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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—19]. Subsequently,
the doubly charmed four-quark state candidate 7'}.(3875),
with the mass near (D*D°) threshold, [20-21] was repor-
ted 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 in the J/yJ/y channel [22]. These dis-
coveries suggest that the heaviest open-charm four-quark
state with triply charmed flavor should be possible. Al-
though there is not yet sufficient experimental evidence
for the existence, it has been many preliminary theoretic-
al research to explore the properties of the exotic state at
present [23—31]. In particular, regarding the mass spec-
trum of triply charmed four-quark states, Ref. [28] em-
ployed a quark-based model in conjunction with the
Gaussian Expansion Method (GEM) and the Complex
Scaling Method (CSM) to identify a triply heavy tetra-
quark state within the energy range of 5.6-5.9 GeV. In
Ref.[26], the authors estimate the mass of the cccg tetra-
quark state with quantum numbers J* = 17 to be 5.1+0.2
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GeV using the operator product expansion (OPE). Fur-
thermore, regarding the internal structure of states con-
taining three heavy quarks, analogous to fully charmed
four-quark states, conventional analyses disfavor a mo-
lecular configuration because the exchange of a single
long-range light meson between two charmonium is sup-
pressed. However, using heavy meson exchange forces
[32, 33] or two light mesons exchange force [34], the au-
thors considered the possibility of fully heavy four-quark
molecular states. If such interactions do play an import-
ant 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 compact tet-
raquark or an extended hadronic molecule, remains an
open and fundamental question in hadron physics. Re-
gardless of the ongoing theoretical debate, there is strong
motivation for a systematic investigation of its potential
phenomenological signatures, which can yield concrete
theoretical predictions to provide direct guidance for ex-
perimental 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 [35—42] and the effective Lag-
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rangian approach [43—47], which have been successfully
applied to heavy meson and baryon systems, can accord-
ingly be used to investigate the molecular states cccg.
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
w(4040) is considered as D*D* hadronic molecule [48,
49]. The Y(4220), Z.(3900), and X(3872) states are inter-
preted as D;D, D'D, and D'D molecular states respect-
ively [50, 51]. Moreover, the open-charm four-quark can-
didate T} (3875) is discussed under the molecular state
(D*D) [21, 19]. Accordingly, in this work we adopt the
generic schemes for the triply charmed molecule with
JP = 1%, pseudoscalar-vector n.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 c¢ annihilation in
J/YyD* 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 r.D*
and J/yD*, including their production and decay pro-
cesses. The numerical results and corresponding discus-

T/ /ne

sions are presented in Sec. III. A summary of the work is
provided in the final section.

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

We focus on possible S-wave molecular configura-
tions with J” =17 of the four-quark state 7..;. 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. [52].

Lz, () =81, T pr (%) / dy D) e(x + w1y) Dj(x - w,y),
‘LTJ/wD* (x) =ig Tipyp 3;11/(1/36# T}//wD* ()
X / dy @) J /" (x+ w1y) D (x = wyy).
(D)

Among these, the Fourier transform of the correlation
function is defined as [40, 53]:

d* e I
O(y*) = / ﬁe-lm ®(-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. 1(A).
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Fig. 1.
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(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 Tyyp+ in B. meson decays. Diagrams (C) and (D) depict, respectively, the self-energy and production-triangle
processes of the molecular states 7,,p- and Ty, p-.

073105-2



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

Chin. Phys. C 50, 073105 (2026)

g . d%k ~
Sr(p?) = / D (~(k— pw))

3 Q)i
K (k- p)?
_3+T_(2p)
mp.  mr

X neD* ,
© =) (p—kP—ni2)
2
8T, d*k ~
S (p?) = SLawp / O (—(k — 2
r(P)=—3— 20 (=(k=pw)")
y A
(k2 =m3,,)(p—k)* —=mp.)’

3)

where

_ (2k-p+E+p)k-p)* 2k-p)
mj;,mp. mﬁ/w
_20k-p=K)(p* —k-p)k-p) K (P’ ~k-p)’
mﬁ/wm%* mgwmé*
2 Pp=K? Pk =2k p+p?)
mi/wm%,*
WP 2pP—k-pP?  2p*(KE—2k-p+ p?
N P~ 2p p)+p( 2p+p). @)

2 2
mj, M. mp.

A

—6p

)
mj,mp.

We use the Weinberg compositeness condition [54].

Zr=1-—L =0. )

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 Ty = (Tou Toogs Tiecs) -
Similarly, the charmed mesons form a triplet D = (D°,
D*,D?). Production from the B. meson must proceed via
the weak transitions b — ¢¢5/d. Within the framework of

Table 1.

an SUQ@) flavor-symmetric analysis, the effective

Hamiltonian can be written as:

H = a\Bo(H3) (Teceg); V], with (Hs) = Vi, (H)* = Vi, (6)

Here, V denotes the vector meson field, the coefficient a;
parameterizes nonperturbative effects, and (H;)" 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°

ccci?

B — KT (7)

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

I(B* - K**T°

cccit

) — Iﬂ(lgz - I(*0j2"+ J) _ |‘/;5|2

cce

B > KTt TB:—>K'Tiy) Vel

(®)

It should be noted that T..;; can be the molecular states
T)yp 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.

H = bi(Tyyyp)iD' I/ + b (Typyp)iD* e
+1(Typ )i D’ P+ co(T 1y )i [ D' M
+b,(Ty.p )i D' Ty + (T, p- ) D' P}, )
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).

B. The effective Lagrangian approach

1. Production of the molecular states from B, meson

Building on the SU(3) flavor-symmetry analysis, we

Decay relations among different channels for the possible four-quark molecular states 7,,p+ and Ty, p-.

L(T) e = JWD%) =TTy . = JWD*) =TTy . = neDiY)

(T e = DOyen*) = ATy e — D*pen®) = 2r(T§;r o = Dnen®)

r(T},)/ oo = J/yDY) = 0(T}pe = JIYD*) =[(T}, y: = J/yD¥)
0T, = D) =TT}, = neD™) = DTS e = 1eD7)

(T

+ . — DYty = 20(T9

TIuD Yo = DOIjyn®) = 20T}, 1. — DI fyn®)

0(T§,,p = D*'nen™) =T(T}), pe = Dner™) = 20(T5,, e — D'nen®)

= 20Ty pe = D*n.n°)
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proceed to investigate the dynamics of the molecular
states 7,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 1pypmon | Hestl Be)
= (K Tyunon IHIM Mo XM Mo Heg|BL). (10)
A

Here, (M|M,|Hz|B.) 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 .y pr|HAMM,) 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:

G _
Hesg = 7; Vi Veg(C1()(bocp)v-a(Cpga)v-a
+ Co(1)(baca)v-a(Csqp)v-a) + hc., (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"))

G _
= TFzV:” Veyar 20 [01(BC)y_alBXD(D)I(Eq)v-4l0),
(12)
M(B. — 1.D(D))
Gr . _
= TZV:bVwal,m(bc)H|B(~><D<D*>|(5q)V,A|o>,
(13)

Here, a; and a, denote the effective Wilson coefficients,
with a; =C; +C,/N. and a, = C,+C{/N,. The parameter
N, denotes the number of colors. The form factors are

d*ks )
M Ty = 8Ty W ¥ (k3 )

mp +mJ/L,,

e

8¢vpa'ppkirA0(k§) + igprl (kg)(mBL + mJ/l//) -

defined as follows [55]:

TP r)IBO)y-alBe(ps,))

2 *V o .
= g, +my C PPl Ao(@) + 1, 0ms,+my)Ai(¢)
. *. q > . 8* -q )
B + A - 2 A
1mBr Ty (P, + Piy)uAs(g™) —1 7 myquAs(q®)
&
t ‘qumvkzpfh(qz) ,
q
(14)
Me(PyN(bC)y-alB(ps,))
m3 —m?
= (Ps. + Py — %q),,Fl(kg)
=
+ %%Fo(qz)- (15)

Here, &, denotes the polarization vector of the J/y, and
the transition momentum is defined as g, = (ps, — pijy)y-
The matrix elements between the D™ meson and the va-
cuum are defined as [56]

(DIEq)v-al0) =1ifpq,, (D*|(€q)v-4l0) = mfp-g,, (16)
where fp 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 [57]:

Lypp, =igyp,p, (Vi@ PPy =V, 0"PyP),
Lyv,p = —8viv,P g’ (auvlvaaVZ/?) P,
Lo s = ~i8ppru{ D" (D" I/, ~ D3, )
+(8,D:D" ~ D3,D"™) J |y
+D* (D", - 8,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*Tjy(p o+ shown in Fig. 1(D) are
given below:

ik, >
_ k1),As(k
ms, + myy (P + l)<p 2( 2)
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(K} = 0%, )R = iy (K — iy )
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]
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2

-

8D, D*K*smmtﬁpl kgkglfl)s

2

_Mkﬁpﬂ (kz))g (p)e™(p1)

k3

X &1, F2(k3) (=

Rl

my) (k3 —mp, ) (k3 = m.)

(kZﬁgnm angﬁm

imp: fp:&p:p-k- (=g + 22)

mD*

= k2n&mp + P1p8mm = P1m8ns) +

In addition, to remove ultraviolet divergences in the amp-
litudes, we introduce the form factor 7,(k3) [58].

2 2
mp. — Ap.\2

KR—AD, ).

where mp. and k; denote the mass and momentum of the
exchanged meson D* in the triangle diagrams. The cutoff
parameter Ap- =mp +a, (With a, = aAqcp 0.4 GeV)

Fak3) = ( (19)

Diy(p2)

(a”)

(color online) Diagrams (a, a’, a”, b”, ¢”’) represent two-body decays of the molecular states T,.p+ and T;,p-. 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”,

Fig. 2.

b/l
Tjyp+ ), respectively.

(b")

(ki —m3,) (k3 — mD;) (k3 —mi.)

(18)

[51] is used to suppress contributions from hadrons at
short distances.

2. Decay of the molecular states

Within the effective Lagrangian framework, we de-
rive the decay processes of the molecular states r.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

(")

, ¢’") are suppressed. Diagrams (b, ") and (c, ¢’) depict tree-level and one-loop three-body decays of the molecular states (T, p+ and
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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:
|

(—g"™ + =52 )(
d4k3 mp« D*
ra — 3 ., ) . k2
MG s / 2yt 81D D&Tr 81w ) (G =) (Bt Fa(ks)

X (kl + pZ)#(_iangam + ik3agmn - ikngan - iangma + iplagnm - iplmgna)’

LRk Kk,
\ s B o S g )
o _ d%ks { mD* mjy,,
Ty1yp*—J WD (271.)4 gTJ/wu* 8D*D*J/y8J/yD*D (k% _ mj/,p) (k% _ mD*) (k% _ m%))

X (_angam + k3agmn - kngun + k2ngma + P148mm — plmgrla)7:2(kg)guvaﬁey(rpfg(r(p)g*a(p1 )kqlk(;py

kﬂ § KKy
&+ g“"+%)

(ki —m3;,) (k2 mp.) (k3 —

+gr]CD*DgJ/¢/DD3W(pI)%(kg) Pﬂkgg (p)gy(rp.fgpvaﬂ(kB Pz)ﬂp }

Y

K5k kik
(_g/lp )( lpo—)gm/np( ga7+ 1)

M d*ks { mW, )
Tyyp+—neD* (2 )4 gTI/WD g’]cD Dgf/lﬂDD (k% _ mJ/l//) (k% _ mD*) (k% _ D) 2R3
X (p2+k3), kY pie " (D)EmarEnemy€™ (P2) + &nopp &1y €™ (P TF2(K3)
k3 k3 kagks ki ki
(=u+ — )8+ =) (o + L)
D* D J/lﬂ vap Jyépo
X - PP p ks ko
ik —m2,,) (3 —mih.) (K —m3) v
X (=ki,8" +kig, +k3'g, —kan8™ + P38, —p’z"gﬁ)}
P23,P23,
&(p) (—gw "7)( P2 P3) 4
M/b’+€' _ D* d k3
T =1cbn = T 807 (P33 —m3}.) ’ Qmyt T
\4 mkn
(—g" + stflzls )(—g" + =2 2)
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gn[.D DgDD & (P)gf yh2 3(p2 P3)p¢2( 3)8ﬂ B 3p23 (k%_m%r) (kg mD*) (k% sz*)
vaf * P23.5 2 m
&%, (p)e,(p1)(—gpm + 7)17#(172 -p3)"
1b+c

Tyjyp+—J/wDr = 8T51yp+ 8D* D

(P%3 - m%,)

d*ks N KoK
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e P )
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+ 87/yDD* 8n.DD* gpvaﬁpg3k(1l%(k§)(p2 —P3 )y(Pl + k3 )/ngnfo‘en (P)pm

¢
Kk

JIy

Y v

PP -
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2
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0= m3y,) (G =iy (06— )

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 [59]:

R
(2n)? 32m.

IM 2dm3,dm3;.

21)

M’ denotes the decay amplitudes; m;, and my; represent
the invariant masses of the final-state J/yx (or n.m) and
Dr systems, respectively, defined as m?, = (p; + p,)* and
m3; = (p2+ 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 [60]. The decay constants, coupling constants and
Wilson coefficient a; are collected into Table 2. The

b

(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 «,, = 0.4 GeV
and binding energy e = 5, 10, 20 MeV. Besides, the de-
cay 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 [58]. 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 Bf —
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. [57, 61, 62].

fp=0200GeV, fp, =0241GeV, fp=0200GeV, fpr =0.241 GeV,

a3 ==0017, gxpp=—-1.07, gpep-spy =2.298,

Cppipe = 16.818,  gpaopo0 = 11.688, g, pp- = —4.271,

gp*prk+ = —2.298,

a; =1.07,

gp*pp. = =7.07,

gy p ==1.07, 8T yjypr = 1'223t8:83451’ 8Ty.pr = 16'065t8:2(3)§
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 €=5 e=10 €e=20
B KT, 4.649 6.198 11.272 B KT}, 0.245 0.422 0.816
L 4.798 6393 11.621 > K1Y, 0253 0.435 0.840
- KTy 0.093 0.125 0.229 - KT}, 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
Ty pr— J/yD* 3.491 4.093 4.385 Tr(y)(-D* — J/yDO 3.621 4.477 4.583
— D¥ppen” 0.998 - - — D0 0.964 - -
— D%fnt 2.290 - - T, p:— JyDF 2.293 3.757 3.854
T}yp — JIYD* 0.070 0.122 0.238 19,0 — JJyD" 0.070 0.123 0.239
- n.D** 0.045 0.076 0.141 - nCD*O 0.045 0.077 0.142
— D*J/yn® 0.015 - - — DOJ/yn® 0.019 - -
- DOJ/yrt 0.025 - - — Dnr® 1.8x10™*  32x10™*  65x107*
- D*pen® 19x107%  35%x10%  7.0x107* T p, = I/} 0.076 0.136 0.267
— DOperr* 24x10™*  43x10™*  8.6x107* - n.Dy" 0.047 0.083 0.163
Br(B! — X°T p) = 1.127 % 1074, the dynamics of loop diagrams are likely the primary
Bi(B* — KT 162 10- mechanisms responsible for these deviations. In the loop
1B, — nep) = 1.162X ’ and phase-space integrals, the propagator of the ex-
Br(B — F*OT;/W*) =8.160x 107°, changed particle S, (k;) in the triangle diagram and the
. I » 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:

(B > K*TY,,)
B > KTy
_T(B >K'T},)
CTB: - KT,

~ 42,

R ~50.7. (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) fla-
vor-symmetry breaking effects. Phase-space effects and

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 7,,p- states, as
well as from the three-meson interactions. Specifically,

073105-8



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

Chin. Phys. C 50, 073105 (2026)

+_ 300 T+
o B»K Thyp

N
o

s Bi-K* T"},w o

L x0T
o BoKThyp;

Branching ratio x 10-¢
o & B

o
o

®
0.0.2000000000000000000000000000

0.0 0.1 0.2 0.3 0.4
an(GeV)

Fig. 3.

+_ 70T+ u
5t o Bi»K Ty . .30
=e
+ *+ 70
R . BioK™T, . uae
| n®
S 4 o BIKOT: b .a°
un®
x ®
k] '5
=
w© 3 3
= L)
o )
£ ®
S 2 )
2 8
& s
«
= 8
om L)
1 8
L)
8
)
®
0]88000000000000000400409444090¢
0.0 0.1 0.2 0.3 0.4
am(GeV)

(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 & =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 7, p and T,,p with J* =1% for the
cutoff parameter @ =0.4 GeV and the binding energy
€=5 MeV.

(T}

Te

»)=68MeV, T(T],,)=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) [28], 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 [63] 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/yD"):T(5.D*):T(J/yD)=0.004:13:1 [25,
63] 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 T,
configurations, the decay widths with € =20 MeV are

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

[(T},p — p°D*) = 0.0038 MeV,
(T}, p- — D**n% = 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-

2 1 p2

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:
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D 2 o
(1+p)* 2A2 x(2(1- a/)'B_m,] +mD)P)

X(4a-1)p+2—

ALD2(A) N 1 p —2mp

)
dmy. . mp-2

—A;‘n A5 _ 6[)2

(1+B)* 4A4 my, +mp

D*(A) +

1 2
g

A2 2A 2 A4
P L, p . 27 (A,

B &
—3/ da/ dg
gTWD 1672 8p

1 (A?A(, —2A8A; +2A%
2 2 8

mp.my,,

(-1-By

2
ZmJ/w

+

A2
)+(7TA1

2 ALAs

1 A?Aﬁ _ A;A4p2
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207 p*As —2ALAL+2A2A, PP

~AJA + ) — ——— (- )

Mp:  Mp-g, 4

AAP? ASA

- ——( +pt = AJ A7) -
mg/w 4 m,zy mg/./, 4

N 1 ASAs  AFALP? N AZTAIp“))
m%)*mg/w 8 2 2 ’

2 2 4

(AT)
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QI-a)B- 7)2

m,h + mp-

where A = P +apmi. +(1
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1-8 p*. Throughout this work, we take Az = 1
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2mp- 2
3Q(1—a)f+ — 2P RO -a)f+ ——2
A _q)Z(Ar)( m‘]/‘//+mD* m-’/‘//+mD* )
T (—B-1°A2 2(—B-1)°AL ’
4y 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 :
4y 4mp-
Ax(l—a)f——"0 P (Ax(l—a)f— —TP
A —(DZ(A’)( myy +Mp- mjy + mp- )
> (—B- 1A} 208+ 1)*A} ’
2p2(-4x(1-a@)f— — 2 p2x(l- @)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
+ myy +Mmps m1/¢+mD* >
8(B+ 1)°AS ’
2 2 2 Mp- 4 mp- 3
2p*af-12p°p-12p*——— 3p*((@a-1)f——)
A =(D2(A/)< my + mp- myy +mps )
’ B+1)*A} 2A—B-17AS

(A2)

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 V] x .
BI - p'T % B - K" To aVes
—+0 % —x0 s
B - K T:czd arVes Bf 5 K Tigs aVey
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
79,0 = JIWD° 4 T} o = JIWD* b T} yp; = JWD3 b
T3 yp = 1D % Tjype = D™ % Tjyp; = 1eD5* %
TO e = JjyD° 4 Ty e = JIyD* 4 T, p: = JIYDS 4
19,,p- = DOJjyn’ 5 9,0 = D2y, 3 TSy p = DI /yn cl
T9,,0- = DyT/YK™ 1 T}y = DJ/yr* c1 T}y = DHIyn® —0715
| —0 0
T5yp = DI Numy 7 T5yp = DIJWK c Ty = DV IIUK? c
T} yp: = D*J/yK® 1 T} up: = DY g -/Zel 79, o = DOner® %
T?/¢D* - DO'h:ﬂq % T‘(])/lﬁD* i 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 )
T;/ij - D;Ucnq - \/%"2
0 0 < 0 - . 0 - .
Tm-Dﬁ — D¥neny % T, p = D*nen ¢} Thp = Din.K c)
0 . 0 < + + <]
T,;:.D* - D'ner* c T”t.D* - D*nen —% T;,(.D* — Dneng %
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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l 1 —+0
L(B; - p°T})p) = 5F(BC+ —p T p) = 5r(B; =K T}yp):
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(TY,p = 1eD*) =T(T5,,p = 1eD™) =T(T}, 5 = 0D},

LTy = WD) =T(T5),p = J/YD*) = (T}, — J/YDY),

L(T, po = J/YD®) = T(Ty o = J /YD) =TTy . = DY),

(T),,p = D" JJyn) =T(T3,,p. — DiI/WK™) =T(T5),p — D°J/yn*)

= T(T}jup = DIIWEK) = T(Tjyy, = DVINWK®) = DTy = D*I/YK®)
=20(T},,p- = D°J[yn") = 20(T},,p. = D*Jjym") = 61(T),, .. — D°J/ym,)
= 6Ty = D11 = ST, = DI, T = DY)

)
=I(T}yp: = D'n.K*) = (T}, = D'1cK®) = 21T}, . = D'ner”)

= F(T?/WD* - Din.K") = F(T}r/wu* - Donc”+) = F(T;/Lw* - D;Ucko

= 20(T5;,p- — D' 1en’®) = 60 (T} — D'nenty) = 61(T) 0 — D11y
3 B -

= EF(T;MDZ — Dinen,), F(Ty/w* - D'n.r)= F(Tj)/lw* — Din.K")

= (T} = D) = (T} = DK ) =TT = D'neK™)

=T(T},yp, = D'ncK®) = 2I(T},, . — D'n.n°) = 2T (T, p. = D 1ert”)

3 +
= 6F(T?/11/D* - Doncnq) = 6F(T;r/x/;D* - D+77677q) = EF(T]/¢D§ - D;’]J]q) (A4)
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