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Abstract The exotic states X0,1(2900) with the quark fla-
vor of csūd̄ are recently observed in the mass spectrum of
D+K− in B− → D−D+K− by the LHCb collaboration.
To explore the nature of X0,1(2900), except for analyzing
their masses and decay widths as usually did in literatures,
the study of their production mechanism in B-meson weak
decays would provide another important information. The
amplitude of B− → D−X0,1 is non-factorizable. We con-
sider the final-state-interaction effects and calculate them
via the rescattering mechanism. The measured branching
fractions of B− → D−X0,1 are revealed. It is manifested
by B− → �−

c �
(′)0
c and �0

b → P+
c K− that the rescat-

tering mechanism can result in the relatively large branch-
ing fractions. The similar processes of B− → π−X0,1 are
also analyzed. The isospins of X0,1 can be investigated by
B → DX±,0

0,1 decays.

1 Introduction

Very recently, the LHCb collaboration reported the discovery
of two new exotic structures X0(2900) and X1(2900) in the
D+K− invariant mass distributions of the decay process of
B− → D+D−K− [1,2].

Their spin-parity quantum numbers are J P = 0+ and
1−, respectively, with the masses and widths as MX0(2900) =
2866 ± 7MeV, �X0(2900) = 57 ± 13MeV, MX1(2900) =
2904 ± 5MeV, �X1(2900) = 110 ± 12MeV. A lot of theo-
retical works are proposed to explain these two exotic states
as either compact tetraquarks or molecular states, or non-
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resonant triangle singularities [3–19]. The D+K− channel
implies those two states are composed by four fully different
flavors, csūd̄ . The open-heavy-flavor states with four differ-
ent flavors are extremely exotic and helpful for understanding
the low-energy non-perturbation behavior of the QCD and
nature of the strong interactions, thus of high interests both
in the theoretical studies and experimental searches [20–29].

To explore the nature of exotic states, the production
mechanism would provide important information, except
for analyzing the masses and decay widths as usually did
in literatures. It was proposed to search for the bsūd̄ and
csūd̄ tetraquarks in the direct production in the hadron col-
lisions [20]. Constituting with only one heavy quark, these
tetraquarks are expected to be produced with a large rate. The
lowest thresholds are BK or DK which are 270 MeV higher
than Bsπ or Dsπ of other four-different-flavor tetraquark
states. There are some possibilities for the mass regions of
the lowest-lying ground states of bsūd̄ or csūd̄ below the
BK or DK thresholds [20–26]. In these cases, these states
are stable and can only decay weakly. The longer lifetimes
will be helpful for the experimental searches in the hadron
colliders by rejecting the backgrounds from the primary ver-
tex [20]. For the observed X0,1(2900), their masses are much
higher than the DK threshold, indicating that X0,1 are not
the lowest-lying ground states. They are produced in the B-
meson weak decays, B− → D−X0,1 [1,2]. From Table 1,
the relatively large branching fractions are the key point in
the observation of X0,1(2900). Therefore, it is necessary to
understand the production mechanism of X0,1(2900) in the
weak decays of B mesons and the corresponding branching
fractions.

The topological diagram of the weak decays of B− →
D−X0,1(2900) is shown in Fig. 1. It is an external W -
emission diagram. Unlike the B-meson weak decays into
the ordinary quark–antiquark mesons, this diagram is non-
factorizable since the weak-interaction produced sc̄ enter into
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Table 1 The fit fractions of B− → D−X0,1(2900) in B− →
D+D−K− and the corresponding branching fractions obtained by
LHCb [1,2]

Fit fraction Brexp

B− → D−X0(2900)0 (5.6 ± 0.5)% (1.23 ± 0.41) × 10−5

B− → D−X1(2900)0 (30.6 ± 3.2)% (6.73 ± 2.26) × 10−5

Fig. 1 The topological diagram of the B− → D−X0,1(2900) decays

different final states, with additional dd̄ generated from vac-
uum. It is not easy to calculate this diagram with the unknown
structure of X0,1(2900) in the QCD-inspired methods. With
one more quark–antiquark pair in the final state, at least
two gluons are required making the gluons not as hard as
the ordinary B decays.Therefore, the long-distance contri-
butions would play a significant role in the decays of B− →
D−X0,1.We would calculate the final-state-interaction (FSI)
effects for the production of X0,1(2900) in B− → D−X0,1.

The rescattering mechanism for the FSI effects has been
successfully applied to predict the discovery channel of the
doubly charmed baryon, �++

cc → �+
c K

−π+π+ [30,31],
where the long-distance contributions are large in the charm
scale. At the bottom scale, it has been tested in the B → ππ ,
Kπ and Dπ modes [32]. Since one more quark–antiquark
pair contributes to the decays of B− → D−X0,1, we will test
the rescattering mechanism again in the processes of B− →
�−

c �
(′)0
c and �0

b → P+
c K− which are both non-factorizable

for the similar external or internal W -emission diagrams with
additional quark–antiquark pair generated from vacuum.

The existence and the nature of X0,1(2900) should be
cross-checked by other processes. The decay of B− →
π−X0,1 is very similar to B− → D−X0,1 but with a replace-
ment of c̄ in D− by ū in π−. Prediction on the branching frac-
tions of B− → π−X0,1 would be helpful to confirm the exis-
tence of X0,1(2900). Besides, the isospins of X0,1(2900) are
unknown from the current measurement. We propose to mea-

sure more isospin-related processes, such as B− → D
0
X−

0,1,

B
0 → D

0
X0

0,1 and B
0 → D−X+

0,1. Once the isospin part-

ners X±
i were observed, Xi could be determined as isospin

triplet.

This manuscript is organized as follows. In Sect. 2, we
calculate the branching fractions of B− → D−X0,1 using
the rescattering mechanism, revealing the experimental mea-
surement. The rescattering mechanism for such unusual pro-
cesses is manifested in Sect. 3 by B− → �−

c �
(′)0
c and

�0
b → P+

c K−. The branching fraction of B− → π−X0,1

are predicted in Sect. 4. The isospin analysis on B → DX0,1

are provided in Sect. 5. Section 6 is a summary.

2 Branching fractions of B− → D−X0,1

The exotic states of X0,1(2900) are observed in the ampli-
tude analysis of B− → D−D+K− [1,2]. The fit frac-
tions of B− → D−X0,1 are as large as 5.6% and 30.6%,
respectively, shown in Table 1. Considering Br(B− →
D−D+K−) = (2.2 ± 0.7) × 10−4 [33], the branching frac-
tions of B− → D−X0,1(2900) can be obtained and listed in
Table 1. The relatively large branching fractions at the order
of 10−5 are important for the experimental measurement and
observation. The deep understanding of the production mech-
anism of X0,1(2900) in the decay of B− → D−X0,1 will be
helpful for the exploration the nature of X0,1 states.

The topological diagram of B− → D−X0,1 decay modes
is depicted in Fig. 1. This topological diagram induced by
W -external emission diagram is unusual compared to ordi-
nary B meson decays, since qq̄ ′ pair enter into different final
states instead of annihilation. Such a topological diagram
are totally non-factorizable and unavailable in the perturba-
tive QCD calculations. On the contrary, these processes are
dominated by the long-distance contributions. In this paper,
we calculate the long-distance contributions by FSIs effects,
which is modeled as soft rescattering of two intermediate
particles. The FSIs are usually calculated at hadron level
under the one-particle-exchange model, which has achieved
great success, especially in prediction of the weak decays
of doubly-charmed baryon �++

cc [30]. The applications of
the rescattering mechanism in the weak decays of B and D
mesons are given in Refs. [32,34,35].

In the framework of rescattering mechanism, the decay
B− → D−X0,1(2900) can most likely proceed as B− →
D∗−
s D0 → D−X0,1(2900) via exchanging one intermediate

state of K
0
. The quark-level diagram is depicted in Fig. 2a,

while the corresponding hadron-level diagram is in Fig. 2b.
The calculation of the FSIs effect can be carried on in

different ways. In general ,the absorptive part of a two-body
decay B− → D−X0,1(2900) can be related to a weak decay
process B− → D∗−

s D0, followed by the strong rescattering
of D∗−

s D0 → D−X0,1(2900). In this work, we assume the
absorptive part is dominating and neglect the dispersive part.

Under the factorization approach, the weak-decay vertex
can be expressed as:
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Fig. 2 a Quark-level diagram
of B− → D−X0,1(2900) within
the rescattering mechanism. b
The corresponding hadron-level
triangle diagram

〈D∗−
s D0|He f f |B−〉 = GF√

2
VcbV

∗
csa1 fD∗

s
mD∗

s
F B→D

1 (m2
D∗
s
)

×(2ε∗
D∗−
s

· pB−), (1)

where GF = 1.166 × 10−5GeV−2 is the Fermi coupling
constant, Vcb and Vcs are the CKM matrix elements, a1 is the
effective Wilson coefficient, and fD∗

s
is decay constant of D∗

s
meson. The form factor FB→D

1 (m2
D∗
s
) can be parameterized

as F(q2) = F(0)/
(
1 − a q2

m2
B

+ b q4

m4
B

)
, where the parameters

F(0), a, b can be found in Ref. [32].
The absorptive part of the decay amplitude for Fig. 2b can

be written as:

Abs(B− → D−X0(2900))

= −2i
GF√

2
VCKMa1

×
∫ | �pD∗−

s
|d cos θdφ

32π2mB
gD∗

s DK gDK X0mX0

F2(t,mK )

t − m2
K

· fD∗−
s
mD∗−

s
F B→D

1 (M2
D∗−
s

)

(
pD0 · pD−

− (pD∗−
s

· pD−)(pD∗−
s

· pD0)

m2
D∗−
s

)
, (2)

Abs(B− → D−X1(2900))

= 2i
GF√

2
VCKMa1

×
∫ | �pD∗−

s
|d cos θdφ

32π2mB
gD∗

s DK gDK X1mX0

F2(t,mK )

t − m2
K

· fD∗−
s
mD∗−

s
F B→D

1 (M2
D∗−
s

)

(
pD0 · pD−

− (pD∗−
s

· pD−)(pD∗−
s

· pD0)

m2
D∗−
s

)
· (pK · εX1), (3)

where t = p2
K and F(t,m) = (�2 − m2

K )/(�2 − t) with

� = mK + η�QCD, (4)

�QCD = 218 MeV. It will be seen that the results are very
sensitive to the values of η. In principle, there are some other

triangle diagrams with the intermediate D0K
0

replaced by

D∗0K
∗0

, D0
1K

0
for X0 and D0K

∗0
, D∗0K

0
, D∗0K

∗0
, D0

1K
0

Fig. 3 The predictions on the branching fractions of B− → D−X0,1
are given by the solid curves with η varying from 2.0 to 4.0. The exper-
imental results are shown in dashed lines with the errors indicated by
the shadow

for X1. Due to the unknown structure of X0,1(2900), the
required couplings of gX0,1D∗K ∗ or gX0,1D1K are unknown.
Therefore, we neglect such diagrams which doesn’t affect our
result, since our purpose is to see whether the large branching
fractions of B− → D−X0,1(2900) can be understood by the
rescattering mechanism.

The numerical results of the branching fractions of B− →
D−X0,1(2900) are provided in Fig. 3. The red-dashed line
and the blue-dashed line are experimental branching frac-
tions for B− → D−X0 and B− → D−X1, respectively.
Light-grey shadow areas are experimental error for each
decay mode. It can be seen that the theoretical predictions
on the branching fractions at around η ≈ 3.0 are consis-
tent with the experimental measurements. The production of
X0,1(2900) in B− → D−X0,1(2900) can be understood by
the rescattering mechanism.

3 Rescattering mechanism in B− → �
−
c �

(′)0
c and

�0
b → P+

c K−

In the above section, the experimental results can be revealed
by the rescattering mechanism. It deserves to check more pro-
cesses with complicated quark diagrams on the rescattering
mechanism. The baryonic decays of B− → �

−
c �

(′)0
c and the

pentaquark productions in �0
b → P+

c K− have similar topo-
logical diagrams with those of B− → D−X0,1(2900). All of
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Fig. 4 The topological
diagram, the quark-level
diagram and the hadron-level
triangle diagram of
B− → �

−
c �

(′)0
c within

rescattering mechanism are
given from the left to the right,
respectively

Fig. 5 Similar to Fig. 4 but for
�0

b → P+
c K−

(a) (b) (c)

Fig. 6 Similar to Fig. 3 but for
B− → �

−
c �

(′)0
c and

�0
b → P+

c K−

them are the external or internal W -emission diagrams with
a pair of quark and antiquark generated from the vacuum
and entering into the different final states. They are non-
factorizable and thus calculated by the rescattering mecha-
nism. The topological, quark-level and the hadron-level dia-
grams of B− → �

−
c �

(′)0
c and �0

b → P+
c K− are depicted in

Figs. 4 and 5, respectively.
Considering the strong coupling constants in Refs. [37,

38], the branching fractions of B− → �
−
c �

(′)0
c and �0

b →
K−P+

c are obtained by the rescattering mechanism with the
results shown in Fig. 6. It can be seen that the experimental
results of Br(B− → �

−
c �0

c) = (0.95 ± 0.23) × 10−3 [33]

and Br(B− → �
−
c �′0

c ) = (0.34 ± 0.20) × 10−3 [39] can
be revealed at around η ≈ 3.0. For �0

b → K−P+
c , we only

consider the J P = 1/2− states P+
c (4312) and P+

c (4440) for
convenience. It can be seen from Fig. 6 that the branching
fractions of �0

b → K−P+
c are at the order of 10−5, sim-

ilarly to those of B− → D−X0,1. The difference between
�0

b → K−P+
c and B− → D−X0,1 is the spectators which is

an antiquark in B− decays whereas a diquark in �0
b decays,

compared with Figs. 1 and 5. The analogy can also be seen
in Br(�0

b → �+
c D

−
s ) = (1.10 ± 0.10)% ≈ Br(B− →

D0D−
s ) = (0.90±0.09)% [33]. Therefore, it can be expected

that �0
b → K−P+

c and B− → D−X0,1 have similar branch-
ing fractions.

4 Predictions on B− → π−X0,1

Exotic states X0,1 have alreadly been observed in B− →
D−X0,1 decays, but have to be confirmed by other processes
in the future experiments, for example, B− → π−X0,1

decays. The decays B− → π−X0,1 receive two different
contributions. One is very similar to the B− → D−X0,1

decays with a charm anti-quark replaced by an up anti-quark.
The topological, quark-level and hadron-level diagrams of
B− → π−X0,1 are shown in Fig. 7. The other contribution
comes from the spectator u quark in B meson absorbed by
π− as shown in Fig. 8.

Theroetically speaking, compared to B− → D−X0,1

decays, the amplitudes of B− → π−X0,1 decays are smaller
by a CKM factor of |Vus |/|Vcs | ≈ 0.225 The naive expec-
tations of branching fractions are Br(B− → π−X0) ∼
O(10−7) and Br(B− → π−X1) ∼ O(10−6). On the
contrary, D− meson has to be reconstructed by D− →
K+π−π− process in the experiments which suffers a factor
of the corresponding branching fraction and another factor of
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Fig. 7 Similar to Fig. 4 but for
B− → π−X0,1(2900). Those
three diagrams are very similar
to B− → D−X0,1 decays with a
charm anti-quark replaced by an
up anti-quark

Fig. 8 The same to Fig. 7 but
for the spectator u quark in B
meson absorbed by π−

around one order smaller due to two more tracks in the final
states at LHCb. Therefore, naively speaking, B− → π−X0,1

processes are good alternative processes to check the results
in B− → D−X0,1 decays.

The numerical results of branching fraction of B− →
π−X0,1 calculated under rescattering mechanism are shown
in Fig. 9. The branching fraction of B− → π−X0 is typ-
ically at the order of 10−8 ∼ 10−7, while the branching
fraction of B− → π−X1 is around 10−6. The results are
comparable to the naive expectations. The contribution from
Fig. 7, B− → K ∗−D0 → π−X0,1, is much smaller than
the naive expectation from B− → D∗−

s D0 → D−X0,1 and
the CKM factor. It stems from the smaller coupling con-
stant of gK ∗Kπ = 4.6 for the former process, and the larger
gD∗

s DK = 18.4 for the later one, shown in the Appendix.
Considering both the contributions from Figs. 7 and 8, the
branching fractions of B− → π−X0,1 become comparable
to the naive expectations, since the coupling constants of
gD∗Dπ = 17.9 used in Fig. 8 is similar to gD∗

s DK .
Considering Br(B− → D+K−π−) = (7.7 ± 0.5) ×

10−5, the fraction of Br(B− → π−X1)/BR(B− →
D+K−π−) is O(1% ∼ 10%) which is large enough to
be observed. Actually, in the amplitude analysis of B− →
D+K−π− by the LHCb collaboration [40], there is no sig-
nificant enhancement or peak in the D+K− mass spectrum,
due to the limited data of 3 f b−1. B− → π−X1(2900) is
thus expected to be observed by more data.

5 Isospin analysis on B → DX0,1

The quark flovors of X0,1(2900) are csūd̄ , but their isoapin
are not determined. Refs. [3,4,9,11,15] predict that the
X0(2900) is a isospin singlet, while Ref. [11] also considers
X1(2900) as isospin singlet.

A state of csūd̄ could either be isospin singlet or triplet. In
order to investigate their isospins, we could study some other
processes of B → DX0,1. The isospins of X0 and X1 are not
necessarily the same. Therefore the following discussions
can be used for each of X0 and X1, labeled as Xi .

In the decay of B− → D−Xi , the weak interaction hap-
pens as b → cc̄s, which does not change the isospin. As the
initial states of B mesons are isospin doublet, the final states
of DXi must be isospin doublet as well. In the following, we
will discuss the cases of Xi as isospin-0 or isospin-1 states,
respectively.

Firstly, in the case that Xi is an isospin singlet state, the
isospin of DXi must be 1/2 and the same as the initial state
of B mesons. Then

A(B
0 → D

0
X0
i ) = A(B− → D−X0

i ). (5)

The branching fractions of the above processes are equal to

each other. With Br(B
0 → D

0
D+K−) = (1.07 ± 0.11) ×

10−3, we then have

Br(B
0 →D

0
X0

0)/Br(B
0 →D

0
D+K−)=(1.15 ± 0.38)%,

(6)

or

Br(B
0 →D

0
X0

1)/Br(B
0 →D

0
D+K−)=(6.29 ± 2.11)%.

(7)

These ratios would be helpful for the experimental analysis.
In the second case that the isospin of X0

i is one, the isospin
of the final state DXi is a linear combination of isospin-1/2
and isospin-3/2. For example,

|D−X0
i 〉 =

√
2

3
|3

2
,−1

2
〉 + 1√

3
|1

2
,−1

2
〉
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Fig. 9 a The theoretical
branching fraction of
B− → π−X0(2900) with η

varying from 1.0 to 7.0. b The
same as a but for
B− → π−X1(2900) decay

(a) (b)

Fig. 10 The topological and
hadronic triangle diagrams of

B− → D
0
X−
i , B

0 → D
0
X0
i

and B
0 → D−X+

i , respectively

|D0
X−
i 〉 = 1√

2
|3

2
,−1

2
〉 −

√
2

3
|1

2
,−1

2
〉

|D0
X0
i 〉 =

√
3

2
|3

2
,

1

2
〉 −

√
1

3
|1

2
,

1

2
〉

|D−X+
i 〉 = 1√

3
|3

2
,

1

2
〉 +

√
2

3
|1

2
,

1

2
〉 (8)

Then we have

A(B− → D−X0
i ) = 1√

3
A 1

2

A(B− → D
0
X−
i ) = −

√
2
3 A 1

2
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Table 2 The strong coupling constants

Vertex g Vertex g Vertex g

�+
c → �0D+

s 5.83 �+
c → 
0D+

s 9.31 �′0
c → �0D0 6.43

�′0
c → 
0D0 3.71 X0(2900) → K

0
D0 1.0 X1(2900) → K D0 9.3

D∗−
s → K

0
D− 18.4 P+

c (4312) → �+
c D0 0.088 P+

c (4312) → �+
c D∗0 0.58

P+
c (4440) → �+

c D0 0.80 P+
c (4440) → �+

c D∗0 0.68 �0
c → �0D0 1.59

�0
c → 
0D0 2.75 K ∗− → K

0
π− 4.60 D∗0 → D+π− 17.9

Vertex f1 f2 Vertex f1 f2

�+
c → �0D∗−

s 2.05 7.78 �′0
c → �0D∗0 − 5.63 − 10.0

�+
c → 
0D∗−

s 3.55 13.5 �′0
c → 
0D∗0 − 3.2 − 6.0

�0
c → �0D∗0 3.55 13.5 �0

c → 
0D∗0 2.05 7.78

A(B
0 → D

0
X0
i ) = −

√
1
3 A 1

2

A(B
0 → D−X+

i ) =
√

2
3 A 1

2
(9)

where A 1
2

is the isospin amplitude in these decays. Therefore
the isospin relations of the amplitudes are (Fig. 10)

A(B− → D
0
X−
i ) = −√

2A(B− → D−X0
i )

= −A(B
0 → D−X+

i )

= √
2A(B

0 → D
0
X0
i ) (10)

The factor of
√

2 in the above relation can also be under-
stood by the rescattering mechanism. The strong couplings
of Xi DK have the following relations under the SU(3) flavor
symmetry [5]

gX−
i D0K− = g

X+
i D+K

0 = √
2g

X0
i D

0K
0 = √

2gX0
i D

+K−

(11)

With Br(B− → D0D
0
K−) = (1.45 ± 0.33) × 10−3 and

Br(B
0 → D+D−K

0
) = (7.5 ± 1.7) × 10−4 [33], we have

Br(B− → D
0
X−

0 )/Br(B− → D0D
0
K−) =(1.8 ± 0.6)%

Br(B
0 → D−X+

0 )/Br(B
0 → D+D−K

0
) =(3.2 ± 1.2)%

(12)

or

Br(B− → D
0
X−

1 )/Br(B− → D0D
0
K−) =(9.2 ± 3.6)%

Br(B
0 → D−X+

1 )/Br(B
0 → D+D−K

0
) =(18.0 ± 7.0)%

(13)

which are useful for the experimental measurements.

B
0 → D

0
X0
i has the same branching fraction in both

cases of isospin-0 and 1 states of X0
i . It can not be used to

test the isospin of X0
i , but to confirm the existence of X0

i . If

B− → D
0
X−
i or B

0 → D−X+
0 were observed, the isospin

would be determined to be one.

6 Summary

In this article, motivated by the observation of the exotic
states X0,1(2900), we calculate the branching fractions of
B− → D−X0,1 using rescattering mechanism, which are
consistant with experimental measurements. The rescattering
mechanism is tested by the processes B− → �

−
c �

(′)0
c and

�0
b → P+

c K−. The branching fractions of B− → π−X0,1

are predicted with large uncertainties. Finally, the isospins of

X0,1(2900) are discussed. If B− → D
0
X−
i or B

0 → D−X+
0

were observed, Xi (2900) could be determined as an isospin
triplet state.

Acknowledgements This work is partly supported by the National
Nature Science Foundation of China under the Grant nos. 11775117,
U1732101, 11975112 and 11705056, by Gansu Natural Science Fund
under Grant no. 18JR3RA265, and by the Fundamental Research Funds
for the Central Universities under Grant no. lzujbky-2019-55.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: The aim of this
article is to explore theoretical nature of the two new exotic states and
therefore there is no experimental data which needs to be deposited.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


71 Page 8 of 8 Eur. Phys. J. C (2021) 81 :71

Appendix: Lagrangian and couplings

The effective Lagrangians used in the rescattering mecha-
nism are: [30,36,38]

LD∗DP = −igD∗DP (Di∂μPi j D
∗ j†
μ − D∗i

μ ∂μPi j D
j†)

LD
c Pc
= gD
c Pc


c PcD

L�cN Dq = g�cN Dq (�ciγ5DqN + h.c.)

L�cN D∗
q

= f1�cN D∗
q
(�cγμD

∗
q N + h.c.)

+ f2�cN D∗
q

m�c + mN
(�cσμν∂

μD∗ν
q N + h.c.)

LPBB = gPBBTr
[Biγ5PB

]

LVBB = f1VBBTr
[BγμV

μB]

+ f2VBB
2mB

Tr
[Bσμν∂

μV ∗νB]

LSPP = −gSPPms SPP

LV PP = igV PPTr
[
Vμ[P, ∂μP]] (14)

where the corresponding P , V and B represent the matrices,
respectively

P =

⎛

⎜⎜
⎝

π0√
2

+ η8√
6

π+ K+

π− − π0√
2

+ η8√
6

K 0

K− K̄ 0 −
√

2
3η8

⎞

⎟⎟
⎠

+ 1√
3

⎛

⎝
η1 0 0
0 η1 0
0 0 η1

⎞

⎠

V =

⎛

⎜⎜
⎝

ρ0√
2

+ ω√
2

ρ+ K ∗+

ρ− − ρ0√
2

+ ω√
2
K ∗0

K ∗− K̄ ∗0 φ

⎞

⎟⎟
⎠

B =

⎛

⎜⎜
⎝


0√
2

+ �√
6


+ p


− − 
0√
2

+ �√
6

n

�− �0 − 2√
6
�

⎞

⎟⎟
⎠ (15)

The strong coupling constants are taken from the literature
[30,36,38], and listed in Table 2.
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