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Abstract
We study the B̄0

s → J/ψK+K−, B̄0 → J/ψK+K−, B− → J/ψK0K−, B̄0 → J/ψπ0η and

B− → J/ψπ−η decays and compare their mass distributions with those obtained for the B̄0
s →

J/ψπ+π− and B̄0 → J/ψπ+π−. The approach followed consist in a factorization of the weak

part and the hadronization part into a factor which is common to all the processes. Then what

makes the reactions different are some trivial Cabibbo-Kobayashi-Maskawa matrix elements and

the weight by which the different pairs of mesons appear in a primary step plus their final state

interaction. These elements are part of the theory and thus, up to a global normalization factor, all

the invariant mass distributions are predicted with no free parameters. Comparison is made with

the limited experimental information available. Further comparison of these results with coming

LHCb measurements will be very valuable to make progress in our understanding of the meson-

meson interaction and the nature of the low lying scalar meson resonances, f0(500), f0(980) and

a0(980).
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I. INTRODUCTION

Recent findings by the LHCb [1–3], Belle [4], CDF [5], and D0 [6] collaboration, have
shown that the f0(980) is produced in the B̄0

s decays into J/ψ and π+π− and no trace of the
f0(500) is seen. At the same time the complementary reactions on the B̄0 decay into J/ψ
and π+π− [7, 8], have shown that a signal is seen for the f0(500) production and only a small
fraction is observed for the f0(980). These findings have generated excitement in the hadron
community. Studies of weak B and D decays into two final mesons had got some attention
[9–14] in recent years. The order of magnitude of the f0(980) production was predicted in
Ref. [15] using light cone QCD sum rules under the factorization assumption. After the
experiments quoted above, some studies were done based on the qq̄ or tetraquark structure
of the scalar mesons in Ref. [16]. The B̄0 decay into J/ψ and π+π− branching ratio was
calculated in the QCD-improved factorization approach in Ref. [17], where a two-meson
distribution amplitude for the pion pair and final state interaction were considered. The
chiral unitary approach was used in Ref. [18], where predictions with no parameters fitted
to the data were done for ratios of invariant mass distributions and the basic features of these
experiments were well reproduced. Other work has also been done using the perturbative
QCD approach in Ref. [19]. More recently another approach has been used in Ref. [20] using
effective Hamiltonians, transversity form factors and implementing the final sate interaction
of the pions via the Omnes representation. In this latter paper the B̄0

s decay into J/ψ
and K+K− is also studied and compared to experiment. The method uses experimental
phase shifts for the Omnes representation and a few parameters fitted to the data. On the
other hand the B̄0 decay into J/ψ and K+K− is not addressed there since "this has an
isovector component (corresponding e.g. to the a0(980) resonance) and would have to be
described by a coupled-channel treatment of the πη and K+K− S-waves." Some work along
these lines has been recently done in Ref. [21]. The chiral unitary approach for mesons
[22–27] is particularly suited for this purpose and has been used in many processes where
the f0(500), f0(980), a0(980), κ(800) are produced, including some related to D and B weak
decays [28, 29]. The purpose of this paper is to address the K+K− production in the B̄0

s

decays into J/ψ and two kaons and the K+K− and πη production in the B̄0 decay into J/ψ
and this pair of mesons. Simultaneously, we shall also address the B− → J/ψK0K− and
B− → J/ψπ−η decays.

Experimentally, we have information in Refs. [30, 31]. In Ref. [30] the B̄0 decay into
J/ψ and K+K− is studied. Rates for this branching ratio are provided and also for the
B̄0 → J/ψa0(980), a0(980) → K+K−. However, the π0η decay channel of the a0(980) is not
investigated. In Ref. [31] a full phase space partial wave analysis of the B̄0

s → J/ψKK̄
is done, including S, P and D waves. The B̄0

s decay into J/ψ and f ′
2(1525) with f ′

2(1525)
decaying into K+K− is addressed there [31]. In this case, the K+K− is in D-wave and in
the present paper we only consider S-wave. The work of Ref. [31] on B̄0

s → J/ψK+K−

separates the S-wave K+K− below the φ region and this allows for a comparison with our
predictions. Note that the results of Refs. [30, 31] are based on 1/fb of pp collision data
accumulated by LHCb during 2011. Further improvement can be anticipated from studies
including the 2/fb of data accumulated during 2012 and with new data now being taken in
the LHC Run 2.

A good thing of the use of the chiral unitary approach for these reactions is that one
can obtain mass distributions up to an arbitrary normalization and relate the different
distributions with no parameters fitted to the data. This is due to the unified picture that
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the chiral unitary approach provides for the scattering of mesons. In this sense, predictions
on the coming measurements should be most welcome, and if supported by experiment, it
can give us elements to dig into the nature of the low lying scalar mesons, which in this
picture emerge as dynamically generated from the interaction of pseudoscalar mesons using
a meson-meson interaction derived from the chiral Lagrangians [32, 33].

II. FORMALISM

Following Refs. [16, 18], in Fig. 1 we draw the diagrams at the quark level that are
responsible for the B̄0 and B̄0

s decays into J/ψ and another pair of quarks: dd̄ in the
case of the B̄0 decay and ss̄ in the case of B̄0

s decay. The first process involves the Vcd,
Cabibbo suppressed Cabibbo-Kobayashi-Maskawa matrix element, and the second one the
Vcs Cabibbo allowed one, which makes the widths large in the second case compared to the
first one.

Following the work of Ref. [18] we put together in a factor VP all elements which are
common in the two decays. Next, in order to produce two mesons the final qq̄ state has to
hadronize, which we implement adding a q̄q pair with the quantum numbers of the vacuum
ūu+ d̄d+ s̄s, see Fig. 2. Then we define the matrix M for the qq̄ elements

M =







uū ud̄ us̄
dū dd̄ ds̄
sū sd̄ ss̄





 , (1)

which has the property
M ·M = M × (ūu+ d̄d+ s̄s). (2)

Next we write the qq̄ matrix elements of M in terms of the physical mesons and then we
can replace the matrix M by the matrix Φ given by

b

c c̄

dW

d̄ d̄
(a)

B̄0

b

c c̄

sW

s̄ s̄
(b)

B̄0
s

FIG. 1: Diagrams for the decay of B̄0 and B̄0
s into J/ψ and a primary qq̄ pair, dd̄ for B̄0 and ss̄

for B̄0
s .

q

q̄

qq̄(ūu + d̄d + s̄s)

FIG. 2: Schematic representation of the hadronization qq̄ → qq̄(ūu+ d̄d+ s̄s).
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s
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s̄

s
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W
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FIG. 3: Diagrammatic representations of the production of π+π−, π0η and K+K− via direct plus

rescattering mechanisms in B̄0 (a) and B̄0
s (b) decays.

Φ =









1√
2
π0 + 1√

3
η + 1√

6
η′ π+ K+

π− − 1√
2
π0 + 1√

3
η + 1√

6
η′ K0

K− K̄0 − 1√
3
η +

√

2

3
η′









, (3)

where we are taking the standard mixing of the η and η′ in terms of a singlet and an octet
of SU(3),

η =
1

3
η1 +

2
√

2

3
η8, , η′ =

2
√

2

3
η1 − 1

3
η8. (4)

The hadronization leads us to1

dd̄(ūu+ d̄d+ s̄s) ≡ (φ · φ)
22

= π−π+ +
1

2
π0π0 +

1

3
ηη − 2√

6
π0η + K̄0K0,

ss̄(ūu+ d̄d+ s̄s) ≡ (φ · φ)
33

= K−K+ + K̄0K0 +
1

3
ηη. (5)

where the η′ terms have been neglected because the η′ is too massive and has not effect here.
The decomposition of the former formulas tell us the weight by which a pair of pions are
produced in the first step. The next step consists in taking into account the interaction of
the mesons produced to finally obtain the desired couple of mesons. This is represented in
Fig. 3.

The amplitudes for a final production of the different meson pairs are given by2

t(B̄0 → J/ψπ+π−) = VPVcd

(

1 +Gπ+π−tπ+π−→π+π− + 2
1

2

1

2
Gπ0π0tπ0π0→π+π−

+GK0K̄0tK0K̄0→π+π− + 2
1

3

1

2
Gηηtηη→π+π−

)

, (6)

1 There are small changes here with respect to Ref. [18], where the singlet in the Φ matrix was ignored.
2 Here there is an extra factor of two in the π0π0 and ηη terms with respect to Ref. [18] because of the two

possibilities to create the two identical particles with the π0π0 and ηη operators of Eq. (5). The changes

in the numerical results for B̄0 decay are of the order of 15% and there are no changes for the B̄0

s
decay.
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t(B̄0 → J/ψπ0η) = VPVcd

(

− 2√
6

− 2√
6
Gπ0ηtπ0η→π0η +GK0K̄0tK0K̄0→π0η

)

, (7)

t(B̄0 → J/ψK+K−) = VPVcd

(

Gπ+π−tπ+π−→K+K− + 2
1

2

1

2
Gπ0π0tπ0π0→K+K−

+2
1

3

1

2
Gηηtηη→K+K− − 2√

6
Gπ0ηtπ0η→K+K− +GK0K̄0tK0K̄0→K+K−

)

,

(8)

t(B̄0
s → J/ψπ+π−) = VPVcs

(

GK+K−tK+K−→π+π− +GK0K̄0tK0K̄0→π+π− + 2
1

3

1

2
Gηηtηη→π+π−

)

,

(9)

t(B̄0
s → J/ψK+K−) = VPVcs (1 +GK+K−tK+K−→K+K− +GK0K̄0tK0K̄0→K+K−

+2
1

3

1

2
Gηηtηη→K+K−

)

, (10)

where Gi are the loop functions of two meson propagators. In Eqs. (6)-(10) we have taken
into account that for the identical particles one has a factor of two from the two ways to
match the two identical particles of the operator in Eqs. (5) with the two mesons produced
and a factor 1/2 in the G function. The tij are the scattering matrices and they are calculated
in Ref. [18] following Ref. [22].

In the case of B̄0 → J/ψK+K− decay, we have contributions from I = 0 and I = 1. It is
interesting to split the contributions. This is easily done taking all the Gππ equal, and also
GK0K0 = GK+K− and rewriting tK0K̄0→K+K− as

tK0K̄0→K+K− =
1

2
tK0K̄0→K+K− +

1

2
tK+K−→K+K− +

1

2
tK0K̄0→K+K− − 1

2
tK+K−→K+K−, (11)

where the first two terms are in I = 0 while the last two terms are in I = 1. Then we split
Eq. (8) into

t(B̄0 → J/ψK+K−) = tI=0 + tI=1 (12)

with

tI=0 = VPVcd

[

Gππtπ+π−→K+K− +
1

2
Gππtπ0π0→K+K− +

1

3
Gηηtηη→K+K−

+ GKK̄

(

1

2
tK0K̄0→K+K− +

1

2
tK+K−→K+K−

)]

, (13)

tI=1 = VPVcd

[

− 2√
6
Gπ0ηtπ0η→K+K− +GKK̄

(

1

2
tK0K̄0→K+K− − 1

2
tK+K−→K+K−

)

]

. (14)

The B− decays proceed in an analogous way. The basic quark diagram is now given in
Fig. 4. The hadronization leads us now, neglecting η′, to

dū(ūu+ d̄d+ s̄s) ≡ (φ · φ)
21

=
2√
3
π−η +K0K−, (15)
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from where, taking into account the final state interaction of the mesons, we obtain

t(B− → J/ψπ−η) = VPVcd

(

2√
3

+
2√
3
Gπ−ηtπ−η→π−η +GK0K−tK0K−→π−η

)

, (16)

t(B− → J/ψK0K−) = VPVcd

(

1 +GK0K−tK0K−→K0K− +
2√
3
Gπ−ηtπ−η→K0K−

)

. (17)

There is no need to recalculate the meson-meson scattering matrix tij, since using isospin
symmetry and the fact that |K0K−〉 = −|1, 1〉 of isospin, we have

tπ−η→π−η = tπ0η→π0η ≡ tI=1
πη→πη, (18)

tK0K−→π−η = − tI=1
KK̄→πη = −

√
2 tK0K̄0→π0η, (19)

tK0K−→K0K− = tI=1
KK̄→KK̄ = tK+K−→K+K− − tK+K−→K0K̄0. (20)

In particular one can see that the t(B− → J/ψπ−η) amplitude of Eq. (16) is −
√

2 times
the amplitude for t(B̄0 → J/ψπ0η) and hence its rate of production will be a factor of two
bigger.

One final observation is the fact that in a 0− → 1−0+ transition we shall need a L′ = 1
for the J/ψ to match angular momentum conservation. Hence, VP = A pJ/ψ cos θ, and we
assume A to be constant (equal 1 in the calculations). Thus,

dΓ

dMinv

=
1

(2π)3

1

4M2
B̄j

1

3
p2
J/ψpJ/ψp̃π

∑∑

∣

∣

∣t̃(B̄0
j → J/ψπ+π−)

∣

∣

∣

2

, (21)

where the factor 1/3 is coming from the integral of cos2 θ and t̃(B̄0
j → J/ψπ+π−) is t(B̄0

j →
J/ψπ+π−)/(pJ/ψ cos θ), which depends on the π+π− invariant mass. In Eq. (21) pJ/ψ is the

J/ψ momentum in the global CM frame (B̄ at rest) and p̃π is the pion momentum in the
π+π− rest frame.

III. RESULTS

Our results are summarized in Figs. 5 (a) and (b), and Fig. 6. In Fig. 5 (a) we show the
results for the B̄0

s → J/ψπ+π− together with those for B̄0
s → J/ψK+K−. The former results

are those calculated in Ref. [18]. The latter are new. As we can see, the K+K− distribution
gets maximum strength close to the K+K− threshold and then falls down gradually. This is
due to the effect of the f0(980) resonance below threshold. In this case we started from an

b

c c̄

dW

ū ū

B−

FIG. 4: Diagrams for the decay of B− into J/ψ and a primary dū pair.
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FIG. 5: (a) π+π−, K+K− invariant mass distributions for the B̄0
s → J/ψπ+π−, J/ψK+K− decays;

(b) π+π−, π0η, K+K− invariant mass distributions for the B̄0 → J/ψπ+π−, J/ψK+K−, J/ψπ0η

decays.

ss̄ quark state, which has isospin zero, and the strong interaction hadronization conserves
it. So, even if K+K− could be in I = 0, 1, the process of formation guarantees that this
is an I = 0 state and the shape of the distribution is due to the f0(980). The strength is
small compared to the one of the f0(980) at its peak, but the integrated strength over the
invariant mass of K+K− is of the same order of magnitude as that for the strength below
the peak of the f0(980) going to π+π−.3 However, we should take into account that we
are calculating only the S-wave part of the K+K− spectrum, hence, contributions from φ
(P -wave), f ′

2(1525) (D-wave) etc, are not evaluated. It is interesting to compare this with
experiment. First by integrating the strength of the K+K− distribution over its invariant

3 The apparent difference in the peak between the present distribution and the results in Ref. [18] are due

to the fact that the distribution was folded with the experimental resolution of 20 MeV in Ref. [18].

7



700 800 900 1000 1100 1200 1300 1400
0

1

2

3

4

d 
 / 

dM
in

v

 

 

   B  J/  
   B  J/  K K

Minv (MeV)

FIG. 6: π−η and K0K− invariant mass distributions for the B− → J/ψπ−η and B− → J/ψK0K−

decays.

mass we find a ratio

B[B̄0
s → J/ψK+K−]

B[B̄0
s → J/ψf0(980); f0(980) → π+π−]

= 0.34 ± 0.03, (22)

where we have added an estimated 10 % theoretical uncertainty.
By taking into account that the rates for f0(980) and φ are

B[B̄0
s → J/ψf0(980); f0(980) → π+π−] = (1.39 ± 0.14) × 10−4,

B[B̄0
s → J/ψφ] = (1.07 ± 0.09) × 10−3, (23)

we find
B[B̄0

s → J/ψK+K−]

B[B̄0
s → J/ψφ]

= 0.044 ± 0.007, (24)

where we have summed the relative errors in quadrature.
If we stick to a band of energies mφ ± 12 MeV we find

B[B̄0
s → J/ψK+K−](S-wave)

B[B̄0
s → J/ψφ;φ → K+K−]

= 0.017 ± 0.003, (25)

where the branching fraction of 0.489 for φ decay into K+K− has been taken. This value is
in agreement with experiment [31], (1.1 ± 0.1+0.2

−0.1) × 10−2 within errors. These experimental
numbers are consistent with, and improve, earlier measurements from CDF [34] and ATLAS
[35]. They are also in agreement with the results of Ref. [20] and the estimations prior
to the experiment in Ref. [36]. On the other hand, by looking at Fig. 17 of Ref. [31]
one can compare our results for the K+K− mass distribution with the contribution of the
f0(980) in that figure, and the accumulated strength around threshold and the fall down
with increasing invariant mass agree fairly well, although our distribution falls faster.

We come back now to the decays of the B̄0. In Fig. 5 (b) we show the results for
the B̄0 into J/ψ and π+π−, J/ψ and K+K− and J/ψ plus π0η. In this case we had the

8



hadronization of a dd̄ state , which contains I = 0, 1. The π+π− in S-wave, however,
can only be in I = 0, hence the peaks for this distribution reflect again the f0(500) and
f0(980) excitation. We should note that the normalization in Figs. 5 (a) and (b) is the
same. Hence, the difference in size mostly reflects the differences between the CKM matrix
elements. We should note that because of the experimental resolution this peak would not
appear so narrow in the experiments, but the integrated strength should be comparable,
and this was already done in Ref. [18]. Note that in any case, the strength of the f0(980)
excitation is very small compared to that of the f0(500) (the broad peak to the left) as was
already noted in the experiments. The new results in this paper are for the K+K− and π0η
distributions. The π0η distribution has a sizeable strength, much bigger than that for the
f0(980) and reflects the a0(980) excitation. This prediction is tied exclusively to the weights
of the starting meson meson channels in Eqs. (5) and the scattering matrices appearing in
Eqs. (6). Hence, this is a prediction of this approach, not tied to any experimental input.

In Fig. 5(b) we have plotted only the S-wave contribution. In the case of π0η, there is no
relevant P -wave contribution in the Minv region of the figure [37, 38]. However, this is not
the case for π+π−, which can couple to the ρ meson in P -wave and give a large contribution.
This is indeed the case and it was evaluated in Ref. [39] (see Fig. 5 of that paper). The ρ
contribution peaks around 770 MeV, and has larger strength than the f0(500) contribution,
but at invariant masses around 500 MeV and bellow, the strength of the f0(500) dominates
the one of the ρ.

The K+K− distribution in the B̄0 decay is now both in I = 0 and I = 1, hence it reflect
the effects of both the f0(980) and the a0(980) resonances. In this case, if we draw a smooth
curve below the f0(980) peak to separate it from the f0(500) contribution, we find,

B[B̄0 → J/ψK+K−]

B[B̄0 → J/ψf0(980); f0(980) → π+π−]
= 0.53 ± 0.05. (26)

The strength of this ratio is a bit larger now than the corresponding one for B̄0
s decay, given

in Eq. (22).
In Ref. [30] we also find the branching ratio for B̄0 → J/ψa0(980) with a0(980) decaying

into K+K−,

B[B̄0 → J/ψa0(980), a0(980) → K+K−] = (4.7 ± 3.31 ± 0.72) × 10−7. (27)

It is unclear how this is obtained because, as discussed above, both the f0(980) and a0(980)
resonances contribute to the K+K− distribution.

With the caveat about not comparing exactly the same magnitude we can make an
estimate of the a0(980) production rate by taking a background below the π0η distribution
as done in Ref. [28] and using the former equations we get a rate

B(B̄0 → J/ψπ0η) = (2.2 ± 0.2) × 10−6. (28)

If we multiply the latter value by the ratio Γ(K+K−)/Γ(ηπ) = 1

2
(0.183 ± 0.024) [40], we

obtain (2.0 ± 0.3) × 10−7, which is agreement with the value of Eq. (27) within errors.
We would also like to compare our K+K− mass distribution with the one of Fig. 13

of Ref. [30]. The experimental distribution after subtraction of combinatorial background
and misidentified events has in principle large errors, which will be improved in coming
experiments, but we can see that the shape of the distribution agrees qualitatively with
ours, with a relatively faster fall down of the experimental one.
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We come now to the results for B− decay which we plot in Fig. 6. The scale of the figure
is the same as in Fig. 5. As discussed in the former section, the strength for the π−η mass
distribution in B− → J/ψπ−η is twice as big as the one of B̄0 → J/ψπ0η. The strength of
the K0K− mass distribution at the peak is however about four times bigger than the one for
K+K− in the B̄0 decay. We also observe that the position of the peak has moved to higher
invariant masses compared to the B̄0 or B̄0

s cases. Both features find a natural explanation
in the fact the the K0K− distribution in the B− decay is due to the a0(980), which is seen
in the figures, is much wider than that of the f0(980). We should also note that the shape
of the K+K− distribution in the B̄0 case is also a bit different, sticking more towards the
KK̄ threshold. We also see that the f0(980) distribution in this decay has a different shape
to that in the B̄0

s decay, with zero strength around 1000 MeV. It is clear that there are now
interferences of the different terms contributing to the amplitude in Eq. (12).

In order to see the interferences commented above in more detail, we evaluate separately
the contributions to B̄0 → J/ψK+K− decay from the I = 0 and I = 1 parts of the
amplitude. This can be seen in Fig. 7. What we observe there is that both the I = 0
(f0(980)) and I = 1 (a0(980)) individual contributions are larger than the total, and we
also see that the shape of either of them resembles move the one of Fig. 6 for K0K−. The
strength of the a0(980) contribution in the B̄0 → J/ψK+K− decay is still smaller than that
of B− → J/ψK0K− decay (Fig. 6) because the latter contains also a tree level contribution,
which is absent in the B̄0 → J/ψK+K− case. We also observe in Fig. 7, that when we add
the I = 0 and I = 1 parts of the amplitude, the total strength becomes smaller, indicating a
strong cancellation, which is also responsible for the change in the shape of the distribution.
It would be most instructive to see all these features in actual experiments.
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FIG. 7: K+K− invariant mass distributions for the B̄0 → J/ψK+K− decay. The I = 0, I = 1

individual contribution and the total, given by the sum of the amplitudes are shown by the dashed,

dotted and full lines, respectively.
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IV. CONCLUSIONS

We have studied the decay rates for B̄0
s → J/ψK+K−, B̄0 → J/ψK+K−, B̄0 → J/ψπ0η,

B− → J/ψπ−η, B− → J/ψK0K−, and have compared them to the rates obtained for the
B̄0
s → J/ψπ+π− and B̄0 → J/ψπ+π−. New measurements are underway in the LHCb

collaboration and predictions prior to the experiment are most opportune to give strength
to the claims of the chiral unitary theory on the interpretation of resonances and the ability
of the approach to describe the meson-meson interactions. We find that the rates of S-wave
K+K− production are small compared to those of π+π− production but when integrated
over the invariant mass they are still smaller but of the same order of magnitude. The
interesting feature of the results is that the K+K− distribution peaks around the K+K−

threshold as a consequence of the presence of the f0(980) and a0(980) resonances. In the
case of the B̄0

s → J/ψK+K−, only the f0(980) resonance influences this distribution, but in
the case of the B̄0 → J/ψK+K−, both the f0(980) and a0(980) resonances contribute to its
strength. In the case of the B̄0 → J/ψπ0η, one finds a peak for the a0(980) resonance and its
strength is much larger than the one for the B̄0 → J/ψπ+π− reaction at the f0(980) peak.
We also calculated the π−η and K0K− mass distributions for the decays B− → J/ψπ−η and
B− → J/ψK0K−. We found in this case that the strength of the π−η distribution is twice
the one of π0η in B̄0 decay, and the strength of the K0K− distribution about four times
bigger than that of the K−K+ for the B̄0 decay. We could find an easy explanation based
on the fact that the K0K− production, in I = 1, is only influenced by the a0(980) state
which has a wider distribution than the f0(980). One interesting aspect of the calculations
is that we could predict all these mass distributions with no free parameters, up to a global
normalization which is the same for all processes. The method relies on the constancy of
the VP factor which summarizes the weak amplitudes and the hadronization procedure. The
only thing demanded is that this factor is smooth and practically constant as a function of
the invariant masses in the limited range where the predictions are made. A discussion on
this issue and support for this approximation is found in Refs. [18, 41].

The predictions made here compare reasonably well with present experimental informa-
tion, but more precise data are coming from LHCb and comparison with these data will be
useful to make progress in our understanding of the meson-meson interaction and the nature
of the low lying scalar mesons.
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