Chinese Physics C  Vol. 50, No. 7 (2026)
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Abstract: In this work, we investigate the production and decay of molecular states with quark content cccg and

JP = 1* using a phenomenological analysis and an effective Lagrangian approach. Based on an SU(3) flavor-sym-

metry analysis to identify golden channels, we further explore the dynamics of these processes under the molecular

assumptions of n.D* and J/ywD*. Our results indicate that the production branching ratio in B, decays is sizable: it

can be of order 10~ for the molecular configuration 5.D* and 10~ for the molecule J/yD*. In addition, we find

that the decay widths of the two molecular configurations n.D* and J/yD* are not significant, at the level of

O(MeV).
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I. INTRODUCTION

Since the LHCb Collaboration found the strange-
charm four-quark state candidate X;(,(2900) and
T24(2900) [1-4], the open-charmed four-quark states
have attracted increasing attention [5—11, 13—19; 52].
Subsequently, the doubly charmed four-quark state can-
didate T/ (3875), with the mass near (D"D°) threshold,
[20, 21] was reported in 2021. In-the case of the fully
charmed four-quark states, LHCb observed the broad
candidate structure that ranged from 6.2 to 6.8 GeV and a
narrow one located around 6.9 GeV inthe J/¥J/¥ chan-
nel [22]. These discoveries suggest that the heaviest
open-charm four-quark state with triply charmed flavor
should be possible. Although there is not yet sufficient
experimental evidence for the existence, it has been many
preliminary theoretical research to explore the properties
of the exotic state at present [24—32]. In particular, re-
garding the mass spectrum of triply charmed four-quark
states, Ref. [29] employed a quark-based model in con-
junction with the Gaussian Expansion Method (GEM)
and the Complex Scaling Method (CSM) to identify a
triply heavy tetraquark state within the energy range of
5.6-5.9 GeV. In Ref/[27], the authors estimate the mass of
the cceqg tetraquark state with quantum numbers J? = 1+
to be 5.1 0.2 GeV using the operator product expansion
(OPE). Furthermore, regarding the internal structure of
states containing three heavy quarks, analogous to fully
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charmed four-quark states, conventional analyses disfa-
vor a molecular configuration because the exchange of a
single long-range light meson between two charmonium
is suppressed. However, using heavy meson exchange
forces [36, 37] or two light mesons exchange force [38],
the authors considered the possibility of fully heavy four-
quark molecular states. If such interactions do play an im-
portant role, the triply charmed four-quark molecular
states should also be possible. Nevertheless, whether a
stable or resonant triple charm four-quark state exists, and
if so, whether its properties manifest as those of a com-
pact tetraquark or an extended hadronic molecule, re-
mains an open and fundamental question in hadron phys-
ics. Regardless of the ongoing theoretical debate, there is
strong motivation for a systematic investigation of its po-
tential phenomenological signatures, which can yield
concrete theoretical predictions to provide direct guid-
ance for experimental searches.

We focus on the production and decay properties of
the molecular states cccg in the phenomenological ana-
lysis and effective Lagrangian approach. The SU(3) fla-
vor symmetry analysis [39—46] and the effective Lag-
rangian approach [47—-51], which have been successfully
applied to heavy meson and baryon systems, can accord-
ingly be used to investigate the molecular states cccq.
With the assumption of molecular state, then the discus-
sion of dynamics is possible. The hypothesis of hadronic
molecule is popular, such as the four-quark candidate
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w(4040) is considered as D*D* hadronic molecule [33,
34]. The Y(4220), Z.(3900), and X(3872) states are inter-
preted as D;D, D'D, and D'D molecular states respect-
ively [23, 35]. Moreover, the open-charm four-quark can-
didate T} (3875) is discussed under the molecular state
(D*D%) [21, 52]. Accordingly, in this work we adopt the
generic schemes for the triply charmed molecule with
JP = 1%, pseudoscalar-vector 1.D*(PV) and vector-vector
J/yD*(VV) configurations. The work proceeds follow-
ing the standard procedure of the effective Lagrangian
approach. We firstly establish a gauge invariant phe-
nomenological Lagrangian to describe the interactions
between molecular states and their components, whose
associated coupling constants can be determined by the
bare compositeness condition. A direct calculation de-
pending on the Lagrangian at the hadronic level can then
be carried out. To facilitate the calculation, we primarily
consider the leading order triangle diagram contribution
to the strong decay process involving ¢¢ annihilation in
J/¥YD* or n.D* systems, as this process is suppressed by
the OZI rule and the heavy charm quark mass.

This paper is organized as follows. In Sec. 11, we con-
cisely analyze the properties of the molecular states 7.D*
and J/yD*, including their production and decay pro-
cesses. The numerical results and corresponding discus-
sions are presented in Sec. III. A summary of the work is
provided in the final section.

/Y /ne

1e(J/P)(p = k)

(€)

Fig. 1.

II. MOLECULAR STATE: J/yD* AND 5.D*

We focus on possible S-wave molecular configura-
tions with J” = 1* of the four-quark state T,.c;. The pos-
sible molecular states can be either vector-vector config-
urations, T,,p- (VV), or vector-pseudoscalar configura-
tions, T,p- (PV).The effective Lagrangian that de-
scribes the couplings between a molecular state and its
constituents is given in Ref. [53].

L1, ) = 81, Ty pr () / dy D) 7. (x +w,y) D (x— way),
Lz, (X) = 187,10 Evapd” T},/WD*(X)
X /dy (D(yz) JI (x+wy) D*ﬂ(x —wyy).
(D

Among these, the Fourier transform of the correlation
function is defined as [44, 54]:

da* L~ L~
() = /ﬁe””’ ®(-p?) with O(p3) = exp(—pr/A7).
2
The coupling constants can be further obtained through

renormalization of the mass operator, as depicted by the
self-energy diagram in Fig. 1A.

B. J/Y /0.

(color online) The internal W-emission (A) and external W-emission (B) diagrams represent the weak production of the mo-

lecular states T,.p- and Tjyp+ in B. meson decays. Diagrams (C) and (D) depict, respectively, the self-energy and production-triangle

processes of the molecular states 7,/yp- and Ty p-.
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We derive expressions for the coupling constants g7, .
and gr,,,., and adopt A7 in the range 0.8 to 1.2 GeV in
the numerical analysis. These expressions are provided in
Appendix A.

A. phenomenological analysis

In this section, we first employ a phenomenological
analysis to investigate the production and decay of these
molecular states. A convenient phenomenological tool is
an SU(3) flavor-symmetric analysis. In flavor space, the
light mesons can be grouped into an SU(3) octet, and the
triple-charm molecular states form an SU(3) triplet,
which can be represented as T..; = (TO T T

cccii® * cced? rrﬁ)'

Similarly, the charmed mesons form a triplet
D =(D°,D*,D}). Production from the B. meson must
proceed via the weak transitions b — c¢5/d. Within the
framework of an SU(3) flavor-symmetric analysis, the ef-
fective Hamiltonian can be written as:

H = a\B.(Hs)(Teee); V!, with (H3)* = V2, (Hs)* = V. (6)

Here, V denotes the vector meson field, the coefficient a,
parameterizes nonperturbative effects, and (Hz)" repres-
ents the weak transition vertex. Expanding this Hamilto-
nian yields all possible production processes, which are
listed in Table Al in Appendix A. Taking into account
the CKM matrix elements and the experimental detection
efficiency, we select three golden channels:

B' >K°T'.., B > K"T°

cccit?

+ *0
B - K

cccd*

(M

Neglecting phase-space effects leads to simplified rela-
tions among the different channels.

- KT ) _ LB — K°T! ) |V,

KT TB KTy Vel

cc

(B
(B}

®)

It should be noted that T..;; can be the molecular states
T,y and T, p- in production processes. However, in the
strong decays of the four-quark molecular state, the phe-
nomenology of T..;; may differ significantly between the
two molecular configurations due to phase-space effects.
Therefore, we write the Hamiltonians for the two-body
and three-body decays, respectively.

7’[ = bl(TJ/,/,D*),'DiJ/d’ + bz(T]/LﬁD*)iD*inc
+Cy (T‘[/wD*)incDjP;’ + CZ(TJ/L//D* )zJ/WD’M;

+ bll(TTIcD*)iDiJ/w +ci(T, (-D*)incDij’ &)

where P denotes a pseudoscalar meson. Accordingly, we
derive all possible decay processes (summarized in Table
A2) and the relations among different decay channels
(listed in Table 1).

Table 1. Decay relations among different channels for the possible four-quark molecular states 7yp+ and Ty, p+.
L(T) e = J/yD°) =I(T} e = J/YDY) (T} e = D'nenr®) = 2T} ) = D)
=Ty . = 0D} = 20T ). = DOnen®)
L(Type = J/WD°) = (T p- = J/WDY) (T}, = DOJ/ymt) =21(TY),, . = DOJ/yn®)
— + +
= F(TJN/D} - J/'J’D\) :ZF(T;/(&D* N D+]/lp71'0)
F(T;)MD* - mD*O) = F(T;/wD* - n.D*t) F(T?MD* — D) — F(T;/wD* N D()nc”+)
=TT, pe = 1Dy =20(TY),, . = D"nen®)
= 20(T ) = D*n.n%)
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B. The effective Lagrangian approach

1. Production of the molecular states from B. meson

Building on the SU(3) flavor-symmetry analysis, we
proceed to investigate the dynamics of the molecular
states T,,p- and T, p- within the effective Lagrangian ap-
proach. The production processes for these molecular
states are depicted by the triangle diagram shown in
Fig. 1(D). The corresponding amplitude can be ex-
pressed as:

(KT 1yy(jnop | Herr1Be)
= Z(K* T 1y ey I HAIMy Mo )X M M| H, 14| B.:), (10)
A

Here, (M,M|H.sfB.) is the short-distance weak-decay
matrix element; M; M, denote the possible final states of
the B. weak decay, and H,;; denotes the corresponding
weak-decay Hamiltonian. In this process, the W-emis-
sion diagrams shown in Fig. 1(A,B) dominate the weak
decay. The matrix element (K*T; . p|HMM3). de-
scribes the long-distance strong-coupling process, and H,
denotes the corresponding effective strong-interaction
Hamiltonian. We write the effective ~weak-decay
Hamiltonian as follows:

ﬁ
V2
+ Co()(boCa)v-a(Csqp)v-a) +h.c.,

Herr = Vi Veo(C (1 (BaCp)ven(Csga)v-a

(11)

where Gr and C,,(u) are the Fermi constant and Wilson
coefficients, respectively. The weak decay amplitude can
be factorized into the product of the Wilson coefficients,
the nonperturbative form factor, and the decay constant.

M(B. — J/yD(D"))
— GF

= $Vfch,sal,z<J/ YI(BE)y-al BXD(DM)I(Eq)v-al0),
(12)

M(B. — n.D(D"))
G _
= “L V2 Va1 201l (bC)y-al B XD(D)(@q)v-al0),

V2
(13)

Here, a, and a, denote the effective Wilson coefficients,

d*k
ﬁﬁ(k%)(

MTJ/wD* = gTJ/,,,D* mp +mj/¢/
5

. ik
Sgpvpo'ppk(]rAO(k%) + lgvg;Al (kg)(mB( + m]/l//) - mi

with a; =C; +C,/N,. and a, = C, + C,/N,. The parameter
N, denotes the number of colors. The form factors are
defined as follows [56]:

(J/l//(PJ/.p)KBC)va |BC(pB(» )

2 % o .k
= oty e P P51 A@) + i€, (mp, +my)Ai(q7)
. e*. q _8* -q
—ZW(PB( + Pa)uAa(qt) —i e 2myq,As(q°)
&
+ quzmvkzﬂAzt(qz) )
q
(14)
MpyII(BC)y_alB(p5,))
o —m2
=(pp.+ Py~ %Q)ﬂﬂ(k%)
my —m?
+ g, Fo(q). (15)
q

Here, ¢, denotes the polarization vector of the J/y, and
the transition momentum is defined as g, = (pp, — pijy)u-
The matrix elements between the D™ meson and the va-
cuum are defined as [57]

(DICQIv-al0) = ifpqu,  (D'(€q@)v-4l0) = mfp-g,, (16)

where fpe is the decay constant of the D™ meson, and &,
denotes the polarization vector of the D* meson.

To address the long-distance strong-coupling matrix
element, we introduce the following strong-interaction ef-
fective Lagrangian [58]:

-EVP,PZ = l'gvp,p2 (VyaMPlPZ_VyapPZPl> s

Lvl V2P = —8viv,p dlmﬁ (6;4‘/11/601‘/2/3) P,

—igp sy { D (0,07 I/, — D8, 1/
+(8,D,D" - D;8,D") J|y*
+ D™ (D8, /v, - 8,D,J /") }.

LD*D*J/(//

(17

where V; and P; denote the vector and pseudoscalar
mesons, respectively.

Using the effective Lagrangian and form factors, the
amplitudes for B. — K*T o+ shown in Fig. 1(D) are
given below:

2y 2
k1),As(k
R +mj/w(p+ I)Lﬁ 2( 2)

c
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In addition, to remove ultraviolet divergences in the amp-
litudes, we introduce the form factor F,(k3) [59].

GeV)[35],is used to suppress contributions from hadrons
at'short distances.

2. Decay of the molecular states

(19)

2 2
myp. —ADé )2
5 3 ) >

2y —
200 = (2 s,

Within the effective Lagrangian framework, we de-
rive the decay processes of the molecular states .D* and
J/yD*; the corresponding diagrams are presented in
Fig. 2. In addition to the conventional two-body decays,
we also investigate possible three-body decays, whose

where mp. and k; denote the mass and momentum of the
exchanged meson D* in the triangle diagrams. The cutoff
parameter (with

AD* =mp-+a,

a, = aAQCD ~0.4

Dy (p2)

(CLH) (b//) (C”)

Fig. 2. (color online) Diagrams (a, ', a”, b”, ¢’’) represent two-body decays of the molecular states 7, p- and T,/yp-. Among them,
the decay processes depicted in diagrams (a, a’) are dominant and are the primary focus of this paper, whereas those in diagrams (a”,

b", ¢"") are suppressed. Diagrams (b, b’) and (c, ¢’) depict tree-level and one-loop three-body decays of the molecular states (7, p+ and
Tjyp+ ), respectively.
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representative diagrams are also shown in Fig. 2. In this arising at one loop. The decay amplitudes M’ for the mo-
work, we discuss the contributions of three-body decays lecular states T, and T, p- are given as follows:
|
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The momentum conventions are illustrated in Fig. 2.
Here, py; = p»+ p3, and k; denotes the momentum of the
exchanged particle. The partial decay width for the three-
body process 7y pr = J/¥(/n:.)Dr is given by [60]:

R
) 32md.

IMPdm3,dm3s.

21

M’ denotes the decay amplitudes; m;, and my; represent
the invariant masses of the final-state J/yz (or n.m) and
Dr systems, respectively, defined as m?, = (p; + p,)* and
m3, = (pa+ p3)*>. The limits for the outer integration vari-
ables m3; and m?, are given by:

(m%3)min =(my +I’f13)2, (m%js)max = (M_ml)z»
2
(M mas = (B} + E3) = (VET =mit = /ES? =),
2
i min = (B} + E3)* = (EZ —mi + \/Ej —m3)
(22)

where Ej=(M?>—m}—m?)[2my; and E; = (md; —mi+

m3)/2my;, with E; and E; denoting the energies of the
J/y (or n.) and the 7, respectively, in the rest frame of
the system with invariant mass m;.

III. NUMERICAL ANALYSIS

The form factors in Eqgs. (14) and (15) can be para-
meterized over the physical region.
aq*

(@) =a +(12612+272,
my —q

where the fitted parameters «;,; are taken from refer-
ence [61]. The decay constants, coupling constants and
Wilson coefficient a; are collected into Table 2. The

3

(20)

[
coupling constants gr, ,. and gr, . between the molecu-
lar states cccg state and their constituent can be obtained
by Eq. (5). The couplings does not vary significantly with
the scale parameter Ar. We take Ay from 0.8 to 1.2 GeV,
the variation in the strong coupling constant is less than
6%. The three-meson strong couplings constants are de-
rived from the SU(4) flavor symmetry analysis. It should
be emphasized that incorporating SU(4) flavor symmetry
breaking effects into our calculation is challenging, as
this symmetry serves as the foundation of the hadronic ef-
fective Lagrangian we employ. Nevertheless, to assess
how potential uncertainties in these parameters, we var-
ied the coupling constants by +10% in the numerical ana-
lysis.

In the schemes of molecular states T,,p- and 7, p-,
the production branching ratios from B. meson are listed
in Table 3, where we take cutoff parameter a,, = 0.4GeV
and binding energy € =5,10,20 MeV. Besides, the decay
widths are obtained in Table 4, in which the results not
provided are mainly forbidden by the effect of phase
space. For completeness, the dependence of the produc-
tion branching ratios and the two-body decay widths of
the four-quark states on the cutoff parameter «, are
shown in Fig. 3 and Fig. 4, respectively, with «,, varying
in the range of 100—-450 MeV [59]. Note that the widths
of three-body decays are generally small, especially for
processes with only loop-diagram contributions, and they
depend very weakly on «,, though a slight increasing
trend is observed as «,, increases.

e In general, the production branching ratios for the
T,,.p- molecular configuration are larger than those for the
T,y molecule. Specifically, the branching ratios for the
two Cabibbo-allowed processes B: — FOT,;D* and
B! — K**T} .. can be of order 107*.
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Table 2. The input parameters include decay constants, coupling constants, and Wilson coefficients; see Refs. [58, 62, 63].

b =0200GeV, fp, =0.241GeV, fp =0.200GeV, fp: = 0.241GeV, a; = 1.07,

ay = =0.017, gxprp = =7.07, gprp* 11y = 2.298, gppri+ = —2.298,
&p +pOg+ = 16.818, 8p0p0r0 = 11.688, &n.DD* = —4.271, 8D*D*n. = —7.07,

8Jjwprp =—1.07, 8Tyypr = 1'223t8:83§1’ 8Ty.pr = 16'065i8:2?}§

Table 3. The production branching ratios (x107%) for the molecular states ccég with binding energies e = 5,10,20 MeV.

branching ratio (x1073)

branching ratio (x107>)

neD* J/yD*
€e=5 e=10 €e=20 €e=5 e=10 €e=20
Bf ~K'TE,, 4.649 6.198 11272 B —K'T},p 0.245 0.422 0.816
L 4.798 6393 11.621 S K9, 0.253 0.435 0.840
- KTy 0.093 0.125 0.229 - K0T}, 0.005 0.009 0.020

Table 4.  Partial decay widths (in units of MeV) for the two- and three-body decays of the four-quark molecular states 7;,p- and
Tyt -
widths /MeV widths /MeV
process process
€=5 e=10 €e=20 €=5 e=10 €=20
T p = J/yD* 3.491 4.093 4385 Gt 5 J/yD" 3.621 4.477 4583
— D¥ppen” 0.998 - - — D0 0.964 - -
- D't 2.290 - - T - JjyD} 2.293 3757 3.854
TS — JjyD* 0.070 0.122 0.238 TS0 - J/yD° 0.070 0.123 0.239
— D 0.045 0.076 0.141 - D0 0.045 0.077 0.142
— D*Jjyn® 0.015 - - — DYJ/yn® 0.019 - -
— DJ/yn* 0.025 D - - Dpn® 1.8x107%  32x107%  65x10™*
— D¥ppen” 1.9%x 1074 35x10™  7.0x10™ T s - JIYDy 0.076 0.136 0.267
— DOt 24x1074 . 43x10%  8.6x107 - neDiY 0.047 0.083 0.163
Br(B! — E*OT; ) =1.127x107%, and the dynamics of loop diagrams are likely the primary
mechanisms responsible for these deviations. In the loop
Br(Bf - K*T°,.)=1.162x107* .
¢ neD* : ’ and phase-space integrals, the propagator of the ex-
Br(B! — x° Tup) = 8.160x 107, changed particle S, (k;) in the triangle diagram and the
. 0 6 strong form factors F,(k?) at the vertices lead to final-
Br(B; — K" T})p.) =8.400x 107 (23) state dynamical effects that deviate significantly from the

e We define two ratios, R, and R,, for the production
processes:

T(B — K*TY,p.)

1= —x0
I'B; > K Ty,p)

~ 42,

(B
(B}

—0
K 'T,p)

— ~50.7,
- K Typ)

R, (24)

These values differ from the SU(3)-symmetric prediction
Ri5 = |Vil*/|Veal? = 19.9 given in Eq. (8). These results in-
dicate that the two processes exhibit significant SU(3)
flavor-symmetry breaking effects. Phase-space effects

SU(3)-symmetry expectation, owing to differences in the
masses, decay constants, and coupling constants of the D
and D, mesons.

e Note that the leading-order contributions to some
three-body processes arise from tree-level hadronic dia-
grams, such as the processes 77, — D’p.n* and
T30 — D%J/yn*; the calculations begin with the tri-

angle diagrams shown in Fig. 2(b,b).

e In addition to the cutoff parameter «,, and the bind-
ing energy ¢, the uncertainties in the production and de-
cay processes primarily arise from the strong coupling
constants associated with the T, p- and T,yp- states, as
well as from the three-meson interactions. Specifically,
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(color online) At the binding energy ¢ = 5 MeV, the branching ratios for Bf — K*T..; vary with the scale parameter a,, (GeV).

The panels correspond to the J/yD* molecular configuration (left) and the 5.D* molecular configuration (right).
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Fig. 4. (color online) At the binding energy e=35 MeV, the two-body decay widths of T..; vary with the scale parameter a,, (GeV).

The panels correspond to the decays T,.p- — J/yD (left), T;yp+ — J/yD (middle), and Typ- — n.D* (right).

variations in the former lead to a 12% change in the pro-
duction branching fraction and an 8% change in the de-
cay width, respectively. When a +10% variation in the
three-meson coupling constants, arising from SU(4) fla-
vor symmetry breaking, is further taken into account, the
production branching fraction and decay width exhibit
changes of 20% and 32%, respectively. Combining both
sources of uncertainty, the overall production branching
fraction and decay width are modified by 24% and 26%,
respectively.

e Summing over all possible two-body and three-
body processes, we derive the total decay widths of the
molecular states T, p and Tjyp- with J® =1* for the
cutoff parameter @ =0.4 GeV and the binding energy
€=5 MeV.

(T} p.) = 6.8MeV, T(T},p,)=0.16MeV, (25)

Given existing studies based on different methodologies
and internal structure models, we perform a direct com-

parison. Our results are consistent with those calculated
using the Gaussian Expansion Method (GEM) [29], in
which the authors predict a narrow resonance in a fully
coupled-channel calculation with a total width of approx-
imately T'(cccg) = 3.0 MeV.

For comparison, the compact tetraquark scheme with-
in the constituent quark model [64] yields a relatively
large decay width, T'(cccg) = 240.8 MeV, with significant
contributions coming from the decay modes J/yD*,
J/yD, and n.D*. The relative decay widths are approxim-
ately T(J/¥D"):T(5.D*):T(J/¥D)=0.004:13:1 [26,
64] for the lowest J” = 17 compact tetraquark states.

e For completeness, we further analyze decays into
final states containing light mesons, such as Dp and D*x.
These decay channels involve annihilation of the ¢¢ com-
ponent and creation of light quark pairs, and are subject
to both OZI- and a;-order suppressions. In addition, they
require the exchange of hard gluons and therefore suffer
dynamical suppression due to the large charm-quark
mass. Nevertheless, we employ the effective Lagrangian
approach to compute these processes. The triangle dia-
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grams are shown in Fig 2 (a”,b”,c"). For T, .. and T7,
configurations, the decay widths with € =20 MeV are

[yD*

L(T; . — p°D*) =0.537 MeV,
L(T; . — D™ 1) = 0.290 MeV, (26)

[(T},p — p°D*) = 0.0038 MeV,
L(T},,p- = D*7%) = 0.0038 MeV. 27)

They are about one to two orders of magnitude smaller
than the two-body decay widths listed in Table 4. There-
fore, such c¢¢ annihilation decay processes do not consti-
tute the dominant contribution. For brevity, we do not
provide a detailed discussion of these processes in the
present paper.

IV. CONCLUSIONS

In this work, we investigate the production of the mo-

lecular states T,,,p- and T, p- in B. meson decays, as well
as their two-body and three-body strong decays. Starting
from an SU(3)-symmetric phenomenological analysis, we
identify several golden channels for the production and
decay of these four-quark molecular states. Using the ef-
fective Lagrangian approach, we compute the decay
widths and production branching ratios. We find that the
production branching ratios increase with both the cutoff
parameter «,, and the binding energy €. For the T, p- con-
figuration, the branching ratios can reach the order of
10~*. Furthermore, the predicted strong-decay widths of
both T, p- and T,,p- are. modest, of order MeV.
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APPENDIX A

The coupling constants g:‘},W and g%/ . canbe de-
duced as follows:

B 62 —30*(A) AZD*(A) 2 1 p2 D o
——=3/ d d, + + X2 -a)f—- ——
8T, / a/ ﬁl6ﬂ20p 1+py 2mp ((—1—/3)3 1+p)? 21\2 (G-ap my, +mD)p>
A‘;cpz(A) 1 p —2my 1 »
- X(@@-1)B+2 ’ X =
am}, ((1+,3)44A4 M=+ ) T Ci=pp A%>>’
2 A4A 2 A2 2A 2 A4
—_3/ da/ a2 2 0 (ZArhs__ 6p DA+ P2 P DA 2A,+As)
80 167 6p 2myy,  (=1-p) My Mpmy, 4
e L AN RN A 20 P AT 2AAH DA
mp.mj, 8 2 r m%)(*x) mp,.m3,, 4
2 AYA 1 ASAg  ALAp*  ARAsp? ASA
- T5+p4—A§A2p2)— — 786  ArO4p rAsP”  Arhy
my, 4 mp.my, 4 2 2 4
1 ASAg  ARApP AZA P
_— 786  Npl4p TP ))’ (A1)
mp.my, 8 2 2
2m
2 -a)B- Ty
2 2 2_ 2 My +Mp- 5 .
where A = P apm, +(1-a)B(p”—m; ) - 1 -5 p”. Throughout this work, we take Ay =1
ne +Mp -
GeV.
2mp-  \2
(20 -ap-—2—)
N = L 24 B 2 (1 B 2+(] B 2 My +mp 2
T Ty DO T @PP R @R A1+P) P
sz* 2 4mD*
<2X(1_“)ﬁ+7> D*(A) <—4X(1—0)ﬁ—7)®2(A’)
Al _ mj/,/, + mp- Az _ mJ/¢, + mp-«
2(-B-1)*A7 ' 2(-B-1°A7 ,
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2mp- 2.
3Q(1—a)f+ — 2P RO -a)f+ ——2
A —d)z(A’)( mj/(,,+m1)* mj/l,,+m1)* )
T (—B-1°A2 2(—B-1)°AL ’
4mp- 4m - 2m
3B —1)— — 2y prda—1)B— — )21 — )+ — Y
A :(I)Z(A/)< mj/¢+mD* m]/w"rmD* m]/w"rmD* >
) 2B+ 1)A7 2-B- 1) AL :
4mp- 4m -
(~4x(1—a)f-—L ) p-4x(l-a)f- — 2
As = () jy & Moy T T
’ (—B- 1PN} 2B+ 1)*A% ’
2p2(~4x(1-@)f= — 2 POx (=)t — )2
A :q)z(A,)( 3 N myy +my, myy +my,
¢ (—B—1)*AZ (—B- 1AL (=B- 1A% ’
Admp- 2m -
3pAx(a—DB— —T2  POox(l-a)f+ —P Ly
+ m,l,,+mD* m]/w-i-mD* )
8(B+ 1)°AS ’
2 2 2 Mp- 4 mp- 3
12p~af—12p°B—12p My +m ) 3p ((a—l)ﬁ—m)
M2 A JI D* J/y D*
by = @20 (B+1)'AL Hprng ) "

The full set of production and decay channels for four-quark molecular states is collected in Table A1 and Table A2.
In addition, the complete relations among different production processes are listed.

Table Al. The production of the molecular states T..;; from B. mesons. The state T..;; can be realized as the molecules 7, p+ and
T J/yD* -
channel amplitude channel amplitude
0 —a Vg x .
BI - p'T % B - K" To aVes
—+0 % —x0 s
B! KT . ar Ve B > K Tl “Veq
B: - P+ Tg-za ai V;d B: - ¢Tc+ci‘s' ai V:s
Table A2. Two- and three-body decay processes of 7yp+ and Ty, p+.
channel amplitude channel amplitude channel amplitude
0 0 b b + + b
TJ/wDAHJ/I//D Tl T;/l//D* _)J/¢D+ % TJ/(//D‘;—)J/wDS T]
T3 yp = 1D % Tjype = D™ % Tjyp; = 1eD5* %
0 0 b + + b + + o
T,,‘,D* — JIYD Tl anD* — J/yD Tl TncD,’; — J/yD; Tl
19,,p- = DOJjyn’ 5 9,0 = D2y, 3 TSy p = DI /yn cl
T80 = DIJWK™ c T}y = DJ/yr* ¢ T}y = DHIyn® -5
+ + < —0 + 0 +
T5yp = DI Numy v T}y = Dy WK c1 Ty = DV JIYK cl
T}, b = D*J/yKO° 1 Ty, e D} Jym, -/Ze Ty/ o = DOy.n® %
T?/¢D* - DO'h:ﬂq % T‘(])/lﬁD* - D+i]¢-71'_ 2 T;)/‘pD* - D;—ncK_ 2
T = D'nertt @ Thypr = D*pen’ _% Thype = DT 1lerly %26
Ty — DinK’ e TSup: = DK™ ) TS up: = DK )
+ +
T5jup; = DsTenq -V2%a
T,(I)L_ P Donfnq % T'?E pr = Dtnen” c} T,(])C pr = DincK™ c
0 . 0 < + + <]
T,;:,D* - Dnent c th.D* - D*pn _$ Tﬂ(_D* — D*neng %
T};_D* - D;ncfo | TJCD; — D% .K* c} T;;:Dj — D*n.K? c
T,?CD,; — D%en® ‘%ﬁ T;;D: — Dineny _ \/gtfl
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1 1 —+0
T(B: = p'Typ) = STBE = p Tgyp) = STBE = K T0),
L(B; = K**T},p.) =T(Bf = K*°T},,.) =T(Bf = ¢T},5.),
1 1 —0
L(B; - p’T; ) = 5r(B; —p'Ty )= Er(B; KT ),

[(B; —» KT, ,) =T(B = KT, ) =T(B} — ¢T;' ). (A3)
The relations among different decay channels are given by:

L(T),p = 1D*) =T(T5,,p = 1eD™) =T(T},, 5 = 0D},

L(T3)p = J/YD’) = T(T}yp — JIWD*) =T (T}, = J D),

LT} o = JWWD) =T(T; o = J/yD*) =T(T; . =0:D),

(T),,p = D" JJyn) =T(T3,,p. — DiJ/WK™) =TT}, — D°J/yn*)
=TT}y = DEIWR) =TT}, — D°JJWK") = T(T} . — D*IYKO)
=20(T},,p- = D°J[yn’) = 20T}, p. = D J[ym°) = 61(T),, .. — D°J/ym,)
= 6Ty = D11 = STy = DI, T = DY)

=T(TY,p = DinK) =T(T,p — D) =T(T}yp — DK
=I(T}yp: = D'n.K") = (T},p = DK = 21T}, . = D'nen”)

=20(T},,p = D .’y = 6I(T),, .. = D°neny) = 61(T . — D1enyy)
= ST A D). DTy = D) =TT = DinK)
=T(T}yp = D'nn®) =T(T5),p — D;njo) =I(T5,,p, = D°n.K*)
=[(Tjyyp: = D'0K") = 20(T)) . — DOnn”) = 20(T - — D' e’

3
= 6L (T3, . = D"neny) = 60(T},,p. — D*neny) = ST, = Dineny)- (A4)
References [11] M. Mai, U. G. MeiBner, C. Urbach, Phys. Rept. 1001, 1
(2023)
[1]  R.Aajj ef a/ (LHCb), Phys. Rev. D 102, 112003 (2020) [12] L. Meng, B. Wang, G. J. Wang et a/, Phys. Rept. 1019, 1
[2] R. Aaij et a/ (LHCb), Phys. Rev. Lett. 125, 242001 (2020) (2023)
[3] R. Aaij er al (LHCD), Phys. Rev. Lett. 131(4), 041902  [13] P.G. Ortega, D. R. Entem, Symmetry 13(2), 279 (2021)
(2023) [14] H. Huang, C. Deng, X. Liu et al, Symmetry 15(7), 1298
[4] R. Aaij et al (LHCD), Phys. Rev. D 108(1), 012017 (2023) (2023)
[51 Q. Qin, J. L. Qiu, F. S. Yu, Eur. Phys. J. C 83(3), 227  [15] R.F. Lebed, PoS FPCP2023, 028 (2023)
(2023) [16] B.S. Zou, Sci. Bull. 66, 1258 (2021)
[6] X.K.Dong, F. K. Guo, B. S. Zou, Phys. Rev. Lett. 126(15), [17] M.L.Du, V. Baru, F. K. Guo et al, JHEP 08, 157 (2021)
152001 (2021) [18] M. Z. Liu, Y. W. Pan, Z. W. Liu ef al, Phys. Rept. 1108, 1
[71 H. X. Chen, W. Chen, X. Liu et al, Phys. Rept. 639, 1 (2025)
(2016) [19] D. Johnson, I. Polyakov, T. Skwarnicki et al, Ann. Rev.
[8] F. K. Guo, C. Hanhart, U. G. Meilner et al, Rev. Mod. Nucl. Part. Sci. 74, 583 (2024)
Phys. 90 (2018) no.1, 015004 [erratum: Rev. Mod. Phys. 94 [20]  R. Aaij et al (LHCD), Nature Phys. 18(7), 751 (2022)
(2022) no.2, 029901] [21]  R. Aaij et al (LHCD), Nature Commun. 13(1), 3351 (2022)
[91 Y. R. Liu, H. X. Chen, W. Chen et al, Prog. Part. Nucl. [22]  R. Aaij et al (LHCD), Sci. Bull. 65(23), 1983 (2020)
Phys. 107, 237 (2019) [23] F.Z. Peng, M. J. Yan, M. Pavon Valderrama, Phys. Rev. D
[10] X.Cao, Front. Phys. (Beijing) 18(4), 44600 (2023) 108(11), 11 (2023)


https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevLett.131.041902
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1103/PhysRevD.108.012017
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1140/epjc/s10052-023-11375-4
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1103/PhysRevLett.126.152001
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.1007/s11467-023-1264-8
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym13020279
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.3390/sym15071298
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1016/j.scib.2021.04.023
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1146/annurev-nucl-102422-040628
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032

Analysis of molecular state #.D" and J/wD" in the effective Lagrangian approach

Chin. Phys. C 50, (2026)

(24]
(25]
[26]
(27]

(28]
[29]

[30]

[31]
(32]

[33]

[34]
[33]

[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]

Y. K. Chen, J. J. Han, Q. F. Lii ef a/, Eur. Phys. J. C 81(1),
71 (2021)

Z. H. Zhu, W. X. Zhang, D. Jia, Eur. Phys. J. C 84(4), 344
(2024)

X. Z. Weng, W. Z. Deng, S. L. Zhu, Phys. Rev. D 105(3),
034026 (2022)

J. F. Jiang, W. Chen, S. L. Zhu, Phys. Rev. D 96(9), 094022
(2017)

H. Mutuk, Eur. Phys. J. C 83(5), 358 (2023)

G. Yang, J. Ping, J. Segovia, Phys. Rev. D 110(5), 054036
(2024)

Q. F. Li, D. Y. Chen, Y. B. Dong et al, Phys. Rev. D
104(5), 054026 (2021)

Y. Xing, Eur. Phys. J. C 80(1), 57 (2020)

Y. Liu, M. A. Nowak, I. Zahed, Phys. Rev. D 100(12),
126023 (2019)

A. De Rujula, H. Georgi, S. L. Glashow, Phys. Rev. Lett.
38,317 (1977)

M. B. Voloshin, L. B. Okun, JETP Lett. 23, 333 (1976)

M. Z. Liu, X. Z. Ling, L. S. Geng, Phys. Rev. D 110(5),
054035 (2024)

W. Y. Liu, H. X. Chen, Eur. Phys. J. C 85(6), 636 (2025)
W. Y. Liu, H. X. Chen, Universe 11(2), 36 (2025)

X. K. Dong, V. Baru, F. K. Guo et al, Sci. Bull. 66(24),
2462 (2021)

L. Meng, B. Wang, S. L. Zhu, Phys. Rev. D 102(11),
111502 (2020)

Z. Yang, X. Cao, F. K. Guo et al, Phys. Rev. D 103(7),
074029 (2021)

M. J. Yan, F. Z. Peng, M. Sanchez Sanchez et al, Phys. Rev.
D 104(11), 114025 (2021)

V. Baru, E. Epelbaum, A. A. Filin ef al, Phys. Rev. D
105(3), 034014 (2022)

Q. Y. Zhai, M. Z. Liu, J. X. Lu et al, Phys. Rev. D 106(3),
034026 (2022)

N. Li, Y. Xing, X. H. Hu, Eur. Phys.'J. C 83(11), 1013

[45]
[46]

[47]

(48]
[49]

[50]
[51]
[52]
[53]
[54]
[55]
[56]
(571
(58]
[59]
[60]
[61]

[62]
[63]

[64]

(2023)

Y. Xing, F. S. Yu, R. Zhu, Eur. Phys. J. C 79(5), 373 (2019)
X. H. Hu, Y. L. Shen, W. Wang et al, Chin. Phys. C 42(12),
123102 (2018)

N. Isgur, K. Maltman, J. D. Weinstein et a/, Phys. Rev. Lett.
64, 161 (1990)

H. J. Lipkin, B. s. Zou, Phys. Rev. D 53, 6693 (1996)

X. Q. Li, D. V. Bugg, B. S. Zou, Phys. Rev. D 55, 1421
(1997)

J. J. Han, H. Y. Jiang, W. Liu et a/, Chin. Phys. C 45(5),
053105 (2021)

K. Chen, C. Q. Pang, X. Liu et al, Phys. Rev. D 91(7),
074025 (2015)

L. Meng, B. Wang, G.'J. Wang et al, Phys. Rept. 1019, 1
(2023)

Y. b. Dong, A. Faessler, T. Gutsche ef al, Phys. Rev. D 77,
094013 (2008)

T. Branz, T. Gutsche, V. E. Lyubovitskij, Eur. Phys. J. A
37,303 (2008)

S. Weinberg, Phys. Rev. 130, 776 (1963)

R. Dhir, R. C. Verma, Phys. Rev. D 79, 034004 (2009)

H. Y. Cheng, Phys. Rev. D 56 (1997), 2799-2811[erratum:
Phys. Rev. D 99 (2019) no.7, 079901]

C. W. Shen, J. J. Wu, B. S. Zou, Phys. Rev. D 100(5),
056006 (2019)

H. Y. Cheng, C. K. Chua, A. Soni, Phys. Rev. D 71, 014030
(2005)

S. Navas et al (Particle Data Group), Phys. Rev. D 110(3),
030001 (2024)

Z. Q. Yao, D. Binosi, Z. F. Cui et al, Phys. Lett. B 818,
136344 (2021)

N. Yalikun, B. S. Zou, Phys. Rev. D 105(9), 094026 (2022)
J. M. Xie, X. Z. Ling, M. Z. Liu et al, Eur. Phys. J. C
82(11), 1061 (2022)

S. Y. Li, Y. R. Liu, Z. L. Man et al, Symmetry 17(2), 170
(2025)


https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-021-08857-8
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1140/epjc/s10052-024-12700-1
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.105.034026
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1103/PhysRevD.96.094022
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1140/epjc/s10052-023-11526-7
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.110.054036
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1103/PhysRevD.104.054026
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1140/epjc/s10052-020-7625-3
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevD.100.126023
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevLett.38.317
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1103/PhysRevD.110.054035
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.1140/epjc/s10052-025-14364-x
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.3390/universe11020036
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.102.111502
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.103.074029
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.104.114025
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.105.034014
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1103/PhysRevD.106.034026
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-023-12188-1
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1140/epjc/s10052-019-6882-5
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevLett.64.161
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1103/PhysRevD.55.1421
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1088/1674-1137/abec68
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.91.074025
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1140/epja/i2008-10635-1
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.79.034004
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1103/PhysRevD.71.014030
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1016/j.physletb.2021.136344
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1103/PhysRevD.105.094026
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.1140/epjc/s10052-022-11026-0
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170
https://doi.org/10.3390/sym17020170

	I INTRODUCTION
	IIMOLECULARSTATE:J/ψD*ANDηcD*
	A phenomenological analysis
	B The effective Lagrangian approach
	1ProductionofthemolecularstatesfromBcmeson
	2 Decay of the molecular states


	III NUMERICAL ANALYSIS
	IV CONCLUSIONS
	ACKNOWLEDGMENTS
	APPENDIX A
	REFERENCES

