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Abstract. We analyze the B0 → a±
0 π∓ and B−,0 → f0K

−,0 decays and show that a consistent phenomeno-
logical picture can be obtained within the factorization approximation. In this approach the O6 operator
provides the dominant contributions to the suppressed channel B0 → a+

0 π−. An estimate of the annihilation
form factor using perturbative QCD indicates that this contribution is not negligible, moreover interference
with other penguin contributions includes a free parameter since the phase of the annihilation amplitude
is not determined. Assumptions based on SU(2) isospin symmetry provide relations between different B
decays involving one scalar and one pseudoscalar meson.

1 Introduction

B factories provide large samples of B–B̄ mesons allowing
for the study of physical phenomena such as CP -violation,
the determination of the CKM mixing angles and the search
for new physics [1,2]. Clearly, hadronic physics will bene-
fit for the high statistics achieved, and the study of pro-
cesses with small branching ratios will be possible. Full
understanding of B physics is still lacking, as well as a
systematic, first-principles description of the phenomena
involved. Instead, diverse theoretical approaches are com-
pared to data and assumptions such as factorization, or
the estimation of the relative size of different contributions
(tree level, annihilation, penguins, final state interactions)
can be tested. This can be achieved in processes where
the dominant contributions are suppressed by symmetry
or accidental cancelations.

The BABAR and Belle collaborations already reported
precise measurements of non-leptonic B meson decays in-
volving scalar mesons with a branching ratio of the order of
as low as 10−6. Thus for example, for the B0 → f0K

0 chan-
nel, besides the branching ratio the CP -violating asym-
metries are reported and, from the two pion spectrum,
the authors are able to obtain the mass and width of the
f0(980) [3]. This is not the case for B → a0(980)π where
the branching fraction for given final states are reported –
in particular a−

0 π+ – however, in this case it is not possible
to separate B0 from B̄0 decays, unless a dominant decay
mechanism is assumed [4]. In this context it is worth re-
marking that the B → a0(980)π decay was suggested as a
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place where α, the weak mixing angle, could be measured
through the CP -violating asymmetries [5]. However, it was
shown that B → a+

0 π− is suppressed by G parity and also
by isospin, which implies that in the symmetry limit no
CP -violating asymmetry is expected to be experimentally
accessible [6]. Thus, theoretical arguments support the idea
that B0 → a+

0 π− is strongly suppressed, so that the re-
ported branching ratio can be identified with the dominant
B0 → a−

0 π+ decay.
The low lying scalar sector of QCD represents a ma-

jor challenge [7]. From the experimental point of view, the
nature of the existing states has not been elucidated while
from the theory side no consistent interpretation of the ex-
perimental data exists [8]. This is so even though a number
of processes involving the appropriated final state in the
kinematical region of interest have been analyzed. Thus, for
example, φ → ππγ, J/Ψ → φππ, φKK and central produc-
tion involve the f0(980) and a0(980) [9], whereas the di-pion
in the Υ (nS) → Υ (mS)ππ and D → πππ decays include
the kinematical region where the f0(600) is expected to ap-
pear [10–12]. Unfortunately, although different processes
are included in the analysis, data are not good enough to
provide a clear picture of the scalars. In fact no consensus
exists even on the fundamental intrinsic properties (mass
and width) of the low lying scalar mesons [2, 11].

The appropriate theoretical description of non-leptonic
B decays involving scalars is important not only to under-
stand the nature of the scalar mesons but also because
they represent a background to other processes of interest
in B physics. Since scalars, vectors and tensors couple to
two pseudoscalars, the following decays lead to the same
final state: B → PV, B → SP, B → TP and B → PPP ,
where S, V, T and P stand for scalar, vector, spin 2 and
pseudoscalar meson respectively. B decays involving scalar
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mesons have been considered by a number of authors. Thus
for example in [13] the tree level Hamiltonian and quark
model calculations are used to predict branching ratios,
while sum rules [14] and gluon-penguin dominance (b → sg)
are the basis to interpret the scalars produced in B decays
in terms of glue balls [15], or, again, using the QCD cor-
rected Hamiltonian plus factorization the authors in [16]
propose evidence for the two quark nature of the f0(980).

In this work we analyze the B0 → f0(980)K and B →
a0(980)π decays using the factorization approximation. To
this end we use the ∆B = 1 weak Hamiltonian including
QCD corrections to next to leading order. To evaluate the
matrix elements we use values reported in the literature,
or model-dependent estimates of the decay constants and
form factors. In particular, the annihilation contribution
is evaluated using perturbative QCD which is important
in estimating contributions previously neglected.

2 Amplitudes for B̄0 → a±
0 π∓

and B0,− → f0K
0,−

Following the conventional approach [17–21], we start with
the ∆B = 1 effective Hamiltonian Heff(q = d, s),

Heff

=
GF√

2

[
λuq(C1O

u
1 + C2O

u
2 ) − λtq

(
10∑

i=3

CiOi + CgOg

)]
+h.c., (1)

where λq′q = Vq′bV
∗
q′q, q = d, s, q′ = u, c, t, Vij are the

Cabibbo–Kobayashi–Maskawa (CKM) matrix elements.
The Wilson coefficients Ci, including next to leading or-
der QCD corrections, are evaluated at the renormalization
scale µ � mB/2. We use the conventions and values for the
Ci constants reported in [19]. With these elements at hand
it remains to evaluate the matrix elements of the effective
Hamiltonian between the states of interest:

A(B → PS) = 〈PS|Heff |B〉; (2)

P and S stand for pseudoscalar and scalar meson respec-
tively. In terms of the amplitude the branching ratio is
given by

Br(B → PS) � τB
G2

F|A(B → PS)|2
32πmB

, (3)

with τB the appropriate B meson lifetime (τB+ = 1.65 ·
10−12 s, τB0 = 1.56 · 10−12 s). The matrix elements are
evaluated using factorization, i.e. by inserting the vacuum
between the currents in all possible ways, and are given by

AB̄0→π−a+
0

� λud(a1X
π−
B̄0a+

0
+ a2X

B̄0

(a+
0 π−)u

)

−λtd

[(
a4 + a10 − (a6 + a8)m2

π

m̂(mb + mu)

)
Xπ−

B̄0a+
0

+
(

2(a3 − a5) + a4 +
a9 − a7 − a10

2

− (a6 − a8/2)m2
B

mu(mb + md)

)
XB̄0

(a+
0 π−)u

]
, (4)

AB̄0→π+a−
0

� λud(a1X
a−
0

B̄0π+ + a2X
B̄0

(a−
0 π+)u

)

−λtd

[
(a4 + a10)X

a−
0

B̄0π+ − 2(a6 + a8)X̃
a−
0

B̄0π+

+
(

2(a3 − a5) + a4 +
a9 − a7 − a10

2

− (a6 − a8/2)m2
B

mu(md + mb)

)
XB̄0

(a−
0 π+)u

]
, (5)

AB−→π0a−
0

� λud(a1(X
a−
0

B−π0 + XB−

a−
0 π0) + a2X

π0
u

B−a−
0
)

−λtd

[
(a4 + a10)X

a−
0

B−π0 − 2(a6 + a8)X̃
a−
0

B−π0

−
(

a4 − 3
2

(a9 − a7) − 1
2

a10 +
(a6 + a8)m2

π

mu(mb + md)

)
X

π0
u

B−a−
0

+
(

a4 + a10 +
(a6 + a8)m2

B

m̂(mb + mu)
XB−

a−
0 π0

)]
, (6)

AB−→π−a0
0

� λuda1(Xπ−
B−a0

0
+ XB−

a0
0π−)

−λtd

[(
a4 + a10 − (a6 + a8)m2

π

m̂(mb + mu)

)
Xπ−

B−a0
0

+
(

a4 + a10 − (a6 + a8)m2
B

m̂(mb + m̂)

)
XB−

a0
0π−

+(a8 − 2a6)X̃
a0

d

B−π−

]
, (7)

AB−→f0K−

� λusa1

[
XK−

B−f0 + XB−
f0K−

]
−λts

[(
a4 + a10 − 2(a6 + a8)m2

B

(mb + mu)(ms + mu)

)
XB−

f0K−

+
(

a4 + a10 − 2(a6 + a8)m2
K

(mu + ms)(mb + mu)

)
XK−

B−f0

−(2a6 + a8)X̃
f0

s

B−K−

]
, (8)

AB̄0→f0K̄0

� −λts

[(
a4 − a10

2
− (2a6 − a8)m2

B

(mb + md)(ms + md)

)
XB̄0

f0K̄0
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Table 1. Numerical values for the effective coefficients aeff
i for b → d transitions at scale µ ≈ mb (for a3, . . . , a10 in units of

10−4 (a2i−1 = C2i−1 + C2i/N , a2i = C2i + C2i−1/N))

Refs. a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

[18] 1.039 0.084 40 −440 −120 −620 0.7 − i 4.7 − 0.3i −94 − i −14 − 0.3i
[17] 1.050 0.053 48 −412 − 36i −45 −548 − 36i 0.7 − i 4.7 − 0.3i −94 − i −14 − 0.3i
[19] 1.046 0.024 72 − 0.3i −379 − 102i −27 − 0.3i −431 − 102i −0.81 − 2.4i 3.3 − 0.8i −92.4 − 2.41i 0.34 − 0.8i
[20] 1.061 0.011 63 −317 −60 −473 4 5.4 −87 −2.4
[21] 1.029 0.103 36 −228 −24 −298 12 7.6 −82 −8.2

+
(

a4 − a10

2
− (2a6 − a8)m2

K

(ms + md)(mb + md)

)
XK̄0

B̄0f0

−(2a6 − a8)X̃
f0

s

B̄0K̄0

]
, (9)

where m̂ = (mu + md)/2. For future reference we quote
in Table 1 the numerical values of the ai coefficients. The
Xa

b,c reduce to products of matrix elements of a current,
each of which can be parameterized in terms of form factors
or decay constants. Below we present a typical example,
and we leave the detailed definitions of the Xa

b,c for the
appendix. We have

XB̄o

K̄0f0
= 〈K̄0f0|(s̄d)L|0〉〈0|(d̄b)L|B̄0〉

= fB(m2
f0 − m2

K)F f0K̄0

0 (m2
B). (10)

Let us summarize our knowledge about the decay con-
stants and form factors entering the calculation. The pseu-
doscalar decay constants are (fπ, fK , fB). The values of
the two former are taken from [4] while for the latter we
use fB = 170 MeV [22]. The second kind are the scalar
decay constants (fa, ff ) which are defined by (A.3) and
(A.4) in the appendix and are related to f̃S through the
relation f̃S = mSfS

(m1−m2)
, where m1,2 are the masses of the

constituents quarks of the scalar S. In [23] theoretical ar-
guments were used to estimate f̃a0,f0 . In Table 2, we quote
the values we use for the scalar–pseudoscalar transition
form factor FSP

0 (m2
B) which, as indicated, are evaluated

at the mB scale, i.e. can be calculated in the context of
perturbation theory. The amplitude also involves form fac-
tors of the type FBS

0 (m2
P ), FBP

0 (m2
S), these are evaluated

at the scale of the scalar mesons (around 1 GeV); there-
fore they cannot be computed using perturbative methods
and few is known about their values. For the decay we are

Table 2. Numerical values of the form factors

fB 170 MeV [22]
fK 159.8 MeV [2]
fπ 130.7 MeV [2]
f̃f0

s
180 MeV [23]

fa0 1 MeV [23]
f̃a0 400 MeV [23]
F B0π−

0 0.28 [24]
F B0K−

0 0.34 [24]

Table 3. Branching ratios of measured PS channel decays
of B mesons

Br(B̄0 → π±a∓
0 ) (2.8+1.65

1.47 ) 10−6 [4]
Br(B̄0− → π−a0

0) (3.6+2.25
−2.06 10−6 [4]

Br(B− → K−f0) (18.9.5+3.0
−2.8) 10−6 [3]

Br(B̄0 → K0f0) (13.3 ± 3.6) 10−6 [3]

interested in (B → f0K
0, B− → f0K

− and B → a0π) we
require FBπ

0 , FBK
0 , FBf0

0 , FBa0
0 , F aπ

0 and F f0K
0 . The two

first (FBπ
0 , FBK

0 ) are relatively well known and we shall use
the value reported in [24]. The remaining form factors can
be determined using available experimental results1 [3–5]
given in Table 3, however since existing data involve large
error bars, below we present an estimate of F a0π

0 based on
the use of perturbative QCD. As explained in the following
section, our interest in this form factor arises from the need
to estimate the annihilation effects.

3 Annihilation form factors
from perturbative QCD

At tree level B̄0 → π+a−
0 is strongly suppressed due to

the absence of second class currents so that in order to
calculate the associated branching ratio an estimate of the
contribution of the B annihilation is necessary. The annihi-
lation amplitude is proportional to XB̄0

(a−
0 π+)u

which itself is

proportional to F
a−
0 π+

0 (m2
B). Below we compute this form

factor, assuming the scalar meson a−
0 is a two quark state

and using the standard approach of perturbative QCD [25].
The whole approach is justified by the scale m2

B at which
the form factor has to be evaluated.

In order to fix the conventions, we recall the form fac-
tor definition:

〈M2(p2)|Lµ|M1(p1)〉

=
(

p1 + p2 − m2
1 − m2

2

q2

)
µ

FM2M1
+ (q2)

+
(

m2
1 − m2

2

q2

)
qµFM1M2

0 (q2),

(11)
1 We used Br(f0 → π+π−) ≈ 0.45 [2] in order to get the

Br(B−,0 → K−,0f0) from published results.
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with q = p1−p2. Projecting the amplitude on q one obtains

qµ〈M2(p2)|Lµ|M1(p1)〉 = (m2
1 − m2

2)F
M1,M2
0 (q2),

(12)

qµ〈M2(p2)M1(p1)|Lµ|0〉 = (m2
2 − m2

1)F
M2,M1
0 (q2).

(13)

In the context of PQCD the contributions to both
amplitudes have exactly the same structure, so follow-
ing [26] we calculate qµ〈M2(p2)|Lµ|M1(p1)〉 and then
qµ〈M2(p2)M1(p1)|Lµ|0〉 is obtained just by changing the
sign of p1. The form factors are expressed in terms of the
distribution amplitudes:

Ψπ(x, p) =
−iIc√
2Nc

φπ(x)(p̂ + mπ)γ5, (14)

Ψa0(x, p) =
Ic√
2Nc

φa0(x)(p̂ + ma0), (15)

where IC is the identity in color space, p̂ = γµpµ and∫
φπ(x)dx =

1
2
√

2Nc

fπ, (16)∫
φa0(x)dx =

1
2
√

2Nc

fa0 . (17)

The wave functions φπ,a0(x) are given by [27]

φπ(x) =
2Nc

2
√

2Nc

fπx(1 − x) + . . . , (18)

φa0(x) =
2Nc

2
√

2Nc

fa0x(1 − x)
(
1 + B1C

3/2
1 (2x − 1)

)
+ . . . , (19)

where fπ = 130 MeV, |B1fa0 | � 75 MeV, and C
3/2
1 (2x−1)

is the Gegenbauer polynomial. Notice that we require only
the combination |B1fa0 |, so that we do not need to specify
separately a value for fa0 . Finally the matrix element is
expressed as

qµ〈π(p2)|Lµ|a0(p1)〉

= −C(R)
Tr(IC)
2Nc

g2
s

∫
dxdyφa0(x)φπ(y)

×
Tr

[
γ5(p̂2 + mπ)γν P̂1lqµLµ(p̂1 + ma0)γ

ν
]

k2P 2
1l

+
Tr
[
γ5(p̂2 + mπ)qµLµP̂2lγ

ν(p̂1 + ma0)γν

]
k2P 2

2l

 , (20)

where C(R) = 4/3, (p1 − p2)2 = q2 = m2
B , k = −xp1 +

(1 − y)p2, P1l = k + yp2, P2l = −k + (1 − x)p1 and

P 2
1l = x2m2

a0
+ m2

π + x(m2
B − m2

a0
− m2

π), (21)

P 2
2l = (1 − y)m2

B + ym2
a0

− m2
πy(1 − y). (22)

Integrating numerically, one gets∣∣∣F a−
0 π+

0 (m2
B)
∣∣∣ ≈ 0.004. (23)

It is important to remark that, since we only know |B1|,
the CP -conserving phase of the annihilation contributions
is not fixed.

4 Numerical results for B → aπ
and B → f0 K

One can proceed along similar lines to describe other pro-
cesses involving a±,0

0 scalar mesons, but instead we use
SU(2) isospin symmetry and the quark content of the a0
in order to obtain a relation between the form factors. As
an alternative, in order to complement the information, we
use the available experimental data to obtain constraints
on the form factor values. It turns out that the consis-
tency of the two sets of values so obtained provide further
confidence on our approach.

We assume the conventional quark content of the pseu-
doscalar mesons [2] and parameterize the mixing in the
scalar sector, in the strange–nonstrange basis, as follows:

σ = cos φSn̄n − sin φS s̄s, (24)

f0 = sin φSn̄n + cos φS s̄s, (25)

where n̄n = (ūu + d̄d)/
√

2, and the singlet–octet mixing
angle θS is related to φS by φS − θS = cos−1[1/

√
3] � 55◦.

A diagrammatic analysis of the contributions to the form
factor based upon the quark composition and SU(2) isospin
symmetry between the up and down quarks leads to the
following relations:

√
2

cos φS
FB−σ

0 =
√

2
sin φS

FB−f0
0 =

√
2

sin φS
F B̄0f0

0 = F
B̄0a+

0
0 .

(26)
From these relations it follows that |F B̄0f0

0 | <

|F B̄0a+
0

0 |/√
2.

Similar relations between the annihilation form factors
(F a0π

0 and F f0K
0 ) could be obtained in terms of the SU(3)

symmetry, however we will not follow this approach since
large deviations from the symmetry limit are expected.
We determine the allowed values of the form factors F a0π

0

(F f0K
0 ) and FBa0

0 (FBK
0 ) using the experimental results

given in Table 3, the scalar meson masses reported in [2]
and the numerical values given in Table 2. The results are
summarized in Figs. 1 and 2. Assuming that perturbative
QCD leads us to the right order of magnitude for F a0π

0 , it
follows that

0.14 ≤ |FBa0
0 | ≤ 0.21. (27)

This result is compatible (even if slightly smaller) with the

model-dependent predictions F
B̄0a+

0
0 (0) = 0.55± 0.22 [28].

Using (26), it follows that

|F B̄0f0
0 | ≤ 0.20. (28)
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Fig. 1. Allowed region for F B0a+

0 and F πa
0 at one σ using

experimental data on Br(B0 → π−a+
0 ) and Br(B− → π−a0

0)

Figure 2 shows the F B̄0f0
0 –F f0K plane, the dark regions

corresponding to values compatible with the experimental
data when one standard deviation is allowed. One observes
that |F B̄0f0

0 | ≤ 0.20 requires a large |F f0K
0 | value, in fact the

smallest value for |F f0K
0 | is around 0.05, which is more than

one order of magnitude bigger than the PQCD prediction
for |F a0π

0 |. In this respect it is interesting to note that one
could argue that

|F f0K
0 |

|F a0π
0 | ≈ m2

K

m2
π

≈ 12. (29)

Once the values of the form factors FBf0
0 and FBa0

0 have
been constrained, we turn our attention to the subdomi-
nant processes B̄0 → π+a−

0 which is strongly suppressed
by G parity and isospin. Using the estimate for the anni-
hilation contribution presented above, a prediction for the
branching ratio Br(B̄0 → π+a−

0 ) follows from (5). Varying
between 0 and π the CP -conserving phase for the annihi-
lation, it follows that

10−9 ≤ Br(B̄0 → π+a−
0 ) ≤ 4 × 10−7, (30)

where the lower limit is obtained when annihilation and the
remaining contributions interfere destructively while the
upper limit applies when the interference is constructive.

Another channel suppressed by G parity is B− → π0a−
0 ,

for which we obtain

6.4 × 10−8 ≤ Br(B− → π0a−
0 ) ≤ 2.4 × 10−7. (31)

In the following we include a few comments regard-
ing the four quark structure of the scalar mesons. In [6]
the author concludes that the positive identification of
B0/B̄0 → a±

0 π∓ is evidence against the four quark as-
signment of a0, or else for the breakdown of perturbative
QCD. Several models where the scalars are four quark
states [12, 29–31] have been proposed but at present time

Fig. 2. Allowed region for parameters F B0f0
0 and F K0f0

0 at
one σ

no model is favored . In order to make a statement below
we apply our approach to a particular model and following
the authors in [29] we assume that the quark content of
the scalars is

a+
0 = uud̄s̄, a−

0 = dsūs̄, a0
0 =

1√
2

(
usūs̄ − dsd̄s̄

)
,

K+
0 = udd̄s̄, K0

0 = udūs̄, K̄0
0 = usūd̄,

K−
0 = dsūd̄,

f0 =
cos φ√

2

(
sus̄ū + sds̄d̄

)
+ sin φ udūd̄,

σ = − sin φ√
2

(
sus̄ū + sds̄d̄

)
+ cos φ udūd̄, (32)

where themixing angle is obtained fromthe relation tanφ =
−0.19 (for mσ = 0.47 GeV), so φ = −5.4◦ and 84.6◦.

It is well known that perturbative QCD predicts that
the form factor behaves like 1/q2(n−1) where n is the num-

ber of constituents of the hadron. If n = 4, F
a−
0 π+

0 (m2
B)

is strongly suppressed and annihilation can be neglected
(F a0π

0 = FKf0
0 = 0). From Figs. 2 and 1, and using the

fact that in four quark models for scalars annihilation can
safely be neglected, one concludes that

0.70 ≤ FBf0
0 ≤ 0.75, (33)

0.15 ≤ |FBa0
0 | ≤ 0.20. (34)

Note that the |FBa0
0 | value is close to (27), obtained as-

suming that the scalars are two quark states. These results
are presented in Fig. 3.

On the other hand, using (5), the branching ratio for the
B̄0 → π+a−

0 is calculated. Assuming the four quark model
for the a0, where the annihilation is strongly suppressed
(F a0π

0 = FKf0
0 = 0) one obtains Br(B̄0 → π+a−

0 ) ≈ 10−7.
Thus, comparing with (30), our results imply that the B
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Fig. 3. Branching ratio for Br(B̄0 → π+a−
0 ). The hori-

zontal dot-dashed line correspond to no annihilation con-
tribution. The band between the two horizontal continu-
ous lines is obtained by varying F aπ phase between 0 and
typesetter, thisGreeklowercasepiroman, please : π

decays so far considered cannot be used to distinguish be-
tween the two and four quark assignment of the a0, unless
one can fix the annihilation phase so as to avoid the am-
biguity of the interference terms. Indeed the interference
terms can be large enough so that the predictions of the
two models are incompatible. We conclude that the posi-
tive identification of B̄0 → π+a−

0 should not be considered
as evidence against the four quark assignment of a0(980).
This is in contrast with [6], where the annihilation contri-
bution is not quantified. Relevant for this conclusion is the
ambiguity in the CP -conserving phase of the annihilation
contributions. To finish this work it is interesting to remark
that a better channel exists to distinguish between the two
and four quark models for a0(980). Indeed, for four quark
models of the a0(980), with the value for |FBa0

0 | previously
determined, one obtains

2 × 10−9 ≤ Br(B− → π0a−
0 ) ≤ 10−8; (35)

this is to be compared with the value obtained in the model
with scalars as two quark states:

6.4 × 10−8 ≤ Br(B− → π0a−
0 ) ≤ 2.4 × 10−7. (36)

Thus predictions of models where the scalars are four
quark states are typically one order of magnitude smaller
than those where the scalars are two quark states.

5 Conclusions

In this paper we considered processes for which the lead-
ing contribution is suppressed. Using the factorization
approximation and available experimental data we esti-
mated the effect of the annihilation contribution to the
processes B̄0 → π±a∓

0 and B̄0,− → K0,−f0. We have

shown that a consistent picture can be obtained, although
important contributions from annihilation penguins to
B̄0,− → K0,−f0 are required.

We evaluated the F a0π form factor using the per-
turbative QCD approach, which was used to estimate
the annihilation contribution to suppressed processes like
B− → π0a−

0 and B̄0 → π+a−
0 .

We calculated contributions neglected in [6], and also
qualified the statement “the positive identification of
B0/B̄0 → a±

0 π∓ is evidence against the four quark as-
signment of a0 or else, for the breakdown of perturbative
QCD”. According to our results the B decays considered
in [6] cannot be used to distinguish between the two and
four quark assignment of the a0, unless an independent
determination of the annihilation phase can be obtained.
For the decay B− → π0a−

0 the two and four quark models
predict branching ratios that differ in one order of magni-
tude.
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Appendix A: Xa
b,c expressed in terms of the

form factors

Below we list the Xa
b,c expressed in terms of the form factors.

We quote only those needed to compute the branching
ratios given in the paper:

Xπ−

B̄0a+
0

= 〈π−|(d̄u)L|0〉〈a+
0 |(ūb)L|B̄0〉

= fπ(m2
B − m2

a)F B̄0a+
0

0 (m2
π),

X
a−
0

B̄0π+ = 〈a−
0 |(d̄u)L|0〉〈π+|(ūb)L|B̄0〉

= −fa(m2
B − m2

π)F B̄0π+

0 (m2
a),

X
a−
0

B−π0 = 〈a−
0 |(d̄u)L|0〉〈π0|(ūb)L|B−〉

= fa(m2
B − m2

π)FB−π0

0 (m2
a),

X
π0

u

B−a−
0

= 〈π0|(ūu)L|0〉〈a−
0 |(d̄b)L|B−〉

=
fπ√

2
(m2

B − m2
a)FB−π−

0 (m2
π),

Xπ−
B−S0 = 〈π−|(ūd)L|0〉〈S0|(ūb)L|B−〉

= fπ(m2
B − m2

S0)FB−S0

0 (m2
π),

XB−
S0π− = 〈S0P−|(d̄u)L|0〉〈0|(ūb)L|B−〉

= −fB(m2
S0

− m2
π)FS0π−

0 (m2
B),

XB−

a−
0 π0 = 〈a−

0 π0|(d̄u)L|0〉〈0|(ūb)L|B−〉
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= −fB(m2
a − m2

π)F a−
0 π0

0 (m2
B),

XB̄0

K̄0S0
= 〈K̄0S0|(s̄d)L|0〉〈0|(d̄b)L|B̄0〉

= −fB(m2
S0 − m2

K)FS0K̄0

0 (m2
B),

XB−
S0K− = 〈S0K−|(s̄u)L|0〉〈0|(ūb)L|B−〉

= −fB(m2
S − m2

K)FS0K−
0 (m2

B),

XB̄0

(a−
0 π+)u

= 〈a−
0 π+|(ūu)L|0〉〈0|(d̄b)L|B̄0〉

= −fB(m2
a−
0

− m2
π)F a−

0 π+

0 (m2
B),

XB̄0

a+
0 π− = 〈a+

0 π−|(ūu)L|0〉〈0|(d̄b)L|B̄0〉

= −fB(m2
a−
0

− m2
π)F a+

0 π−

0 (m2
B),

XK̄0

B̄0S0 = 〈K̄0|(s̄d)L|0〉〈S0|(d̄b)L|B̄0〉
= fK̄0(m2

B − m2
S0)F B̄0S0

0 (m2
K),

XK−
B−S0 = 〈K−|(ūs)L|0〉〈S0|(ūb)L|B−〉

= fK(m2
B − m2

S0)FB−S0

0 (m2
π),

X̃
a−
0

B̄0π+ = 〈a−
0 |d̄u|0〉〈π+|ūb|B̄0〉

= maf̃a−
0

m2
B − m2

π

mb − mu
F B̄0π+

0 (m2
a),

X̃
S0

d

B−π− = 〈S0|d̄d|0〉〈π−|d̄b|B−〉

=
mS0 f̃S0

d

mb − md
(m2

B − m2
π)FB−π−

0 (m2
S0

),

X̃
a−
0

B−π0 = 〈a−
0 |d̄u|0〉〈π0|ūb|B−〉

= maf̃a−
0

m2
B − m2

π

mb − md
FB−π0

0 (m2
a),

X̃
S0

s

B−K− = 〈S0|s̄s|0〉〈K−|s̄b|B−〉

= mS0 f̃S0
s

m2
B − m2

K

mb − ms
FB−K−

0 (m2
S0),

X̃
S0

s

B̄0K̄0 = 〈S0|s̄s|0〉〈K̄0|s̄b|B̄0〉

= mS0 f̃S0
s

m2
B − m2

K

mb − ms
F B̄0K̄0

0 (m2
S0)

= X̃
S0

s

B−K− , (A.1)

where S0 is a neutral scalar (a0
0 or f0).

Appendix B: Form factors definitions
and conventions

In order to compute the amplitude using factorization, we
use the following parametrization of the form factors. The

decay constants are defined by

〈0|Aµ|P (q)〉 = ifP qµ, (A.1)

〈0|q̄1γ5q2|P (q)〉 � −ifP m2
P

m1 + m2
≡ f̄P mP , (A.2)

〈a−
0 |d̄γµu|0〉 = fa0pµ, (A.3)

〈a−
0 |d̄u|0〉 = ma0f̄a0. (A.4)

Using the equations of motion (−i∂µ(q̄1γµγ5q2) =
(m1+m2)q̄1γ5q2 and−i∂µ(q̄1γµq2) = (m1−m2)q̄1q2 [17,19]
one can show that f̄S = mSfS/(m1−m2) and that fS0 = 0
for a neutral scalar. Form factors are defined by

〈M2(p2)|Lµ|M1(p1)〉

=
(

p1 + p2 − m2
1 − m2

2

q2 q

)
µ

FM1M2
+

+
m2

1 − m2
2

q2 qµFM1M2
0 (q2), (A.5)

〈M2(p2)M1(p1)|Lµ|0〉

=
(

p2 − p1 − m2
2 − m2

1

q2 q

)
µ

FM2M1
+ (q2)

+
m2

2 − m2
1

q2 qµFM2M1
0 (q2), (A.6)

where Lµ = γµ 1−γ5
2 γµPL. A factor of −i has to be added

to the form factors in case one of the mesons is scalar.
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