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1 Introduction

In 1964, the discovery of CP violation through KL → π+π− decays came as
a big surprise [1]. This particular kind of CP violation, which is described
by the famous parameter ε, is referred to as “indirect” CP violation, as it
is due to the fact that the KL mass eigenstate is not an eigenstate of the
CP operator with eigenvalue −1, but receives a tiny admixture of the CP
eigenstate with eigenvalue +1. In 1999, also “direct” CP violation, i.e. CP-
violating effects arising directly at the amplitude level, could be established
in the neutral kaon system by the NA48 (CERN) [2] and KTeV (Fermilab)
collaborations [3]. Unfortunately, the theoretical interpretation of the corre-
sponding observable Re(ε′/ε) is still affected by large hadronic uncertainties
and does not provide a stringent test of the Standard-Model description of
CP violation, unless significant theoretical progress concerning the relevant
hadronic matrix elements can be made [4]–[6].

One of the hot topics in this decade is the exploration of decays of B
mesons, allowing powerful tests of the CP-violating sector of the Standard
Model (SM), and offering valuable insights into hadron dynamics [7]. At the
moment, the stage is governed by the asymmetric e+e− B factories operating
at the Υ (4S) resonance, with their detectors BaBar (SLAC) and Belle (KEK).
In 2001, these experiments could establish CP violation in the B-meson sys-
tem [8,9], which represents the start of a new era in the exploration of CP
violation. Many interesting strategies can now be confronted with data [10].
In the near future, also run II of the Tevatron is expected to contribute sig-
nificantly to this programme, providing – among other things – first access to
Bs-meson decays [11]. In the LHC era, these decay modes can then be fully
exploited [12], in particular at LHCb (CERN) and BTeV (Fermilab).

The focus of this overview is CP violation: in Section 2, we give an in-
troduction to the SM description of this phenomenon, and classify the main
strategies to explore it. In Section 3, we shall then have a closer look at impor-
tant benchmark modes of B± and Bd mesons. The “El Dorado” for B-decay
studies at hadron colliders, the Bs-meson system, is the subject of Section 4,
where we shall discuss the differences between the Bd and Bs systems, as well
as prominent Bs modes. In Section 5, we comment briefly on rare B decays,
before we summarize our conclusions and give an outlook in Section 6.



2 Robert Fleischer

2 CP Violation in B Decays

2.1 Weak Decays

The CP-violating effects we are dealing with in this paper originate from the
charged-current interactions of the quarks, described by

LCC
int = − g2√

2

(
ūL, c̄L, t̄L

)
γµ V̂CKM


dL

sL
bL


W †

µ + h.c., (1)

where g2 is SU(2)L gauge coupling, the Wµ field corresponds to the charged
W bosons, and V̂CKM denotes the Cabibbo–Kobayashi–Maskawa (CKM) ma-
trix, connecting the electroweak eigenstates of the down, strange and bottom
quarks with their mass eigenstates through a unitary transformation.

Since the CKM matrix elements VUD and V ∗
UD enter in D → UW− and

the CP-conjugate process D → UW+, respectively, where D ∈ {d, s, b} and
U ∈ {u, c, t}, we observe that the phase structure of the CKM matrix is
closely related to CP violation. It was pointed out by Kobayashi and Maskawa
in 1973 that actually one complex phase is required – in addition to three
generalized Euler angles – to parametrize the quark-mixing matrix in the
case of three fermion generations, thereby allowing us to accommodate CP
violation in the SM [13].

The quark transitions caused by charged-current interactions exhibit an
interesting hierarchy, which is made explicit in the Wolfenstein parametriza-
tion of the CKM matrix [14]:

V̂CKM =


 1− 1

2λ
2 λ Aλ3(ρ− iη)

−λ 1− 1
2λ

2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


 +O(λ4). (2)

This parametrization corresponds to an expansion in powers of the small
quantity λ = 0.22, which can be fixed through semileptonic kaon decays. The
other parameters are of order 1, where η leads to an imaginary part of the
CKM matrix. The Wolfenstein parametrization is very useful for phenomeno-
logical applications, as we will see below.

2.2 Unitarity Triangles

The central targets for tests of the Kobayashi–Maskawa (KM) mechanism
of CP violation are the unitarity triangles of the CKM matrix. As we have
already noted, the CKM matrix is unitary, implying 6 orthogonality relations,
which can be represented as 6 triangles in the complex plane [15], all having
the same area [16]. However, using the Wolfenstein parametrization, it can
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Fig. 1. The two non-squashed unitarity triangles of the CKM matrix: (a) and (b)
correspond to the orthogonality relations (3) and (4), respectively.

be shown that only the following two relations describe triangles, where all
three sides are of the same order of magnitude:

Vud V
∗
ub + Vcd V

∗
cb + Vtd V

∗
tb = 0 (3)

V ∗
ub Vtb + V ∗

us Vts + V ∗
ud Vtd = 0. (4)

At leading order in λ, these relations agree with each other, and yield

(ρ+ iη)Aλ3 + (−Aλ3) + (1− ρ− iη)Aλ3 = 0. (5)

Consequently, they describe the same triangle, which is usually referred to as
the unitarity triangle of the CKM matrix [16,17]. It is convenient to divide (5)
by the overall normalization Aλ3. Then we obtain a triangle in the complex
plane with a basis normalized to 1, and an apex given by (ρ, η).

In the future, the experimental accuracy will reach such an impressive
level that we will have to distinguish between the unitarity triangles described
by (3) and (4), which differ through O(λ2) corrections. They are illustrated
in Fig. 1, where ρ and η are related to ρ and η through [18]

ρ ≡ (
1− λ2/2

)
ρ, η ≡ (

1− λ2/2
)
η, (6)

and
δγ ≡ γ − γ′ = λ2η. (7)

Whenever we refer to a unitarity triangle, we mean the one shown in Fig. 1
(a). To determine the allowed region in the ρ–η plane, the “standard analysis”
uses the following ingredients (for explicit expressions, see [19]):

• Exclusive and inclusive semileptonic B decays caused by b → c`ν`, u`ν`
quark-level transitions, fixing a circle of radius Rb around (0, 0) [20].

• B0
q–B0

q mixing (q ∈ {d, s}), fixing a circle of radius Rt around (1, 0).
• Indirect CP violation in the neutral kaon system, ε, fixing a hyperbola.

Many different strategies to deal with the corresponding theoretical and ex-
perimental uncertainties can be found in the literature. The most important
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ones are the simple scanning approach [5], the Gaussian approach [21], the
BaBar 95% scanning method [22], the Bayesian approach [23], and the non-
Bayesian statistical approach developed in [24]. A detailed discussion of these
approaches is beyond the scope of this presentation. Let us here just give typ-
ical ranges for α, β and γ that are implied by these strategies:

70◦ ∼< α ∼< 130◦, 20◦ ∼< β ∼< 30◦, 50◦ ∼< γ ∼< 70◦. (8)

Direct determinations of these angles are provided by CP-violating effects
in B decays. The goal is now to overconstrain the unitarity triangle as much
as possible through independent measurements of its sides and angles, with
the hope to encounter discrepancies, which may shed light on new physics.

2.3 Main Strategies

The main rôle in the exploration of CP violation through B decays is played
by non-leptonic transitions, as CP-violating effects are due to interference
effects, which arise in this decay class. In particular, interference between
different decay topologies, i.e. tree and penguin contributions, may lead to
direct CP violation. Unfortunately, the corresponding CP asymmetries are
affected by hadronic matrix elements of local four-quark operators, which are
hard to estimate and preclude a clean determination of weak phases. In order
to solve this problem, we may employ one of the following approaches:

• The most obvious – but also most challenging – strategy we may follow
is to try to calculate the relevant hadronic matrix elements 〈f |Qk(µ)|B〉.
Interesting progress has recently been made in this direction through the
development of the QCD factorization [25]–[28], the perturbative hard-
scattering (PQCD) [29], and QCD light-cone sum-rule approaches [30].

• Another avenue we may follow is to search for fortunate cases where
relations between decay amplitudes allow us to eliminate the hadronic
matrix elements. Here we distinguish between exact relations, involving
pure tree decays of the kind B → KD [31]–[33] or Bc → DsD [34], and
relations, which follow from the flavour symmetries of strong interactions,
involving B(s) → ππ, πK,KK decays [35]–[47].

• The third avenue we may follow to deal with the problems arising from
hadronic matrix elements is to employ decays of neutral Bd or Bs mesons.
Here we encounter a new kind of CP violation, which is due to interference
effects between B0

q–B0
q (q ∈ {d, s}) mixing and decay processes; it is

referred to as “mixing-induced” CP violation. In the rate asymmetry

Γ (B0
q (t) → f)− Γ (B0

q (t) → f)

Γ (B0
q (t) → f) + Γ (B0

q (t) → f)

∣∣∣∣∣
∆Γq=0

= Adir
CP(Bq → f) cos(∆Mqt) +Amix

CP (Bq → f) sin(∆Mqt), (9)
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where ∆Mq and ∆Γq are the Bq mass and decay widths differences,
respectively, and (CP )|f〉 = ±|f〉, it is described by the coefficient of
the sin(∆Mqt) term, whereas the one of cos(∆Mqt) measures direct CP
violation. If the decay Bq → f is dominated by a single CKM amplitude,
the corresponding hadronic matrix element cancels in Amix

CP (Bq → f).
This observable is then simply given by ± sin(φq − φf ), where φf and φq
are the weak Bq → f decay and B0

q–B0
q mixing phases, respectively [7].

3 Benchmark Decay Modes of B± and Bd Mesons

3.1 B → πK

These decays, which originate from b→ dds, uus quark-level transitions, may
receive contributions from penguin and tree topologies, where the latter bring
the CKM angle γ into the game. Interestingly, because of |VusV ∗

ub/(VtsV
∗
tb)| ≈

0.02, B → πK modes are dominated by QCD penguins, despite their loop
suppression. As far as electroweak (EW) penguins are concerned, they are
expected to be negligible in B0

d → π−K+, B+ → π+K0, as they contribute
here only in colour-suppressed form. On the other hand, they are sizeable in
B+ → π0K+ and B0

d → π0K0, i.e. of the same order of magnitude as the
trees, since they contribute here also in colour-allowed form.

Through interference effects between tree and penguin contributions, we
obtain sensitivity on γ. Relations between the B → πK amplitudes that are
implied by the SU(2) isospin flavour symmetry of strong interactions suggest
the following combinations to determine this angle: the “mixed” B± → π±K,
Bd → π∓K± system [36]–[39], the “charged” B± → π±K, B± → π0K±

system [40]–[42], and the “neutral” Bd → π0K, Bd → π∓K± system [42,43].
All three B → πK systems can be described by the same set of formulae

by just making straightforward replacements of variables [42]. Let us here,
for simplicity, focus on the charged B → πK system. In order to determine γ
and strong parameters, we have to introduce appropriate CP-conserving and
CP-violating observables, which are given as follows:{

Rc

Ac
0

}
≡ 2

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

]
. (10)

To parametrize these observables, we make use of the isospin relation men-
tioned above, and assume that certain rescattering effects are small, which
is in accordance with the QCD factorization picture [25]–[27]. Anomalously
large rescattering processes would be indicated by data on B → KK modes,
which are already highly constrained by the B factories, and could be taken
into account through more elaborate strategies [39,41,42]. The expressions for
Rc and Ac

0 thus obtained involve then – in addition to γ – the parameters rc,
q and δc, which have the following physical interpretation: rc measures, sim-
ply speaking, the ratio of tree to penguin topologies. It can be fixed through
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Fig. 2. The allowed regions in the Rc–Ac
0 plane for q = 0.68 and rc = 0.24. In (a)

and (b), we show also the contours for fixed values of γ and |δc|, respectively.

SU(3) arguments and data on B± → π±π0 [35], yielding rc ∼ 0.2. On the
other hand, q describes the ratio of EW penguin to tree contributions, and
can be determined through SU(3) arguments, yielding q ∼ 0.7 [40]. Finally,
δc is the CP-conserving strong phase between trees and penguins.

Consequently, the two observables Rc and Ac
0 depend on the two “un-

knowns” δc and γ. If we vary them within their allowed ranges, i.e. −180◦ ≤
δc ≤ +180◦ and 0◦ ≤ γ ≤ 180◦, we obtain an allowed region in the Rc–
Ac

0 plane [44,48]. Should the measured values of Rc and Ac
0 lie outside this

region, we would have an immediate signal for new physics. On the other
hand, should the measurements fall into the allowed range, γ and δc could be
extracted. In this case, γ could be compared with the results of alternative
strategies and with the values implied by the “standard analysis” of the uni-
tarity triangle, whereas δc provides valuable insights into hadron dynamics,
thereby allowing tests of theoretical predictions.

In Fig. 2, we show the allowed regions in the Rc–Ac
0 plane for various pa-

rameter sets [48]. The crosses represent the averages of the present B-factory
data. The contours in Figs. 2 (a) and (b) allow us to read off straightforwardly
the preferred values for γ and δc, respectively, from the measured observables.
Interestingly, the present data seem to favour γ ∼> 90◦ (see also [49]), which
would be in conflict with (8). Moreover, they point towards |δc| ∼< 90◦; factor-
ization predicts δc to be close to 0◦ [27]. If future, more accurate data should
really yield a value for γ in the second quadrant, the discrepancy with (8)
may be due to new-physics contributions to B0

q–B0
q mixing (q ∈ {d, s}) or

the B → πK decay amplitudes. The allowed regions and contours in observ-
able space of the neutral B → πK system look very similar to those shown
in Fig. 2 [48]; for a recent update, see [50]. Unfortunately, the experimental
situation in the neutral B → πK system is still rather unsatisfactory. As far
as the mixed B → πK system is concerned, the present data fall well into
the SM region in observable space, but do not yet allow us to draw further
definite conclusions [48]. At present, the situation in the charged and neutral
B → πK systems appears to be more exciting. Examples of the many other
recent B → πK analyses can be found in [27,45–47,51].
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3.2 B → J/ψK

The decay B0
d → J/ψKS is a transition into a CP-odd eigenstate, and origi-

nates from b→ ccs quark-level decays. Consequently, it receives contributions
both from tree and from penguin topologies. Within the SM, we may write

A(B0
d → J/ψKS) ∝ [

1 + λ2aeiθeiγ
]
, (11)

where the CP-conserving hadronic parameter aeiθ measures, sloppily speak-
ing, the ratio of the penguin to tree contributions in B0

d → J/ψKS [52]. Since
this parameter enters in a doubly Cabibbo-suppressed way, we obtain to a
very good approximation [53] (for a detailed discussion, see [7]):

Adir
CP(Bd → J/ψKS) = 0, Amix

CP (Bd → J/ψKS) = − sinφd, (12)

where φd denotes the CP-violating weak B0
d–B

0
d mixing phase, which is given

by 2β in the SM. After important first steps by the OPAL, CDF and ALEPH
collaborations, the Bd → J/ψKS mode (and similar decays) led eventually,
in 2001, to the observation of CP violation in the B system [8,9]. The present
status of sin 2β is given as follows:

sin 2β =
{

0.741± 0.067± 0.033 (BaBar [54])
0.719± 0.074± 0.035 (Belle [55]), (13)

yielding the world average [56]

sin 2β = 0.734± 0.054, (14)

which agrees well with the results of the “standard analysis” of the unitarity
triangle (8), implying 0.6 ∼< sin 2β ∼< 0.9.

In the LHC era, the experimental accuracy of the measurement of sin 2β
may be increased by one order of magnitude [12]. In view of such a tremen-
dous accuracy, it will then be important to obtain deeper insights into the
theoretical uncertainties affecting (12), which are due to the penguin contri-
butions described by aeiθ. A possibility to control them is provided by the
Bs → J/ψKS channel [52]. Moreover, also direct CP violation in B → J/ψK
modes allows us to probe such penguin effects [57,58]. So far, there are no
experimental indications for non-vanishing CP asymmetries of this kind.

Although the agreement between (14) and the results of the CKM fits is
striking, it should not be forgotten that new physics may nevertheless hide
in Amix

CP (Bd → J/ψKS). The point is that the key quantity is actually φd,
which is fixed through sinφd = 0.734± 0.054 up to a twofold ambiguity,

φd =
(
47+5

−4

)◦ ∨ (
133+4

−5

)◦
. (15)

Here the former solution would be in perfect agreement with the range implied
by the CKM fits, 40◦ ∼< φd ∼< 60◦, whereas the latter would correspond to new
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physics. The two solutions can be distinguished through a measurement of the
sign of cosφd: in the case of cosφd = +0.7 > 0, we would conclude φd = 47◦,
whereas cosφd = −0.7 < 0 would point towards φd = 133◦, i.e. new physics.
There are several strategies on the market to resolve the twofold ambiguity
in the extraction of φd [59]. Unfortunately, they are rather challenging from
a practical point of view. In the B → J/ψK system, cosφd can be extracted
from the time-dependent angular distribution of the decay products of Bd →
J/ψ[→ `+`−]K∗[→ π0KS], if the sign of a hadronic parameter cos δ involving
a strong phase δ is fixed through factorization [60,61]. This analysis is already
in progress at the B factories [62]. For hadron colliders, the Bd → J/ψρ0,
Bs → J/ψφ system is interesting to probe cosφd [63].

The preferred mechanism for new physics to manifest itself in CP-violating
effects in Bd → J/ψKS is through B0

d–B
0
d mixing, which arises in the SM

from the famous box diagrams. However, new physics may also enter at the
B → J/ψK amplitude level. Employing estimates borrowed from effective
field theory suggests that the effects are at most O(10%) for a generic new-
physics scale ΛNP in the TeV regime. In order to obtain the whole picture,
a set of appropriate observables can be introduced, using Bd → J/ψKS and
its charged counterpart B± → J/ψK± [58]. So far, these observables do not
indicate any deviation from the SM.

3.3 B → φK

Another important testing ground for the KM mechanism of CP violation is
provided by B → φK decays, originating from b → sss quark-level transi-
tions. These modes are governed by QCD penguins [64], but also EW pen-
guins are sizeable [65,66]. Consequently, B → φK modes represent a sensitive
probe for new physics. In the SM, we have the relations [57,67–69]

Adir
CP(Bd → φKS) = 0 +O(λ2) (16)

Amix
CP (Bd → φKS) = Amix

CP (Bd → J/ψKS) +O(λ2). (17)

As in the case of the B → J/ψK system, a combined analysis of Bd → φKS,
B± → φK± modes should be performed in order to obtain the whole picture
[69]. There is also the possibility of an unfortunate case, where new physics
cannot be distinguished from the SM, as discussed in [7,69].

In the autumn of 2002, the experimental status can be summarized as

Adir
CP(Bd → φKS) =

{
n.a. (BaBar [70])
0.56± 0.41± 0.12 (Belle [71]) (18)

Amix
CP (Bd → φKS) =

{
0.19+0.50

−0.52 ± 0.09 (BaBar [70])
0.73± 0.64± 0.18 (Belle [71]). (19)

Unfortunately, the experimental uncertainties are still very large. Because of
Amix

CP (Bd → J/ψKS) = −0.734±0.054 (see (12) and (14)), there were already
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speculations about new-physics effects in Bd → φKS [72]. In this context, it
is interesting to note that there are more data available from Belle:

Adir
CP(Bd → η′KS) = −0.26± 0.22± 0.03 (20)

Amix
CP (Bd → η′KS) = −0.76± 0.36+0.06

−0.05 (21)

Adir
CP(Bd → K+K−KS) = 0.42± 0.36± 0.09+0.22

−0.03 (22)

Amix
CP (Bd → K+K−KS) = −0.52± 0.46± 0.11+0.03

−0.27. (23)

The corresponding modes are governed by the same quark-level transitions
as Bd → φKS. Consequently, it is probably too early to get too excited by
the possibility of signals of new physics in Bd → φKS [56]. However, the
experimental situation should improve significantly in the future.

3.4 B → ππ

Another benchmark mode for the B factories is B0
d → π+π−, which is a

decay into a CP eigenstate with eigenvalue +1, and originates from b→ uud
quark-level transitions. In the SM, we may write

A(B0
d → π+π−) ∝ [

eiγ − deiθ
]
, (24)

where the CP-conserving strong parameter deiθ measures, sloppily speaking,
the ratio of penguin to tree contributions in Bd → π+π− [73]. In contrast to
the B0

d → J/ψKS amplitude (11), this parameter does not enter in (24) in a
doubly Cabibbo-suppressed way, thereby leading to the well-known “penguin
problem” in Bd → π+π−. If we had negligible penguin contributions, i.e.
d = 0, the corresponding CP-violating observables were given as follows:

Adir
CP(Bd → π+π−) = 0, Amix

CP (Bd → π+π−) = sin(2β + 2γ) = − sin 2α,
(25)

where we have also used the unitarity relation 2β+2γ = 2π−2α. We observe
that actually the phases φd = 2β and γ enter directly in the Bd → π+π−

observables, and not α. Consequently, since φd can be fixed straightforwardly
through Bd → J/ψKS, we may use Bd → π+π− to probe γ [48].

Measurements of the Bd → π+π− CP asymmetries are already available:

Adir
CP(Bd → π+π−) =

{−0.30± 0.25± 0.04 (BaBar [74])
−0.94+0.31

−0.25 ± 0.09 (Belle [75]) (26)

Amix
CP (Bd → π+π−) =

{−0.02± 0.34± 0.05 (BaBar [74])
1.21+0.27+0.13

−0.38−0.16 (Belle [75]). (27)

Unfortunately, the BaBar and Belle results are not fully consistent with each
other; the experimental picture will hopefully be clarified soon. Forming
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nevertheless the weighted averages of (26) and (27), using the rules of the
Particle Data Group (PDG), yields

Adir
CP(Bd → π+π−) = −0.57± 0.19 (0.32) (28)

Amix
CP (Bd → π+π−) = 0.57± 0.25 (0.61), (29)

where the errors in brackets are the ones increased by the PDG scaling-factor
procedure [76]. Direct CP violation at this level would require large penguin
contributions with large CP-conserving strong phases. A significant impact
of penguins on Bd → π+π− is also indicated by data on B → πK, ππ [48],
as well as by theoretical considerations [27,51]. Consequently, it is already
evident that the penguin contributions to Bd → π+π− cannot be neglected.

Many approaches to deal with the penguin problem in the extraction of
weak phases from the CP-violating Bd → π+π− observables were developed;
for a selection, see [27,48,50,77]. In Subsection 4.3, we shall return to this
issue by having a closer look at an approach using Bs → K+K− [73].

4 “El Dorado” for Hadron Colliders: Bs-Meson System

4.1 General Features

At the e+e− B factories operating at the Υ (4S) resonance, no Bs mesons are
accessible, since Υ (4S) states decay only to Bu,d-mesons, but not to Bs. On
the other hand, the physics potential of the Bs system is very promising for
hadron machines, where plenty of Bs mesons are produced. Consequently,
Bs physics is in some sense the “El Dorado” for B experiments at hadron
colliders. There are important differences between the Bd and Bs systems:

• Within the SM, the B0
s–B0

s mixing phase probes the tiny angle δγ in the
unitarity triangle shown in Fig. 1 (b), and is hence negligibly small:

φs = −2δγ = −2λ2η = O(−2◦), (30)

whereas φd = 2β = O(50◦).
• A large xs ≡ ∆Ms/Γs = O(20) is expected in the SM, whereas xd =

0.775± 0.012. The present lower bound on ∆Ms is given as follows [78]:

∆Ms > 14.4 ps−1 (95% C.L.). (31)

• There may be a sizeable width difference ∆Γs/Γs = O(−10%) between
the mass eigenstates of the Bs system, whereas ∆Γd is negligibly small
[79]. The present CDF and LEP results imply [78]

|∆Γs|/Γs < 0.31 (95% C.L.). (32)

Interesting applications of ∆Γs are extractions of weak phases from “un-
tagged” Bs data samples, where we do not distinguish between initially
present B0

s or B0
s mesons, as argued in [80].
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Let us discuss the rôle of ∆Ms for the determination of the unitarity
triangle in slightly more detail. The comparison of ∆Md with ∆Ms allows
an interesting determination of the side Rt of the unitarity triangle. To this
end, only a single SU(3)-breaking parameter ξ is required, which measures
SU(3)-breaking effects in non-perturbative mixing and decay parameters. It
can be determined through lattice or QCD sum-rule calculations. The mass
difference ∆Ms has not yet been measured. However, the lower bounds on
∆Ms can be converted into upper bounds on Rt through [81]

(Rt)max = 0.83× ξ ×
√

15.0 ps−1

(∆Ms)min

, (33)

already excluding a large part in the ρ–η plane, and implying in particular
γ < 90◦. In a recent paper [82], it is argued that ξ may be significantly larger
than the conventional range, ξ = 1.15 ± 0.06 → 1.32 ± 0.10. The excluded
range in the ρ–η plane would then be reduced, shifting the upper limit for
γ closer to 90◦. Hopefully, the status of ξ will be clarified soon. In the near
future, run II of the Tevatron should provide a measurement of ∆Ms, thereby
constraining the unitarity triangle and γ in a much more stringent way.

4.2 Benchmark Decay Modes of Bs Mesons

An interesting class of Bs decays is due to b(b) → cus(s) quark-level tran-
sitions. Here we have to deal with pure tree decays, where both B0

s and
B0
s mesons may decay into the same final state f . The resulting interfer-

ence effects between decay and mixing processes allow a theoretically clean
extraction of φs + γ from

ξ
(s)
f × ξ

(s)

f
= e−2i(φs+γ). (34)

There are several well-known strategies on the market employing these fea-
tures: we may consider the colour-allowed decays Bs → D±

s K
∓ [83], or the

colour-suppressed modes Bs → D0φ [84]. In the case of Bs → D∗±
s K∗∓

or Bs → D∗0φ, the observables of the corresponding angular distributions
provide sufficient information to extract φs + γ from “untagged” analyses
[85], requiring a sizeable ∆Γs. A “tagged” strategy involving Bs → D∗±

s K∗∓

modes was proposed in [86]. Recently, strategies making use of “CP-tagged”
Bs decays were proposed [87], which require a symmetric e+e− collider op-
erated at the Υ (5S) resonance. In this approach, initially present CP eigen-
states BCP

s are employed, which can be tagged through the fact that the
B0
s/B

0
s mixtures have anticorrelated CP eigenvalues at Υ (5S). Here we may

use the transitions Bs → D±
s K

∓, D±
s K

∗∓, D∗±
s K∗∓. Let us note that there is

also an interesting counterpart of (34) in the Bd system [88], which employs
Bd → D(∗)±π∓ decays, and allows a determination of φd + γ.
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The extraction of γ from the phase φs+γ provided by the Bs approaches
sketched in the previous paragraph requires φs as an additional input, which
is negligibly small in the Standard Model. Whereas it appears to be quite
unlikely that the pure tree decays listed above are affected significantly by
new physics, as they involve no flavour-changing neutral-current processes,
this is not the case for the B0

s–B0
s mixing phase φs. In order to probe this

quantity, the decay Bs → J/ψ φ, which is the counterpart of Bd → J/ψKS,
offers interesting strategies [61,89]. In contrast to Bd → J/ψKS, the final
state of Bs → J/ψφ is an admixture of different CP eigenstates. In order to
disentangle them, we have to use the angular distribution of the J/ψ → `+`−

and φ → K+K− decay products [90]. The corresponding observables are
governed by [12]

ξ
(s)
ψφ ∝ e−iφs

[
1− 2 i sinγ ×O(10−3)

]
. (35)

Since we have φs = O(−2◦) in the SM, the extraction of φs from the
Bs → J/ψ[→ `+`−]φ[→ K+K−] angular distribution may well be affected
by hadronic uncertainties at the 10% level. These hadronic uncertainties,
which may become an important issue in the LHC era [12], can be controlled
through Bd → J/ψ ρ0, exhibiting some other interesting features [63]. Since
Bs → J/ψφ shows small CP-violating effects in the SM because of (35), this
mode represents a sensitive probe to search for new-physics contributions to
B0
s–B0

s mixing [91]. For a detailed discussion of “smoking-gun” signals of a
sizeable value of φs, see [61]. There, also methods to determine this phase
unambiguously are proposed.

4.3 The Bs → K+K−, Bd → π+π− System

Since Bs → K+K− and Bd → π+π− are related to each other through an
interchange of all down and strange quarks, the U -spin flavour symmetry
of strong interactions allows us to express the four observables Adir

CP(Bs →
K+K−), Amix

CP (Bs → K+K−), Adir
CP(Bd → π+π−), Amix

CP (Bd → π+π−) as
functions of two hadronic penguin parameters d and θ, as well as γ, φd and
φs, which is negligibly small in the SM. Consequently, d, θ, γ, φd can be deter-
mined. If φd is fixed through Bd → J/ψKS, the use of the U spin symmetry
in the extraction of γ and the hadronic parameters can be minimized [73].
The approach has certain theoretical advantages, and is also very promis-
ing from an experimental point of view. At run II of the Tevatron and the
LHC, one expects experimental accuracies for γ of O(10◦) [11] and O(1◦)
[12], respectively. For a collection of other U -spin strategies, see [52,63,92].

Since Bs → K+K− is not accessible at the e+e− B factories operating
at Υ (4S), data are not yet available. However, Bs → K+K− is related to
Bd → π∓K± through an interchange of spectator quarks. Consequently, we
may approximately replace Bs → K+K− by Bd → π∓K± to deal with the
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Fig. 3. Allowed regions in Bd → π+π− observable space for (a) φd = 47◦ and
various values of H , and (b) φd = 133◦ (H = 7.5). The SM regions appear if we
restrict γ to (8). Contours representing fixed values of γ are also included.

penguin problem in Bd → π+π− [93]. To this end, the quantity

H =
1
ε

(
fK
fπ

)2 [
BR(Bd → π+π−)
BR(Bd → π∓K±)

]
=




7.3± 2.9 (CLEO [94])
7.6± 1.2 (BaBar [95])
7.1± 1.9 (Belle [96])

(36)

is particularly useful, where ε ≡ λ2/(1 − λ2). It allows us to eliminate the
hadronic parameter d in Adir

CP(Bd → π+π−) and Amix
CP (Bd → π+π−), which

then depend – for a given value of φd – only on γ and the strong phase θ.
If we vary γ and θ within their allowed ranges, we obtain an allowed region
in the Adir

CP(Bd → π+π−)–Amix
CP (Bd → π+π−) plane [48], which is shown in

Fig. 3. We observe that the experimental averages (28) and (29), represented
by the crosses, overlap nicely with the SM region for φd = 47◦, and point
towards γ ∼ 55◦. In this case, not only γ would be in accordance with the
results of the CKM fits (8), but also φd. On the other hand, for φd = 133◦, the
experimental values favour γ ∼ 125◦, and have essentially no overlap with the
SM region. Since a value of φd = 133◦ would require CP-violating new-physics
contributions to B0

d–B
0
d mixing, also the γ range in (8) may no longer hold in

this case, as it relies on a Standard-Model interpretation of the experimental
information on B0

d,s–B
0
d,s mixing. In particular, also values for γ larger than

90◦ could then in principle be accommodated. As discussed in detail in [48],
in order to put these statements on a more quantitative basis, we may use
H to calculate Adir

CP(Bd → π+π−) for given values of Amix
CP (Bd → π+π−) as

a function of γ. Taking into account (28) and (29), we then obtain

34◦ ∼< γ ∼< 75◦ (φd = 47◦), 105◦ ∼< γ ∼< 146◦ (φd = 133◦). (37)

In the future, the experimental uncertainties of the Bd → π+π− observables
will be reduced considerably, thereby providing significantly more stringent
results for γ, as well as the hadronic parameters.
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Fig. 4. Allowed regions in Bs → K+K− observable space for (a) φs = 0◦ and
various values of H , and (b) φNP

s = 30◦ (H = 7.5). The SM regions appear if γ is
restricted to (8).

In analogy to theBd → π+π− analysis discussed above, we may also useH
to obtain an allowed region in the Amix

CP (Bs → K+K−)–Adir
CP(Bs → K+K−)

plane [48], as shown in Fig. 4. There, also the impact of a non-vanishing value
of φs, which may be due to new-physics contributions to B0

s–B0
s mixing, is

illustrated. If we constrain γ to (8), even more restricted regions appear. The
allowed regions are remarkably stable with respect to variations of parameters
characterizing U -spin-breaking effects [48], and represent a narrow target
range for run II of the Tevatron and the experiments of the LHC era, in
particular LHCb and BTeV. These experiments will allow us to exploit the
whole physics potential of the Bd → π+π−, Bs → K+K− system [73].

5 Comments on Rare B Decays

Let us finally comment briefly on rare B decays, which occur at the one-loop
level in the SM, and involve b→ s or b→ d flavour-changing neutral-current
transitions. Prominent examples are B → K∗γ, B → ργ, B → K∗µ+µ− and
Bs,d → µ+µ−. Within the SM, these modes exhibit small branching ratios
at the 10−4–10−10 level, and do not – apart from B → ργ – show sizeable
CP-violating effects, thereby representing important probes to search for new
physics. For detailed discussions of the many interesting aspects of rare B
decays, the reader is referred to the overview articles listed in [97].

6 Conclusions and Outlook

Decays of B mesons represent a very exciting field of research. Thanks to the
efforts of the BaBar and Belle collaborations, CP violation could recently be
established in the B system with the help of the “gold-plated” mode Bd →
J/ψKS, thereby opening a new era in the exploration of CP violation. The
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world average sin 2β = 0.734±0.054 now agrees well with the SM expectation,
but leaves a twofold solution φd ∼ 47◦ ∨ 133◦ for the B0

d–B
0
d mixing phase

itself. As the latter solution would point towards new physics, it is important
to resolve this ambiguity directly.

The physics potential of B experiments goes far beyond Bd → J/ψKS,
allowing us now to confront many more CP strategies with data. Here the
main goal is to overconstrain the unitarity triangle as much as possible, where
B → πK, B → φK and B → ππ are important benchmark modes. Studies
of B decays at hadron colliders are an essential element of this programme,
providing – among other things – access to the Bs-meson system. Already
run II of the Tevatron is expected to yield interesting results on Bs physics,
and should discover B0

s–B0
s mixing soon, which is an important ingredient for

the “standard” analysis of the unitarity triangle. Prominent Bs decays are
Bs → J/ψφ, Bs → K+K− and Bs → D±

s K
∓. Although we may obtain first

valuable insights into these modes at the Tevatron, they can only be fully
explored at the experiments of the LHC era, in particular LHCb and BTeV.
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