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deviations from the Standard Model picture, we perform a state-of-the-art analysis to explore the
correlation of the CP asymmetries and to get an updated picture. We propose a strategy for the
optimal determination of the parameters which describe electroweak penguin effects and apply it
to current data, utilising both neutral and charged B→ πK decays. This new method can be fully
exploited at the future Belle-II experiment, which will hopefully answer the question: Do these
decays imply New Physics?
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1. Introduction

The B-meson system is a very important system to test the flavour sector of the Standard
Model (SM), to explore CP violation, which within the SM is described by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [1, 2], and to gain more information as far as physics beyond the SM is
concerned. Particularly interesting channels for such studies are the B→ πK decays (for a selection
of references, see [3]-[10]).

B→ πK decays are non-leptonic decays, thus theoretically not clean, due to the presence
of hadronic matrix elements. They are dominated by gluonic (QCD) loop diagrams (penguins).
Contributions at tree level are suppressed, due to the tiny CKM matrix element |Vub|. Electroweak
(EW) penguins may also enter (at a comparable level to the tree amplitudes). A very promising
decay channel is the B0

d → π0Ks. On Fig. 1, as an example, we illustrate the topologies that
contribute to this decay .

The EW penguin topologies offer an avenue for new particles to enter [9, 10]. The New
Physics (NP) contributions could involve new CP violation sources, which can be probed with the
help of CP violating observables. The significance of the B0

d → π0Ks decay is due to the fact that it
is the only B→ πK mode that has mixing-induced CP asymmetry, which arises from interference
between B0− B̄0 mixing and their decay to the same final state. As we will see later, it plays a key

(a) (b)

(c) (d)

Figure 1: The B0
d → π0Ks Feynman diagrams: (a) colour suppressed tree, (b) colour suppressed

EW penguin, (c) QCD penguin, (d) colour allowed EW penguin.
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role for testing the SM [11].
Here, we present an analysis of the correlation of the CP asymmetries of B0

d → π0Ks and we
use the current data to get SM with predictions. This is useful for the future analyses, especially for
the Belle-II experiment, which has already started taking data. We check if there is any possibility
for New Physics to be present. Moreover, we introduce two EW parameters, the q and φ , and we
propose a new strategy in order to extract them. During our analysis, we use data and information
from both the charged and the neutral B→ πK decays as well as from the B→ ππ decays.

2. Theoretical Framework

The non-leptonic decays are challenging due to the presence of the hadronic matrix elements,
which are very difficult to handle. The strong interactions are characterised by flavour symmetries,
which link the amplitudes of B→ πK with the B→ ππ , B→ KK amplitudes. Thus, either there
are hadronic amplitudes that get eliminated or being determined with the help of experimental data
of the latter. In our studies, we keep the strong interactions theoretical assumptions as minimal
as possible. Moreover, we use results of QCD factorization (QCDF) to include SU(3)-breaking
corrections [8].

First of all, we define the hadronic parameters:

reiδ =

(
λ 2Rb

1−λ 2

)[
T − (Pt −Pu)

Pt −Pc

]
, (2.1)

rceiδc =

(
λ 2Rb

1−λ 2

)[
T +C
Pt −Pc

]
, (2.2)

ρceiθc =

(
λ 2Rb

1−λ 2

)[
Pt −Pu

Pt −Pc

]
≈ 0, (2.3)

ρneiθn =

(
λ 2Rb

1−λ 2

)[
C+(Pt −Pc)

Pt −Pc

]
= rceiδc− reiδ , (2.4)

where λ = |Vus| and Rb =
(

1− λ 2

2

)
1
λ

∣∣∣Vub
Vcb

∣∣∣ (for numerical values of CKM elements, see [12]), T and
C, are normalized amplitudes that describe colour-allowed and colour-suppressed tree contributions
and Pu, Pc, Pt are penguin topologies. The terms reiδ and rceiδc are non-perturbative parameters,
thus difficult to calculate. So, we calculate them using B→ ππ and SU(3) flavour symmetry [9, 10]:

rceiδc = (0.17±0.06)ei(1.9±23.9)o
, (2.5)

reiδ = (0.09±0.03)ei(28.6±21.4)o
. (2.6)

As we know, regarding the b→ s transitions, even though they are dominated by QCD pen-
guins, the EW penguins also play an important role. So, describing these EW penguin effects,
we are interested in two parameters: the parameter q, which provides a measure of the strength
of the EWPs with regard to tree topologies, and the CP violating weak phase φ . Within SM, the
phase φ vanishes and the q parameter can be determined using SU-(3) flavour symmetry of strong
interactions.

We parametrise the EW penguin effects by:
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qeiφ eiω =
P̂EW + P̂C

EW

T̂ +Ĉ
, (2.7)

where T̂ denotes the color-allowed tree contributions, Ĉ the color-suppressed tree, P̂EW the color-
allowed EW penguin, P̂C

EW the color-suppressed EWP and ω the strong phase (which is quite small
[13] and vanishes in the SU-(3) limit), and we obtain the following relation [11, 14, 15, 16]:

qeiφ eiω =− −3
2λ 2Rb

[
C9(µ)+C10(µ)

C1(µ)+C2(µ)

]
Rq = (0.68±0.05)Rq, (2.8)

where Ci(µ) are perturbative Wilson coefficients [17] and the Rq is a parameter that describes
SU-(3) breaking effects [16]. This ratio has been calculated for the SM values of φ = 0. We are
interested in checking whether there are any deviations from the SM values and in case there are,
to see whether these deviations indicate physics beyond the SM.

As a next step, we consider the CP asymmetries in B0
d → π0Ks. The time-dependent CP

asymmetry is defined as:

ACP(t) =
Γ(B̄0

d(t)→ π0Ks)−Γ(B0
d(t)→ π0Ks)

Γ(B̄0
d(t)→ π0Ks)+Γ(B0

d(t)→ π0Ks)

= Aπ0Ks
cos(∆Mt)+Sπ0Ks

sin(∆Mt), (2.9)

where ∆M denotes the mass difference between heavy and light B0
d mass eigenstate. The term Aπ0Ks

describes the direct CP asymmetry and with the help of the amplitudes |A(B0
d → π0K0)| ≡ |A00|

and |A(B̄0
d → πK̄0)| ≡ |Ā00| is defined as:

Aπ0Ks
=
|Ā00|2−|A00|2

|Ā00|2 + |A00|2
. (2.10)

The term Sπ0Ks
plays the role of the mixing-induced CP asymmetry (arising from interference

between B0
d− B̄0

d mixing and decay processes of B0
d , B̄0

d mesons into the same final state π0Ks) and
with the help of the amplitudes is written as:

Sπ0Ks
=

2|A00Ā00|
|Ā00|2 + |A00|2

sin(2β −2φπ0Ks
), (2.11)

where we have for the angle: 2φπ0Ks
= arg[Ā00A∗00] ≡ φ00 and the angle 2β is the CP-violating

B0
d− B̄0

d mixing phase φd . The mixing-induced CP-asymmetry is an interesting probe of NP.

3. State-of-the-art Analysis

The direct and the mixing-induced CP asymmetry play a key role in our analysis. The two
asymmetries are correlated as:

Sπ0Ks
=
√

1−A2
π0Ks

sin(φd−φ00). (3.1)

Since the direct asymmetry can be measured, we can make a prediction about the Sπ0KS
asymmetry

using Eq. 3.1. This requires the knowledge of the angle φ00. Therefore, an important question is
how we determine this angle.
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Figure 2: (a)-(d): Amplitude triangles coming from the isospin relations, corresponding to the four
different possible orientations. (e)-(f): Correlations between the direct and the mixing-induced
CP asymmetries of B0

d → π0Ks. The values of the CP asymmetries for the current data are also
indicated. The red vertical band is the sum rule prediction [18].

For this purpose, we use as a starting point the isospin relation [3, 5]:

3A3/2 = A
(
B0

d → π
−K+

)
+
√

2A
(
B0

d → π
0K0)=−(T̂ +Ĉ)(eiγ −qeiφ eiω) (3.2)

where γ = arg(V ∗ubVus). A similar relation can be written for the CP conjugate case, where the weak
phases flip their sign while the strong phases keep the same sign. With the help of Eq. 3.2, we are
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able to construct triangles in the complex plane. We can have 4 different combinations between the
amplitudes A00 and Ā00, which means that we can get 4 different angles φ00. As a result, we obtain
four cases for the Sπ0Ks

asymmetry and this leads to four different branches in the Aπ0Ks
− Sπ0Ks

plane [18].
Fig. 2(a)-(d) illustrates the amplitude triangles that we obtain. The solid triangles refer to the

B0
d → π0Ks case while the dashed triangles to the CP conjugate. The triangles can flip around the

axes A3/2 and Ā3/2. Every angle φ00 indicates a different orientation and we denote each one of
these angles with a different colour. Every φ00 corresponds to a contour in the Aπ0Ks

−Sπ0Ks
plane

(Fig. 2(e)-(f)) and the colour of the angle is the same with the colour of the contour that it refers
to. Thus, the two bands in Fig. 2(e) illustrate the Sπ0Ks

−Aπ0Ks
correlation that comes from φ00 of

Fig. 2(a)-(b) while the bands in Fig. 2f arise from the angles in Fig. 2(c)-(d). [18]. In Fig. 2(e)-(f),
there are also the values of the CP asymmetries for the current data. The vertical red band on these
plots refers to the prediction coming from the sum rule [18].

Regarding the sum rule, making use of the CP-averaged branching ratios, we get the following
relation [19, 20]:

∆
(I)
SR = Aπ±K∓

CP +Aπ±K0

CP
B(B+→ π+K0)

B(B0
d → π−K+)

τB0

τB+

−Aπ0K±
CP

2B(B+→ π0K+)

B(B0
d → π−K+)

τB0

τB+
−Aπ0K0

CP
2B(B0

d → π0K0)

B(B0
d → π−K+)

= 0+O(r2
(c),ρ

2
c ) . (3.3)

This relation offers an interesting test of the SM. With the help of the hadronic parameters and the
SM q and φ values, the SM prediction gives ∆

(I)
SR|SM = −0.009± 0.013 while the value from the

current data is ∆
(I)
SR|SM =−0.009±0.013 [18].

As we see, the amplitude triangles lead to a 4-fold ambiguity. We are able to resolve this
ambiguity (with the help of the strong phase δc [16]) and to obtain only one solution, thus to pick
the "correct" contour in the Aπ0Ks

−Sπ0Ks
plane. The result is illustrated in Fig. 3(a) [18]. Therefore,

the green band is the one that comes from the isospin analysis and again, the sum rule prediction
and the current data result are shown. It is clear that there is tension with the SM prediction, which
is what we call the B→ πK puzzle.

4. Can we resolve the B→ πK puzzle?

An essential question is whether we can resolve the B→ πK puzzle. Could it be resolved by
a change of data or are there effects of NP? In the first case, it is very difficult to simultaneously
fulfil all the constraints. It is interesting though to explore how the data should change, so that they
agree with the SM. A good candidate would be the branching ratio, due to the large B0

d → π0K0

experimental uncertainty.
In our analysis, we found that lowering branching ratio’s central value (2.5 σ ) gives consistent

picture with SM, as it is illustrated in Fig. 3(b) [18]. The green contour refers to the isospin relation
while the brown contour gives the Sπ0Ks

−Aπ0Ks
correlation with the angle φ00 having been fixed

with the help of the current data of B→ ππ and the SU-(3) symmetry.
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However, this tension with the SM could be a hint of NP. As a very promising sector for NP
signals is the EW penguin sector, this puzzle could be a signal for NP contributions in our decay. In
this case, the parameters q and φ would also be affected. An essential point is the sensitivity to new
CP violation sources. NP scenarios with extra Z

′
boson could be introduced, which can provide

links to anomalies in rare B decays.

5. New Strategy to determine q and φ

Having analysed the puzzling B→ πK situation and with the picture that we get for the current
data, which could indicate NP in the EW penguin sector, it is interesting to extract the q and φ

parameters from the data and to test the corresponding SM sector by comparing the results with the
SM predictions.

So far, we have worked using only the neutral B→ πK system. Now, for the determination of
the EW penguin parameters q and φ , we make use of the charged B→ πK decays. In these charged
decays, there is only direct CP violation and they follow an isospin analysis, which is similar to the
relation that we presented for the neutral decays:

3A3/2 = A(B+→ π
+K0)+

√
2A(B+→ π

0K+) = (T̂ +Ĉ)(eiγ −qeiφ eiω) (5.1)

An important quantity for our calculations is the Rc ratio of branching ratios of the following
charged B meson decays [14]:

Rc = 2
[
Br(B+→ π0K+)

Br(B+→ π+K0)

]
= 1.09±0.06 (5.2)

where the numerical values [18] are the experimental values coming from the current data.
We propose the following strategy in order to extract the parameters q and φ [18]. Defining the

angle ∆φ3/2 as the difference between the φ3/2 (phase of the A3/2 amplitude) and the φ̄3/2 (phase of
the Ā3/2 amplitude) and converting A3/2 to the quantity N as:

√
N = 3

∣∣A3/2
∣∣/ ∣∣T̂ +Ĉ

∣∣, we obtain
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(b)

Figure 3: (a) The B→ πK puzzle. (b) Changing the data (lowering the B0
d→ π0Ks branching ratio),

leads to a consistent picture with the SM [18].
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Figure 4: Contours in the q−φ plane including the error bands. Four contours arise from isospin
relation and the cyan dotted one is derived with the help of Rc. The SM value is also shown [18].

the following relations for q and φ :

q =±
√

N +1−2ccosγ−2ssinγ (5.3)

tanφ =
sinγ− s
cosγ− c

(5.4)

where the quantities c and s are defined as:

c =±
√

N cos
(

∆φ3/2

2

)
and s =±

√
N sin

(
∆φ3/2

2

)
. (5.5)

Using these relations, we are able to derive contours in the q−φ plane.
Fig. 4 shows the picture that we get for the current data [18]. The four contours arise from

the isospin analysis (keeping the same colour coding that we used before). The cyan dotted line
complements the analysis with the quantity Rc. Making use of the hadronic parameters, Rc can be
written in the form:

Rc = 1−2rc cosδc(cosγ−qcosφ)+O(r2
c), (5.6)

which allows us to convert Rc into another contour. The isospin analysis contours are in a very
good agreement with the Rc contour. The SM values of q and φ with the corresponding errors are
also indicated in the plot.

6. Constraints on q and φ and future scenarios

We are interested in getting a sharper picture regarding the q, φ determination. For this pur-
pose, we work again with the neutral B→ πK system and we utilise the mixing-induced CP viola-
tion Sπ0Ks

CP . Using Sπ0Ks
CP , we are able to extract the phase φ00. Using the current measurements, the

value of φ00 is calculated:
φ00 = (7.7±12.1)o [18]. (6.1)
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Figure 5: (a) Constraints on q, φ , utilising information from the mixing-induced CP asymmetry
Sπ0Ks

CP . (b) Future scenario. The experimental and theoretical errors are given separately [18].

With the help of the hadronic parameters, mixing-induced CP violation can be converted into
contour on the q−φ plane. This contour is shown as purple in Fig. 5a. Contributions from color-
suppressed EW penguins can also be included using data. The blue and the green contour on the
plot are again the isospin analysis contours. The SM point is also given.

Our next step is to apply our strategy to a future scenario and illustrate it. We consider a
scenario for Sπ0Ks

CP measurement. We assume an uncertainty, same as the uncertainty of the direct
asymmetry, which can be reached at the end of Belle II [4]. The constraints coming from Sπ0Ks

CP
asymmetry and the isospin relations are shown on Fig. 5b (following the same colour coding as
before). Errors coming from the experiment are denoted by the solid lines while the error bands
that correspond to theory predictions are indicated by the dashed line. The important result is that
the experimental precision and theory can be matched.

7. Conclusion

The B→ πK puzzle remains an intriguing problem over the years, that can either confirm
the SM or reveal NP. Here, using the current experimental data, we performed a state-of-the-art
analysis providing an updated picture of the current situation.

The correlation between the mixing induced and the direct CP asymmetries revealed a tension
in the data, that got stronger in comparison with previous results, which shows something very in-
teresting: either the data should "move" to become consistent with the SM or NP might be present.
EW penguins, with the characteristic parameters q and φ , provide an avenue, which allows new
particles to enter, thus it is an interesting section to search for NP.

We proposed a new strategy to determine q and φ , using both neutral and charged B→ πK
decays. Deriving expressions for these parameters, we calculated contours in the φ −q plane. We
obtained a more complete picture utilising information from the Sπ0Ks

CP asymmetry. We applied this
strategy in a future scenario and we showed that the experimental errors can match our theoretical
ones.
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The implementation of our new method at Belle II will clarify the things either by confirming
again the SM model or by announcing NP with new CP violation sources. Thus, data from Belle
II and LHCb upgrade will allow exciting new opportunities. In case of NP establishment, new
particles like Z′ bosons could be connected to anomalies in rare decays B→ K∗`+`−, leading to
fascinating new discoveries.
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