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We perform a theoretical study of the decay process ϒ → D−B̄0Dþ
s in search of the doubly heavy

tetraquark states Tbcs̄ with quark content bcs̄ d̄. These Tbcs̄ states are assumed to be dynamically generated

molecular states from the S-wave interactions between B̄ð�Þ0
s Dð�Þþ and B̄ð�Þ0Dð�Þþ

s meson pairs. Based on
the total angular momentum and the type of the constituent mesons (pseudoscalars P or vectors V), they are

labeled as T0;PP
bcs̄ , T0;VV

bcs̄ , and T2;VV
bcs̄ , respectively. The B̄0Dþ

s invariant mass distribution for this decay is
calculated using current algebra, incorporating contributions from Tbcs̄ states arising from final-state
interactions. Our results reveal a clear peak structure in the 7415–7425 MeV region, which is attributed to

the T2;VV
bcs̄ state. Additionally, a distinct dip structure appears near the B̄�0D�þ

s threshold, characteristic of the

T2;VV
bcs̄ as a hadronic molecular state. A near-threshold enhancement associated with the T0;PP

bcs̄ state and a dip

arising from the T0;VV
bcs̄ state are also identified, though the manifestation of these features depends

sensitively on model parameter fine-tuning. Therefore, with increased experimental statistics, the decay
channel ϒ → D−B̄0Dþ

s offers a promising avenue for discovering and characterizing the Tbcs̄ states.

DOI: 10.1103/jxjc-mzj7

I. INTRODUCTION

QCD, the fundamental theory of the strong interaction,
predicts the existence of conventional hadrons—mesons
composed of quark-antiquark pairs and baryons made of
three quarks. However, the discovery of candidates of
exotic hadrons [1–13], such as tetraquarks [14–30] and
pentaquarks [31–34], has challenged this traditional picture,
revealing a richer structure in the nonperturbative regime of
QCD. These states, which cannot be accommodated within
the naive quark model, have become central to modern
hadron physics, offering unique insights into quark-gluon
dynamics and the mechanisms of hadronic spectroscopy.
Among them, tetraquark candidates, composed of two
quarks and two antiquarks, are of particular interest due
to the role of hadronic molecular configurations. The study
of such states is essential for completing the QCD hadron
spectrum and understanding the dynamics of hadronic
formation.
Recent experimental observations, notably the observa-

tion of the Tcc tetraquark state [35,36], have provided
compelling evidence for the existence of doubly heavy
tetraquarks. Theoretical interpretations of Tcc state span a

range of possibilities, including compact tetraquark struc-
tures and loosely bound hadronic molecules formed via
meson exchange [37–40]. Guided by heavy quark sym-
metry, which suggests universal behavior across systems
with different heavy quark content, the existence of Tbcs̄
tetraquark states composed of b, c, s̄, and q̄ (q ¼ u, d) has
been proposed. In our previous work [41], we studied the
Tbcs̄ states as hadronic molecules within the extended local
hidden gauge approach by solving the Bethe-Salpeter
equation for the B̄sD, B̄Ds, B̄�

sD, B̄�Ds, B̄sD�, B̄D�
s ,

B̄�
sD�, and B̄�D�

s systems. Six dynamically generated poles
were found below respective thresholds, with quantum
numbers JP ¼ 0þ, 1þ, and 2þ, and binding energies of
approximately 10–20 MeV using a cutoff momentum
of qmax ¼ 600 MeV. In the present work, we adopt the
notation TJ;ab

bcs̄ , where J denotes the total angular momen-
tum and a, b represent the types of the constituent mesons
(P for pseudoscalar mesons, V for vector mesons).
Accordingly, those poles corresponding to the Tbcs̄ states
are labeled as T0;PP

bcs̄ , T1;VP
bcs̄ , T1;VP0

bcs̄ , T0;VV
bcs̄ , T1;VV

bcs̄ , and T2;VV
bcs̄ .

Specifically, the VP constituent refers to the B̄�
sD and B̄�Ds

systems, whereas the VP0 constituent corresponds to the
B̄sD� and B̄D�

s systems. The study of Tbcs̄ states is not only
crucial for verifying the universality of tetraquark configu-
rations but also for establishing a comprehensive framework
for exotic hadron spectroscopy.
Weak decays of heavy hadrons have proven to be fertile

grounds for studying exotic hadrons [42–47]. Theϒmeson, a
bottomonium state, provides a particularly clean environment
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for probing doubly heavy tetraquarks through its weak
decays. In Ref. [43], the production of charmed hadronic
molecules in B-meson decays was analyzed using current
algebra and QCD sum rules. Similarly, the Tbcs̄ states can
be accessed via the weak decay of ϒ, where the b̄ quark
undergoes a Cabibbo-favored transition b̄ → c̄þ cs̄,
accompanied by the creation of a light quark-antiquark
pair from the vacuum. This process yields a final state with
quark content bc̄cs̄qq̄, where q denotes light quarks.
Given the molecular interpretation of Tbcs̄ arising from

Dð�Þþ
s B̄ð�Þ0 and Dð�ÞþB̄ð�Þ0

s interaction, the relevant final-

state configuration is ½Dð�Þþ
s B̄ð�Þ0=Dð�ÞþB̄ð�Þ0

s �Dð�Þ−. As the
TVV
bcs̄ states are dynamically generated hadronic molecules

lying just below the corresponding meson-pair thresholds,
they are expected to manifest primarily as near-threshold
enhancements in the B̄�0D�þ

s or B̄�0
s D�þ invariant mass

spectra. However, the TVV
bcs̄ states can also be observed

indirectly in the B̄0Dþ
s or B̄0

sDþ invariant mass distribution
as distinct peaklike structures. This feature allows us to
extract the mass and width of the TVV

bcs̄ states from the B̄0Dþ
s

or B̄0
sDþ invariant mass spectrum. Therefore, in this work,

we focus on the decay ϒ → D−B̄0Dþ
s . The Tbcs̄ states with

quantum numbers 0þ and 2þ are expected to appear as
enhancements in the B̄0Dþ

s invariant mass distribution, while
the 1þ states would not appear in this channel.
A key advantage of this channel is the absence of known

resonance structures in theD−B̄0 andD−Dþ
s invariant mass

spectra. The kinematic limits for this decay are

7248 MeV < mB̄0Dþ
s
< 7591 MeV;

3838 MeV < mD−Dþ
s
< 4181 MeV;

7149 MeV < mD−B̄0 < 7492 MeV:

The D−Dþ
s system has quark content c̄ds̄c, corresponding

to a Zcs-like state, which must have quantum numbers JP ¼
evenþ or odd−. No well-established resonance state sat-
isfying these criteria has been reported in Ref. [48]. The
D−B̄0 system, with quark content c̄dd̄b, could in principle
support a Bc-like hadron. However, no well-established
Bc-like state satisfying the required criteria has been
identified. As discussed in Ref. [49], such systems may
form shallow molecular bound states, but no such state has
been observed experimentally. Therefore, in the present
study we focus on the manifestation of the Tbcs̄ states in the
B̄0Dþ

s invariant mass distribution and set aside the con-
tributions from the potential resonances in the D−B̄0 and
D−Dþ

s invariant mass spectra, as their influence in the
relevant kinematic regions is expected to be limited.
The ϒ meson resides below the open-bottom threshold

(Mϒ < 2MB), which prevents the decay into BB̄ pairs. As
a bb̄ quarkonium state, its dominant decay mechanism
proceeds via annihilation into three gluons, yielding hadronic
final states through strong interactions. Electromagnetic

decays constitute a subdominant channel [50], while weak
decays are further suppressed by both the hierarchy of
fundamental interactions and competition with strong and
electromagnetic processes. A comparable suppression pat-
tern is observed in charmonium: recent measurements at the
Beijing Spectrometer (BESIII) experiment establish only
upper limits on weak decay modes of the J=ψ [51].
Consequently, the experimental observation of ϒ weak
decays remains a challenge with current detector sensitivity
and luminosity. Verification of theoretical predictions for
such processes will necessitate future high-statistics experi-
ments at next-generation colliders.
In this work, we investigate the weak decay processϒ →

D−B̄0Dþ
s to probe the Tbcs̄ tetraquark states. First, we apply

current algebra to model the quark-level dynamics of the
ϒ weak decay. Next, we incorporate the contribution of the
Tbcs̄ states as intermediate resonances dynamically gen-
erated through final-state interactions. Finally, under two
sets of parameters, we compute the B̄0Dþ

s invariant mass
distribution in this decay.
The paper is organized as follows: in Sec. II, we present

the theoretical framework, including the quark-level
description of the ϒ weak decay and the relevant hadron-
level Feynman diagrams. In Sec. III, we show and discuss
the structures in the invariant mass distributions. Finally, a
summary is given in Sec. IV. The mass, width, and coupling
strengths of the Tbcs̄ states to relevant hadronic channels are
evaluated and summarized in Appendix.

II. FORMALISM

In this section, we present the theoretical formalism
employed in the present study. We begin by describing
the process ϒ → D−B̄0Dþ

s using current algebra. This
approach has been successfully applied in Ref. [43] to
systematically investigate the production of hadronic mole-

cular states such as Dð�ÞD̄ð�Þ, Dð�ÞK̄ð�Þ, and Dð�ÞDð�Þ−
s in

B-meson decays.
As illustrated in Fig. 1(a), the initial ϒ state has quark

content b̄b. In its decay, the b̄ quark first undergoes a
Cabibbo-favored transition b̄ → c̄þWþ, with the Wþ
boson subsequently decaying into a s̄c quark pair. The
resulting system s̄cc̄b then hadronizes by incorporating an
isoscalar quark-antiquark pair ūuþ d̄dþ s̄s from the
vacuum. The final-state hadrons are formed accordingly,
leading to the following possible configurations:

ϒ ¼ b̄b → s̄cc̄b → s̄cc̄ðuūþ dd̄þ ss̄Þb
→ Dð�Þþ

s D̄ð�Þ0Bð�Þ− þDð�Þþ
s Dð�Þ−B̄ð�Þ0

þDð�Þþ
s Dð�Þ−

s B̄ð�Þ0
s þ � � � : ð1Þ

Thus, the tetraquark molecular states Tbcs̄ can naturally

manifest in the final statesDð�Þþ
s D̄ð�Þ0Bð�Þ− orDð�Þþ

s Dð�Þ−×
B̄ð�Þ0. In this study, we focus on the Tbcs̄ states with quark
content bcs̄ d̄, which corresponds specifically to the final
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state ½Dð�Þþ
s B̄ð�Þ0�Dð�Þ−. To maximize the phase space and

thereby obtain as many events experimentally as possible,
we choose the decay final state to be ½Dþ

s B̄0�D−. We also
consider the rescattering contribution via the intermediate
process ϒ → D−B̄�0D�þ

s → D−B̄0Dþ
s . This is motivated

by the fact that the TVV
bcs̄ states, dynamically generated from

vector-vector interactions, strongly couple to the B̄�D�
s and

B̄�
sD� channels. Including the ϒ → D−B̄�0D�þ

s transition is
therefore essential for properly accounting for the influ-
ence of these intermediate states on the B̄0Dþ

s invariant
mass distribution.
The internal emission mechanism depicted in Fig. 1(b)

can also produce the ½Dð�ÞþB̄ð�Þ0
s �Dð�Þ− final state, where

Dð�ÞþB̄ð�Þ0
s forms an important component of the Tbcs̄

molecular states with the same quark content bcs̄ d̄ [41].
This production mechanism involved internal emission
leads to a color suppression factor of 1=3. Therefore, for
the sake of simplicity, we consider only the contribution
from Fig. 1(a) in this work.
We shall develop the Fierz rearrangement in Sec. II A to

describe the production mechanisms depicted in Fig. 1(a),
and further consider the production of the Tbcs̄ states
through final-state interactions, ultimately presenting the
dominant Feynman diagrams for the processϒ → D−B̄0Dþ

s
in Sec. II B.

A. Fierz rearrangement

To describe the production mechanism depicted in
Fig. 1(a), we employ the color rearrangement identity
δabδef ¼ 1

3
δafδeb þ 1

2
λnafλ

n
eb, and apply the Fierz transfor-

mation to exchange the quarks qf and bb in the Dirac spinor
space, as shown in Eqs. (2)–(6), as follows:

ϒ ⟶ Jϒ ¼ ½δabb̄aγμbb� ð2Þ

⟶
weak½δabc̄aγρð1 − γ5Þγμbb� × ½δcds̄cγρð1 − γ5Þcd� ð3Þ

⟶
QPC½δabc̄aγρð1 − γ5Þγμbb� × ½δcds̄cγρð1 − γ5Þcd�

× ½δefq̄eqf� ð4Þ

⟶
color δafδebδcd

3
× ½c̄aγρð1 − γ5Þγμbb� × ½s̄cγρð1 − γ5Þcd�

× ½q̄eqf� þ � � � ð5Þ

⟶
Fierz∶bb↔qf

−
1

12
× ½δafc̄aγρð1− γ5Þqf�× ½δebq̄eγμð1þ γ5Þbb�

× ½δcds̄cγρð1− γ5Þcd�−
1

12
× ½δafc̄að1þ γ5Þqf�

× ½δebq̄eð1þ γ5Þbb�× ½δcds̄cγμð1− γ5Þcd�

−
i
12

× ½δafc̄aσμρð1þ γ5Þqf�× ½δebq̄eð1þ γ5Þbb�

× ½δcds̄cγρð1− γ5Þcd�−
i
12

× ½δafc̄að1þ γ5Þqf�
× ½δebq̄eσμρð1þ γ5Þbb�× ½δcds̄cγρð1− γ5Þcd�

þ 1

12
× ½δafc̄aσνρð1þ γ5Þqf�× ½δebq̄eσμνð1þ γ5Þbb�

× ½δcds̄cγρð1− γ5Þcd� þ
i
12

× ½δafc̄aγlð1− γ5Þqf�
× ½δebq̄eγνð1þ γ5Þbb�× ½δcds̄cγρð1− γ5Þcd�ϵμνρl
−

1

12
× ½δafc̄aγνð1− γ5Þqf�× ½δebq̄eγνð1þ γ5Þbb�

× ½δcds̄cγμð1− γ5Þcd� þ
1

12
× ½δafc̄aγμð1− γ5Þqf�

× ½δebq̄eγρð1þ γ5Þbb�× ½δcds̄cγρð1− γ5Þcd�
þ � � � : ð6Þ
A brief explanation of the Fierz rearrangement in Eq. (6)

is as follows: Equation (3) describes the Cabibbo-favored
weak decay process b̄ → c̄þ s̄c through the V − A current.
Equation (4) accounts for the creation of a quark-antiquark
pair q̄q from the vacuum via the 3P0 quark pair creation
mechanism. Equation (5) applies the color rearrangement
identity δabδef ¼ 1

3
δafδeb þ 1

2
λnafλ

n
eb to project the system

into the appropriate color-singlet configurations. The � � �
represents contributions from the color-octet configurations,
which are neglected in the present work. Finally, Eq. (6)
incorporates the Fierz transformation to interchange the
qf and bb quarks in Dirac spinor space, thereby placing
the quarks into the current operators corresponding to the
appropriate hadronic final states.

B. Decay amplitude

In the previous subsection, we applied Fierz rearrange-
ment to describe the quark-level mechanism corresponding
to Fig. 1(a), which allows the resulting quark-level con-
figuration from the weak transition to be expressed in terms
of a set of local quark current operators listed in Eq. (6).
By matching the quark content and quantum numbers of
the current operators to the desired final-state hadrons,
D−B̄0Dþ

s and D−B̄�0D�þ
s , we can establish a direct con-

nection between the quark-level dynamics and the physical
hadronic decay process.
Pseudoscalar mesons D, Ds, and B couple to both axial-

vector and pseudoscalar currents, as described by the
matrix elements
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h0jq̄γμγ5q0jPðqÞi ¼ iqμfP; ð7Þ

h0jq̄iγ5q0jPðqÞi ¼ λP; ð8Þ

where fD ¼ 212 MeV [48], fDs
¼ 250 MeV [48], and

fB ¼ 190 MeV [48] are the meson decay constants. The
parameter λP is related to the decay constant and meson
mass via λD ¼ fDm2

D=mc and λB ¼ fBm2
B=mb, with the

current quark masses taken as mc ¼ 1270 MeV and mb ¼
4180 MeV [48].
Vector mesons D�

s and B� couple to vector and tensor
currents through the following matrix elements:

h0jq̄γμq0jVðϵ; qÞi ¼ mVfVϵμ; ð9Þ

h0jq̄σμνq0jVðϵ; qÞi ¼ ifTVðqμϵν − qνϵμÞ; ð10Þ

h0jq̄σμνγ5q0jVðϵ; qÞi ¼ −
1

2
ϵμναβfTVðqαϵβ − qβϵαÞ; ð11Þ

where fD�
s
¼ 301 MeV [52] and fB� ¼ 213 MeV [53]. For

the tensor decay constant fTB� , we use the approxima-
tion fTB� ≃ fB� · ðfTJ=ψ=fJ=ψÞ, with fTJ=ψ ¼ 410 MeV and

fJ=ψ ¼ 418 MeV [54]. These couplings allow the quark-
level currents to be matched onto physical hadronic states,
enabling the calculation of decay amplitudes in terms of
measurable hadronic parameters.
By combining the current operators with the hadronic

coupling formulas given in Eqs. (7)–(11), we extract from
Eq. (6) the direct decay amplitude for the process
ϒ → D−B̄0Dþ

s , as follows:

hϒðϵ0; pÞjD̄ðp3ÞB̄ðp2ÞDþ
s ðp1Þi

¼ ia1
12

fDfBfDs
A1 −

ia1
12

λDλBfDs
ϵ0 · p1; ð12Þ

A1 ¼ pρ
1p

ν
2ðϵ0ρp3ν þ ϵ0νp3ρ − gρνϵ0 · p3 − iϵμνρlϵ

μ
0p

l
3Þ;
ð13Þ

as well as the amplitude for the vector-vector final state
ϒ → D−B̄�0D�þ

s , as follows:

hϒðϵ0; pÞjD̄ðp3ÞB̄�ðϵ2; p2ÞD�þ
s ðϵ1; p1Þi

¼ ia1
12

fDfB�fD�
s
mB�mD�

s
A2 −

ia1
12

λDfTB�fD�
s
mD�

s
A3; ð14Þ

A2 ¼ ϵ1 · p3ϵ2 · ϵ0 þ ϵ2 · p3ϵ0 · ϵ1 − ϵ0 · p3ϵ1 · ϵ2

− iϵμνρσϵ
μ
0ϵ

ν
2ϵ

ρ
1p

σ
3; ð15Þ

A3 ¼
�
pμ
2ϵ

ρ
2 − pρ

2ϵ
μ
2 þ

i
2
ϵμραβ

�
pα
2ϵ

β
2 − pβ

2ϵ
α
2

��
ϵμ0ϵ

ρ
1: ð16Þ

In the equation, we introduce an overall factor a1, which
incorporates contributions from three distinct sources:
(a) the coupling between ϒ and the current Jϒ, (b) the
coupling strength of the weak interaction process, and
(c) the probability of quark-antiquark pair creation from the
vacuum via the 3P0 mechanism.
We can now construct the Feynman diagrams represent-

ing the dominant contributions to the process ϒ →
D−B̄0Dþ

s , as illustrated in Fig. 2. In this framework,
we include the states T0;PP

bcs̄ , T0;VV
bcs̄ , and T2;VV

bcs̄ as inter-
mediate resonances. Specifically, T0;PP

bcs̄ denotes the scalar
resonance dynamically generated from the S-wave inter-
action of B̄0

sDþ − B̄0Dþ
s system, while T0;VV

bcs̄ and T2;VV
bcs̄

correspond to the JP ¼ 0þ and 2þ resonances arising from
the S-wave interaction of B̄�0

s D�þ − B̄�0D�þ
s system,

respectively. The properties of these states have been
investigated in our previous work [41] and are further
detailed in Appendix.
The tree-level decay amplitude corresponding to Fig. 2(a)

and derived from Eq. (12) is given by

(a)

(b)

FIG. 1. Quark-level diagrams for the process ϒ → bc̄þ
Wþ → bc̄ s̄ cðq̄qÞ, including (a) external emission diagram and
(b) internal emission diagram.
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iMa
tree ¼ C1A1 − C2ϵ0 · p1; ð17Þ

where C1 ¼ a1
12
fDfBfDs

and C2 ¼ a1
12
λDλBfDs

.
The rescattering contributions via the intermediate Tbcs̄

states in the B̄0Dþ
s channel are described by the loop

amplitudes

iMb
loop ¼ i

Z
d4q1
ð2πÞ4

C1A4 −C2ϵ0 · q1
ðq21 −m2

1 þ iϵÞððP12 − q1Þ2 −m2
2 þ iϵÞ

×
g2X1

m2
12 −w2

X1

; ð18Þ

iMc
loop ¼ i

Z
d4q1
ð2πÞ4

C1A4 −C2ϵ0 · q1
ðq21 −m2

1 þ iϵÞððP12 − q1Þ2 −m2
2 þ iϵÞ

×
g2X2

m2
12 −w2

X2

; ð19Þ

iMd
loop ¼ i

Z
d4q1
ð2πÞ4

ðC1A4 −C2ϵ0 · q1Þqμ1qν2
ðq21 −m2

1 þ iϵÞððP12 − q1Þ2 −m2
2 þ iϵÞ

×
g2X3

m2
12 −w2

X3

P2
μνρσp

ρ
1p

σ
2; ð20Þ

A4 ¼ qρ1q
ν
2ðϵ0ρp3ν þ ϵ0νp3ρ − gρνϵ0 · p3 − iϵμνρlϵ

μ
0p

l
3Þ;
ð21Þ

where P2
μνρσ ¼ 1

2
ðP1

μρP1
νσ þ P1

μσP1
νρÞ − 1

3
P1

μνP1
ρσ is the

spin-2 projection operator, with P1
μν ¼ −gμν þ qμqν=q2.

For these loop amplitudes, the contributions from the Tbcs̄
intermediate states are introduced through the effective
Lagrangians in Eqs. (A13) and (A15).
As previously discussed, the final state D−B̄0Dþ

s can
also be reached through rescattering via the vector inter-
mediate state B̄�0D�þ

s , particularly when the amplitude for
ϒ → D−B̄�0D�þ

s is comparable to the direct tree-level
process for ϒ → D−B̄0Dþ

s . This mechanism enhances
the sensitivity to the T0;VV

bcs̄ and T2;VV
bcs̄ resonances, which

(a) (b)

(d)(c)

(e) (f)

FIG. 2. Feynman diagrams for the process ϒ → D−B̄0Dþ
s . (a) Direct production via the tree-level mechanism. (b), (c), and (d):

Rescattering contributions mediated by the intermediate states T0;PP
bcs̄ , T0;VV

bcs̄ , and T2;VV
bcs̄ in the B̄0Dþ

s final state, respectively. (e) and (f):
Contributions from T0;VV

bcs̄ and T2;VV
bcs̄ via the B̄�0D�þ

s intermediate channel, which subsequently undergoes hadronic transitions to the
final B̄0Dþ

s state.
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couple strongly to the vector-vector channel B̄�0D�þ
s . We therefore include the loop amplitudes for the diagrams in

Figs. 2(e) and 2(f), as follows:

iMe
loop ¼ i

Z
d4q1
ð2πÞ4

A5ð−gαγ þ q1αq1γ
m2

1

Þð−gβγ þ q2βq2γ
m2

2

Þ
ðq21 −m2

1 þ iϵÞððP12 − q1Þ2 −m2
2 þ iϵÞ

1ffiffi
3

p g0X2
gX2

m2
12 − w2

X2

; ð22Þ

iMf
loop ¼ i

Z
d4q1
ð2πÞ4

A5ð−gαμ þ q1αq1μ
m2

1

Þð−gβν þ q2βq2ν
m2

2

Þ
ðq21 −m2

1 þ iϵÞððP12 − q1Þ2 −m2
2 þ iϵÞ

g0X3
gX3

m2
12 − w2

X3

P2
μνρσp

ρ
1p

σ
2; ð23Þ

A5 ¼ C3ðpα
3ϵ

β
0 þ pβ

3ϵ
α
0 − ϵ0 · p3gαβÞ

− C4ðϵ0 · q2gαβ − qα2ϵ
β
0Þ; ð24Þ

where C3 ¼ a1
12
fDfB�fD�

s
mB�mD�

s
and C4 ¼ a1

12
λDfTB�fD�

s
×

mD�
s
. It is worth noting that a special factor of 1ffiffi

3
p appears in

Eq. (22), which originates from the normalization choice
made in our calculation of the coupling constants in
Appendix. For the coupling of T0;VV

bcs̄ and T2;VV
bcs̄ states to

the vector-vector states (VV), we adopt the following form:

LVVT0;VV
bcs̄

¼ 1ffiffiffi
3

p gVμVμT0
bcs̄; ð25Þ

LVVT2;VV
bcs̄

¼ gVμVνT
2;μν
bcs̄ : ð26Þ

In Eqs. (17)–(24), the wX1
, wX2

, and wX3
appearing in the

denominator of the Breit-Wigner form are the pole posi-
tions of the T0;PP

bcs̄ , T0;VV
bcs̄ , and T2;VV

bcs̄ states, respectively. The
coupling constants gX1

, gX2
, and gX3

represent the couplings
of T0;PP

bcs̄ , T0;VV
bcs̄ , and T2;VV

bcs̄ to the B̄0Dþ
s channel, respec-

tively. The couplings g0X2
and g0X3

denote the corresponding
couplings to the B̄�0D�þ

s channel. All these pole positions
and couplings are determined in Appendix based on the
molecular picture.
Another crucial aspect of our analysis is the regulariza-

tion of the loop diagrams. The amplitudes Mb
loop, M

c
loop,

Md
loop, M

e
loop, and Mf

loop involve loop integrals that are
ultraviolet divergent and must be regularized to yield
physically meaningful results.
A commonly used approach is the three-momentum

cutoff scheme (CO), which was employed in our previous
study [41] to determine the pole positions and coupling
strengths of the Tbcs̄ states. In this scheme, the loop integral
is evaluated by first integrating over the energy component
q0, followed by imposing a cutoff qmax on the three-
momentum magnitude: jq⃗j < qmax.
However, to better preserve the underlying field-theo-

retic structure, we adopt dimensional regularization (DR) in
this work. In order to maintain consistency with the results
of Ref. [41], we determine the subtraction constants such

that the finite part of the loop amplitude at threshold
matches that obtained with the three-momentum cutoff
scheme. Specifically, we impose the condition

Mfinite
DR ðsÞjs¼ðm1þm2Þ2 ¼ Mfinite

CO js¼ðm1þm2Þ2 ; ð27Þ

where Mfinite
CO js¼ðm1þm2Þ2 denotes the finite amplitude in the

CO scheme evaluated at threshold. This matching pro-
cedure ensures consistency with our earlier determination
of the properties of the Tbcs̄ states, while extending the
validity of the amplitude to a broader energy range.

C. Invariant mass distribution

The total amplitude for the process ϒ → D−B̄0Dþ
s is

constructed by summing the contributions from both the
direct tree-level decay and the rescattering mechanisms
mediated by intermediate resonance states. It is given by

Mtotal ¼ Ma
tree þMb

loop þMc
loop þMd

loop

þMe
loop þMf

loop; ð28Þ

where Ma
tree represents the direct production amplitude,

while the loop amplitudes Mb
loop–M

f
loop account for the

rescattering effects via intermediate Tbcs̄ states in both the
B̄0Dþ

s and B̄�0D�þ
s channels, as derived in the previous

section. These contributions collectively encode the
dynamical effects of the T0;PP

bcs̄ , T0;VV
bcs̄ , and T2;VV

bcs̄ resonan-
ces, allowing us to probe their imprints in the invariant
mass spectrum.
The differential decay width for a 1 → 3 body process is

given by the standard phase-space formula

dΓ
dm2

12dm
2
23

¼ 1

ð2πÞ3
1

32M3
ϒ
jM̄totalj2: ð29Þ

III. RESULTS AND DISCUSSIONS

In this section, we perform numerical calculations using
two distinct schemes, corresponding to the two sets of
parameters determined in Appendix A 1 and A 2, respec-
tively. These parameters include the pole positions of the
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potential Tbcs̄ molecular states and their coupling strengths
to the relevant hadronic channels.
In Scheme I, the finite part of the loop amplitude is

obtained by matching the dimensional regularization
results to the three-momentum cutoff scheme at threshold,
as specified by Eq. (27). To maintain consistency with the
analysis in Appendix A 1, the three-momentum cutoff is set
to qmax ¼ 450 MeV in that scheme. The pole positions and
coupling constants of the Tbcs̄ states used in this scheme are
taken from Eq. (A19) and Table I in Appendix A 1.
In Fig. 3, we show the B̄0Dþ

s invariant mass distribution.
As seen in Fig. 3(a), the overall shape of the distribution is
smooth, with two notable structures: a sharp peak near
7425 MeV and a dip located at the B̄�0D�þ

s threshold.
The dominant contribution comes from the tree-level

diagram, denoted as ta. This explains the generally smooth
behavior of the spectrum. The peak at 7425 MeV is

primarily due to the T2;VV
bcs̄ state. Specifically, the rescatter-

ing process ϒ→D−B̄�0D�þ
s →D−T2;VV

bcs̄ →D−B̄0Dþ
s , rep-

resented by the red dashed line tf, gives a significantly
larger contribution. The dip at the B̄�0D�þ

s threshold arises
from the interplay between the enhanced rescattering
amplitude tf and the tree-level amplitude ta.
In comparison, the amplitude tc, corresponding to

ϒ→D−B̄0Dþ
s →D−T0;VV

bcs̄ →D−B̄0Dþ
s , is about five times

smaller than tf. Since T
0;VV
bcs̄ has a mass and width very close

to those of T2;VV
bcs̄ (see Table I), its individual contribution is

difficult to resolve in the spectrum. We also examine the
contribution from tb, which corresponds to the process
ϒ → D−B̄0Dþ

s → D−T0;PP
bcs̄ → D−B̄0Dþ

s . While tb is siz-
able near threshold and comparable in magnitude to ta in that
region, no significant threshold enhancement emerges after
interference. This suggests that, for the current parameter
choice with qmax ¼ 450 MeV, the B̄0Dþ

s component in the
T0;PP
bcs̄ molecular state is relatively weak.
A partial magnification of the spectrum is provided in

Fig. 3(b), illustrating the relative contributions of different
amplitudes. It is evident that contributions from tb, tc, and
tf are the most relevant beyond the tree term, while all other
amplitudes are negligible. Notably, the amplitude te is
smaller than tc, indicating that in the process ϒ →
D−B̄�0D�þ

s , the final state couples more weakly to the
spin-0 component of the B̄�0D�þ

s system compared to the
spin-2 component. This reflects a suppression of the J ¼ 0

configuration in the B̄�0D�þ
s production at ϒ weak decay

under the present framework.
In Scheme II, we again use Eq. (27) to determine the finite

part of the loop amplitude within the dimensional regulari-
zation framework. To maintain consistency with the analysis
in Appendix A 2, the three-momentum cutoff parameter is
set to qmax ¼ 550 MeV in the corresponding cutoff scheme.
The pole positions and coupling constants of the Tbcs̄ states
are taken from Eq. (A21) and Table II in Appendix A 2.
As in Scheme I, the B̄0Dþ

s invariant mass distribution
exhibits a peak near 7415 MeV and a dip at the B̄�0D�þ

s
threshold, as shown in Fig. 4. However, the increased cutoff
leads to stronger couplings, resulting in more pronounced
dynamical effects. Notably, the amplitude tc, associated
with the rescattering process ϒ→D−B̄0Dþ

s →D−T0;VV
bcs̄ →

D−B̄0Dþ
s , now produces a visible dip structure near

7420 MeV. This feature arises from destructive interference
between tc and the dominant tree-level amplitude ta,
although the magnitude ratio between the amplitudes tf,
ta and tc remains almost unchanged. The emergence of this
structure arises from the increased difference in the pole
positions between T0;VV

bcs̄ and T2;VV
bcs̄ .

In addition, the amplitude tb, corresponding to the process
ϒ → D−B̄0Dþ

s → D−T0;PP
bcs̄ → D−B̄0Dþ

s , exhibits a signifi-
cantly larger contribution near threshold. After interference
with the tree amplitude, this results in a clear threshold

(a)

(b)

FIG. 3. (a) B̄0Dþ
s invariant mass distribution for the process

ϒ → D−B̄0Dþ
s , calculated using the parameters from Scheme I.

A clear peak structure is observed near 7425 MeV, which
corresponds to the contribution of the T2;VV

bcs̄ state. (b) Region
of (a) enclosed by the cyan dashed line, highlighting the relative
magnitudes of the individual amplitudes tb; tc;…; tf . The legend
entries ta; tb;…; tf represent the partial contributions from the

amplitudes Ma
tree;Mb

loop;…;Mf
loop, respectively.
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enhancement in the final distribution. This contrasts with
Scheme I, where such an effect was absent, and underscores
the sensitivity of the line shape to the strength of the T0;PP

bcs̄
coupling, which increases with the larger cutoff value.

IV. SUMMARY

In this work, we have investigated the weak decay
process ϒ → D−B̄0Dþ

s as a potential probe for the doubly
heavy tetraquark molecular states Tbcs̄. By combining Fierz
rearrangement with final-state interactions, we have derived
the dominant decay amplitudes and computed the corre-
sponding B̄0Dþ

s invariant mass distribution.
Compared to our previous study [41], we have improved

the pole positions of Tbcs̄ states by incorporating box

diagrams. Within two distinct regularization schemes,
labeled Scheme I (qmax ¼ 450 MeV) and Scheme II
(qmax ¼ 550 MeV), we have recalculated the pole positions
and coupling strengths of the Tbcs̄ states with various
quantum numbers and hadronic components, as detailed in
Appendix. Using these inputs, we have computed the
invariant mass spectra for ϒ → D−B̄0Dþ

s , with the results
presented in Figs. 3 and 4, respectively.
Our analysis reveals a prominent peak structure near

7425 MeV in Scheme I and 7415 MeV in Scheme II, which
is predominantly attributed to the T2;VV

bcs̄ state. In contrast,
the contribution of the T0;VV

bcs̄ state, while present, is
obscured due to its proximity in mass to the T2;VV

bcs̄ state.
As a result, it does not appear as a distinct peak but may
instead manifest as a subtle dip structure arising from
interference with the nonresonance background.
The behavior of the scalar T0;PP

bcs̄ state is found to be
sensitive to the choice of parameters. In Scheme II, where
the coupling is enhanced, a clear near-threshold enhance-
ment is observed, whereas no such feature appears in
Scheme I. This indicates that the detectability of T0;PP

bcs̄
depends critically on the strength of the underlying hadron-
hadron interaction and the regularization scale.
In this work, we employ local currents and naive

factorization scheme to study ϒ weak decay. As a result,
our theoretical uncertainties are expected to be larger
compared to those derived from the well-established
QCD factorization approach [55–57]. Nevertheless, our
focus is not on the precise prediction of absolute decay
widths, but rather on the characteristic structures in the
invariant mass distribution induced by the Tbcs̄ states. The
appearance of these features is predominantly determined
by the relative contributions among different production
mechanisms, Ma

tree, Mb
loop, …, Mf

loop. Consequently,
many of the theoretical uncertainties cancel out, leading
to a reliable interpretation of the observed structures.
In conclusion, the decay ϒ→D−B̄0Dþ

s provides a prom-
ising scenario for searching for doubly heavy tetraquark
molecular states Tbcs̄. In particular, the T2;VV

bcs̄ state produces
a robust and identifiable peak, making it an ideal candidate
for experimental discovery. Meanwhile, T0;PP

bcs̄ state and
T0;VV
bcs̄ state may exhibit a threshold enhancement and a

dip structure, respectively. Future measurements by experi-
ments could exploit this channel to confirm the existence of
Tbcs̄ states and probe their internal structure.
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APPENDIX: POLE POSITIONS AND COUPLING
CONSTANTS OF THE POSSIBLE Tbcs̄ STATES

In this Appendix, we refine the analysis presented in our
previous work [41] by incorporating the exchange of light
pseudoscalar mesons, which allows us to compute the decay
widths of the candidate hadronic molecular states identified
therein. In Ref. [41], six possible Tbcs̄ molecular states were
found, with binding energies in the range of 10–20 MeV
when the cutoff parameter was set to qmax ¼ 600 MeV.
A similar approach was employed in Ref. [58] to study

the Tcc state as a molecular candidate arising from D�D
interactions. To reproduce the observed binding energy of

Tcc, the authors determined that the cutoff qmax lies
between 415 and 476 MeV, with the uncertainty largely
due to the difficulty in quantifying contributions from
heavy-meson exchanges.
Motivated by this analysis, we evaluate the decay widths

of the Tbcs̄ candidate states in two representative scenarios:
(I) qmax ¼ 450 MeV and (II) qmax ¼ 550 MeV. These
values are chosen to bracket the physically motivated
range suggested by analogous systems like Tcc, while also
allowing us to assess the dependence of the resonance
properties and decay patterns on the cutoff scale.
Building upon the previous framework, we improve the

analysis by incorporating box diagrams involving the ex-
change of kaon mesons. This extension allows the pre-
viously identified bound-state poles to acquire a finite
width, thereby providing a more realistic description of the
resonance properties.
Following the procedure detailed in Ref. [59], we take

into account the contributions of box diagrams shown in
Fig. 5. For Figs. 5(a) and 5(b), the box-diagram contribu-
tion to the potential is given by

Va;b
box ¼ i16g4

Z
d4q
ð2πÞ4

ðϵ⃗1 · q⃗Þðϵ⃗2 · q⃗Þðϵ⃗3 · q⃗Þðϵ⃗4 · q⃗Þ
ðq2 −m2

KÞ2ððp1 − qÞ2 −m2
1 þ iϵÞððp2 þ qÞ2 −m2

2 þ iϵÞ ; ðA1Þ

where p1 and p2 denote the four-momenta of the incoming
mesons. The masses m1 and m2 correspond to the inter-
mediate pseudoscalar mesons: for Fig. 5(a), these are mB̄0

and mDþ
s
, respectively; for Fig. 5(b), they aremB̄0

s
and mDþ .

The coupling constant g appearing in Eq. (A1) originates
from the vector-pseudoscalar-pseudoscalar ðVPPÞ vertex,
which is described by the following Lagrangian derived
from the hidden gauge symmetry (HGS) formalism [60]:

(a)

(c)

(e)

(b)

(d)

(f)

FIG. 5. Box diagrams for the evaluation of the width of the Tbcs̄ states.
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LVPP ¼ −igh½P; ∂μP�Vμi; ðA2Þ

where g ¼ MV
2f , with MV ¼ 800 MeV and f ¼ 93 MeV.

We evaluate the imaginary part of the box potential,
which determines the decay width of the molecular states.
The result is

ImVa;b
box ¼ −

4

3
g4

1

10π
ffiffiffi
s

p q5
1

½ðω2 − p0
2Þ2 − q⃗2 −m2

K�2

× FJF4ðqÞ
�
M1

mK�

�
2
�
M2

mK�

�
2

; ðA3Þ

where ω2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 þ q⃗2
p

, and q ¼ λ1=2ðs;m2
1; m

2
2Þ=ð2

ffiffiffi
s

p Þ is
the three-momentum of the intermediate mesons in the
center-of-mass frame. The quantity p0

2¼ðsþm2
2−m2

1Þ=
ð2 ffiffiffi

s
p Þ represents the energy component of the intermediate

meson. The factor FJ accounts for spin dependence
coefficients: FJ ¼ 5 for J ¼ 0, FJ ¼ 0 for J ¼ 1, and
FJ ¼ 2 for J ¼ 2.
In Eq. (A3), we include a factor MH�=mK� for each

H�HK vertex, whereHð�Þ represent the heavy flavor hadron
and MH� is the mass of the external heavy vector meson.
This factor arises from the normalization of the vector meson
fields and is discussed in detail in Ref. [61]. Additionally, to
account for the off-shell nature of the exchanged kaon, we
introduce a form factor at each vertex, following Ref. [62],
of the form FðqÞ ¼ expð−q2=Λ2Þ, with Λ ∼ 1200 MeV
[63]. In our case, the loop momentum dependence is
approximated as FðqÞ ¼ exp ½−ððωK − p0

2Þ2 − q⃗2Þ=Λ2�,
where ωK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

K þ q⃗2
p

.
The contributions to the imaginary part of the potential

from the box diagrams in Figs. 5(c)–(f) were originally
computed in the context of D�K̄� interactions in Ref. [64].
In the present case, the corresponding amplitudes can be
obtained by appropriately replacing the hadron masses,
leading to analogous expressions

ImVc;e
box ¼ −

4

9

1

8π
ffiffiffi
s

p q5ðG0gM1Þ2
1

½ðω2 − p0
2Þ2 − q⃗2 −m2

K�2

× F0
JF

4ðqÞ
�
M2

mK�

�
2

;

ImVd;f
box ¼ −

4

9

1

8π
ffiffiffi
s

p q5ðG0gM2Þ2
1

½ðω2 − p0
2Þ2 − q⃗2 −m2

K�2

× F0
JF

4ðqÞ
�
M1

mK�

�
2

; ðA4Þ

where F0
J ¼ 0, 3=2, and 9=10 for total angular momentum

J ¼ 0, 1, and 2, respectively. The kinematic variables are
defined as q ¼ λ1=2ðs;m2

1; m
2
2Þ=ð2

ffiffiffi
s

p Þ and p0
2 ¼ ðsþm2

2 −
m2

1Þ=ð2
ffiffiffi
s

p Þ, with ω2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 þ q⃗2
p

. As in Eq. (A3), the
factor MH�=mK� in Eq. (A4) arises from the H�HK vertex.
In Eq. (A4), the vector-vector-pseudoscalar (VVP)

vertex is incorporated based on the Lagrangian proposed
in Refs. [59,65], given by

LVVP ¼ G0ffiffiffi
2

p ϵμναβh∂μVν∂αVβPi; ðA5Þ

where the coupling constant G0 is defined as G0 ¼ 3g02
4π2f with

g0 ¼ − GVMρffiffi
2

p
f2
, f ¼ 93 MeV and GV ¼ 55 MeV. It is worth

noting that the heavy-quark spin symmetry factor associ-
ated with M1 or M2 in the coefficient G0gMH is naturally
incorporated through the anomalous tensor coupling at the
B�B�π vertex, as discussed in Ref. [59].
The full potential Vfull entering the Bethe-Salpeter

equation is then constructed by adding the calculated
imaginary parts of the box diagrams to Vcontact and Vexch
calculated before, as follows:

Vfull ¼ Vcontact þ Vexch þ i ImVa
box þ i ImVb

box þ i ImVc
box

þ i ImVd
box þ i ImVe

box þ i ImVf
box: ðA6Þ

Here, Vcontact and Vexch denote the contact and vector
exchange potentials taken from the previous work [41]. By
replacing the interaction potential V in Ref. [41] with Vfull
in Eq. (A6) and repeating the calculation procedure of
Ref. [41], we can obtain the improved pole positions of the
Tbcs̄ molecular states.

1. Scenario I: qmax = 450 MeV

We follow the same procedure as in Ref. [41], setting the
three-momentum cutoff to qmax ¼ 450 MeV, to determine
the pole positions of the Tbcs̄ molecular states. The
resulting values, along with the corresponding coupling
strengths to the relevant hadronic channels, are summarized
in Table I.
By incorporating the contributions from the box dia-

grams—see Eqs. (A3) and (A4)—the previously bound
states acquire a finite width through their coupling to open
decay channels. This allows us to evaluate the total decay

TABLE I. Pole position Epole and the couplings gi of the bound
states on the physical (first Riemann) sheet for the bcs̄ d̄ systems,
with the cutoff momentum qmax ¼ 450 MeV.

Content: bcs̄ d̄ IðJPÞ Epole Channel jgij (GeV)

T0;PP
bcs̄

1
2
ð0þÞ 7236.2-i0

B̄0
sDþ 7.9

B̄0Dþ
s 10.4

T1;VP
bcs̄

1
2
ð1þÞ 7284.0-i0

B̄�0
s Dþ 9.5

B̄�0Dþ
s 11.6

T1;VP0
bcs̄

1
2
ð1þÞ 7376.9-i0

B̄0
sD�þ 7.8

B̄0D�þ
s 10.9

T0;VV
bcs̄

1
2
ð0þÞ 7425.5-i2.8

B̄�0
s D�þ 11.3

B̄�0D�þ
s 14.2

T1;VV
bcs̄

1
2
ð1þÞ 7425.1-i1.9

B̄�0
s D�þ 11.3

B̄�0D�þ
s 14.1

T2;VV
bcs̄

1
2
ð2þÞ 7424.5-i2.5

B̄�0
s D�þ 12.2

B̄�0D�þ
s 15.0
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width ΓX of each resonance X as ΓX ¼ 2j ImEpolej, where
Epole is the complex energy of the pole in the scattering
amplitude T. Furthermore, we can decompose the total
width into partial widths for specific final states by
analyzing the relative strength of the imaginary parts of
the interaction potential, as follows:

ΓX→B̄0Dþ
s
¼ ΓX ×

ImVa
boxðsÞ

ImVðsÞ
				
s¼E2

pole

; ðA7Þ

ΓX→B̄0
sDþ ¼ ΓX ×

ImVb
boxðsÞ

ImVðsÞ
				
s¼E2

pole

; ðA8Þ

ΓX→B̄�0Dþ
s
¼ ΓX ×

ImVc
boxðsÞ

ImVðsÞ
				
s¼E2

pole

; ðA9Þ

ΓX→B̄0D�þ
s

¼ ΓX ×
ImVd

boxðsÞ
ImVðsÞ

				
s¼E2

pole

; ðA10Þ

ΓX→B̄�0
s Dþ ¼ ΓX ×

ImVe
boxðsÞ

ImVðsÞ
				
s¼E2

pole

; ðA11Þ

ΓX→B̄0
sD�þ ¼ ΓX ×

ImVf
boxðsÞ

ImVðsÞ
				
s¼E2

pole

: ðA12Þ

Here, we present the general coupling Lagrangian
between the molecular states and their decay channels,
including X0

VV coupled to two pseudoscalar mesons
(denoted as LPPX0

VV
), X1

VV coupled to one pseudoscalar

and one vector meson (denoted as LPVμX
1;μ
VV
), and X2

VV

coupled to two pseudoscalar mesons (denoted as LPPX2;μν
VV
).

In the equations, X0
VV denotes T0;VV

bcs̄ , the molecular state
with angular momentum J ¼ 0 dynamically generated
from B̄�0

s D�þ − B̄�0D�þ
s vector-vector meson interactions.

Similar shorthand notations will be used consistently
throughout this section.

LPPX0
VV

¼ gPPX0
VV; ðA13Þ

LPVμX
1;μ
VV

¼ gPVμX
1;μ
VV; ðA14Þ

LPPX2;μν
VV

¼ g∂μP∂νPX
2;μν
VV : ðA15Þ

Using these Lagrangians, we derive the partial decay
widths in terms of the coupling constant g and phase space.
For the 0þ state:

ΓX0
VV→B̄0Dþ

s =B̄0
sDþ ¼ 1

8π

g2

m2
X
k; ðA16Þ

and for the 2þ state:

ΓX2
VV→B̄0Dþ

s =B̄0
sDþ ¼ 2

15
·
1

8π

g2

m2
X
k5; ðA17Þ

where k¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

X − ðm1þm2Þ2Þðm2
X− ðm1−m2Þ2Þ

p
=ð2mXÞ

is the center-of-mass momentum of the outgoing mesons.
Using the above relations, we extract the partial widths

and coupling constants as

ΓX0
VV→B̄0Dþ

s
¼ 2.71 MeV; ΓX0

VV→B̄0
sDþ ¼ 2.89 MeV;

ΓX2
VV→B̄0Dþ

s
¼ 1.15 MeV; ΓX2

VV→B̄0
sDþ ¼ 1.23 MeV;

ðA18Þ
gX0

VV→B̄0Dþ
s
¼ 2281 MeV; gX0

VV→B̄0
sDþ ¼ 2263 MeV;

gX2
VV→B̄0Dþ

s
¼ 7.86 × 10−3 MeV−1;

gX2
VV→B̄0

sDþ ¼ 7.55 × 10−3 MeV−1: ðA19Þ

2. Scenario II: qmax = 550 MeV

Following the same procedure as in Ref. [41], we
perform the calculation with a three-momentum cutoff of
qmax ¼ 550 MeV. This yields the pole positions of the Tbcs̄
molecular states and the corresponding coupling constants
to the coupled meson-meson channels. The results are
summarized in Table II.
Using the imaginary parts of the box-diagram contribu-

tions and the effective Lagrangians introduced in
Appendix A 1, we extract the partial decay widths and
hadronic coupling constants. The results are

ΓX0
VV→B̄0Dþ

s
¼6.58MeV; ΓX0

VV→B̄0
sDþ ¼7.02MeV;

ΓX2
VV→B̄0Dþ

s
¼2.86MeV; ΓX2

VV→B̄0
sDþ ¼3.06MeV; ðA20Þ

gX0
VV→B̄0Dþ

s
¼ 3584 MeV; gX0

VV→B̄0
sDþ ¼ 3553 MeV;

gX2
VV→B̄0Dþ

s
¼ 1.34 × 10−2 MeV−1;

gX2
VV→B̄0

sDþ ¼ 1.32 × 10−2 MeV−1; ðA21Þ
where X0

VV ≡ T0;VV
bcs̄ and X2

VV ≡ T2;VV
bcs̄ .

TABLE II. Pole position Epole and the couplings gi of the bound
states on the physical (first Riemann) sheet for the bcs̄ d̄ systems,
with the cutoff momentum qmax ¼ 550 MeV.

Content: bcs̄ d̄ IðJPÞ Epole Channel jgij (GeV)

T0;PP
bcs̄

1
2
ð0þÞ 7228.1-i0

B̄0
sDþ 16.1

B̄0Dþ
s 18.3

T1;VP
bcs̄

1
2
ð1þÞ 7275.1-i0

B̄�0
s Dþ 16.8

B̄�0Dþ
s 18.4

T1;VP0
bcs̄

1
2
ð1þÞ 7368.4-i0

B̄0
sD�þ 16.8

B̄0D�þ
s 19.6

T0;VV
bcs̄

1
2
ð0þÞ 7419.2-i6.8

B̄�0
s D�þ 16.5

B̄�0D�þ
s 18.6

T1;VV
bcs̄

1
2
ð1þÞ 7415.2-i4.7

B̄�0
s D�þ 18.0

B̄�0D�þ
s 20.2

T2;VV
bcs̄

1
2
ð2þÞ 7413.7-i5.8

B̄�0
s D�þ 19.0

B̄�0D�þ
s 21.1
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As expected, increasing the cutoff enhances the attraction
in the coupled-channel system, leading to deeper binding
and larger coupling strengths compared to Scenario I
(qmax ¼ 450 MeV). This results in broader decay widths,

reflecting a stronger coupling to the open channels. These
parameters are used in the main analysis to assess the
sensitivity of the invariant mass distribution to the under-
lying hadron-hadron interaction strength.
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