d → π−K̄0]

Rn =
1

2

BR[B0
d → π−K+] + BR[B̄0

d → π+K−]

BR[B0
d → π0K0] + BR[B̄0

d → π0K̄0]

Rc = 2
BR[B+

d → π0K+] + BR[B−
d → π0K−]

BR[B+
d → π+K0] + BR[B−

d → π−K̄0]

The present data [63],

R = 0.84+0.06
−0.05, Rn = 0.82+0.08

−0.07, Rc = 1.00+0.09
−0.08,

appears somewhat anomalous, when compared,
for example, with the approximate sum rule pro-
posed in [65,64,66] which leads to the prediction
Rc = Rn. The corresponding BBNS predictions
[57,67] are

R = 0.91+0.13
−0.11, Rn = 1.16+0.22

−0.19, Rc = 1.15+0.19
−0.17.

One can also use approximate flavour symme-
tries (isospin or SU(3)F ) to relate different de-
cay amplitudes and reduce the number of un-
known hadronic parameters [68,69]. This proce-
dure is often combined with additional dynami-
cal assumptions about the importance of certain
flavour topologies that can be identified in the fac-
torization approximation only. In particular, in a
recent study [70] along these lines, the B → ππ
data was used to make theoretical predictions on
the B → Kπ modes. This specific approach leads
to

R = 0.94+0.03
−0.03, Rn = 1.14+0.08

−0.07, Rc = 1.11+0.06
−0.07.

At present, it is difficult to estimate the theoret-
ical uncertainties due to the assumptions made
in this approach, but in the future those as-
sumptions including the SU(3)F symmetry can
be tested experimentally.

Does this slightly anomalous behaviour guide
us to new physics in the Kπ modes? It is impor-
tant to note that the deviation of Rn and Rc from
unity is solely due to isospin-breaking effects [66]
and the amount of short-distance isospin breaking
in the SM is too small to explain the experimental
number. Whereas the authors of [70] argue that
this may point to an interesting avenue towards
new physics in electroweak penguin operators, the
collaboration in [62] considers this deviation as
a statistical fluctuation, which is consistent with
the SM – even when the SU(3)F constraints are
enforced. Not surprisingly, the B → Kπ data has
triggered several new-physics analyses.

Due to the large non-factorizable contributions
identified in the B → ππ channel, it is diffi-
cult to decide whether the data on B → πK
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decays point to new physics (for example to
isospin breaking via new degrees of freedom as
discussed in [60,61]), or whether they can be ex-
plained by non-factorizable SU(3)F - or isospin-
violating QCD and QED effects within the SM.
For the latter possibility, it was pointed out in
[55] that the actual expansion parameter for non-
perturbative isospin violating effects in B → πK
can be as large as 5 − 10%, for instance via
non-factorizable corrections from CKM-enhanced
long-distance QED penguins. This seems to be in
the right ball park to at least partly explain the
deviation of Rn from unity.

Apart from the theoretical questions about the
interpretation of the data, there are also some
experimental issues:

• Radiative corrections to decays with
charged particles in the final states had
not been taken into account properly in
previous analyses, an effect which was ex-
pected to lead to an increased branching
ratio of these modes (see [62]) and which
could bring Rn closer to unity. In fact,
quite recently such effects were calculated
[71] and found to be not negligible. On
the experimental side, BABAR has already
taken into account these results on the
final state interactions in order to esti-
mate the efficiency by comparing with the
used Monte Carlo program PHOTOS [72].
The new experimental branching ratios
quoted by BABAR correspond now to a
well-defined photon energy-cut. These cor-
rections on the experimental side already
led to a +6% correction in the K+π− mode
and +8% in the π+π− mode [73]. However,
the theoretical prediction still has to be
corrected accordingly in order to be com-
pared with the experimental data using a
photon energy-cut. There is an additional
effect of around 3 − 5% expected [71], but
the precise value depends on the matching
with the short-distance calculation.

• It has also been argued in [74] that the
present pattern could perhaps result from
underestimating the π0 detection efficiency
which implies an overestimate for any

branching ratio involving a π0. The au-
thors of [74] propose therefore to consider
the ratio (RnRc)

1/2 in which the π0 detec-
tion efficiency cancels out. However, this
idea has not found any confirmation on the
experimental side.

One may also shed some light on the dynam-
ical origin of non-factorizable effects, which may
stimulate further studies with non-perturbative
methods. In particular, a systematic classifica-
tion of power-suppressed matrix elements from
non-factorizable SCET operators should give an
alternative scheme compared to the traditional
classification in terms of flavour topologies.

3. Search in CP-violating observables

The CKM prescription of CP violation with
a single phase is very predictive. It was pro-
posed already in 1973 [75], before the experi-
mental confirmation of the existence of the sec-
ond family. Before the start of the B factories,
the neutral kaon system was the only environ-
ment where CP violation had been observed. It
has been difficult to decide if the CKM descrip-
tion of the SM really accounted quantitatively
for the CP violation observed in the kaon sys-
tem, because of the large theoretical uncertain-
ties due to long-range strong interactions. The
rich data sets from the B factories now allow
for an independent and really quantitative test
of the CKM-induced CP-violating effects in sev-
eral independent channels. Within the golden B
mode, Bd → J/ψKS , the CKM prescription of
CP violation has already passed its first preci-
sion test; in fact, the measured CP violation is
well in agreement with the CKM prediction [2,1].
Nevertheless, there is still room for non-standard
CP phases. An additional experimental test of
the CKM mechanism is provided by the mode
Bd → ΦKS. This mode is induced at the loop
level only and, therefore, it is much more sensi-
tive to possible additional sources of CP violation
than the tree-level-induced decay Bd → J/ψKS .
However, the poor statistics does not allow to
draw final conclusions yet [2,1]. We also note that
the commonly used average over various b→ ss̄s
modes are not a reasonable procedure because
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Figure 8. The tree-level process Bd → J/ψKS

of the different hadronic uncertainties of those
modes. There are also direct CP asymmetries
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Figure 9. The loop-induced process Bd → ΦKS

in loop-induced ∆F = 1 modes, which allow for
additional precision tests of the mechanism of CP
violation [76,77,24]. Currently, these decays are
less probed than ∆F = 2 transitions. However,
very precise measurements of direct CP asymme-
tries in inclusive rare B decays, such as b → s
or b → d transitions, will be possible in the near
future. A first measurement of the so-called un-
tagged direct CP violation in the summed inclu-
sive b → s + dγ was already presented by the
BABAR collaboration [78].

4. Interplay of flavour and collider physics

Within the next decade an important interplay
of flavour and collider physics will take place.
As from the day the existence of new degrees of
freedom is established by the LHC, the study of
anomalous phenomena in the flavour sector will
become an important tool for studying their phe-
nomenology.

For example, within supersymmetric exten-
sions of the SM, the measurement of the flavour

structure is directly linked to the crucial ques-
tion of the supersymmetry-breaking mechanism.
Thus, the flavour sector is important in distin-
guishing between models of supersymmetry. This
example nicely shows the obvious complementary
nature of flavour physics and collider physics. At
the LHC direct searches for supersymmetric par-
ticles are essential in establishing the existence of
new physics. On the other hand, there are a vari-
ety of possibilities for the origin of flavour struc-
tures within supersymmetry. Flavour physics
provides an important tool with which fundamen-
tal questions, such as how supersymmetry is bro-
ken, can be addressed.

Until now the focus within the direct search
for supersymmetry has been mainly on flavour
diagonal observables. But there are many obvi-
ous relations between non-diagonal collider and
low-energy flavour observables. In [79], flavour
violation in the squark decays of the second and
third generations, were analysed, taking into ac-
count results from B physics, in particular from
the rare decay b→ sγ. It was shown that correla-
tions between various squark decay modes can be
used to obtain more precise information on vari-
ous flavour-violating parameters.

Within the minimal supersymmetric standard
model (MSSM), there are two new sources of
FCNCs, namely new contributions, which are
induced through the quark mixing as in the
SM and generic supersymmetric contributions
through the squark mixing. The structure of the
MSSM does not explain the suppression of FCNC
processes which is observed in experiments (su-
persymmetric flavour problem). The generic new
sources of flavour violation that may be present
in supersymmetric models, in addition to those
enclosed in the CKM matrix, are a direct conse-
quence of a possible disalignment of quarks and
squarks. One has to consider the various contri-
butions to the squark mass matrices

(

M2
f,LL + F/Df,LL M2

f,LR + FfLR
(

M2
f,LR

)†

+ Ff,RL M2
f,RR + F/Df,RR

)

where f stands for up- or down-type squarks.
The matrices Mu,LL and Md,LL are related by
SU(2)L gauge invariance. In the super-CKM
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basis, where the quark mass matrices are di-
agonal and the squarks are rotated in paral-
lel to their superpartners, the relation reads as
K†M2

u,LLK = M2
d,LL = M2

Q. In this basis the
F -terms Ff LL, Ff RL, Ff RR, as well as the D-
terms Df LL and Df RR, are diagonal. All the
additional flavour structure of the squark sector
is encoded in the soft SUSY-breaking terms M2

Q,

M2
f, RR and M2

f, LR. These additional flavour
structures induce flavour-violating couplings to
the neutral gauginos and higgsinos in the mass
eigenbasis, which give rise to additional contri-
butions to observables in the K- and B-meson
sector.

At present, new physics contributions to s→ d
and b → d transitions are strongly constrained.
In particular, the transitions between first- and
second-generation quarks, namely FCNC pro-
cesses in the K system, are the most formidable
tools to shape viable supersymmetric flavour
models. Nevertheless, most of the phenomena
involving b → s transitions are still largely un-
explored and leave open the possibility of large
new physics effects, in spite of the strong bound
of the famous B̄ → Xsγ decay, which still gives
the most stringent bounds in this sector. Never-
theless, additional experimental information from
the B̄ → Xsℓ

+ℓ− decay at the B factories and
new results on the Bs–B̄s mixing at the Tevatron
might change this situation in the near future.

Squarks can decay into quarks of all genera-
tions if the most general form of he squark mass
matrix is considered. The most important decay
modes for the example under study are:

ũi → ujχ̃
0
k , djχ̃

+
l

d̃i → djχ̃
0
k , ujχ̃

−
l

with i = 1, .., 6, j = 1, 2, 3, k = 1, .., 4 and l = 1, 2.
These decays are controlled by the same mix-

ing matrices as the contributions to b → sγ. As
this decay mode restricts the size of some of the
elements, the question arises regarding to which
extent flavour-violating squark decays are also re-
stricted. The following tables show that flavour-
violating decay modes are hardly constrained by
current data. We used the so-called Snowmass
point SPS#1a [80] as a specific example, which

is characterized by m0 = 100 GeV, m1/2 =
250 GeV, A0 = −100 GeV, tanβ = 10 and
sign(µ) = 1. At the electroweak scale one gets the
following data: M2 = 192 GeV, µ = 351 GeV,
mH+ = 396 GeV, mg̃ = 594 GeV, mt̃1 =
400 GeV, mt̃2 = 590 GeV, mq̃R

≃ 550 GeV, and
mq̃L

≃ 570 GeV. We concentrated on the mix-
ing between the second and third generations and
we used one point in the parameter space repre-
senting typical results fulfilling the b → sγ con-
straint based on a LL QCD analysis as given in
[28,29]. In Tables 1 and 2 we have collected the
branching ratios of squarks that are larger than
1%. Clearly, all considered particles have large
flavour-changing decay modes.

The results demonstrate that large flavour-
changing decays of squarks and gluinos are con-
sistent with current data from the Tevatron and
the B factories. Such a situation makes life at the
LHC potentially more interesting, but more diffi-
cult. It is clear that it would be complicated or
even impossible to disentangle the various decay
modes at the LHC; flavour tagging is not suffi-
cient. In these cases, additional information from
future flavour experiments will be necessary to
interpret that LHC data properly.

5. Outlook

It is expected that the experiments at the
LHC will lead to discoveries of new degrees of
freedom at the TeV energy scale. The precise
nature of this new physics is unknown, but it is
strongly expected that it will answer some of the
fundamental questions related to the origin of
electroweak symmetry breaking. Independently
of the nature of the new physics, a flavour physics
program parallel to the LHC’s will be crucial to
disentangle the precise features of the newly un-
covered phenomena and to discriminate between
different new physics scenarios. In particular, the
measurement of theoretically clean loop-induced
rare B- and K-meson decays as highly sensitive
probes for new degrees of freedom beyond the
SM will lead to important information comple-
mentary to collider data; there are important
fundamental questions that will be addressed
exclusively by future flavour experiments, for
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Table 1
Typical branching ratios (in %) of u-type squarks

χ̃0
1c χ̃0

1t χ̃0
2c χ̃0

2t χ̃0
3c χ̃0

3t χ̃0
4c χ̃0

4t χ̃+
1 s χ̃+

1 b χ̃+
2 s χ̃+

2 b
ũ1 4.7 18 5.2 9.6 6 × 10−3 0 0.02 0 11.3 46.4 2 × 10−3 4.7
ũ2 19.6 1.1 0.4 17.5 2 × 10−2 0 6 × 10−2 0 0.5 57.5 3 × 10−3 2.9
ũ3 7.3 3.7 20 1.4 6 × 10−2 0 0.6 0 40.3 3.1 1 18.5
ũ6 5.7 0.4 11.1 5.3 4 × 10−2 5.7 0.6 13.2 22.9 13.1 0.6 8.0

Table 2
Typical branching ratios (in %) of d-type squarks

χ̃0
1s χ̃0

1b χ̃0
2s χ̃0

2b χ̃0
3s χ̃0

3b χ̃0
4s χ̃0

4b χ̃−
1 c χ̃−

1 t χ̃−
2 c χ̃−

2 t ũ1W
−

d̃1 1.2 5.7 8.4 30.6 2 × 10−2 1.5 0.2 0.9 16.6 34.1 0.6 0 0

d̃2 17.4 5.8 5.1 15.7 7 × 10−2 7.4 0.3 09.2 9.7 19.7 0.7 0 8.8

d̃4 14.7 21.7 11.3 2.2 5 × 10−2 10.6 0.5 8.4 22.1 3.6 1.2 0 3.4

d̃6 1.7 0.5 20.5 6.9 0.1 0.9 1.2 1.3 40.3 10.2 3.4 11.1 1.8

example how FCNCs are suppressed beyond the
SM (flavour problem), if there exist new sources
of flavour and CP violation beyond those in the
SM, if there is CP violation in the QCD gauge
sector, how neutrino masses are generated, and
what the relation between the flavour structure
in the lepton and quark sectors is. All these
questions include exciting options to learn some-
thing about physics at a scale much higher than
our current experiments. Thus, a diversified and
thorough experimental programme in flavour
physics will continue to be an essential element
for the understanding of nature.
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