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Abstract. Several years ago, it was pointed out that the U-spin-related decays Bd→ π
+π−, Bs→K

+K−

and Bd→ π
∓K±, Bs→ π

±K∓ offer interesting strategies for the extraction of the angle γ of the unitarity
triangle. Using the first results from the Tevatron on the Bs decays and the B-factory data on Bu,d modes,
we compare the determinations of γ from both strategies, study the sensitivity on U-spin-breaking effects,
discuss the resolution of discrete ambiguities, predict observables that were not yet measured but will be ac-
cessible at LHCb, explore the extraction of the width difference ∆Γs from untagged Bs→K

+K− rates, and
address the impact of new physics. The data for the Bd→ π

+π−, Bs→K
+K− system favour the BaBar

measurement of direct CP violation in Bd→ π
+π−, which will be used in the numerical analysis and re-

sult in a fortunate situation, yielding γ =
(
66.6+4.3+4.0−5.0−3.0

)◦
, where the latter errors correspond to a generous

estimate of U-spin-breaking effects. On the other hand, the Bd→ π
∓K±, Bs→ π

±K∓ analysis leaves us
with 26◦ ≤ γ ≤ 70◦, and points to a value of the Bs→ π±K∓ branching ratio that is larger than the cur-
rent Tevatron result. An important further step will be the measurement of mixing-induced CP violation in
Bs→K

+K−, which will also allow us to extract the B0s–B̄
0
s mixing phase unambiguously with the help of

Bs→ J/ψφ at the LHC. Finally, the measurement of direct CP violation in Bs→K
+K− will make the full

exploitation of the physics potential of the Bs,d→ ππ, πK,KK modes possible.

1 Introduction

Decays of B mesons into two light pseudoscalar mesons
offer interesting probes for the exploration of CP viola-
tion. The key problem in these studies is usually given by
the hadronic matrix elements of local four-quark operators,
which suffer from large theoretical uncertainties. In 1999 [1],
it was pointed out that the system of the B0d → π

+π− and
B0s →K

+K− decays is particularly interesting in this re-
spect. These transitions, which receive contributions from
tree and penguin topologies, allowus to determine the angle
γ of the unitarity triangle (UT) of the Cabibbo–Kobayashi–
Maskawa (CKM) matrix [2, 3] with the help of the U -spin
symmetry, which is a subgroup of the SU(3)F flavour sym-
metry of strong interactions, connecting the strange and
down quarks in the same way through SU(2) transform-
ations as the isospin symmetry connects the up and down
quarks. As can be seen in Fig. 1, theB0d → π

+π− andB0s →
K+K− modes are related to each other through an inter-
change of all down and strange quarks. Consequently, the
U -spin flavour symmetry allows us to derive relations be-
tween their hadronic parameters so that the experimental
observables offer sufficient information to extract them and
the UT angle γ from the data. The advantage of this U -spin
strategy with respect to the conventional SU(3) flavour-
symmetry strategies [4, 5] is twofold.
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– No additional dynamical assumptions such as the neg-
lect of annihilation topologies have to be made, which
could be spoiled by large rescattering effects;
– electroweak (EW) penguin contributions, which are not
invariant under the isospin symmetry because of the dif-
ferent up- and down-quark charges, can be included.

The theoretical accuracy is therefore only limited by non-
factorisableU -spin-breaking effects, as the factorisable cor-
rections can be taken into account through appropriate ra-
tios of form factors and decay constants. Moreover, we have
key relations between certain hadronic parameters, where
these quantities cancel. Interestingly, also experimental in-
sights into U -spin-breaking effects can be obtained, which
do not indicate any anomalous enhancement.
The relevant observables are the CP -averaged branch-

ing ratios as well as the direct and mixing-induced CP
asymmetries AdirCP (Bq → f) and A

mix
CP (Bq → f), respec-

tively, entering the following time-dependent rate asymme-
tries for decays into CP eigenstates [6]:

ACP(t)

≡
Γ
(
B0q (t)→ f

)
−Γ
(
B̄0q (t)→ f

)

Γ
(
B0q (t)→ f

)
+Γ
(
B̄0q (t)→ f

)

=
(
AdirCP (Bq → f) cos(∆Mqt)

+AmixCP (Bq → f) sin(∆Mqt)
)

/ (cosh(∆Γqt/2)−A∆Γ (Bq → f) sinh(∆Γqt/2)) , (1)
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Fig. 1. Tree and penguin topologies contributing to the
U-spin-related B0d → π

+π−, B0s →K
+K− and B0d → π

−K+,
B0s → π

+K− decays (q, q′ ∈ {d, s})

where ∆Mq and ∆Γq are the mass and width differ-
ences of the Bq mass eigenstates, respectively. Through-
out this paper, we shall apply a sign convention for CP
asymmetries that is similar to (1), also for the direct
CP asymmetries of B decays into flavour-specific final
states.
As can be seen in Fig. 1, there is yet another pair of

U -spin-related Bd,s decays that is mediated by the same
quark transitions: B0d → π

−K+ and B0s → π
+K−. In con-

trast to the B0d → π
+π−, B0s →K

+K− system, the final
states are flavour-specific. Consequently, we have to rely
on the direct CP -violating rate asymmetry as no mixing-
induced CP violation arises. If additional information pro-
vided by the B+→ π+K0 channel is used, together with
plausible dynamical assumptions about final-state interac-
tion effects and colour-suppressed EW penguin topologies,
the U -spin-related B0d → π

−K+, B0s → π
+K− decays also

allow the extraction of the CKM angle γ [7].
Thanks to the e+e− B factories with the BaBar (SLAC)

and Belle (KEK) experiments, the B± and Bd decays are
now experimentally well established, with the following
CP -averaged branching ratios, as compiled by the heavy
flavour averaging group (HFAG) [8]:

BR
(
Bd→ π

+π−
)
= (5.16±0.22)×10−6 , (2)

BR
(
Bd→ π

∓K±
)
= (19.4±0.6)×10−6 , (3)

BR
(
B±→ π±K

)
= (23.1±1.0)×10−6 . (4)

The Bd→ π∓K± channel led to the observation of direct
CP violation in the B-meson system [9, 10], where the cur-
rent HFAG average reads

AdirCP
(
Bd→ π

∓K±
)
= 0.095±0.013 . (5)

Concerning the measurements of CP violation in B0d →
π+π−, the BaBar and Belle collaborations agree now per-
fectly on the mixing-induced CP asymmetry:

AmixCP
(
Bd→ π

+π−
)
=

{
0.60±0.11±0.03 (BaBar [11])
0.61±0.10±0.04 (Belle [12]) ,

(6)

yielding the average ofAmixCP (Bd→ π
+π−) = 0.61±0.08 [8].

On the other hand, the picture of direct CP violation is
still not experimentally settled, and the corresponding B-

factory measurements differ at the 2.6σ level:

AdirCP
(
Bd→ π

+π−
)
=

{
−0.21±0.09±0.02 (BaBar [11]) ,
−0.55±0.08±0.05 (Belle [12]) .

(7)

In a recent paper [13], it was pointed out that the branch-
ing ratio and direct CP asymmetry of the B0d → π

−K+

mode favour actually the BaBar result. Following a differ-
ent avenue, we will arrive at the same conclusion.
Since the e+e− B factories are operated at the Υ (4S)

resonance, Bs decays could not be studied at these
colliders.1 The exploration of the Bs system is the ter-
ritory of hadron colliders, i.e. of the Tevatron (FNAL),
which is currently taking data, and of the LHC (CERN),
which will start operation soon. In fact, signals for the
B0s →K

+K− and B0s → π
+K− decays were recently ob-

served at the Tevatron by the CDF collaboration at the 4σ
and 5σ levels, respectively, which correspond to the follow-
ing CP -averaged branching ratios [15, 16]:

BR
(
Bs→ π

±K∓
)
= (5.00±0.75±1.0)×10−6 , (8)

BR
(
Bs→K

+K−
)
= (24.4±1.4±4.6)×10−6 . (9)

Moreover, also a CP violation measurement is available:

AdirCP
(
Bs→ π

±K∓
)
=−0.39±0.15±0.08 , (10)

whereas results for the CP -violating observables of Bs→
K+K− were not yet reported.
In view of this progress, it is interesting to confront

the Bd→ π+π−, Bs →K+K− and Bd → π∓K±, Bs→
π±K∓ strategies with the measurements performed at the
B factories and the Tevatron. This is also an import-
ant analysis in view of the quickly approaching start of
the LHC with its dedicated B-decay experiment LHCb,
where the physics potential of the Bs-meson system can
be fully exploited [17, 18]. We will therefore give a de-
tailed presentation, collecting also the relevant formulae,
which should be helpful for the analysis of the future im-
proved experimental data. The outline of this paper is as
follows: in Sect. 2, we have a closer look at theBd→ π+π−,
Bs→K+K− strategy, and move on to the Bd→ π∓K±,
Bs→ π±K∓ system in Sect. 3. Finally, we summarise our
conclusions in Sect. 4. For analyses using QCD factorisa-
tion, soft collinear effective theory or perturbative QCD,
the reader is referred to [19–24].

2 The Bd→ π+π�, Bs→K+K� strategy

2.1 CP violation in Bd→ π+π�

In the standard model (SM), using the unitarity of the
CKM matrix, the transition amplitude of the B0d → π

+π−

1 Recently, data were taken by Belle at Υ (5S), allowing also
access to Bs decays [14].
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decay can be written as follows [1]:

A
(
B0d → π

+π−
)
= eiγ

(
1−
λ2

2

)
C
[
1−d eiθ e−iγ

]
, (11)

where γ is the corresponding angle of the UT, λ the param-
eter of the Wolfenstein expansion of the CKM matrix [25],
C denotes a CP -conserving strong amplitude that is gov-
erned by the tree contributions, while the CP -consering
hadronic parameter deiθ measures – sloppily speaking –
the ratio of penguin to tree amplitudes. The CP asymme-
tries introduced in (1) take then the following form:

AdirCP
(
Bd→ π

+π−
)
=−

[
2 d sin θ sinγ

1−2 d cosθ cos γ+d2

]
, (12)

AmixCP
(
Bd→ π

+π−
)

=+

[
sin(φd+2γ)−2 d cos θ sin(φd+γ)+d2 sinφd

1−2 d cosθ cos γ+d2

]
,

(13)

where φd is the CP -violating B
0
d–B̄

0
d mixing phase, which

is given by 2β in the SM, with β denoting another UT
angle. This phase has been measured at the B factories
with the help of the “golden” decay B0d → J/ψKS and
similar modes, includingBd→ J/ψK∗ andBd→D∗D∗KS
channels to resolve a twofold ambiguity, as follows [8]:

φd = (42.6±2)
◦ . (14)

The general expressions in (12) and (13) allow us to elim-
inate the strong phase θ and to calculate d as a func-
tion of γ by using the formulae given in [1]. In Fig. 2, we
show the corresponding contours for the central values of
the BaBar and Belle results in (6) and (7). In order to
guide the eye, we have also included the contour (dotted
line) representing the central value of the HFAG average
AdirCP (Bd→ π

+π−) =−0.38±0.07 of the BaBar and Belle
results for the direct CP violation in Bd→ π+π− [8]. It
should be emphasised that these contours are valid exactly
in the SM.

2.2 CP -averaged Bs→K+K�, Bd→ π+π�

branching ratios

Let now B0s →K
+K− enter the stage. In analogy to (11),

the corresponding decay amplitude can bewritten as

A
(
B0s →K

+K−
)
= eiγλ C′

[
1+
1

ε
d′ eiθ

′
e−iγ
]
, (15)

where

ε≡
λ2

1−λ2
= 0.05 , (16)

and C′ and d′ eiθ
′
are the B0s →K

+K− counterparts of the
B0d→ π

+π− parametersC anddeiθ, respectively. Ifweapply
theU -spin symmetry, we obtain the following relations [1]:

d′ = d, θ′ = θ . (17)

As was also pointed out in [1], these relations are not af-
fected by factorisable U -spin-breaking corrections, i.e. the
relevant form factors and decay constants cancel. This fea-
ture holds also for chirally enhanced contributions to the
transition amplitudes.
Since the CP asymmetries of the B0s →K

+K− decay
have not yet been measured, we have to use the CP -
averaged branching ratio of this mode, which also provides
valuable information. For the determination of γ, it is use-
ful to introduce the quantity

K =
1

ε

∣
∣
∣∣
C

C′

∣
∣
∣∣

2 [
MBs
MBd

Φ(Mπ/MBd ,Mπ/MBd)

Φ(MK/MBs ,MK/MBs)

τBd
τBs

]

×

[
BR(Bs→K+K−)

BR(Bd→ π+π−)

]
, (18)

where

Φ(x, y)≡
√
[1− (x+y)2] [1− (x−y)2] (19)

is the well-known B→ PP phase-space function, and the
τBd,s are the Bd,s lifetimes. Applying the relations in (17),
we arrive at

K =
1

ε2

[
ε2+2εd cos θ cos γ+d2

1−2d cosθ cos γ+d2

]
. (20)

If we combine K with AmixCP (Bd→ π
+π−), which depend

both on d cos θ, we can fix another contour in the γ–d plane
with the help of the formulae given in [1].
In order to determineK from the CP -averaged branch-

ing ratios, the U -spin-breaking corrections to the ratio
|C′/C|, which equals 1 in the strict U -spin limit, have to
be determined. In contrast to the U -spin relations in (17),
|C′/C| involves hadronic form factors in the factorisation
approximation:

∣
∣
∣
∣
C′

C

∣
∣
∣
∣
fact

=
fK

fπ

FBsK
(
M2K ; 0

+
)

FBdπ (M
2
π ; 0

+)

(
M2Bs −M

2
K

M2Bd −M
2
π

)

, (21)

where fK and fπ denote the kaon and pion decay con-
stants, andFBsK

(
M2K ; 0

+
)
and FBdπ(M

2
π ; 0

+) parametrise
the hadronic quark-current matrix elements
〈K−|(b̄u)V-A|B0s〉 and 〈π

−|(b̄u)V-A|B0d〉, respectively [26,
27]. These quantities were analyzed using QCD sum-rule
techniques in detail in [28], yielding

∣∣
∣
∣
C′

C

∣∣
∣
∣

QCDSR

fact

= 1.52+0.18−0.14. (22)

As we will see in Sect. 3, we can actually determine this
quantity with the help of the data for the Bd→ π∓K±,
Bs→ π±K∓ system. Since the corresponding value agrees
remarkably well with (22), large non-factorisable U -spin-
breaking effects are disfavoured, which gives us further
confidence in applying (17).
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2.3 Extraction of γ and hadronic parameters

If we use (2) and (9) with (22) and add the errors in quadra-
ture, we obtain

K = 41.03±10.27 . (23)

In Fig. 2, we have also included the contour following
from the central values of K and AmixCP (Bd→ π

+π−). We
see that the intersections with the AdirCP (Bd→ π

+π−)–
AmixCP (Bd→ π

+π−) contour following from the BaBar data
give a twofold solution for γ around 41◦ and 67◦, whereas
we obtain no intersection with the corresponding Belle
curve. Consequently, the measured Bs→K+K− branch-
ing ratio disfavours the Belle result for the direct CP
violation in B0d → π

+π−. A similar observation was also
made in [13], using, however, a different avenue. For the
following analysis, we will therefore only use the BaBar
measurement of AdirCP (Bd→ π

+π−), which covers also the
prediction for this asymmetry made in [13] within the
uncertainties.
In Fig. 3, we show the impact of the uncertainties of K

and the CP asymmetries of B0d → π
+π−. We obtain the

Fig. 2. The contours in the γ–d plane that follow from the cen-
tral values of the BaBar and Belle measurements of the CP
asymmetries of the Bd→ π

+π− channel and the ratio of the
CP -averagedBd→ π

+π−,Bs→K
+K− branching ratios. The

dotted line corresponds to the HFAG average for the direct CP
violation in Bd→ π

+π−

Fig. 3. Contours in the γ–d plane fixed through the CP asymmetries of B0d → π
+π− for the BaBar result of direct CP violation

and the quantityK: the left panel shows the 1σ ranges of K (upper and lower curves correspond to K = 51.30 and 30.76, respec-
tively) and AdirCP

(
Bd→ π

+π−
)
(upper and lower curves correspond to AdirCP =−0.30 and −0.12, respectively), whereas the right

panel shows the 1σ range of AmixCP
(
Bd→ π

+π−
)
(dot-dashed and dotted curves correspond to AmixCP = 0.69 and 0.53, respectively)

following numerical results:

γ =
(
40.6+1.6+1.1+2.3−1.3−0.6−2.4

)◦
=
(
40.6+3.0−2.8

)◦
,

d= 0.243+0.024+0.015+0.002−0.028−0.008−0.001 = 0.243
+0.028
−0.029 ,

θ =
(
29.2+5.5+14.2+1.7−3.5−12.8−1.3

)◦
=
(
29.2+15.3−13.3

)◦
, (24)

γ =
(
66.6+2.6+1.1+3.2−2.9−2.0−3.6

)◦
=
(
66.6+4.3−5.0

)◦
,

d= 0.410+0.053+0.001+0.010−0.060−0.003−0.009 = 0.410
+0.054
−0.061 ,

θ =
(
155.9+2.5+10.8+0.8−3.8−2.1−1.2

)◦
=
(
155.9+11.1−4.5

)◦
, (25)

Here we show the errors arising fromK,AdirCP (Bd→ π
+π−)

and AmixCP (Bd→ π
+π−), and have finally added them in

quadrature.

2.4 Impact of U-spin-breaking effects

Let us now explore the impact of non-factorisable U -spin-
breaking corrections to (17) by introducing the following
parameters [29, 30]:

ξ ≡ d′/d, ∆θ ≡ θ′− θ . (26)

The expression for K in (20) is then modified as

K =
1

ε2

[
ε2+2εξd cos(θ+∆θ) cos γ+ ξ2d2

1−2d cosθ cos γ+d2

]
. (27)

Since the numerator is governed by the ξ2d2 term, the dom-
inant U -spin-breaking effects are described by ξ, whereas
∆θ plays a very minor rôle, as was also noted in [29, 30].
This behaviour can nicely be seen in Fig. 4, where we have
considered ξ = 1± 0.15 and ∆θ = ±20◦. In view of the
comments given above, these parameters describe gener-
ous U -spin-breaking effects. Their impact on the numerical
solutions in (24) and (25) is given as follows:

γ =
(
40.6+3.0+1.3+0.2−2.8−1.6−0.3

)◦
,

d= 0.243+0.028+0.030+0.006−0.029−0.023−0.003 ,

θ =
(
29.2+15.3+4.5+0.5−13.3−4.3−0.8

)◦
, (28)
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Fig. 4. Illustration of the impact of U-spin-breaking correc-
tions in the γ–d plane

γ =
(
66.6+4.3+4.0+0.1−5.0−3.0−0.2

)◦
,

d= 0.410+0.054+0.082+0.002−0.061−0.060−0.001 ,

θ =
(
155.9+11.1+3.6+0.1−4.5−3.8−0.3

)◦
, (29)

where the second and third errors refer to ξ and∆θ, respec-
tively. Interestingly, γ is only moderately affected by these
effects, which do not exceed the current experimental un-
certainties for the parameter ranges considered above. Per-
forming measurements of CP violation in Bs→K+K−,
which will be possible with impressive accuracy at the
LHCb experiment [31–33], the use of the U -spin symmetry
can be minimised in the extraction of γ, and internal con-
sistency checks become available. Before turning to these
asymmetries, let us first discuss the discrete ambiguities af-
fecting the extraction of γ.

2.5 Discrete ambiguities

So far, we have restricted the discussion to the range of
0◦ ≤ γ ≤ 180◦, which follows from the SM interpretation of
the measurement of εK , which describes the indirect CP
violation in the neutral kaon system [34, 35]. However, if we
allow for new physics (NP), we have to consider the whole
range of γ. As can be seen by having a closer look at the
expressions given in (12), (13) and (20), for each of the two
solutions listed in (28) and (29), we obtain an additional
one through the following transformation:

γ→ γ−180◦ , d→ d , θ→ θ−180◦ , (30)

i.e. we have to deal with a fourfold discrete ambiguity,
which has to be resolved for the search of NP.
To this end, let us first have a look at cos θ for (28)

and (29), given by

cos θ =+0.873+0.092−0.168 and cos θ =−0.913+0.047−0.064 , (31)

respectively, where we have added all errors in quadrature.
Although non-factorisable effects have a significant impact
on θ, we do not expect that they will change the sign of
the cosine of this strong phase, which is negative in the
notation used above. Consequently, (28) can be excluded
through this argument. As we will see in Sect. 2.6, the fu-

ture measurement of mixing-inducedCP violation inBs→
K+K− should allow us to rule out this solution in a dir-
ect way. Moreover, as will be discussed in Sect. 3.4, already
the current data for the observables of the Bd→ π∓K±,
B±→ π±K system exclude (28) and its “mirror” solution
around γ = −139◦ following from (30), where the sign of
cos θ would be as in factorisation. In the case of the remain-
ing mirror solution of (29) around γ = −113◦, the sign of
cos θ would be positive, i.e. opposite to our expectation, so
that it can be ruled out as well.
Consequently, we are finally left with the numbers

in (29). It is interesting to note that the corresponding
value of γ in is in excellent agreement with the SM fits
of the UT obtained by the UTfit and CKMfitter col-
laborations [34, 35], yielding γ = (64.6± 4.2)◦ and γ =(
59.0+9.2−3.7

)◦
, respectively.

2.6 CP violation in Bs→K+K�

Using the expression for the B0s →K
+K− decay ampli-

tude in (15), the observables entering the CP -violating
rate asymmetry in (1) take the following form:

AdirCP
(
Bs→K

+K−
)
=

2εd′ sin θ′ sinγ

d′2+2εd′ cos θ′ cos γ+ ε2
, (32)

AmixCP
(
Bs→K

+K−
)

=+

[
d′2 sinφs+2εd

′ cos θ′ sin(φs+γ)+ ε
2 sin(φs+2γ)

d′2+2εd′ cos θ′ cos γ+ ε2

]
,

(33)

A∆Γ (Bs→K
+K−)

=−

[
d′2 cosφs+2εd

′ cos θ′ cos(φs+γ)+ ε
2 cos(φs+2γ)

d′2+2εd′ cos θ′ cos γ+ ε2d′2

]
,

(34)

where φs is the CP -violating B
0
s–B̄

0
s mixing phase; in the

SM, it is given in terms of the Wolfenstein parameters
by φs = −2λ2η and takes the tiny value of φs|SM ≈ −2◦.
If we consider this SM case for the solution of (25) and
use the U -spin relations in (17), we arrive at the following
predictions:

AdirCP
(
Bs→K

+K−
)
=+0.101+0.034+0.043+0.000−0.020−0.043−0.000

=+0.101+0.055−0.047 ,

AmixCP
(
Bs→K

+K−
)
=−0.246+0.018+0.029+0.012−0.023−0.017−0.010

=−0.246+0.036−0.030 ,

A∆Γ
(
Bs→K

+K−
)
=−0.964+0.010+0.001+0.003−0.006−0.002−0.003

=−0.964+0.011−0.007 , (35)

where the treatment and notation of the errors is as
in (24) and (25), i.e. it refers to the uncertainties of K,
AdirCP (Bd→ π

+π−) and AmixCP (Bd→ π
+π−). The interest-

ing feature that the error of the direct CP asymmetry is
independent of that of AmixCP (Bd→ π

+π−) is due to the
following U -spin relation [1]:

AdirCP
(
Bs→K

+K−
)
=−

1

εK
AdirCP

(
Bd→ π

+π−
)
, (36)
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and it provides a nice numerical test. Moreover, all observ-
ables satisfy the relation

[
AdirCP

(
Bs→K

+K−
)]2
+
[
AmixCP

(
Bs→K

+K−
)]2

+
[
A∆Γ (Bs→K

+K−)
]2
= 1 . (37)

The impact of the U -spin-breaking corrections discussed
in Sect. 2.4 is given as follows:

AdirCP (Bs→K
+K−) = +0.101+0.055+0.015+0.067−0.047−0.015−0.083 ,

AmixCP (Bs→K
+K−) =−0.246+0.036+0.008+0.051−0.030−0.007−0.023 ,

A∆Γ (Bs→K
+K−) =−0.964+0.011+0.000+0.001−0.007−0.000−0.002 ,

(38)

where the second and third errors refer to ξ = 1± 0.15
and ∆θ =±20◦, respectively, as in (28) and (29). Whereas
AmixCP (Bs→K

+K−) and A∆Γ (Bs→K+K−) are pretty
stable with respect to the U -spin-breaking effects, the dir-
ect CP asymmetry is significantly affected by ∆θ. As
we will discuss in Sect. 3.4, the measurement of the dir-
ect CP violation in Bd→ π∓K± strongly disfavours such
effects.
The next important step in the analysis of the Bd→

π+π−, Bs →K+K− system is the measurement of the
mixing-induced CP violation in B0s →K

+K−. Applying
the formulae given in [1], this observable can be combined
with K to fix another contour in the γ–d plane. In Fig. 5,
we illustrate the corresponding situation for the central nu-
merical values given above and observe that the measure-
ment ofAmixCP (Bs→K

+K−) will in fact allow us to resolve
the twofold ambiguity in the extraction of the UT angle γ,
as we noted in Sect. 2.5.
Finally, if also the direct CP asymmetry AdirCP

(
Bs→

K+K−
)
is measured, we can combine it with AmixCP

(
Bs→

K+K−
)
to calculate d′ as a function of γ for a given value

of the mixing phase φs [1]. It should be emphasised that
this contour is – in contrast to those involving K – theor-
etically clean, in analogy to the γ–d curve following from
the CP -violating Bd→ π+π− observables. Using the first
of the U -spin relations in (17), we can then extract γ and
d, where the information provided byK allows us to resolve

Fig. 5. Illustration of the impact of the measurement of the
CP -violating observables of the B0s →K

+K− decay on the
situation in the γ–d plane within the SM

the discrete ambiguity. Since the strong phases θ and θ′ can
be determined as well, we may actually perform a test of
the second U -spin relation in (17). Moreover, the impact of
U -spin-breaking corrections to d′ = d corresponds to a rela-
tive shift of the Bd→ π+π− and Bs→K+K− contours;
the situation for the extraction of γ in Fig. 5 would actu-
ally be very stable in this respect. This would be the most
refined implementation of the Bs→K+K−, Bd→ π+π−

strategy for the extraction of γ. For recent LHCb studies,
which look very promising, see [31–33].
The last observable that is provided by B0s →K

+K−

is A∆Γ (Bs→K+K−), which enters the following “un-
tagged” rate [36]:

〈
Γ
(
Bs(t)→K

+K−
)〉

≡ Γ
(
B0s(t)→K

+K−
)
+Γ
(
B̄0s(t)→K

+K−
)

∝ e−Γst
[
e+∆Γst/2RL

(
Bs→K

+K−
)

+ e−∆Γst/2RH
(
Bs→K

+K−
) ]
, (39)

where

Γs ≡
Γ
(s)
H +Γ

(s)
L

2
, ∆Γs ≡ Γ

(s)
H −Γ

(s)
L (40)

depend on the decay widths Γ
(s)
H and Γ

(s)
L of the “heavy”

and “light” mass eigenstates of theBs system, respectively,
and

RL(Bs→K
+K−)≡ 1−A∆Γ (Bs→K

+K−)

= 1.964+0.007−0.011 , (41)

RH(Bs→K
+K−)≡ 1+A∆Γ (Bs→K

+K−)

= 0.036+0.011−0.007 ; (42)

the numerical values correspond to the SM prediction
in (38). Concerning a practical measurement of (39), most
data come from short times with ∆Γst� 1:

〈Γ (Bs(t)→K
+K−)〉

∝ e−Γst

×

[
1−A∆Γ (Bs→K

+K−)

(
∆Γst

2

)
+O((∆Γst)

2)

]
.

(43)

Moreover, if the two-exponential form of (39) is fitted to
a single exponential, the corresponding decay width satis-
fies the following relation [37]:

ΓK+K− = Γs+A∆Γ
(
Bs→K

+K−
) ∆Γs
2

+O
(
(∆Γs)

2/Γs
)
. (44)

First studies along these lines were recently performed by
the CDF collaboration [38], yielding τ (Bs→K+K−) =
1/ΓK+K− = (1.53± 0.18± 0.02) ps. Using flavour-specific
Bs decays, a similar analysis allows the extraction of Γs up
to corrections of O

(
(∆Γs/Γs)

2
)
[37]. With the help of the

analysis discussed above, which allows the calculation of
A∆Γ (Bs→K+K−), the width difference ∆Γs can then be
extracted.
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2.7 Impact of new physics

Because of the impressive agreement of the value of γ that
we extracted from the Bd → π+π−, Bs →K+K− data
with the fits of the UT and the overall consistency with
the SM (see also Sect. 3), dramatic NP contributions to the
corresponding decay amplitudes are already excluded, al-
though the experimental picture has still to be improved
considerably. In particular, accurate measurements of γ
through pure tree-level decays are not yet available, but
will be performed at LHCb [17, 18]; imporant examples are

Bs→D±s K
∓ and Bd→D±π∓ decays, where the U -spin

symmetry provides again a useful tool [39].
Similar conclusions about NP effects in B→ ππ, πK

modes were drawn in [13, 40, 41]. The corresponding B-
factory data may indicate a modified EW penguin sector
with a largeCP -violating NP phase through the results for
mixing-induced CP violation inB0d→ π

0KS, thereby com-
plementing the pattern of such CP asymmetries observed
in other b→ s penguin modes, where the B0d → φKS chan-
nel is an outstanding example. Since EW penguin topolo-
gies contribute to the Bs→K+K−, Bd→ π+π− (and the
Bd → π∓K±, Bs→ π±K∓) system in colour-suppressed
form, they play there a minor rôle. Consequently, NP ef-
fects entering through the EW penguin sector could not be
seen in the analysis discussed in this paper.
On the other hand, B0s–B̄

0
s mixing offers a nice avenue

for NP to manifest itself in B0s →K
+K−. The mass differ-

ence ∆Ms was recently measured at the Tevatron [42, 43],
with a value that is consistent with the SM expectation.
On the other hand, this result still allows for large CP -
violating NP contributions to B0s–B̄

0
s mixing (see, for in-

stance, [44–47]). In this case, the mixing phase φs, which
can be extracted through the time-dependent angular dis-
tribution of the B0s → J/ψ[→ µ

+µ−]φ[→ K+K−] decay
products [37, 48], would take a sizeable value. Interestingly,
also the Bs→K+K−, Bd→ π+π− system allows us to
search for NP effects of this kind. Assuming a value of
φs = −10◦, which corresponds to a simple “translation”
of the tension in the CKM fits between (sin 2β)ψKS and
the UT side Rb ∝ |Vub/Vcb| [44], we arrive at the situ-
ation illustrated in Fig. 6. There we show the contours
involving AmixCP (Bs→K

+K−) that would arise if we as-
sume the SM value of φs. In this case, we would arrive at
quite some discrepancy, in particular through the contour
following from the CP -violating Bs →K+K− asymme-
tries. For larger values of φs, the discrepancy would be
even more pronounced. In this case, the measured value of
AmixCP (Bs→K

+K−) would also not lie on the SM surface
in observable space that was calculated in [49].
It is instructive to expand (33) and (34) in powers of

ε/d′ ∼ 0.1, yielding

AmixCP
(
Bs→K

+K−
)
=+sinφs+2

( ε
d′

)
cos θ′ sin γ cosφs

+O
(
(ε/d′)2

)
, (45)

A∆Γ
(
Bs→K

+K−
)
=− cosφs+2

( ε
d′

)
cos θ′ sin γ sinφs

+O
(
(ε/d′)2

)
, (46)

Fig. 6. Illustration of the impact of CP -violating NP contribu-
tions to B0s–B̄

0
s mixing leading to φs =−10

◦ on the contours in
the γ–d plane

where 2 (ε/d′) cos θ′ sin γ ≈−0.2. We observe two interest-
ing features.

– AmixCP (Bs→K
+K−) is strongly affected if φs moves

away from 0 thanks to the sinφs term and offers also
information on cosφs through the hadronic piece.
– A∆Γ (Bs→K+K−) deviates slowly from its SM value
around −1 as φs moves away from 0, and the hadronic
term is suppressed by sinφs for small phases, which is
the reason for the remarkably small uncertainty of the
SM prediction in Sect. 2.6.

In Fig. 7, we show the correlation between sinφs, which
is determined through the time-dependent angular analy-
sis of the B0s → J/ψ[→ µ

+µ−]φ[→ K+K−] decay prod-
ucts [48], and the mixing-induced CP violation in B0s →
K+K−, which can be predicted with the help of the
parameters in (25). This figure shows nicely that the com-
bination of both observables allows an unambiguous de-
termination of φs. In particular, we may also distinguish
between the cases of φs = 0

◦ and 180◦, which is important
for the search of NP. Recently, the D0 collaboration has
reported first results for the measurement of φs through
an untagged B0s → J/ψφ analysis [50], which suffers from
a fourfold discrete ambiguity. The solution closest to the

Fig. 7. The correlation between sinφs, which can be deter-
mined through mixing-induced CP violation in B0s → J/ψφ,
and AmixCP

(
Bs→K

+K−
)
for the central values of the param-

eters in (25); in the SM case, we show also the error bar. Each
point on the curve corresponds to a given value of φs, as indi-
cated by the numerical values
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SM case reads

φs =−0.79±0.56 (stat.)
+0.14
−0.01 (syst.) =−

(
45±32+1−8

)◦
,

(47)

so that this quantity is still largely unconstrained.
Let us finally come back to the untagged rate in (43). In

the presence of NP, ∆Γs is modified as follows [51]:

∆Γs =∆Γ
SM
s cosφs, (48)

where ∆Γ SMs /Γs is negative for the definition in (40), and
calculated at the 15% level [52]. Consequently, NP effects
can only reduce the value of |∆Γs|. If φs is determined
as described above, the calculation of A∆Γ (Bs→K+K−)
through the Bs→K+K−, Bd→ π+π− analysis allows the
extraction of ∆Γ SMs from the τ (Bs→K+K−) lifetime,
thereby complementing the extraction of this width differ-
ence through the Bs→ J/ψφ angular analysis [48].

3 The Bd→ π�K�, Bs→ π�K� strategy

3.1 First insights into U-spin-breaking effects

Let us now discuss the U -spin-related decays B0d → π
−K+

and B0s → π
+K− [7]. If we use the unitarity of the CKM

matrix, their decay amplitudes can be written as follows:

A
(
B0d → π

−K+
)
=−P

[
1− r eiδ eiγ

]
, (49)

A
(
B0s → π

+K−
)
= Ps

√
ε

[
1+
1

ε
rs e

iδseiγ
]
, (50)

where P(s) and r(s) e
iδ(s) are CP -conserving hadronic pa-

rameters, which describe penguin amplitudes and the ratio
of trees to penguins, respectively. Using the U -spin flavour
symmetry of strong interactions, we obtain – in analogy
to (17) – the following relations:

rs = r, δs = δ . (51)

In the case of the relation between |Ps| and |P |, factorisable
U -spin-breaking corrections arise, which are described by
the following ratio of decay constants and form factors:

∣
∣
∣∣
Ps

P

∣
∣
∣∣
fact

=
fπ

fK

FBsK(M
2
π ; 0

+)

FBdπ(M
2
K ; 0

+)

(
M2Bs−M

2
K

M2Bd −M
2
π

)

. (52)

Using the recent QCD sum-rule results of [28] yields

∣
∣
∣∣
Ps

P

∣
∣
∣∣

QCDSR

fact

= 1.02+0.11−0.10 . (53)

At first sight, it appears as if γ, r and δ could be determined
with the help of the U -spin symmetry from the ratio of the
CP -averaged branching ratios and the two CP asymme-
tries provided by the Bd→ π∓K±, Bs→ π±K∓ system.

However, because of the following U -spin relation, which is
the counterpart of (36), this is actually not the case:

AdirCP (Bs→ π
±K∓)

AdirCP (Bd→ π
∓K±)

=−

∣
∣∣
∣
Ps

P

∣
∣∣
∣

2
[
MBd
MBs

Φ (Mπ/MBs ,MK/MBs)

Φ
(
Mπ/MBd ,MK/MBd

)
τBs
τBd

]

×

[
BR(Bd→ π∓K±)

BR(Bs→ π±K∓)

]
. (54)

On the other hand, it allows us to obtain experimen-
tal insights into U -spin-breaking effects with the help of
the measurements of the CP asymmetries and the CP -
averaged branching ratios listed in Sect. 1. Adding the er-
rors in quadrature, we obtain

∣
∣
∣∣
Ps

P

∣
∣
∣∣
exp

=

∣
∣
∣∣
Ps

P

∣
∣
∣∣

√[rs
r

][sin δs
sin δ

]
= 1.06±0.28 , (55)

where we have also taken non-factorisable U -spin-breaking
effects to (51) into account. We obtain excellent agreement
with (53), although the experimental uncertainties are still
large. This quantity should be closely monitored as the
data improve, allowing us to obtain valuable insights into
non-factorisable U -spin-breaking effects. We shall return
to this issue below.

3.2 Further information: B+→ π+K0

and B+→K+K̄0

For the determination of γ from the Bd→ π∓K±, Bs→
π±K∓ system, the overall normalisation P has to be fixed
through additional input, which is offered by the decay
B+→ π+K0. If we neglect colour-suppressed EW penguin
topologies and use the SU(2) isospin symmetry of strong
interactions, we may write its amplitude as follows:

A
(
B+→ π+K0

)
= P
[
1+ ερπK e

iθπK eiγ
]
, (56)

where the CP -conserving hadronic parameter ρπK e
iθπK is

expected to play a minor rôle because of the ε suppression.
A first probe of this quantity is offered by the direct CP
asymmetry

AdirCP
(
B±→ π±K

)
=−

[
2ερπK sin θπK sin γ

1+2ερπK cos θπK cos γ+ ε2ρ2πK

]

=−0.009±0.025 . (57)

The experimental value [8], which is the average of the
corresponding B-factory results, does not indicate any
anomalous enhancement of ρπK e

iθπK . This parameter can
actually be determined with the help of the U -spin-related
decay B+→K+K̄0 [53–56]. In the SM, its transition am-
plitude can be written as follows:

A
(
B+→K+K̄0

)
=
√
εPKK

[
1−ρKK e

iθKK eiγ
]
, (58)

where the U -spin symmetry implies

ρKK = ρπK , θKK = θπK . (59)
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This channel was recently discovered at the B factories
with the following CP -averaged branching ratios:

BR
(
B±→K±K

)
(60)

=

{
(1.61±0.44±0.09)×10−6(BaBar) [57] ,(
1.22+0.33+0.13−0.28−0.16

)
×10−6 (Belle) [58] ,

which correspond to the average

BR
(
B±→K±K

)
=
(
1.36+0.29−0.27

)
×10−6 . (61)

Moreover, also a first result for the corresponding direct
CP asymmetry is available:

AdirCP (B
±→K±K) =

2ρKK sin θKK sin γ

1−2ρKK cos θKK cos γ+ρ2KK
=−0.12+0.18−0.17 . (62)

The branching ratios are interestingly measured close
to lower bounds that can be derived in the SM [59]. In fact,
if we introduce

HKKπK ≡
1

ε

∣
∣
∣
∣
P

PKK

∣
∣
∣
∣

2 [
Φ(Mπ/MB,MK/MB)

Φ(MK/MB,MK/MB)

]

×

[
BR(B±→K±K)

BR(B±→ π±K)

]
, (63)

we obtain

HKKπK =
1−2ρKK cos θKK cos γ+ρ2KK
1+2ερπK cos θπK cos γ+ ε2ρ2πK

. (64)

This quantity takes the following lower bound:

HKKπK ≥
[
1−2ε cos2 γ+O(ε2)

]
sin2 γ , (65)

which can be converted into a lower bound for BR(B±→
K±K) with the help of the measured B±→ π±K branch-
ing ratio. Moreover, also the U -spin-breaking corrections
to |P/PKK | have to be determined. In the factorisation ap-
proximation, we have

∣
∣
∣
∣
PKK

P

∣
∣
∣
∣
fact

=
FBK

(
M2K ; 0

+
)

FBπ (M2K ; 0
+)

(
M2B−M

2
K

M2B−M
2
π

)
. (66)

Using once again the QCD sum-rule results of [28] yields

∣
∣
∣
∣
PKK

P

∣
∣
∣
∣

QCDSR

fact

= 1.35+0.11−0.09 , (67)

which agrees with an alternative analysis [60]. The experi-
mental branching ratio in (4) and the result for γ in (25)
yield then the following lower bound:

BR(B±→K±K)min =
(
1.78+0.23−0.26

)
× 10−6 , (68)

where all errors were again added in quadrature. While the
BaBar result in (60) is fully consistent with this bound, the
Belle measurement is clearly on the lower side and reduces
also the average in (61), which yields

HKKπK = 0.64±0.15 . (69)

Using (65), this value can be converted into the following
upper bound on γ:

γ ≤
(
53+10−9

)◦
. (70)

It is about 1σ below the result for γ in (25), which is an-
other manifestation of the low branching ratio in (61).
For a given value of γ, (64) allows us to calculate ρKK

as a function of θKK with the help of the U -spin relations
in (59):

ρKK = a±
√
a2− b , (71)

where

a=

[
1+ εHKKπK
1− ε2HKKπK

]
cos θKK cos γ, b=

1−HKKπK
1− ε2HKKπK

.

(72)

Another contour can be fixed through the directCP asym-
metry in (62). To this end, we have just to make the follow-
ing replacements in (71):

a→ cos γ cos θKK+
sin γ sin θKK

AdirCP (B
±→K±K)

, b→ 1 . (73)

It should be emphasised that this curve is valid exactly,
i.e. does not rely on the U -spin symmetry. Because of
the bounds discussed above, (71) with (72) does not give
physical solutions for the central values of γ = 66.6◦ and

HKKπK = 0.64. However, if we lower γ by one sigma to 61.6
◦

and increase HKKπK by one sigma to 0.79, we arrive at the
situation shown in Fig. 8, leaving us with a pretty con-
strained allowed region around

ρKK ≈ ρπK ∼ 0.5 , θKK ≈ θπK ∼ 0
◦ . (74)

Consequently, we find ερπK |exp ∼ 0.025, so that we do not
have to worry about the effects of this parameter. In toy
models of final-state interaction effects that were consid-
ered several years ago, this parameter would have been
enhanced by up to one order of magnitude. These scenarios
are therefore ruled out by the B-factory data. Moreover,

Fig. 8. The constraints in the θKK–ρKK plane following from

HKKπK and AdirCP
(
B±→K±K

)
; as explained in the text (γ =

61.6◦, HKKπK = 0.79)
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anomalous enhancements of colour-suppressed EW pen-
guin contributions, which would arise in such scenarios as
well, are also disfavoured.

3.3 Extracting the UT angle γ

Let us first have a look at the Bd→ π∓K±, B±→ π±K
system. For the extraction of γ, we introduce the following
ratio [61]:

R≡

[
MBd
MB+

Φ (Mπ/MB+ ,MK/MB+)

Φ
(
Mπ/MBd ,MK/MBd

)
τB+

τBd

]

×

[
BR(Bd→ π∓K±)

BR (B±→ π±K)

]

= 0.899±0.049 , (75)

where we have included tiny phase-space effects, used
τB+/τB0

d
= 1.071± 0.009 [62], and added the errors in

quadrature. The amplitude parametrisations in (49)
and (56) imply then the following expression [56]:

w2R= 1−2r cos δ cos γ+ r2 , (76)

with

w =
√
1+2ερπK cos θπK+ ε2ρ2πK . (77)

Using (74), we obtain w2 ∼ 1.02. The corresponding effect
lies within the errors of (75) and will be neglected in the
following discussion. Following [61], where the bound

sin2 γ ≤R (78)

was derived, we obtain

γ ≤
(
71.5+5.3−4.3

)◦
, (79)

where the errors reflect the uncertainties ofR. The value of
γ in (25) and the SM fits of the UT are well consistent with
this bound, which effectively constrains γ in a phenomeno-
logically very interesting region.
If we combine R with the direct CP asymmetry of

B0d → π
−K+, the strong phase δ can be eliminated, al-

lowing us to calculate r as a function of γ. To this
end, it is convenient to introduce the following “pseudo-
asymmetry” [63]:

A0 ≡A
dir
CP

(
Bd→ π

∓K±
)
R= 2r sin δ sin γ , (80)

so that

r =

√

ad±
√
a2d− bd , (81)

with

ad =R− sin
2 γ+cos2 γ , (82)

bd = (1−R)
2+

(
A0 cos γ

sin γ

)2
; (83)

for generalised expressions, taking also the effects of
(ρπK , θπK) and colour-suppressed EW penguins into ac-
count, see [56]. For given values of γ and r, the strong phase
δ can unambiguously be determined through

r cos δ = cos γ± sgn(cos γ)

√

cos2 γ− (1−R)−

(
A0

2 sinγ

)2
,

(84)

r sin δ =
A0

2 sinγ
. (85)

As R< 1, we have sgn(cos δ) = sgn(cos γ) for the two solu-
tions of r. Consequently, since we expect a positive value of
the cosine of δ, as in factorisation, we are left with the range
of−90◦ <γ <+90◦. Since the four solutions for γ following
from (24) and (25) with (30) overlap with that region only
for 0◦ <γ < 90◦, we may restrict the following discussion to
this range.
The determination of γ requires further information,

which can be obtained with the help of the B0s → π
+K−

channel. To this end, we introduce – in analogy to (75)
and (80) – the following quantities:

Rs ≡

∣
∣
∣
∣
P

Ps

∣
∣
∣
∣

2 [
MBs
MB+

Φ (Mπ/MB+ ,MK/MB+)

Φ (Mπ/MBs ,MK/MBs)

τB+

τBs

]

×

[
BR(Bs→ π±K∓)

BR (B±→ π±K)

]

= ε+2rs cos δs cos γ+
r2s
ε
= 0.236±0.070 , (86)

where (53) as well as τB+ = (1.638± 0.011)ps and τBs =
(1.466±0.059)ps [62] enter the numerical value, and

As ≡A
dir
CP

(
Bs→ π

±K∓
)
Rs =−2rs sin δs sin γ . (87)

These quantities allow us to eliminate the strong phase δs,
and to calculate rs as a function of γ. To this end, we have
simply to make the replacements r→ rs, ad→ as and bd→
bs in (81), with

as = ε
[
Rs− ε

(
sin2 γ− cos2 γ

)]
, (88)

bs = ε
2

[

(Rs− ε)
2
+

(
As cos γ

sinγ

)2]

. (89)

For given values of γ and rs, we may again extract the
strong phase unambiguously with the help of the relations

rs cos δs =−ε cosγ∓ sgn(cos γ)

×

√

ε
(
Rs− ε sin

2 γ
)
−

(
As

2 sinγ

)2
, (90)

rs sin δs =−

(
As

2 sinγ

)
. (91)

Using, finally, the first U -spin relation given in (51), the
intersection of the γ–r and γ–rs contours allows the extrac-
tion of γ and rs = r. Moreover, also the strong phases can
be extracted, providing an internal consistency check of the
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U -spin symmetry; U -spin-breaking corrections to rs = r
correspond to a relative shift of both contours. In Fig. 9,
we show these curves for the current data, exploring also
the impact of their uncertainties. The realisation of the
bound in (78) is nicely visible. On the other hand, the con-
tour plots show also that the situation for the extraction
of γ is not as fortunate as in the case of the Bd→ π+π−,
Bs→K+K− system discussed in Sect. 2. Moreover, fur-
ther constraints arise from cos δs, which has to agree with
the positive sign of cos δ. A closer look at (90) shows, that
this is only the case for the lower branches of the γ–rs con-
tours, i.e. for the minus (plus) signs in (81) ((90)). Combin-
ing all this information, we arrive at the following ranges:

26◦ ≤ γ ≤ 70◦, 0.07≤ r ≤ 0.12 . (92)

Since only the lower branches of the γ–rs contours are
effective because of the constraint on δs, a solution for γ
around 65◦ requires in particular an increase of Rs, which
still suffers from significant uncertainties and would wel-
come an increase of R as well, which is known at the
5% level. In principle, such an effect could be due to the
ρπK parameter in (56). However, the analysis of Sect. 3.2
demonstrates that this corresponds to only a few percent.
Interestingly, it shifts R in the right direction, but this ef-
fect is definitely much too small to cure the problem with
Rs. If we consider the upper 1σ values of Rs = 0.306 and
R= 0.948, we obtain the following values:

γ = 69.4◦ , r = 0.101 , δ = 28.5◦ , δs = 39.2
◦ , (93)

which would look quite reasonable.
Using both U -spin relations in (51) simultaneously,

the following expression can straightforwardly be derived
from (76) and (86):

r =

√

ε

[
R+Rs−1− ε

1+ ε

]
. (94)

In the case of the central values of the current experimen-
tal results, we obtain r= 0.06, whereas the upper 1σ values
yield r = 0.10. The advantage of the contours in the γ–r(s)

Fig. 9. The contours in the γ–r(s) plane: the left panel shows the 1σ ranges of the R(s) (upper and lower curves correspond to
R(s)+∆R(s) and R(s)−∆R(s), respectively), the right panel the 1σ ranges of the corresponding direct CP asymmetries (upper

and lower curves correspond to AdirCP +∆A
dir
CP and A

dir
CP −∆A

dir
CP , respectively). The error bars represent the results for γ and d

in (24) and (25)

plane is that the strong phases δ and δs can be extracted
separately.

3.4 Interplay with the Bs→K+K�, Bd→ π+π�

strategy

If we replace the strange spectator quark of B0s →K
+K−

through a down quark, we obtain the B0d → π
−K+ decay,

as can be seen in Fig. 1. Consequently, the only difference
between the corresponding hadronic matrix elements is
due to processes involving these spectator quarks: penguin
annihilation and exchange topologies, which contribute to
B0s →K

+K−, but are absent in the B0d → π
−K+ channel.

These contributions, which are expected to play a minor
rôle, can be probed throughBd→K+K− andBs→ π+π−

decays [4, 5]. The most recent data for the corresponding
CP -averaged branching ratios read as follows [8]:

BR
(
Bd→K

+K−
)
=
(
0.15+0.11−0.10

)
×10−6, (95)

BR
(
Bs→ π

+π−
)
= (0.53±0.51)×10−6, (96)

where the constraint on the Bs mode was recently ob-
tained at the Tevatron [16]. Following [40, 41], these meas-
urements can be converted into constraints on strong
amplitudes:

√
1

2

[
BR(Bd→K+K−)

BR (B±→ π±π0)

]
τB+

τBd

≈

∣
∣
∣∣
E − (PA)tu
T +C

∣
∣
∣∣

√
1+2�PA cosϑPA cos γ+�2PA

= 0.12+0.04−0.06 , (97)
√
ε

2

[
BR(Bs→ π+π−)

BR(B±→ π±π0)

]
τB+

τBs
≈
1

Rb

∣
∣
∣
∣
(PA)tc
T +C

∣
∣
∣
∣

= 0.05+0.03−0.04 . (98)

Here T +C describes the sum of colour-allowedand colour-
suppressed tree topologies, E is an exchange amplitude,
whereas the (PA)tq are the differences of penguin annihi-
lation amplitudes with internal top and q ∈ {u, c} quarks.
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Finally,

�PA e
iϑPA ≡

1

Rb

[
(PA)tc
E − (PA)tu

]
, (99)

with Rb ≈ 0.4 denoting the side of the UT that is pro-
portional to |Vub/Vcb|. Consequently, the data from the B
factories and the Tevatron do not indicate any anomalous
behaviour of these topologies, so that we will neglect them
in the following discussion. Similar assumptions were made
in the recent extractions of γ from Bd→ π+π−, B→ πK
modes in [13, 64], yielding results that agree within the er-
rors with our value of γ in (29).
Applying the SU(3) flavour symmetry, we may then

identify the B0s →K
+K− and B0d → π

−K+ decay ampli-
tudes [1, 29, 30], and obtain the simple relation

r eiδ =
ε

d
ei(π−θ) , (100)

which allows us to convert (24) and (25) into their B0d →
π−K+ counterparts:

γ =
(
40.6+3.0−2.8

)◦
, r = 0.209+0.027−0.019 , δ =

(
150.8+13.3−15.3

)◦
,

(101)

γ =
(
66.6+4.3−5.0

)◦
, r = 0.124+0.022−0.015 , δ =

(
24.1+4.5−11.1

)◦
.

(102)

In Fig. 9, we have included these values as the two points
with error bars. We can nicely see that the γ–r contour,
which is fixed throughR and A0, clearly rules out (101), as
we noted in Sect. 2.5. So we are left with the SM-like solu-
tion of (102), which would favour a slight increase ofR, and
quite a significant increase of Rs. In fact, if we calculate
these quantities for that case, we obtain

R= 0.925+0.018−0.021 , Rs = 0.444
+0.137
−0.084 , (103)

where the errors are due to our input parameters. Convert-

ing the value of Rs into the Bs→ π±K∓ branching ratio
yields

BR
(
Bs→ π

±K∓
)
=
(
9.4+3.3−2.3

)
×10−6 , (104)

which is about 1.6σ larger than the CDF result in (8). The
prediction of the directCP violation inBd→ π∓K± yields

AdirCP
(
Bd→ π

∓K±
)
=+0.101+0.055−0.047 , (105)

with the same numerical value as the prediction of AdirCP
(Bs→K+K−) in Sect. 2.6. In fact, using the assumptions
listed above, we expect

AdirCP
(
Bs→K

+K−
)
=AdirCP

(
Bd→ π

∓K±
)

exp
= 0.095±0.013 . (106)

Moreover, we have AdirCP (Bs→ π
±K∓) = −0.21, which is

equal to our input parameter for the direct CP asymmetry
of the Bd→ π+π− channel. The agreement between (105)

and the experimental value in (106) is remarkable and
disfavours large SU(3)-breaking corrections, in particu-
lar to the relations between strong phases (see Sect. 2.6).
In Fig. 10, we show the corresponding situation in the γ–
r(s) plane as a future scenario for the evolution of the data.
Let us finally return to the CP -averaged branching ra-

tios, where the relation

BR (Bs→K+K−)

BR (Bd→ π∓K±)

=

[
MBd
MBs

Φ (MK/MBs ,MK/MBs)

Φ
(
Mπ/MBd ,MK/MBd

)
τBs
τBd

]

×

(
fπ

fK

∣∣
∣
∣
C′

C

∣∣
∣
∣
fact

)2
(107)

allows us to extract
∣
∣
∣
∣
C′

C

∣
∣
∣
∣

exp

fact

= 1.42±0.14 (108)

from the data. Within the uncertainties, this number
agrees remarkably well with (22) and gives us further con-
fidence into the corresponding form factors and the small-
ness of non-factorisable SU(3)-breaking effects. In analogy
to (107), we also have

BR(Bs→ π±K±)

BR(Bd→ π+π−)
=

[
MBd
MBs

Φ (Mπ/MBs ,MK/MBs)

Φ
(
Mπ/MBd ,Mπ/MBd

)
τBs
τBd

]

×

(
fK

fπ

∣
∣
∣
∣
Ps

P

∣
∣
∣
∣
fact

)2
. (109)

Using the numerical value in (53) with fK/fπ = 1.22, we
obtain

BR
(
Bs→ π

±K±
)
= (7.5±1.2)×10−6 . (110)

This prediction is a bit smaller than (104), but fully con-
sistent within the errors. On the other hand, it is about
1.4σ larger than the experimental value in (8), thereby giv-
ing further support for the observations made above and
in Sect. 3.3. Using the U -spin relation in (54), the enhance-

Fig. 10. Future scenario for the contours in the γ–r(s) plane, as
discussed in the text. The dotted lines refer to the central values
of the current data
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ment of the central value of BR (Bs→ π±K±) by a factor
of 1.5 would suppress the central value of (10) to

AdirCP
(
Bs→ π

±K∓
)
∼−0.26 , (111)

which would further support the BaBar measurement
in (7), as

AdirCP
(
Bs→ π

±K∓
)
≈AdirCP

(
Bd→ π

+π−
)
. (112)

Since the form-factor ratio

fπ

fK

∣
∣
∣
∣
C′

C

∣
∣
∣
∣
fact

=
FBsK

(
M2K ; 0

+
)

FBdπ (M
2
π ; 0

+)

(
M2Bs−M

2
K

M2Bd−M
2
π

)

(113)

is essentially equal to

fK

fπ

∣
∣
∣∣
Ps

P

∣
∣
∣∣
fact

=
FBsK

(
M2π ; 0

+
)

FBdπ (M
2
K ; 0

+)

(
M2Bs−M

2
K

M2Bd −M
2
π

)

, (114)

we arrive at the following relation, which does not depend
on the form-factor ratios:2

BR
(
Bs→ π

±K±
)

=

[
BR(Bs→K+K−)

BR(Bd→ π∓K±)

]
BR
(
Bd→ π

+π−
)

= (6.5±1.3)×10−6 . (115)

If we increase BR(Bs→K+K−) by a factor of 1.15 in
order to get full agreement between the central values
of (108) and (22) (which is below a 1σ fluctuation and
would have a small impact on the γ determination
in Sect. 2), we would arrive again at (110). Instead of pre-
dicting this branching ratio, we may perform an experi-
mental test of non-factorisable SU(3)-breaking effects:

∆NFSU(3) ≡ 1−

[
BR(Bs→K+K−)

BR(Bs→ π±K±)

] [
BR(Bd→ π+π−)

BR (Bd→ π∓K±)

]

=−0.3±0.4. (116)

In view of the large uncertainties, this relation is not yet
very constraining. However, it should provide valuable in-
sights as the data improve.

4 Conclusions

We have performed an analysis of the U -spin-related
decaysBd→ π+π−,Bs→K+K− andBd→ π∓K±,Bs→
π±K∓, exploring the implications of the currentB-factory
data and the first results on the Bs modes from the Teva-
tron and setting the stage for the data taking at the LHC.
The main results can be summarised as follows.

– The analysis of the Bd→ π+π−, Bs→K+K− system
favours the BaBar measurement of the direct CP vi-
olation in the former decay. We have performed the

2 Actually, FBdπ(M
2
K ; 0

+) and FBdπ(M
2
π; 0

+) enter, respec-
tively, in (107) and (109).

first determination of γ by using only U -spin-related
decays, and found a particularly fortunate situation,

yielding γ =
(
66.6+4.3+4.0+0.1−5.0−3.0−0.2

)◦
, where the first errors

reflect the uncertainties of the input quantities, and the
second and third errors show the sensitivity to generous
non-factorisable U -spin-breaking corrections.
– This value of γ is in excellent agreement with the SM
fits of the UT. We have shown how discrete ambi-
guities can be resolved through AmixCP (Bs→K

+K−),
which has not yet been measured. However, we may
use alternatively the observables of the Bd→ π∓K±,
B±→ π±K modes, leaving us with the result for γ
given above.
– The next important step in this analysis will be the ob-
servation of mixing-induced CP violation in the B0s →
K+K− decay. In the SM, we predict this asymmetry

to be AmixCP (Bs→K
+K−) =−0.246+0.036+0.008+0.051−0.030−0.007−0.023,

where the second and third errors illustrate again the
impact of large non-factorisable U -spin-breaking cor-
rections. We have also explored the impact of CP -
violating NP contributions to B0s–B̄

0
s mixing on this

observable, which affect it sensitively. Moreover, we
pointed out that the measurements of AmixCP (Bs →
K+K−) and sinφs through Bs → J/ψφ will allow
an unambiguous determination of the B0s–B̄

0
s mixing

phase φs.
– Using the results of our analysis, the measurement of
the Bs →K+K− lifetime through an untagged data
sample can be converted into the width difference ∆Γs.
In the SM, the corresponding key observable is given

byA∆Γ (Bs→K+K−) =−0.964
+0.011
−0.007, which is essen-

tially unaffected by U -spin-breaking corrections.
– In the case of the Bd→ π∓K±, Bs→ π±K∓ system,
the determination of γ requires additional input, which
is provided by B±→ π±K. In contrast to the Bd→
π+π−, Bs→K+K− system, we have then also to make
additional dynamical assumptions. In particular, an-
other hadronic parameter enters B±→ π±K, which is
doubly Cabibbo suppressed but could be enhanced by
final-state interaction effects. Using the B-factory data
for B±→K±K modes, we have shown that this is ac-
tually not the case, and that these effects can safely be
neglected. This does also support the neglect of colour-
suppressed EW penguins.
– Using BR (B±→ π±K) to normalise the branching ra-
tios of Bd→ π∓K± and Bs→ π±K∓, we have intro-
duced the two quantities R and Rs, respectively. In
the case of R, the bound of γ ≤

(
71.5+5.3−4.3

)◦
is im-

plied, which puts a constraint on this UT angle in
a phenomenologically interesting region. If we com-
bine R and Rs with the direct CP asymmetries of the
Bd→ π∓K± and Bs→ π±K∓ modes, respectively, we
can extract γ, a hadronic parameter r, and two strong
phases with the help of the U -spin symmetry. The situ-
ation resulting from the current data leaves us with
26◦ ≤ γ ≤ 70◦ and is not as favourable as in the case
of Bd→ π+π−, Bs→K+K−. Moreover, this analysis
favours an increase of the Rs ratio.
– If we neglect exchange and penguin annihilation topolo-
gies – the most recent bounds from the Bd→K+K−
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and Bs→ π+π− data do not indicate any anomalous
enhancement – we obtain an interesting interplay be-
tween theBd→ π+π−,Bs→K+K− andBd→ π∓K±,
Bs→ π±K∓ systems. This allows us to resolve the am-
biguity in the extraction of γ from the former decays,
as noted above, and to determine an SU(3)-breaking
form-factor ratio from the data, which agrees with
the result of a recent QCD sum-rule calculation used
in our analysis and disfavours large non-factorisable
effects. Moreover, we can also make predictions for
BR (Bs→ π±K∓), which point towards an increase
with respect to the current CDF central value.

The U -spin extraction of γ from the Bd→ π+π−, Bs→
K+K− system is already for the first Tevatron data one
of the most accurate determinations on the market and
can be subsequently further optimised. In our analysis,
we obtain a remarkable agreement with the SM picture
of CP violation. Thanks to the start of the LHC, we will
soon enter a new era for the exploration of the Bs-meson
system. The LHCb experiment will then allow us to ob-
tain a much sharper picture of the strategy discussed in
this paper and to exploit its full physics potential. More-
over, also precision measurements of γ from tree-level pro-
cesses will become possible, which are another – still miss-
ing – key element for the search of NP. It will be very
interesting to compare all these measurements with one
another and to confront the Kobayashi–Maskawa mech-
anism of CP violation with another round of stringent
tests.
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