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Recently, a new doubly charged tetraquark Ta
cs̄0ð2900Þþþ and its neutral partner Ta

cs̄0ð2900Þ0 at the
invariant mass spectrum of πDs were observed by the LHCb Collaboration. According to its properties,
such as the mass and decay width, Ta

cs̄0ð2900Þþþ=0 has been suggested to be a compact multiquark state or a
hadron molecule. In order to distinguish the various interpretations of Ta

cs̄0ð2900Þþþ=0, we investigate the
possibility of studying T̄a

cs̄0ð2900Þ [the antiparticle of Ta
cs̄0ð2900Þ] by kaon-induced reactions on a proton

target in an effective Lagrangian approach. The production mechanism is characterized by the t-channel
D-meson exchange. Our theoretical approach is based on the assumption that T̄a

cs̄0ð2900Þ can be either a
K�D�-D�

sρ molecule or a compact tetraquark state. Using the coupling constants of T̄a
cs̄0ð2900Þ to the KD

channel obtained from the molecule or compact tetraquark picture of T̄a
cs̄0ð2900Þ, we compute the cross

sections for the process K−n → T̄a
cs̄0ð2900Þ−−Λþ

c . The K̄N initial-state interaction mediated by Pomeron
and Reggeon exchanges is also included, which reduces the production of T̄a

cs̄0ð2900Þ. Our calculations
show that whether T̄a

cs̄0ð2900Þ is a molecule or a compact tetraquark state, the cross sections for the
K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reaction are of similar magnitude, ranging from approximately 0.150 nb to

0.540 nb. However, a clearer comparison can be made by computing the cross section of the K−n →
T̄a
cs̄0ð2900Þ−−Λþ

c → π−D−
s Λþ

c reaction. The results indicate that the cross section for the molecule
assignment of T̄a

cs̄0ð2900Þ can reach up to 3.66 × 10−3 nb, which is significantly smaller than that of
0.244 nb, by assuming T̄a

cs̄0ð2900Þ as a compact tetraquark state. These results can be measured in future
experiments, and they can be used to test the nature of T̄a

cs̄0ð2900Þ. Lastly, we also propose to search for the
unreported charged tetraquark Ta

cs̄0ð2900Þþ in the K−p → T̄a
cs̄0ð2900Þ−Λþ

c reaction.

DOI: 10.1103/PhysRevD.108.076019

I. INTRODUCTION

Studying hadrons with more complex internal structures
than quark states, where mesons are composed of

quark-antiquark pairs [1], and baryons are constructed
from three quarks [2,3], is a prominent topic in particle
physics. We call them exotic hadrons. For an extended
period, little noteworthy advancement has been made in
the exploration of exotic states—only a few phenomena
suggesting that quarks u=d=s can form exotic hadrons. For
example, in constituent quark models, the mass of the
strange quark is approximately 50% heavier than that of
the u=d quarks. This leads to questions regarding why the
Λð1405Þ has a significantly lower mass than the Nð1535Þ.
Moreover, it is puzzling to observe that the Nð1440Þ, as a
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N ¼ 2 baryon, is much lighter than the nucleon resonance
Nð1535Þ with N ¼ 1, where N is the main quantum
number. These issues led Zou and his collaborators to
propose the existence of significant five-quark components
in the nucleon and its resonances [4–6]. The mass
inversion problem could be easily understood if there
are substantial five-quark uudss̄ components in the
Nð1535Þ [7,8]. Furthermore, the five-quark configurations
also provide a natural explanation for its large strange
decay [9,10].
However, it was in 2003, when the Belle Collaboration

observed the Xð3872Þ in the πþπ−J=ψ mass spectra [11],
that this field entered a new era. From its observed decay
mode, Xð3872Þ is known to consist of a pair of hidden-
charm quarks and two pairs of light quarks. Subsequent
discoveries of several hidden-charm pentaquark states,
including Pcð4380Þ, Pcð4440Þ, Pcð4457Þ, Pcð4312Þ,
Pcsð4338Þ, and Pcsð4459Þ, have further strengthened the
belief in significant progress in the research of exotic
hadrons [12–17]. The recent observation of a doubly
charged tetraquark and its neutral partner by the LHCb
Collaboration in the analysis of the B0 → D̄0Dþ

s π
− and

B− → D̄−Dþ
s π

− reactions [18] marks another significant
advancement in the study of exotic hadrons. Their masses
and widths were measured to be

Ta
cs̄0ð2900Þ0∶ M ¼ 2.892� 0.014� 0.015 GeV;

Γ ¼ 0.119� 0.026� 0.013 GeV;

Ta
cs̄0ð2900Þþþ∶ M ¼ 2.921� 0.017� 0.020 GeV;

Γ ¼ 0.137� 0.032� 0.017 GeV; ð1Þ

respectively. Supposing the states belong to the same
isospin triplet, the experiment also gave the shared mass
and width,

Tcs̄0∶ M ¼ 2908� 23 MeV; Γ¼ 136� 25 MeV: ð2Þ

It is worth noting that the existence of such a tetraquark
state had been predicted in the DK-D�

sρ interaction before
its experimental discovery [19].
Similarly to the challenges faced with other exotic

hadrons, the true internal structure of these two newly
observed mesons cannot be completely determined based
on existing experimental data. Due to the close proximity of
the mass of Ta

cs̄0ð2900Þ to the DK threshold, the authors of
Ref. [20] proposed a novel interpretation for the recently
discovered Ta

cs̄0ð2900Þ. They suggest that these two states
could be an isovector D�K� molecular state with quantum
numbers IðJPÞ ¼ 1ð0þÞ. In an independent study con-
ducted by the authors of Ref. [21], it was found that if
the Ta

cs̄0ð2900Þ0 is indeed a molecular state formed by
D�0K�0, its primary decay mode would likely be intoD0K0,
rather than the observed experimental decay channelDþ

s π
−.

The authors in Ref. [22] support the Ta
cs̄0ð2900Þ as a D�K�

molecule based on the analysis of the mass spectrum and the
partial widths using the QCD light-cone sum rule approach
and soft-meson approximation. The mass of the Ta

cs̄0 was
studied in the coupled-channel approach, and it was shown
that Tcs̄0 might be a D�K�-D�

sρ couple molecular state [23].
However, Ref. [24] reached a strikingly different conclu-
sion, arguing that Ta

cs̄0 should not be considered as a D�K�

bound state, but instead might be made up of compact
tetraquarks.
Indeed, the newly observed two mesons can be assigned

to be the lowest 1S-wave tetraquark states [25] within the
framework of a nonrelativistic potential quark model. Their
analysis indicates that the dominant decay mode is the D�

sρ.
Furthermore, the compact tetraquark explanation of Ta

cs̄0 is
also supported by estimates obtained from the multiquark
color flux-tube model [26]. QCD sum rules, informed by the
examination of the mass spectrum and the two-body strong
decays, have led Refs. [27,28] to classify Ta

cs̄0 as compact
tetraquark states. The studies also reveal that the primary
decay modes for Ta

cs̄0 involve Dsπ and DK channels [28].
The compact tetraquark candidates for Ta

cs̄0 gain additional
support from Refs. [29–31]. We note that Tcs̄ð2900Þ can be
interpreted as a threshold effect from the interaction
between the D�K� and D�

sρ channels [32]. In addition,
the kinetic effect from a triangle singularity for Ta

cs̄0 is also
proposed in Ref. [33].
In addition to analyzing the mass spectrum and decay

width, exploring the production mechanism provides a
more effective approach to evaluating the nature of Ta

cs̄0.
This is mainly due to the production process’s strong
dependence on the internal structure of Ta

cs̄0. We find that
whether Ta

cs̄0 is a molecular state or a compact multiquark
state, it exhibits a significant KD decay width. This
motivates our quest to search for T̄a

cs̄0ð2900Þ−− in the
K−n → T̄a

cs̄0ð2900Þ−−Λþ
c and K−n → T̄a

cs̄0ð2900Þ−−Λþ
c →

π−D−
s Λþ

c reactions. Notably, high-energy kaon beams are
available at OKA@U-70 [34], SPS@CERN [35], CERN/
AMBER [36], and potential upgrades to the J-PARC kaon
beam, enabling us to reach the necessary energy range for
T̄a
cs̄0ð2900Þ−− production [37]. Consequently, searching for

T̄a
cs̄0ð2900Þ−− in the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c and K−n →

T̄a
cs̄0ð2900Þ−−Λþ

c → π−D−
s Λþ

c reactions becomes feasible.
This approach facilitates a straightforward differentiation
between molecular and compact tetraquark states through
the production process.
In this study, we examine the recently observed

T̄a
cs̄0ð2900Þ production in the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c

and K−n → T̄a
cs̄0ð2900Þ−−Λþ

c → π−D−
s Λþ

c reactions by
considering Ta

cs̄0 as a molecular state and as a compact
multiquark state, respectively. A conclusive determination
of the inner structure of Ta

cs̄0 can be attained by comparing
the obtained cross section with future experimental data. To
enhance the reliability of our predictions, the effect from the
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K̄N initial-state interaction (ISI) must be taken into account
due to the existence of plenty of experimental information
about the K̄N elastic interaction in the considered energy
region. Moreover, we also propose to search for its isospin
partner T̄a

cs̄0ð2900Þ− in the K−p → T̄a
cs̄0ð2900Þ−Λþ

c reac-
tion. This paper is organized as follows: In Sec. II, we
present the theoretical formalism. In Sec. III, the numerical
result is given, followed by discussions and conclusions in
the last section.

II. FORMALISM AND INGREDIENTS

In this study, we investigate the feasibility of measuring
T̄a
cs̄0ð2900Þ−− in the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reaction. We

consider two scenarios for Ta
cs̄0: one as a molecular state,

and the other as a compact multiquark state. The considered
Feynman diagrams are illustrated in Fig. 1, which includes
only the t-channel D−-meson exchange diagram. The ISI is
represented by the red circle. This production process
differs from the complex proton-proton collisions [18],
as T̄a

cs̄0ð2900Þ−− production in K−n → T̄a
cs̄0ð2900Þ−−Λþ

c

occurs more simply. The reason lies in the significantly
lower required center-of-mass energies compared to proton-
proton collisions. At these lower energies, we can neglect
contributions from the s and u channels, which involve the
creation of an additional cc̄ quark pair in kaon-induced
production and are typically strongly suppressed. Hence, the
K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reaction is expected to be pri-

marily governed by Born terms through the t-channel D−

exchanges, resulting in minimal background interference.
To calculate the diagrams depicted in Fig. 1, it is

necessary to determine the effective Lagrangian densities
corresponding to the relevant interaction vertices. In the case
of ΛcND coupling, we adopt the Lagrangian densities
employed in Refs. [38,39]:

LΛcND ¼ igΛcNDΛ̄cγ5NDþ H:c:; ð3Þ

where the coupling constant gΛcND ¼ −13.98 is established
from the SU(4) invariant Lagrangians [40] in terms of
gπNN ¼ 13.45 and gρNN ¼ 6.0. N, D, and Λc are the
nucleon, D-meson, and Λþ

c -baryon fields, respectively.
To calculate the diagrams depicted in Fig. 1, it is also

necessary to determine the effective Lagrangian densities

for the interaction vertex involving T̄a
cs̄0ð2900Þ−−K−D−.

Since the spin parity of Ta
cs̄0 is established as

IðJPÞ ¼ 1ð0þÞ, the coupling between Ta
cs̄0 and KD pre-

dominantly occurs through S- and D-wave interactions.
Given our focus on studying the production rate of
T̄a
cs̄0ð2900Þ−− near the threshold region, the contribution

from the lowest angular momentum state is most signifi-
cant. This phenomenon can be attributed to the higher
energy requirement for the D-wave production cross
section than that of the S-wave production cross section.
Thus, in this study, we will employ the effective Lagrangian
densities corresponding to the S-wave T̄a

cs̄0ð2900Þ−−K−D−

interaction vertex. It is important to highlight that S-wave
effective Lagrangians are always characterized by fewer
derivatives. This leads us to express the Lagrangian
densities for the S-wave coupling between T̄a

cs̄0ð2900Þ−−
and K−D− as follows [39]:

LT̄cs̄0
¼ gT̄cs̄0

K̄†τ⃗ · T̄cs̄0D̄; ð4Þ

where the τ is the corresponding Pauli matrix reflecting the
isospin of the T̄a

cs̄0ð2900Þ. Please note that we have

τ⃗ · T⃗a
cs̄0 ¼

 
Ta
cs̄0ð2900Þþ

ffiffiffi
2

p
Ta
cs̄0ð2900Þþþffiffiffi

2
p

Ta
cs̄0ð2900Þ0 −Ta

cs̄0ð2900Þþ

!
; ð5Þ

where the state Ta
cs̄0ð2900Þþ has not yet been discovered. It

only indicates the signal of Ta
cs̄0ð2900Þþ in the B0 →

D−D0Kþ reaction [41].
In Eq. (4), the coupling constant gT̄cs̄0

is determined from
the partial decay width of Tþþ

cs̄0 → KþDþ, which is
obtained as follows:

ΓTa
cs̄0ð2900Þþþ→KþDþ ¼ g2Tcs̄0

4π

jp⃗c:m
Dþ j

m2
Tþþ
cs̄0

; ð6Þ

where p⃗c:m
Dþ is the three-vector momentum of the Dþ in the

Ta
cs̄0ð2900Þþþ meson rest frame. Unfortunately, there is no

experimental information on the decay widths for
ΓðTa

cs̄0ð2900Þþþ → KþDþÞ, as this is very difficult to
determine. Thus, it is necessary to rely on theoretical
predictions, such as those of Refs. [25,28]. Assuming
Ta
cs̄0ð2900Þþþ to be a compact multiquark state, the partial

decay width of Ta
cs̄0ð2900Þþþ → KþDþ is predicted to be

ΓðTþþ
cs̄0 → KþDþÞ ¼ 56.8� 33.4 MeV [28]. Using the

corresponding experimental masses of the relevant particles
given in Ref. [42], we obtain gTcs̄0

¼ 2.836þ0.739
−1.016 . Note that

the partial decay width of Ta
cs̄0ð2900Þþþ → KþDþ is also

evaluated in Ref. [25], adopting the compact multiquark
state assignment for Ta

cs̄0ð2900Þþþ, and it is found that the
obtained partial decay width falls within the range reported
in Ref. [28].

FIG. 1. Feynman diagram for the K−n → T̄a
cs̄0ð2900Þ−−Λþ

c
reaction: the contributions from the t-channel D−-meson ex-
change. We also show the definition of the kinematics (p1, p2, q1,
q2) that we use in the present calculation.
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Considering Ta
cs̄0ð2900Þþþ=0 as an S-wave DK-D�

sρ
molecule [23], we analyze the partial decay width of
Ta
cs̄0ð2900Þþþ into the KþDþ final state through hadronic

loops with the help of the effective Lagrangians. The loop
diagrams are depicted in Fig. 2, and the resulting partial
decay widths are provided in Table I. (Additional details
can be found in the Appendix.) Utilizing these decay
widths, coupling constants are evaluated and collected in
Table I.
Since the hadrons are not pointlike particles, it becomes

imperative to incorporate form factors when evaluating the
scattering amplitudes of the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reac-

tion. For the t-channel D−-meson exchange diagram, we
adopt a widely used approach found in many previous
studies [39,43,44] with the expression

FD−ðq2D− ; mD−Þ ¼ Λ2
D− −m2

D−

Λ2
D− − q2D−

; ð7Þ

where q2D− and mD− represent the four-momentum and
mass of the exchanged D− meson, respectively. The
parameter ΛD− serves as a hard cutoff, directly linked to
the size of the hadron. Empirically, ΛD− should exceed the
mD− mass by several hundred MeV at least. Therefore, we
choose ΛD− ¼ mD− þ αΛQCD, following the precedent set
by prior works [39,43,44]. The parameter α reflects the
nonperturbative property of QCD at the low-energy scale,
which will be taken as a parameter and discussed later.

In this study, we will examine the impact of the K−n
initial-state interaction on the cross section of T̄a

cs̄0ð2900Þ−−
production in the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reaction. A

straightforward approach utilized in Ref. [45] yields a
satisfactory representation of the existing experimental data
for K−p and K−n scattering at high energies. Consequently,
we employ this methodology to estimate the initial-state
interaction (ISI) in the K−n → K−n reaction at high
energies.
The pertinent Feynman diagram depicting the ISI for

the K−N → K−N reaction is illustrated in Fig. 3, where
exchanges involving the Pomeron and f2, a2, ρ, and ω
Reggeons (IR) are considered. The total amplitude
T K−N→K−N , incorporating Pomeron and Reggeon
exchanges, can be expressed as a sum of individual
contributions, as indicated by [45]

T K−N→K−Nðs; tÞ ¼ AIPðs; tÞ þAf2ðs; tÞ �Aa2ðs; tÞ
þAωðs; tÞ �Aρðs; tÞ; ð8Þ

where s ¼ ðp1 þ p2Þ2 and t ¼ ðp1 − q1Þ2. The (þ) and
(−) are for the K−p → K−p and K−n → K−n interactions,
respectively. For large center-of-mass energies

ffiffiffi
s

p
, the

individual contribution to the K̄N → K̄N amplitude can be
parametrized as follows:

Aiðs; tÞ ¼ ηisCKNi

�
s
s0

�
αiðtÞ−1

exp

�
Bi
KN

2
t

�
; ð9Þ

where i ¼ IP represents the Pomeron and f2, a2, ω, and ρ
are Reggeons. The energy scale is s0 ¼ 1 GeV2. The
coupling constants CK̄Ni , the parameters of the Regge
linear trajectories αiðtÞ ¼ αið0Þ þ α0it, the signature factors
ηi, and the Bi

K̄N utilized in Ref. [45] offer a suitable
description of the experimental data. The parameters
determined in Ref. [45] are outlined in Table II.
Using the effective Lagrangians mentioned above and

taking the ISI of the K−p system into account, the full
amplitude of the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reaction can be

derived as

Mfull ¼ MBorn þMK−n−ISI; ð10Þ

where the Born amplitude is written as

FIG. 2. Feynman diagram contributing to Ta
cs̄0ð2900Þþþ →

KþDþ. We also show the definition of the kinematics
(q; p1; p2; q1; q2) that we use in the present calculation.

TABLE I. Coupling constants gTc̄s0
and the KþDþ decay width

(in units of MeV) of the Ta
cs̄0ð2900Þþþ=0. The pole positions and

effective couplings are evaluated in Ref. [23].

ffiffiffi
s

p
pole jgD�K� j jgD�

sρj ΓðTþþ
cs̄0 → KþDþÞ gTc̄s0

2885 5531 5379 48.72–54.59 2.647–2.802
2887 2198 2082 7.37–8.25 1.029–1.089

FIG. 3. Feynman diagram for the mechanism of the initial-state
interaction of K−n → K−n.
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MBorn¼ ifIgT̄cs̄0
gΛcNDūðq2;sΛþ

c
Þγ5uðp2;spÞ

×
i

ðq1−p1Þ2−m2
D−

FD− ½ðq1−p1Þ2D− ;mD− �; ð11Þ

and the corrections to the Born amplitude due to K−n
interactions were taken into account in Refs. [45,46] as

MK−n−ISI ¼ i
16π2s

Z
d2k⃗tT K−n→K−nðs; k2t ÞMBorn; ð12Þ

where kt is the momentum transfer in the K−n → K−n
reaction, ūðq2; sΛþ

c
Þ and uðp2; spÞ are the Dirac spinors,

and sΛþ
c
ðq2Þ and spðp2Þ are the spins (the four-momenta)

of the outgoing Λþ
c and the initial proton, respectively.

With the scattering amplitudes of the K−n →
T̄a
cs̄0ð2900Þ−−Λþ

c reaction obtained in the previous section,
the differential cross section in the center of mass (c.m.)
frame for the process K−n → T̄a

cs̄0ð2900Þ−−Λþ
c can be

calculated as [42]

dσ
d cos θ

¼ mNmΛþ
c

4πs
jq⃗1c:m:j
jp⃗1c:m:j

 
1

2

X
sn;sΛþc

jMj2
!
; ð13Þ

where the θ is the scattering angle of the outgoing T̄a
cs̄0

meson relative to the beam direction, while p⃗1c:m: and q⃗1c:m:

are the K−- and T̄a
cs̄0-meson three-momenta in the center-

of-mass frame, respectively, which are

jp⃗1c:m:j ¼
λ1=2ðs;mK− ;mnÞ

2
ffiffiffi
s

p ; jq⃗1c:m:j ¼
λ1=2ðs;mTa

cs̄0
;mΛþ

c
Þ

2
ffiffiffi
s

p :

ð14Þ

Here, λðx; y; zÞ ¼ ðx − y − zÞ2 − 4yz is the Källen
function.

III. RESULTS AND DISCUSSIONS

With the formalism and ingredients given above,
the cross section as a function of the beam momentum
PK− for the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reaction can be easily

obtained. Before presenting the results, it is important to
discuss the parameter α that relates to the form factor. This is

because the value of the cross section is highly sensitive to
the model parameter α. However, determining the value of α
from first principles is currently not feasible. Instead, it can
be better determined from the experimental data. Indeed, it
has been established that the free parameter values of α ¼
1.5 or 1.7 were fixed by fitting the experimental data of the
processes eþe− → DD̄ [47] and eþe− → γISRDD̄ [48].
The procedure for this fitting is outlined in Ref. [49]. For
this study, we adopt the values α ¼ 1.5 or 1.7, as they have
been determined from the experimental data of Refs. [47,48]
using the same D form factors employed in our cur-
rent work.
With the obtained α value, the cross section for the

K−n → T̄a
cs̄0ð2900Þ−−Λþ

c reaction is evaluated by treating
Ta
cs̄0 as a compact multiquark state. The theoretical results

obtained with a cutoff α ¼ 1.5 or 1.7 for the beam energy
from near threshold up to 27.5 GeVare shown in Fig. 4. We
can find that the cross section exhibits a sharp increase near
the threshold of T̄a

cs̄0ð2900Þ−−Λþ
c , an effect attributed to the

opening of phase space at that energy. Following this, the
cross section continues to increase, albeit at a comparatively
slower rate than the threshold region. However, a modest
decline in the cross section is observed as the beam energy
PK− is varied from 23.1 to 27.5 GeV. For deeper insight, we
illustrate the obtained total cross section behavior, ranging
from approximately 0.268 nb to 0.254 nb for α ¼ 1.5, with
varying beam momentum from 23.25 GeV to 26.80 GeV.
Within the same energy range, but adopting α ¼ 1.7, the
cross section spans from 0.320 nb to 0.338 nb. These
outcomes suggest that the value of the cross section is not
very sensitive to the model parameter α when varying the
cutoff parameter α from 1.5 to 1.7.

TABLE II. Parameters of Pomeron and Reggeon exchanges
determined from elastic and total cross sections in Ref. [45].

i ηi αiðtÞ CKN
i ðmbÞ

BKN
i

ðGeV−2Þ
IP i 1.081þ ð0.25 GeV−2Þt 11.82 5.5
f2 −0.861þ i 0.548þ ð0.93 GeV−2Þt 15.67 4.0
ρ −1.162 − i 0.548þ ð0.93 GeV−2Þt 2.05 4.0
ω −1.162 − i 0.548þ ð0.93 GeV−2Þt 7.055 4.0
a2 −0.861þ i 0.548þ ð0.93 GeV−2Þt 1.585 4.0

FIG. 4. The cross section for the K−n → T̄a
cs̄0ð2900Þ−−Λþ

c
reaction as a function of the beam momentum PK− , assuming
T̄a
cs̄0 as a compact tetraquark state. The central values displayed in

panel (a) correspond to the coupling constant gTcs̄0
¼ 2.836, and

the cyan bands in (b) and (c) denote the cross sections for
different ΓðTþþ

cs̄0 → KþDþÞ values [28].
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In addition to showing the central values of the cross
sections corresponding to gTcs̄0

¼ 2.836 in Fig. 4(a), we
also present the variation of the cross sections for different
gTcs̄0

values, which are determined based on the theoreti-
cally predicted partial decay width of Tþþ

cs̄0 → KþDþ [28].
We depict the results for the cutoffs α ¼ 1.5 and α ¼ 1.7 in
Figs. 4(b) and 4(c), respectively. Remarkably, significant
variations in the cross sections are observed. For α ¼ 1.5,
the obtained cross section ranges from 0.104 nb to
0.402 nb, and for α ¼ 1.7, it ranges from 0.132 nb to
0.506 nb, both at an example energy of approximately
PK− ¼ 26.80 GeV. This suggests that the cross section for
the maximum value is about 4 times larger than that of the
minimum value. This discrepancy can be attributed to the
fact that the ratio of the coupling constant for the maximum
value to that of the minimum value is around 2.0, and the
cross section is proportional to the square of the coupling
constant.
We now shift our focus to the cross section of theK−n →

T̄a
cs̄0ð2900Þ−−Λþ

c reaction, considering Ta
cs̄0ð2900Þ as a

K�D�-D�
sρ molecule. The cross section, varying with the

beam energy PK− from just above the threshold up to
27.5 GeV, is depicted in Fig. 5. We clearly observe that the
line shapes of the cross sections mirror those obtained by
considering Ta

cs̄0ð2900Þ as a compact multiquark state. That
means that the cross section also increases sharply near the
threshold, followed by a gradual and sustained increase at
higher energies, concluding with a gradual decrease.
The results in Fig. 5 also tell us that the T̄a

cs̄0ð2900Þ−−
production cross section for the cutoff α ¼ 1.5 is slightly
smaller than that for the cutoff α ¼ 1.7. The variation of
the cross sections for different ΓðTþþ

cs̄0 → KþDþÞ values is
very small. To see how much the cross section depends on
the ΓðTþþ

cs̄0 → KþDþÞ decay widths and the cutoff α, we
take the cross section at a beam momentum of about
PK− ¼ 25.0 GeV and the mass of the bound state m ¼
2885 MeV as an example. The so-obtained cross section

ranges from 0.302 nb to 0.350 nb for α ¼ 1.5, and from
0.394 nb to 0.442 nb for α ¼ 1.7. We also find that if the
T̄a
cs̄0ð2900Þ is produced as a K�D�-D�

sρ molecule with
mass m ¼ 2885 MeV, the cross section is significantly
larger than the results obtained by assuming T̄a

cs̄0ð2900Þ as
a KD-D�

sρ molecule with mass m ¼ 2887 MeV, by about
6–8 times. In other words, the cross section heavily
depends on the masses of the bound states. The primary
cause of the substantial difference in the production cross
section, despite the small 2 MeV difference in the bound-
state mass, lies in the significant disparity in their inter-
actions with the molecular component DK [23]. We
find that the coupling constant for the bound state with
m ¼ 2885 is 2.52 times larger than that of the bound state
with m ¼ 2887 (see the second column of Table I). This
leads to the coupling constants gTc̄s0

for the bound state
with m ¼ 2885 being 2.6–2.8 times larger than that of the
bound state with m ¼ 2887, resulting in a nearly 1-order-
of-magnitude change in the cross section.
By comparing the cross sections depicted in Figs. 4 and 5,

we observe that if T̄a
cs̄0ð2900Þ−− is a compact tetraquark

state, its production cross sections match the results pre-
dicted by considering T̄a

cs̄0ð2900Þ−− as a K�D�-D�
sρ mol-

ecule with a mass ofm ¼ 2885 MeV. Specifically, the cross
sections for these two assignments can reach 0.538 nb
(for the compact tetraquark state) and 0.454 nb (for the
K�D�-D�

sρ molecule). These results suggest that if
T̄a
cs̄0ð2900Þ is a K�D�-D�

sρ molecule with a mass of
m ¼ 2887 MeV, distinguishing its K�D�-D�

sρ molecular
nature from the compact tetraquark state is challenging
through the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c reaction. However,

when considering a smaller cross-section obtained from the
assumption that T̄a

cs̄0ð2900Þ−− is a K�D�-D�
sρ molecule

with a mass of m ¼ 2887 MeV, the cross section is limited
to 0.068 nb. This discrepancy magnifies the difference
between the results of the two scenarios by a factor of about
8.0. This indicates that if the mass of the K�D�-D�

sρ
molecule is m ¼ 2887 MeV, a clear conclusion about the
nature of T̄a

cs̄0ð2900Þ can be easily obtained by comparing
the obtained cross section with future experimental data.
However, a clearer comparison can be drawn from the

production of T̄a
cs̄0ð2900Þ in the K−n → T̄a

cs̄0ð2900Þ−−
Λþ
c → π−D−

s Λþ
c reaction, and the results of this comparison

are shown in Fig. 6. We find that the cross section for the
molecule assignment of T̄a

cs̄0ð2900Þ can reach up to
3.66 × 10−3 nb. This value is significantly smaller than that
of 0.244 nb at the same beam energy, and the larger cross
section is derived from the compact tetraquark state assign-
ment of T̄a

cs̄0ð2900Þ. The significant difference between the
results in these two pictures arises from considering
Ta
cs̄0ð2900Þ in two different ways. If it is seen as a compact

tetraquark state, the calculated partial decay width of
Ta
cs̄0ð2900Þþþ → πþDþ

s is 48.5� 30.0 MeV [28] (we use
78.5 MeV). This contrasts sharply with the range of 0.132–

FIG. 5. The cross section for the K−n → T̄a
cs̄0ð2900Þ−−Λþ

c
reaction as a function of the beam momentum PK− , assuming
T̄a
cs̄0 as a K

�D�-D�
sρ molecule. The color bands denote the cross

sections for different ΓðTþþ
cs̄0 → KþDþÞ values, andm is the mass

of the bound states Ta
cs̄0ð2900Þ obtained in Ref. [23].

HUANG, HEI, FENG, CHEN, and WANG PHYS. REV. D 108, 076019 (2023)

076019-6



1.167 MeV (we use 1.167 MeV) obtained by treating
Ta
cs̄0ð2900Þ as a K�D�-D�

sρ molecule with a mass of
m ¼ 2885 MeV. Importantly, the partial decay width of
Ta
cs̄0ð2900Þþþ → πþDþ

s from the D�
sρ-channel contribution

is prohibited, and the necessary amplitudes required for the
Ta
cs̄0ð2900Þþþ → πþDþ

s reaction in our work are available
in Ref. [21]. Note that the cross section for the K−n →
π−D−

s Λþ
c reaction are computed from the following differ-

ential cross section [50]:

dσK−n→π−D−
s Λþ

c

dMπ−D−
s

≈
2mT̄a

cs̄0
Mπ−D−

s

π

×
σK−n→T̄a

cs̄0ð2900Þ−−Λþ
c
ΓT̄a

cs̄0ð2900Þ−−→π−D−
s

ðM2
π−D−

s
−m2

T̄a
cs̄0
Þ2 þm2

T̄a
cs̄0
Γ2
T̄a
cs̄0

;

ð15Þ

where mT̄a
cs̄0

and ΓT̄a
cs̄0

are the mass and width of T̄a
cs̄0,

respectively. Mπ−D−
s

is in the range of ðmπ− þmD−
s
Þ−

ð ffiffiffi
s

p
−mΛþ

c
Þ.

Considering isospin symmetry, the decay width of
KþD0 for the unreported Ta

cs̄0ð2900Þþ state is expected
to be half of the partial decay width of Tþþ

cs̄0 → KþDþ [as
seen in Eq. (5)]. If we regard Ta

cs̄0ð2900Þþ as a K�D�-D�
sρ

molecule, the predicted partial decay widths for the bound
state with the masses m ¼ 2885 MeV and m ¼
2887 MeV are ΓðTþ

cs̄0 → KþD0Þ ¼ 24.36–27.30 MeV
and ΓðTþ

cs̄0 → KþD0Þ ¼ 2.69–4.13 MeV, respectively.
Furthermore, the decay width ΓðTþ

cs̄0 → KþD0Þ is esti-
mated to be within the range of 11.7–45.1 MeV when
considering Tþ

cs̄0 as a compact tetraquark state. These
predictions open up an opportunity to search for
T̄a
cs̄0ð2900Þ− [T̄a

cs̄0ð2900Þ− is the antiparticle of

Ta
cs̄0ð2900Þþ] in the K−p → T̄a

cs̄0ð2900Þ−Λþ
c reaction.

The cross section for the K−p → T̄a
cs̄0ð2900Þ−Λþ

c reaction,
with a cutoff α ¼ 1.7 and a beam momentum PK− ranging
from the near threshold to 27.5 GeV, is presented in Fig. 7.
Our findings reveal that the maximum value of the cross
section for T̄a

cs̄0ð2900Þ− production in the K−p →
T̄a
cs̄0ð2900Þ−Λþ

c reaction is approximately 0.228 nb, which
is bigger than 0.150 nb, the maximum value reached by
assigning T̄a

cs̄0ð2900Þ− as a compact tetraquark state.
It is worth noting that the contributions to the K−p →

T̄a
cs̄0ð2900Þ−Λþ

c reaction are mediated by the exchange ofD
mesons in the t channel, which is identical to the production
process of its isospin partner T̄a

cs̄0ð2900Þ−−. The only
difference is the influence of K̄N ISI on their product cross
sections. To show the effect from the K̄N ISI, we compare
the cross sections obtained with and without ISI for the
cutoff α ¼ 1.7 and gTcs̄0

¼ 2.836 in Fig. 8, for the K−n →
T̄a
cs̄0ð2900Þ−−Λþ

c [Fig. 8(a)] and K−p → T̄a
cs̄0ð2900Þ−Λþ

c

[Fig. 8(b)] reactions. In Fig. 8, the solid black line is the pure
Born amplitude contribution, while the dashed red line
shows the full results. We can find that the presence of the
K̄N ISI leads to a reduction in the cross section of the
K−p → T̄a

cs̄0ð2900Þ−Λþ
c and K−p → T̄a

cs̄0ð2900Þ−Λþ
c reac-

tions by approximately 20%. This suggests that the K̄N ISIs
have a significant impact on the search for T̄a

cs̄0ð2900Þ in the
K−N → T̄a

cs̄0ð2900Þ−=−−Λþ
c reactions. Similar conclusions

regarding the reduction in the cross section could be drawn
if one were to consider T̄a

cs̄0ð2900Þ as a KD-D�
sρ molecule,

and we here do not discuss it in detail.

FIG. 6. The cross sections for the K−n → T̄a
cs̄0ð2900Þ−−Λþ

c →
π−D−

s Λþ
c reaction as a function of the beam momentum PK− ,

assuming T̄a
cs̄0 to be a K�D�-D�

sρ molecule (black solid line) or a
compact tetraquark state (red dashed line). Here, we display
results associated with α ¼ 1.7, the bound-state mass
m ¼ 2885 MeV, and the maximum value of the coupling
constants gTa

cs̄0
.

FIG. 7. The cross section for the K−p → T̄a
cs̄0ð2900Þ−Λþ

c
reaction as a function of the beam momentum PK− , assuming
T̄a
cs̄0 to be a K�D�-D�

sρ molecule (red and black bands) or a
compact tetraquark (cyan bands). The color bands denote the
cross sections for different ΓðTþ

cs̄0 → KþD0Þ values. The red and
black bands correspond to the bound-state masses m ¼
2885 MeV and M ¼ 2887 MeV, respectively, obtained in
Ref. [23]. The cyan band is the cross section for the mass of
the bound state m ¼ 2921 MeV [18].
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IV. SUMMARY

Theoretical investigations into the production processes
will be helpful to distinguish which inner structure of
Ta
cs̄0ð2900Þ is possible. This is because the different pro-

duction mechanisms of Ta
cs̄0ð2900Þ rely on its structure

assignments. In this work, we examine the recently observed
T̄a
cs̄0ð2900Þ production in the K−n → T̄a

cs̄0ð2900Þ−−Λþ
c and

K−n → T̄a
cs̄0ð2900Þ−−Λþ

c → π−D−
s Λþ

c reactions by consid-
ering Ta

cs̄0 as a molecular state and as a compact multiquark
state, respectively. The Ta

cs̄0ð2900Þ can be produced though
the exchange of D mesons in the t channel.
Using the coupling constants of the T̄a

cs̄0ð2900Þ to theKD
channel obtained from the molecule or compact tetraquark
picture of T̄a

cs̄0ð2900Þ, we compute the cross sections for the
K−n → T̄a

cs̄0ð2900Þ−−Λþ
c and K−n → T̄a

cs̄0ð2900Þ−−Λþ
c →

π−D−
s Λþ

c reactions. The numerical results reveal that
whether T̄a

cs̄0ð2900Þ is categorized as a molecule or a
compact tetraquark state, the cross sections for the K−n →
T̄a
cs̄0ð2900Þ−−Λþ

c reaction exhibit similar magnitudes, span-
ning roughly from 0.12 nb to 0.6 nb. Nevertheless, a more
distinct comparison can be drawn by computing the cross
section of the K−n → T̄a

cs̄0ð2900Þ−−Λþc → π−D−
s Λþ

c proc-
ess. The results indicate that, assuming the molecule
assignment for T̄a

cs̄0ð2900Þ, the cross section for the K−n →
T̄a
cs̄0ð2900Þ−−Λþc → π−D−

s Λþ
c reaction could peak at

3.66 × 10−3 nb, notably smaller than the 0.244 nb obtained
by presuming T̄a

cs̄0ð2900Þ to be a compact tetraquark state.
These findings are poised for future experimental measure-
ment and can serve as tests to discern the nature of
T̄a
cs̄0ð2900Þ. Lastly, we suggest a quest for the unreported

charged tetraquark Ta
cs̄0ð2900Þþ in the K−p →

T̄a
cs̄0ð2900Þ−Λþ

c reaction, given the fact that its production
cross section can reach up to 0.228 nb.
A rough estimation finds that the production cross section

of the T̄a
cs̄0ð2900Þ through high-energy proton-proton

collisions is approximately 17 fb (see Fig. 3 in Ref. [18]).
This value is about 104 times smaller than our calculated
results. This difference is why we propose to search for
T̄a
cs̄0ð2900Þ in the reactions K−p → T̄a

cs̄0ð2900Þ−Λþ
c and

K−n → T̄a
cs̄0ð2900Þ−−Λþ

c → π−D−
s Λþ

c . Furthermore, kaon
beams with momenta ranging from 50 to 280 GeV=c and an
rms below 5% are available from the M2 beamline at
AMBER [36]. AMBER is a new fixed-target experiment
at CERN that began its data-taking in 2023, providing an
excellent platform for the search for T̄a

cs̄0ð2900Þ.
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APPENDIX: PARTIAL DECAY WIDTHS
Ta
cs̄0ð2900Þ+ + → K +D+

In this appendix, we show how to compute the partial
decay width of the Ta

cs̄0ð2900Þþþ → KþDþ reaction. The
corresponding Feynman diagrams are shown in Fig. 2. To
compute the diagrams, we require the effective Lagrangian
densities for the relevant interaction vertices. Since
Ta
cs̄0ð2900Þþþ resonance can be identified as an S-wave

D�K�-ρD�
s molecule [23], the Lagrangian densities for the

Ta
cs̄0ð2900ÞþþD�K� and Ta

cs̄0ð2900ÞþþρD�
s vertices can be

written down as [41]

LTa
cs̄0K

�D� ¼ gTa
cs̄0K

�D�D�μτ⃗ · T⃗a
cs̄0K�

μ; ðA1Þ

LTa
cs̄0ρD

�
s
¼ gTa

cs̄0ρD
�
s
D�μ

s ρ⃗μ · T⃗
a
cs̄0; ðA2Þ

where the coupling constants gTa
cs̄0K

�D� ¼ 2.198–5.531 GeV
and gTa

cs̄0ρD
�
s
¼ 2.082–5.379 GeV, which correspond to the

physical sheet [23].
Considering the heavy quark limit and chiral symmetry,

the relevant phenomenological Lagrangians for the D�DP
and D�DV vertices are [21,51,52]

LD�DP ¼ ighD�
μuμD† −DuμD�†

μ i; ðA3Þ

LD�DV ¼ −2fD�DVϵμναβð∂μVνÞij
× ðDi ∂

↔

αD�βj† −D�β
i ∂

↔

αDj†Þ; ðA4Þ

where the h…i denotes a trace in the SU(3) flavor space and
ϵ0123 ¼ 1. P and Vμ are the SU(3) pseudoscalar meson and
vector meson matrices, respectively:

P ¼

0
BBB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1
CCCA; ðA5Þ

FIG. 8. The cross sections for the K−p → T̄a
cs̄0ð2900Þ−Λþ

c and
K−p → T̄a

cs̄0ð2900Þ−Λþ
c reactions as a function of the beam

momentum PK− , assuming T̄a
cs̄0 to be a compact tetraquark state.

The solid black lines and dashed red lines represent the cross
sections obtained with and without ISI, respectively.
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Vμ ¼

0
BBB@

1ffiffi
2

p ðρ0 þ ωÞ ρþ K�þ

ρ− 1ffiffi
2

p ð−ρ0 þ ωÞ K�0

K�− K̄�0 ϕ

1
CCCA

μ

; ðA6Þ

and Dð�Þ ¼ ðDð�Þ0; Dð�Þþ; D�ðþÞ
s Þ. uμ is the axial vector

combination of the pseudoscalar meson fields, and at the
lowest order, u2 ¼ −

ffiffiffi
2

p
∂
μP=f0, with f0 ¼ 92.4 MeV.

The coupling constants fD�DV ¼ λmρ=ð
ffiffiffi
2

p
fπÞ, with

λ ¼ 0.56 GeV−1, fπ ¼ 132 MeV [51], and mρ is the
mass of the ρ meson. The coupling constant g ¼ 1.097
is determined from the strong decay width
ΓðD�þ → D0πþÞ ¼ 56.46� 1.22 keV, together with the
branching ratio BRðD�þ → D0πþÞ ¼ ð67.7� 0.5Þ%.
For the ρDD and KD�D�

s vertices, the following
effective Lagrangians are needed [53–55]:

LDDρ ¼ igDDρðD†τ⃗ · ρ⃗μ∂μD̄ − ∂μD†τ⃗ · ρ⃗μD̄Þ; ðA7Þ

LKD�
sD� ¼−gKD�

sD�ϵμναβð∂μD̄�†
ν∂αD�

sβK̄þ∂μD
�†
ν ∂αD̄�

sβKÞ;
ðA8Þ

where the coupling constant gDDρ ¼ 2.52 [54] is derived
from the D-meson electric form factor in the standard
framework of the vector meson dominance model.
gKD�

sD� ¼ 7.0 GeV−1 was computed from the SU(4) rela-
tions [55]. The charm- and K-meson isodoublets are
defined as

D̄ð�Þ† ¼ ð D̄ð�Þ0 Dð�Þ− Þ; Dð�Þ ¼
�
Dð�Þ0

Dð�Þþ

�
; ðA9Þ

K̄ð�Þ† ¼ ðKð�Þ− K̄ð�Þ0 Þ; Kð�Þ ¼
�
Kð�Þþ

Kð�Þ0

�
: ðA10Þ

In addition to the vertices described above, we also need
the following effective Lagrangians [21]:

LPPV ¼ −ighh½P; ∂μP�Vμi; ðA11Þ

LK�KV 0 ¼ −gK�KV 0ϵμναβ∂αK̄�
β∂μV

0
νK þ H:c:; ðA12Þ

where V 0 signifies meson matrices:

V 0
μ ¼

0
B@ 1ffiffi

2
p ðρ0 þ ωÞ ρþ

ρ− 1ffiffi
2

p ð−ρ0 þ ωÞ

1
CA

μ

: ðA13Þ

The coupling constant gK�KV 0 ¼ 3g2h=ð64π2fπÞ with gh is
determined via the measured width of K� → πK. With the

help of Eq. (A11), the two-body decay width K� → Kπ is
related to gh as

ΓðK�þ → K0πþÞ ¼ g2

24πm2
K�þ

P3
πK� ¼ 2

3
ΓK�þ ; ðA14Þ

where PπK� is the three-momentum of the π in the rest
frame of theK�. Using the experimental strong decay width
(ΓK�þ ¼ 50.3� 0.8 MeV) and the masses of the particles
shown in Ref. [42], we obtain gh ¼ 9.11.
Putting all the pieces together, we obtain the following

strong decay amplitudes:

Mπ0
a ¼ −i

gghgTa
cs̄0

f0

Z
d4q
ð2πÞ4 qμ

−gμν þ qμ1q
ν
1=m

2
D�þ

q21 −m2
D�þ

×
−gνσ þ qν2q

σ
2=m

2
K�þ

q22 −m2
K�þ

ðqσ þp2σÞ
1

q2 −m2
π0
; ðA15Þ

Mη
a ¼ i

gghgTa
cs̄0

3f0

Z
d4q
ð2πÞ4 qμ

−gμν þ qμ1q
ν
1=m

2
D�þ

q21 −m2
D�þ

×
−gνσ þ qν2q

σ
2=m

2
K�þ

q22 −m2
K�þ

ðqσ þ p2σÞ
1

q2 −m2
η
; ðA16Þ

Mρ0

b ¼ −i
ffiffiffi
2

p
fD�DρgTa

cs̄0
gK�Kρ

Z
d4q
ð2πÞ4 ϵμναβq

μ

× ðpα
1 þ qα1Þ

−gβσ þ qβ1q
σ
1=m

2
D�þ

q21 −m2
D�þ

−gση þ qσ2q
η
2=m

2
K�þ

q22 −m2
K�þ

× ϵτλκηqκ2q
τ
−gλν þ qλqν=m2

ρ0

q2 −m2
ρ0

; ðA17Þ

Mω
b ¼ i

ffiffiffi
2

p
fD�DωgTa

cs̄0
gK�Kω

Z
d4q
ð2πÞ4 ϵμναβq

μ

× ðpα
1 þ qα1Þ

−gβσ þ qβ1q
σ
1=m

2
D�þ

q21 −m2
D�þ

−gση þ qσ2q
η
2=m

2
K�þ

q22 −m2
K�þ

× ϵτλκηqκ2q
τ−g

λν þ qλqν=m2
ω

q2 −m2
ω

; ðA18Þ

MD0

c ¼ −i
2ggDDρgTa

cs̄0ρD
�
s

f0

Z
d4q
ð2πÞ4p

μ
2

−gμν þ qμ1q
ν
1=m

2
D�þ

s

q21 −m2
D�þ

s

×
−gνσ þ qν2q

σ
2=m

2
ρþ

q22 −m2
ρþ

ðqσ þp1σÞ
1

q2 −m2
D0

; ðA19Þ
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MD�0
c ¼ i2gKD�

sD�gD�DρgTa
cs̄0ρD

�
s

Z
d4q
ð2πÞ4 ϵμναβq

μqα1

×
−gβσ þ qβ1q

σ
1=m

2
D�þ

s

q21 −m2
D�þ

s

−gση þ qσ2q
η
2=m

2
ρþ

q22 −m2
ρþ

× ϵτηλκqτ2ðqλ þ pλ
1Þ
−gνκ þ qνqκ=m2

D�0

q2 −m2
D�0

; ðA20Þ

MK0

d ¼ i

ffiffiffi
2

p
gghgTa

cs̄0ρD
�
s

f0

Z
d4q
ð2πÞ4 p

μ
1

×
−gμν þ qμ1q

ν
1=m

2
D�þ

s

q21 −m2
D�þ

s

−gνη þ qν2q
η
2=m

2
ρþ

q22 −m2
ρþ

× ðp2η þ qηÞ
1

q2 −m2
K0

; ðA21Þ

MK�0
d ¼ i2gK�D�

sDgK�KρgTa
cs̄0ρD

�
s

Z
d4q
ð2πÞ4 ϵμναβq

μðqα1 þ pα
1Þ

×
−gβσ þ qβ1q

σ
1=m

2
D�þ

s

q21 −m2
D�þ

s

−gση þ qσ2q
η
2=m

2
ρþ

q22 −m2
ρþ

× ϵτηλκqτ2q
λ
−gνκ þ qνqκ=m2

K�0

q2 −m2
K�0

; ðA22Þ

where mD�
s
, mD, MD� , mK� , and mK are the masses of the

D�
s , D, D�, K�, and K mesons, respectively. It is evident

that these amplitudes suffer from ultraviolet (UV) diver-
gence. Nevertheless, even the loops that are UV-finite
receive contributions from short distances when integrated
over the entire momentum space. To address this, we will
utilize a UV regulator, as described in Ref. [56], which
effectively suppresses the short-distance contributions,

thereby rendering the amplitudes UV-finite. The UV
regulator takes the form

Φ̃ðp2
E=Λ2Þ≡ exp ð−p2

E=Λ2Þ; ðA23Þ

where PE is the Euclidean Jacobi momentum defined as
PE ¼ mipj=ðmi þmjÞ −mjpiðmi þmjÞ for the ðijÞ
molecule.
Furthermore, we adopt the dipole form factor F ðq2Þ ¼

ðΛ2 −m2Þ=ðΛ2 − q2Þ to account for the off-shell effect of
the exchanged mesons. In this expression, m and q
represent the mass and four-momentum of the exchanged
mesons, respectively. The parameter Λ is typically para-
metrized as Λ ¼ mþ αΛQCD, where ΛQCD ¼ 220 MeV.
The value of α is chosen to be approximately 1.0 to ensure
that Λ closely aligns with the mass of the exchanged
mesons. In this study, we consider a range of α values
within 0.91 ≤ α ≤ 1.0, a range derived from experimental
data [57]. Then we have

Mtotal ¼
X

i¼a;b;c;d

MiΦ̃ðp2
E=Λ2ÞF 2ðq2Þ: ðA24Þ

Once the amplitudes are determined, the corresponding
partial decay widths can be obtained, which read

ΓðTa
cs̄0ð2900Þþþ → KþDþÞ ¼ 1

8π

jp⃗Kþj
m2

Ta
cs̄0ð2900Þþþ

jMj2;

ðA25Þ

where p⃗Kþ is the three-momentum of the decay products in
the center-of-mass frame, and the overline indicates the
sum over the polarization vectors of the final hadrons.
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