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Motivated by the recent LHCb observations of Tcs̄0ð2900Þ0 and Tcs̄0ð2900Þþþ in the processes
B0 → D̄0Dþ

s π
− and Bþ → D−Dþ

s π
þ, we have investigated the decay B− → Dþ

s K−π− by taking into
account the contributions from the S-wave vector-vector interactions, and the S-wave Dþ

s K− interactions.
Our results show that the Dþ

s K− invariant mass distribution has an enhancement structure near the
threshold, associated with the D�

0ð2300Þ, which is in good agreement with the Belle measurements. We
have also predicted the Dþ

s π
− invariant mass distribution and the Dalitz plot, which show the significant

signal of the Tcs̄0ð2900Þ. With the same formalism, the D−
s K0

s invariant mass distribution of the process
B0 → D−

s K0
sπ

þ measured by Belle could be well reproduced, and the peak of Tcs̄0ð2900Þ is expected to be
observed around 2900 MeV in the D−

s π
þ invariant mass distribution. Our results could be tested by the

Belle II and LHCb experiments in the future.

DOI: 10.1103/PhysRevD.109.014008

I. INTRODUCTION

Since the charmoniumlike state Xð3872Þ was observed
in the πþπ−J=ψ invariant mass distribution of the process
B� → K�πþπ−J=ψ by the Belle Collaboration in 2003 [1],
many candidates of the exotic states have been reported
experimentally, and called many theoretical attentions,
which largely deepens our understanding of the hadron
spectra and hadron-hadron interactions [2–5].
In 2020, the LHCb Collaboration observed two states

X0ð2900Þ and X1ð2900Þ with masses about 2900 MeV
in the D−Kþ invariant mass distribution of the process
Bþ → DþD−Kþ [6,7], in agreement with the predictions
of Ref. [8]. As the open-flavor c̄ s̄ud states, X0ð2900Þ and
X1ð2900Þ have called much attention, and there are several
different theoretical interpretations about their nature,
such as the compact tetraquark [9–13], molecular structure
interpretations [14–22], and triangle singularity [23].

Recently, the LHCb Collaboration reported two new
states Tcs̄0ð2900Þ0 and Tcs̄0ð2900Þþþ in the Dþ

s π
− and

Dþ
s π

þ invariant mass distributions of the processes B0 →
D̄0Dþ

s π
− and Bþ → D−Dþ

s π
þ decays, respectively [24,25],

where the significance is found to be 8.0σ for the
Tcs̄0ð2900Þ0 state and 6.5σ for the Tcs̄0ð2900Þþþ state.
Their masses and widths are determined as

MTcs̄0ð2900Þ0 ¼ ð2892� 14� 15Þ MeV;

ΓTcs̄0ð2900Þ0 ¼ ð119� 26� 13Þ MeV;

MTcs̄0ð2900Þþþ ¼ ð2921� 17� 20Þ MeV;

ΓTcs̄0ð2900Þþþ ¼ ð137� 32� 17Þ MeV; ð1Þ

respectively. Their masses and widths are close to each
other, which implies that Tcs̄0ð2900Þ0 and Tcs̄0ð2900Þþþ

with the flavor components c̄ s̄ud and cs̄ud̄ should be two
of the isospin triplet.
Some interpretations for their structure are proposed

theoretically such as the “genuine” tetraquark state [26–28]
or the molecular state [29,30]. Since the Tcs̄0ð2900Þ lies
close to the thresholds of D�

sρ and D�K�, the two-hadron
continuum is expected to be of relevance for its existence,
which makes the Tcs̄0ð2900Þ a natural candidate for the
molecular state [5,31]. In Ref. [30], the authors argue that
Tcs̄0ð2900Þþþ and Tcs̄0ð2900Þ0 may be modeled as mol-
eculesD�þ

s ρþ andD�þ
s ρ−, respectively, using the two-point
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sum rule method. In addition, the Tcs̄0ð2900Þ also can be
considered as a virtual state created by the D�

sρ and D�K�
interactions in coupled channels [32], and further analysis
of the D�K� interaction in a coupled-channel approach
favors the Tcs̄0ð2900Þ as a bound/virtual state [29]. Thus, in
this work we would like to study the production of
Tcs̄0ð2900Þ with the molecular scenario, which is expected
to be checked by future experiments.
As we know, many candidates of the exotic states were

observed in the decays of the B meson, and Belle and
LHCb Collaborations have accumulated many events
of B mesons, which provides an important lab to study
the hadron resonances [3,33–38]. For instance, we have
proposed to search for the open-flavor tetraquark
Tcs̄0ð2900Þþþ in the process Bþ → KþDþD− by assuming
Tcs̄0ð2900Þþþ as a D�þK�þ molecular state in Ref. [39].
According to the Review of Particle Physics (RPP) [40],
one can find that the branching fraction of the process
Bþ → D−

s π
þKþ is ð1.80� 0.22Þ × 10−4, in the same order

of magnitude with the branching fraction of the process
Bþ → D−DþKþ [ð2.2� 0.7Þ × 10−4], which implies that
it is reasonable to search for the Tcs̄0ð2900Þ in the
process Bþ → D−

s π
þKþ.

It should be pointed out that the processes Bþ →
D−

s π
þKþ and B− → Dþ

s π
−K− have been measured by

the BABAR [41] and Belle Collaborations [42], and the
D�

s K∓ invariant mass distributions exhibit strong enhance-
ments near the threshold. The same threshold enhance-
ments have also appeared in the DsK invariant mass
distribution in the processes B0 → D−

s K0
Sπ

þ and Bþ →
D−

s KþKþ [43], which could be due to the contribution
from the high pole of the D�

0ð2300Þwith two-pole structure
in the unitarized chiral perturbation theory [44,45].1

Thus, in this work we investigate the process B− →
Dþ

s K−π− by taking into account the S-wave D�þ
s ρ− and

D�0K�0 interactions, which will generate the resonance
Tcs̄0ð2900Þ. In addition, we also consider the contribution
from the S-wave pseudoscalar meson-pseudoscalar meson
interactions within the unitary chiral approach, which will
dynamically generate the resonance D�

0ð2300Þ.
This paper is organized as follows. In Sec. II, we present

the theoretical formalism of the process B− → Dþ
s K−π−.

Numerical results and discussion are shown in Sec. III.
Finally, we give a short summary in the last section.

II. FORMALISM

In this section, we present the theoretical formalism of
the process B− → Dþ

s K−π−. The reaction mechanism via
the intermediate state Tcs̄0ð2900Þ is given in Sec. II A,
while the mechanism via the intermediate stateD�

0ð2300Þ is

given in Sec. II B. Finally, we give the formalism of the
invariant mass distributions of the process B− → Dþ

s K−π−

in Sec. II C.

A. The Tcs̄0ð2900Þ role in B− → D+
s K −π −

Taking into account that Tcs̄0ð2900Þ could be explained
as the molecular state of the D�

sρ and D�K� interactions
[32], we first need to produce the states D�þ

s ρ−K− and
D�0K�0K− via the external W− emission mechanism and
the internalW− emission mechanism, as depicted in Figs. 1
and 2, respectively.
In analogy to Refs. [33,46–50], as depicted in Fig. 1(a),

the b quark of the initial B− meson weakly decays into a c
quark and a W− boson, then the W− boson decays into ūd
quarks. The ūd pair from theW− boson will hadronize into
ρ−, while the ū quark of the initial B− meson and the c
quark, together with the s̄s created from vacuum, hadronize
into K− and D�þ

s . On the other hand, as shown in Fig. 1(b),
the ūd quarks from the W− boson, together with the ss̄
created from vacuum, hadronize into K− andK�0, while the
c quark and the ū from the initial B− meson could
hadronize into the D�0.
In Fig. 2(a), the c quark from the B− and the ū from the

W− boson, together with the s̄s created from vacuum,
hadronize into D�þ

s and K−, while the d quark from the
W− boson and the ū quark of the initial B− meson, hadronize
into vector meson ρ−. On the other hand, the c quark from

(a)

(b)

FIG. 1. Quark level diagrams for the processB− → ρ−D�þ
s K− via

theW− external emission (a), and the processB− → K�0D�0K− via
the W− external emission (b).

1The state D�
0ð2300Þ was denoted as D�

0ð2400Þ in previous
versions of RPP, and more discussions about this state can be
found in the review “Heavy Non-qq̄ mesons” of RPP [40].
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the B− and the ū from the W− boson could also hadronize
into a D�0, while the d quark from the W− boson and the ū
quark of the initial B− meson, together with the s̄s created
from vacuum, hadronize into mesons K�0K−, as shown in
Fig. 2(b). It should be pointed out that the mechanisms of
Figs. 2(a) and 2(b) are 1=Nc suppressed with respect to the
ones of Fig. 1.
Then, the S-wave interactions of ρ−D�þ

s andD�0K�0 will
give rise to the Tcs̄0ð2900Þ0 state, which could decay into
the final state Dþ

s π
−, as depicted in Fig. 3. The transition

amplitude for the process B− → V1V2K− (V1V2 ¼ ρ−D�þ
s

or D�0K�0) could be written as

T̃ ¼ QðCþ 1Þϵ⃗ðV1Þ · ϵ⃗ðV2Þ; ð2Þ
where ϵ⃗ðV1Þ and ϵ⃗ðV2Þ are the polarization vectors of
ρ−D�þ

s (or D�0K�0), and we have the relation ofP
pol ϵiðVÞϵjðVÞ ¼ δij. The constant Q includes all the

dynamical factors of the weak decay of Fig. 2,2 while the
factor C ¼ 3 corresponds to the relative weight of the W−

external emission mechanism (Fig. 1) with respect to the
W− internal emission mechanism (Fig. 2) [51–54]. Thus,
one could easily obtain the expression of the Q as follows:

Q2 ≈
ΓB−BðB− → D�0K�0K−ÞR

3
ð2πÞ3

ðCþ1Þ2
4M2

B−
pK� p̃KdMinvðD�0K�0Þ

: ð3Þ

Since the branching fraction is measured to be BðB− →
D�0K�0K−Þ ¼ ð1.5� 0.4Þ × 10−3 [40], we could roughly
estimate Q2 ¼ 1.71 × 10−13 neglecting the contributions
from the possible intermediate resonances.
By taking into account the contributions from the S-wave

ρ−D�þ
s and D�0K�0 interactions of Fig. 3, the amplitude

could be expressed as

T T0
cs̄0 ¼ Qϵ⃗ðV1Þ · ϵ⃗ðV2ÞðCþ 1Þ½Gρ−D�þ

s
tρ−D�þ

s →Dþ
s π

−

þ GD�0K�0tD�0K�0→Dþ
s π

− �; ð4Þ

where Gρ−D�þ
s

and GD�0K�0 are the loop functions of the
coupled channels ρ−D�þ

s and D�0K�0, respectively, and
tρ−D�þ

s →Dþ
s π

− and tD�0K�0→Dþ
s π

− are the transition amplitudes
of ρ−D�þ

s → Dþ
s π

− and D�0K�0 → Dþ
s π

−, respectively.
Both loop functions Gi and transition amplitudes tij are
the functions of the Dþ

s π
− invariant mass MDþ

s π
− . The two-

meson loop function is given by

Gi ¼ i
Z

d4q
ð2πÞ4

1

q2 −m2
1 þ iϵ

1

ðP − qÞ2 −m2
2 þ iϵ

; ð5Þ

where m1 and m2 are the meson masses of the ith coupled
channel. q is the four-momentum of the meson 1 in the
center-of-mass frame, and P is the four-momentum of
the meson-meson system. In the present work, we use
the dimensional regularization method as indicated in
Refs. [39,51], and in this scheme, the two-meson loop
function Gi can be expressed as

Gi ¼
1

16π2

�
aðμÞ þ ln

m2
1

μ2
þ sþm2

2 −m2
1

2s
ln
m2

2

m2
1

þ jq⃗jffiffiffi
s

p ½ln ðs − ðm2
2 −m2

1Þ þ 2jq⃗j ffiffiffi
s

p Þ

þ ln ðsþ ðm2
2 −m2

1Þ þ 2jq⃗j ffiffiffi
s

p Þ
− ln ð−sþ ðm2

2 −m2
1Þ þ 2jq⃗j ffiffiffi

s
p Þ

− ln ð−s − ðm2
2 −m2

1Þ þ 2jq⃗j ffiffiffi
s

p Þ�
�
; ð6Þ

FIG. 3. The mechanisms of the process B− → Dþ
s K−π− via the

S-wave ρ−D�þ
s and D�0K�0 interactions.

(a)

(b)

FIG. 2. Quark level diagrams for the process B− → ρ−D�þ
s K−

process via the W− internal emission (a), and the process B− →
K�0D�0K− via the W− internal emission (b).

2The factorQ shouldweakly depend on the invariant mass of the
vector-vector system, which does not influence the possible peak
structure ofTcs̄0ð2900Þ. In addition, in thisworkwemainly focus on
the intermediate resonances generated by the final state interactions;
the parameter Q is assumed to be constant and independent of the
final state interactions, as done in Refs. [17,23,33–35].
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where s¼P2¼M2
invðDþ

s π
−Þ, and q⃗ is the three-momentum

of the meson in the center-of-mass frame, which reads,

jq⃗j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s − ðm1 þm2Þ2�½s − ðm1 −m2Þ2�

p
2

ffiffiffi
s

p : ð7Þ

Here we take μρ−D�þ
s

¼ μD�0K�0 ¼ 1500 MeV, and aρ−D�þ
s

¼
aD�0K�0 ¼ −1.474, which are the same as those used in the
study of the ρ−D�þ

s interaction [8,32] and the D�0K�0
interaction [32,39,55]. The transition amplitudes are
given by

tρ−D�þ
s →Dþ

s π
− ¼

gT0
cs̄0;ρ

−D�þ
s
gT0

cs̄0;D
þ
s π

−

M2
Dþ

s π
− −m2

T0
cs̄0

þ imT0
cs̄0
ΓT0

cs̄0

; ð8Þ

tD�0K�0→Dþ
s π

− ¼
gT0

cs̄0;D
�0K�0gT0

cs̄0;D
þ
s π

−

M2
Dþ

s π
− −m2

T0
cs̄0

þ imT0
cs̄0
ΓT0

cs̄0

; ð9Þ

where the mT0
cs̄0

and ΓT0
cs̄0

are given by Refs. [24,25]. The
constant gT0

cs̄0;D
�0K�0 corresponds to the coupling between

Tcs̄0ð2900Þ0 and its components D�0K�0, which could be
related to the binding energy by the Weinberg composite-
ness criterion [39,56–58],

g2T0
cs̄0;D

�K� ¼ 16πðmD� þmK� Þ2λ̃2
ffiffiffiffiffiffiffiffiffiffi
2ΔE
μ

s
; ð10Þ

where λ̃ ¼ 1 gives the probability of finding the molecular
component in the physical states. In this work we assume
Tcs̄0ð2900Þ0 as the D�K� molecular state, and neglect a
possible D�

sρ component, as done in Ref. [39]. ΔE ¼
mD� þmK� −mTcs̄0

denotes the binding energy, and μ ¼
mD�mK�=ðmD� þmK� Þ is the reduced mass. Here we obtain
gT0

cs̄0;D
�0K�0 ¼ 8809 MeV with Eq. (10).

Since the mass of Tcs̄0ð2900Þ0 is larger than the thresh-
olds of D�

sρ and Dsπ, the coupling constants gT0
cs̄0;ρ

−D�þ
s

and gT0
cs̄0;D

þ
s π

− could be obtained from the partial widths

of Tcs̄0ð2900Þ0 → ρ−D�þ
s and Tcs̄0ð2900Þ0 → Dþ

s π
−,

respectively, which could be expressed as follows:

ΓT0
cs̄0→ρ−D�þ

s
¼ 3

8π

1

m2
T0
cs̄0

jgT0
cs̄0;ρ

−D�þ
s
j2jq⃗ρj; ð11Þ

ΓT0
cs̄0→Dþ

s π
− ¼ 1

8π

1

m2
T0
cs̄0

jgT0
cs̄0;D

þ
s π

− j2jq⃗π− j; ð12Þ

where

jq⃗ρj ¼
λ1=2ðm2

T0
cs̄0
; m2

D�þ
s
; m2

ρ−Þ
2mT0

cs̄0

; ð13Þ

jq⃗π− j ¼
λ1=2ðm2

T0
cs̄0
; m2

Dþ
s
; m2

π−Þ
2mT0

cs̄0

; ð14Þ

with the Källen function λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy−
2yz − 2zx. In Ref. [59], the partial widths of decay modes
ρ−D�þ

s andDþ
s π

− were estimated to be (2.96–5.3) MeVand
(0.55–8.35) MeV, respectively. In the present work, we take
the center values of the decay widths ΓT0

cs̄0→ρ−D�þ
s

¼
4.13 MeV and ΓT0

cs̄0→Dþ
s π

− ¼ 4.45 MeV [59], from which
we can obtain the coupling constants gT0

cs̄0;ρ
−D�þ

s
¼

2007 MeV and gT0
cs̄0;D

þ
s π

− ¼ 1104 MeV, respectively.
One can find that the coupling of gT0

cs̄0D
�0K�0 is larger than

the two other couplings, which implies that the D�K�

component plays the dominant role for Tcs̄0ð2900Þ0.

B. The D�
0ð2300Þ role in B− → D+

s K −π −
In this subsection, we will consider the contribution from

the S-waveDþ
s K− final state interaction. As shown in Fig. 4,

the b quark of the initial B− weakly decays into a c quark
and a W− boson, then the W− boson subsequently decays
into a ūd quark pair, which will hadronize into a π− meson.
The c quark from the B− decay and the ū quark of the initial
B−, together with the quark pair q̄q ¼ ūuþ d̄dþ s̄s created
from the vacuum with the quantum numbers JPC ¼ 0þþ,
hadronize into hadrons pairs, as follows:

X
i

cðūuþ d̄dþ s̄sÞū ¼
X3
i¼1

P4iPi1; ð15Þ

where i ¼ 1, 2, 3 correspond to the u, d, and s quarks,
respectively, and P is the U(4) matrix of the pseudoscalar
mesons,

P ¼

0
BBBBBB@

π0ffiffi
2

p þ ηffiffi
3

p þ η0ffiffi
6

p πþ Kþ D̄0

π− − π0ffiffi
2

p þ ηffiffi
3

p þ η0ffiffi
6

p K0 D−

K− K̄0 − ηffiffi
3

p þ 2η0ffiffi
6

p D−
s

D0 Dþ Dþ
s ηc

1
CCCCCCA
;

ð16Þ

where we have taken the approximate η − η0 mixing from
Ref. [60].3

3According to RPP [40], the mixing angle is between −10° and
−20°, and a recent lattice calculations support the value θP ¼
−14.1°� 2.8° by reproducing the masses of the η and η0 [61]. In
this work, we adopt the mixing from Ref. [60], as follows:

η ∼
1ffiffiffi
3

p ðuūþ dd̄ − ss̄Þ; η0 ∼
1ffiffiffi
6

p ðuūþ dd̄þ 2ss̄Þ:
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Then, we could have all the possible pseudoscalar-
pseudoscalar pairs after the hadronization,

H ¼ π−
�

1ffiffiffi
2

p D0π0 þ 1ffiffiffi
3

p D0ηþDþπ− þDþ
s K−

�
: ð17Þ

With the isospin multiplets of (Dþ;−D0), (D̄0; D−), and
(−πþ; π0; π−), we have

D0π0 ¼ −
���� 12 ;− 1

2

�
j1; 0i

¼ −
ffiffiffi
2

3

r ���� 32 ;− 1

2

�
þ

ffiffiffi
1

3

r ���� 12 ;− 1

2

�
; ð18Þ

Dþπ− ¼
���� 12 ; 12

�
j1;−1i

¼
ffiffiffi
1

3

r ���� 32 ;− 1

2

�
þ

ffiffiffi
2

3

r ���� 12 ;− 1

2

�
; ð19Þ

1ffiffiffi
2

p D0π0 þDþπ− ¼
�
−

ffiffiffi
2

3

r
·

ffiffiffi
1

2

r
þ

ffiffiffi
1

3

r �����DπiI¼3
2

þ
� ffiffiffi

1

3

r
·

ffiffiffi
1

2

r
þ

ffiffiffi
2

3

r �����DπiI¼1
2;

¼
ffiffiffi
3

2

r
jDπiI¼1

2: ð20Þ

In the isospin basis, we can obtain the DπðI ¼ 1=2Þ,
DηðI ¼ 1=2Þ, and DsK̄ðI ¼ 1=2Þ channels

H ¼ π−
� ffiffiffi

3

2

r
Dπ þ 1ffiffiffi

3
p D0ηþDþ

s K−
�
: ð21Þ

Then, the process B− → Dþ
s K−π− decay could happen

via the tree diagram of Fig. 5(a), and the S-wave meson-
meson interaction of Fig. 5(b), and the amplitude could be
expressed as

T D�
0
ð2300Þ ¼ Q0ðCþ 1Þ

�
hDsK̄ þ

X
i

hiGiti→DsK̄

�

¼ T tree þ T S; ð22Þ

where the constant Q0 includes all the dynamical factors of
the weak decay, and i ¼ 1, 2, 3 correspond to the Dπ, Dη,
DsK̄, respectively,

hDπ ¼
ffiffiffi
3

2

r
; hDη ¼

ffiffiffi
1

3

r
; hDsK̄ ¼ 1: ð23Þ

The factor C ¼ 3 corresponds to the relative weight of the
W− external emission mechanism [Fig. 4(a)] with respect to
the W− internal emission mechanism [Fig. 4(b)]. With the
amplitude of Eq. (22), the Q0 is given by

ΓB−BðB− → Dþ
s K−π−Þ

¼ Q02
Z

1

ð2πÞ3
ðCþ 1Þ2
4M2

B−
pπp̃K

×
���hDsK̄ þ

X
i

hiGiti→DsK̄

���2dMinvðDþ
s K−Þ: ð24Þ

(a)

(b)

FIG. 5. The mechanisms of the B− → Dþ
s K−π− decay. (a) Tree

diagram and (b) the mechanism of the S-wave meson-meson
interactions.

(a)

(b)

FIG. 4. Quark level diagrams for the B−→π−cðūuþ d̄dþ s̄sÞū
process. (a) The W− external emission and (b) the W− internal
emission.
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According to the experimental measurements of
BðB− → Dþ

s K−π−Þ ¼ ð1.80� 0.22Þ × 10−4 [40], we
could roughly estimate Q02 ¼ 1.81 × 10−12.
The Gi in Eq. (22) is the loop function of the meson-

meson system, and ti→DsK̄ are the scattering matrices of the
coupled channels. The transition amplitude of ti→DsK̄ is
obtained by solving the Bethe-Salpeter equation,

T ¼ ½1 − VG�−1V: ð25Þ

The transition potential Vij is taken from Refs. [62,63],

Vij ¼
1

4f2π
Cijðs − uÞ

¼ Cij

4f2π
ð2s −m2

2 −m2
4 − 2E1E3Þ; ð26Þ

where the coefficients are given as

Cij ¼

0
BBBBB@

−2 0 −
ffiffi
3
2

q
0 0 −

ffiffi
3
2

q
−

ffiffi
3
2

q
−

ffiffi
3
2

q
−1

1
CCCCCA; ð27Þ

with fπ ¼ 93 MeV. The loop function Gi in Eq. (25) is
given by the dimensional regularization method, as shown
by Eq. (5), and we take μ¼1000MeV and a ¼ −1.88 [63].

C. Invariant mass distribution

With the above formalism, one can write down the
invariant mass distribution for B− → Dþ

s K−π−,

d2Γ
dMDþ

s K−dMDþ
s π

−
¼ 1

ð2πÞ3
2MDþ

s K−2MDþ
s π

−

32M3
B−

jT totalj2; ð28Þ

where the modulus squared of the total amplitude is

jT totalj2 ¼ jT T0
cs̄0eiϕ þ T D�

0
ð2300Þj2; ð29Þ

with a phase ϕ between the two terms. For a given value of
invariant mass M12, the range of invariant mass M23 is
determined by [40]

ðm2
23Þmin ¼ ðE�

2 þ E�
3Þ2 −

	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
2 −m2

2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
3 −m2

3

q 
2
;

ðm2
23Þmax ¼ ðE�

2 þ E�
3Þ2 −

	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
2 −m2

2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
3 −m2

3

q 
2
;

ð30Þ

where E�
2 and E

�
3 are the energies of particles 2 and 3 in the

M12 rest frame. E�
2 and E�

3 are written as

E�
2 ¼

M2
12 −m2

1 þm2
2

2M12

;

E�
3 ¼

M2
B− −M2

12 þm2
3

2M12

; ð31Þ

where m1, m2, and m3 are the masses of particles 1, 2, and
3, respectively. All of the masses and widths of the particles
are taken from the RPP [40].

III. NUMERICAL RESULTS

We first show the transition amplitude ti→DsK̄ of Eq. (25)
in Fig. 6. The red-dotted curve shows the modulus squared
of the transition amplitude tDsK̄→DsK̄ , the blue-dashed curve
shows the modulus squared of the transition amplitude
tDη→DsK̄ , and the black-solid curve shows the modulus
squared of the transition amplitude tDπ→DsK̄ . One can find
that the modulus squared of the transition amplitude
jtDπ→DsK̄j2 has two peaks around 2100 and 2450 MeV,
respectively, consistent with the conclusion of Ref. [62].
Since the lower pole is far from the DsK̄ threshold,
the enhancement structure near the DsK̄ threshold of the
process B− → Dþ

s K−π− should be mainly due to the
contribution from the high pole.
In our formalism, we only have one free parameter, the

phase ϕ of Eq. (29). Thus, we present our results of the
Dþ

s K− and Dþ
s π

− invariant mass distributions with
the different values of phase ϕ ¼ 0, 1

3
π, 2

3
π, and π in

Figs. 7 and 8, respectively. We also show the Belle
measurements on the Dþ

s K− invariant mass distribution
of the B− → Dþ

s K−π− events in Fig. 7, where the Belle data
have been rescaled for comparison [42].4 One can find that,
with different values of the phase ϕ, our results of the

FIG. 6. Modulus squared of the transition amplitudes ti→DsK̄ in
S-wave.

4The first three data of Belle are lower than our predictions,
which may be due to the lower detection efficiencies [42], and we
do not show them here.
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Dþ
s K− invariant mass distributions are in good agreement

with the Belle measurements in the region 2600–
4000 MeV, and the enhancement near the threshold should
be due to the resonance D�

0ð2300Þ. In Fig. 8, one can find a
clear peak around 2900 MeV of the Dþ

s π
− invariant mass

distribution, which could be associated to the Tcs̄0ð2900Þ,
and the line shape of the peak is distorted by the
interference with different values of phase ϕ.
However, in the high energy region of the Dþ

s K−

invariant mass distribution of Fig. 7, our results are smaller
than the Belle measurements [42], which implies that the
contribution from Tcs̄0ð2900Þ0 may be underestimated.
Thus, we take the decay width ΓT0

cs̄0→Dþ
s π

− and the phase
ϕ to be free parameters, and fit them to the Dþ

s K− invariant
mass distribution of the Belle measurements [42]
and obtain χ2=Ndof ¼ 3.39, and the fitted parameters
ΓT0

cs̄0→Dþ
s π

− ¼ð10.45�1.31ÞMeV and ϕ¼ð0.35�0.09Þπ,
where the width ΓT0

cs̄0→Dþ
s π

− ¼ 10.45� 1.31 MeV is close
to the upper limit of the prediction of Ref. [59]. With these
fitted parameters, we have shown the Dþ

s K− and Dþ
s π

−

invariant mass distributions in Figs. 9(a) and 9(b), respec-
tively. One can find that, our results of the Dþ

s K− invariant
mass distribution are in good agreement with the Belle
measurements in the region 2600–4800 MeV [42], and the
peak of the Tcs̄0ð2900Þ0 in the Dþ

s π
− invariant mass

distribution is more significant. Meanwhile, we also predict
the Dalitz plot of “MDþ

s π
−” vs “MDþ

s K−” for the process
B− → Dþ

s K−π− in Fig. 10, and one can find that
Tcs̄0ð2900Þ0 mainly contributes to the high energy region
of the Dþ

s K− invariant mass distribution. Our predictions
could be tested by future measurements.
In this work, we assume that the coupling constants

which appeared in Eqs. (8) and (9) are real and positive.
Indeed, the coupling constants could be complex, thus we
multiply the Eq. (8) by an interference phase factor eiϕ

0

FIG. 7. The Dþ
s K− invariant mass distribution of the process

B− → Dþ
s K−π− with the interference phase ϕ ¼ 0, 1

3
π, 2

3
π, and π.

Belle data have been rescaled for comparison [42].

FIG. 8. The Dþ
s π

− invariant mass distribution of the process
B− → Dþ

s K−π− with the interference phase ϕ ¼ 0, 1
3
π, 2

3
π, and π.

(a) (b)

FIG. 9. The Dþ
s K− (a) and Dþ

s π
− (b) invariant mass distributions of the process B− → Dþ

s K−π− with the fitted parameters
ΓT0

cs̄0→Dþ
s π

− ¼ 10.45 MeV and ϕ ¼ 0.35π. The Belle data are taken from the Ref. [42].
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to account for this effect. With the fitted parameters
ΓT0

cs̄0→Dþ
s π

− ¼ 10.45 MeV and ϕ ¼ 0.35π, we have pre-
sented theDþ

s K− andDþ
s π

− invariant mass distributions for
phases ϕ0 ¼ 0, 1

3
π, 2

3
π, and π in Figs. 11(a) and 11(b),

respectively. One can find that the Dþ
s K− invariant mass

distribution has a minor change, and the strength of the Tcs̄0
has some change. However, the most important finding is
that the peak position does not change, and is always very
clear for different values of phase ϕ0.
One may note that the amplitude T D�

0
ð2300Þ of Eq. (22)

has two terms, T tree and T S. Since Giti→DsK̄, involved in
the term T S, has included the dynamical information and is
complex, the extra phase factor between T tree and T S is not
needed. However, in Fig. 12, we also show the results of the
Dþ

s K− and Dþ
s π

− invariant mass distributions by multi-
plying T tree by an extra phase factor eiα. One could find the
line shapes of the Dþ

s K− invariant mass distribution with

FIG. 10. The Dalitz plot of “MDþ
s π

−” vs “MDþ
s K−” for the

process B− → Dþ
s K−π− with the fitted parameters ΓT0

cs̄0→Dþ
s π

− ¼
10.45 MeV and ϕ ¼ 0.35π.

(a) (b)

FIG. 11. The Dþ
s K− (a) and Dþ

s π
− (b) invariant mass distributions of the process B− → Dþ

s K−π− with the fitted parameters
ΓT0

cs̄0→Dþ
s π

− ¼ 10.45 MeV and ϕ ¼ 0.35π, where the phase ϕ0 is taken to be ϕ0 ¼ 0, 1
3
π, 2

3
π, and π, respectively. The Belle data are taken

from Ref. [42].

(a) (b)

FIG. 12. The Dþ
s K− (a) and Dþ

s π
− (b) invariant mass distributions of the process B− → Dþ

s K−π− with the fitted parameters
ΓT0

cs̄0→Dþ
s π

− ¼ 10.45 MeV and ϕ ¼ 0.35π, where the phase α is taken to be α ¼ 0, 1
3
π, 2

3
π, and π, respectively. The Belle data are taken

from Ref. [42].
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nonzero α are significantly different with the experimental
data, which implies that one does not need to consider the
extra phase factor between T tree and T S.
In Ref. [43], the Belle Collaboration reported the D−

s K0
s

invariant mass distribution of the process B0 → D−
s K0

sπ
þ.

With the same formalism as given in this work, we
could determine the corresponding Q2 ¼ 1.59 × 10−13

and Q02 ¼ 1.02 × 10−12 with the branching fractions
BðB0→D�K�KÞ¼ð1.29�0.33Þ×10−3 [40] and BðB0→
D−

s K0
sπ

þÞ¼ð0.47�0.06�0.05Þ×10−4 [43]. Furthermore,
we obtain χ2=Ndof ¼ 0.95, and ΓT0

cs̄0→Dþ
s π

− ¼ ð4.99�
0.01Þ MeV and ϕ ¼ ð−0.64� 0.61Þπ by fitting to the
Belle data. The fitted width is in agreement with the result
of Ref. [59], and we show the D−

s K0
s and D−

s π
þ invariant

mass distributions in Fig. 13. One can find that our
prediction of the D−

s K0
s invariant mass distribution is in

good agreement with the Belle data [43], and one peak
around 2900 MeV is expected to be observed in the D−

s π
þ

invariant mass distribution.

IV. CONCLUSIONS

Recently, the LHCb Collaboration reported their ampli-
tude analysis of the processes B0 → D̄0Dþ

s π
− and Bþ →

D−Dþ
s π

þ, where two states Tcs̄0ð2900Þ0 and Tcs̄0ð2900Þþþ
were observed in the Dsπ invariant mass distributions.
The resonance parameters of these two resonances indicate
that they are two of the isospin triplet. Motivated by those
observations of the LHCb, we propose to search for the
state Tcs̄0ð2900Þ0 in the process B− → Dþ

s K−π−.
In the picture of Tcs̄0ð2900Þ as a D�K� molecular state,

we have investigated the process B− → Dþ
s K−π− by taking

into account the S-wave D�
sρ and D�K� interactions, and

the S-wave pseudoscalar meson-pseudoscalar meson inter-
actions, which dynamically generate the resonance

D�
0ð2300Þ. We have found that there is a near-threshold

enhancement in the Dþ
s K− invariant mass distribution,

which is in good agreement with the Belle measurements.
Indeed, this enhancement structure is mainly due to the
high pole of the D�

0ð2300Þ. In addition, a clear peak
structure appears around 2900 MeV in the Dþ

s π
− invariant

mass distribution, which should be associated to the
Tcs̄0ð2900Þ.
Considering that our predictions for the Dþ

s K− invariant
mass distribution are lower than the Belle measurements in
the high energy region, we take the decay width ΓT0

cs̄0→Dþ
s π

−

and the phase between two amplitudes ϕ to be free
parameters, and obtain ΓT0

cs̄0→Dþ
s π

− ¼ð10.45�1.31ÞMeV
and ϕ ¼ ð0.35� 0.09Þπ by fitting to Belle measurements.
Our new results show a more significant peak of
Tcs̄0ð2900Þ in the Dþ

s π
− invariant mass distribution.

Furthermore, we have also discussed the effects of the
interference phase between the coupling constants.
With the formalism presented in this work, we have also

analyzed the Belle measurements about the process
B0 → D−

s K0
sπ

þ. With the fitted parameters ΓT0
cs̄0→Dþ

s π
− ¼

ð4.99� 0.01Þ MeV and ϕ ¼ ð−0.64� 0.61Þπ, our predic-
tion of the D−

s K0
s invariant mass distribution are in agree-

ment with the Belle measurements, and one peak around
2900MeV is expected to be observed in theD−

s π
þ invariant

mass distribution.
In summary, within some theoretical approximation,

our results of the Dþ
s K− invariant mass distribution could

well reproduce near-threshold enhancement structure
observed by Belle Collaboration, and the predictions of
the Tcs̄ð2900Þ peak in the Dþ

s π
− could be tested by the

LHCb and Belle II experiments in the future. The more
precise measurements of the process B− → Dþ

s K−π−

would shed light on the nature of the Tcs̄0ð2900Þ0
resonance.

(a) (b)

FIG. 13. The D−
s K0

s (a) and D−
s π

þ (b) invariant mass distributions of the process B0 → D−
s K0

sπ
þ with the fitted parameters

ΓT0
cs̄0→Dþ

s π
− ¼ 4.99 MeV and ϕ ¼ −0.64π. The Belle data are taken from Ref. [43].
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