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Stimulated by the newly reported doubly charmed tetraquark state 7). by LHCb, we carry out a
systematic investigation of the S-wave interactions between the charmed meson (D, D*) in H-doublets and
the charmed meson (D, D}) in T-doublets by adopting the one-boson exchange model. Both the S-D wave
mixing effect and the coupled channel effect are taken into account. By performing a quantitative
calculation, we suggest that the S-wave D*D; states with I(J¥) = 0(07, 1) and the S-wave D*Dj states
with 7(JP) =0(17,27) should be viewed as the most promising candidates of the doubly charmed
molecular tetraquark states, and the S-wave DD, state with 1(J7) = 0(17) and the S-wave DDj state with
I(JP) = 0(27) are the possible doubly charmed molecular tetraquark candidates. With the accumulation of
experimental data at Run III and after a High-Luminosity LHC upgrade, these predicted doubly charmed

molecular tetraquark states can be accessible at LHCD in the near future.
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I. INTRODUCTION

The study of the exotic hadronic states, which cannot fit
into the conventional meson and baryon [1,2], has become
one of the central topics at the precision frontier of the
hadron physics. As an important part of the hadron
spectroscopy, these exotic hadronic states include the
hybrid mesons, glueballs, multiquark states, and so on
[3.4]. Studying the exotic hadronic states can provide the
valuable hints to shed light on the nonperturbative behavior
of the quantum chromodynamics (QCD). Since the obser-
vation of the X(3872) in 2003 [5], a series of charmonium-
like XYZ states and several P, states had been discovered
experimentally [3,4,6-10]. Since the masses of these
X/Y/Z/ P, states are close to the corresponding thresholds
of two hadrons, the explanations of the hidden-charm
molecular tetraquark and pentaquark states were exten-
sively proposed and studied in the past decades [3,4].
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Very recently, the LHCb Collaboration reported an
important observation of the doubly charmed tetraquark
state T#, in the D°Dz* invariant mass spectrum via the
proton-proton collisions [11]. The Breit-Wigner parameters
of this doubly charmed tetraquark state are om =—-273 +
615", keV/c? andI" = 410 + 165 £+ 43118 keV, where
the mass difference is with respect to the D°D** threshold
[11]. We should emphasize that the observation of the
doubly charmed tetraquark 7'}, is a great breakthrough for
the hadron physics, and it is the firstly observed doubly
charmed tetraquark state with the typical quark configura-
tion cciid, which can be assigned as the isoscalar DD*
molecular state with J* = 17 [12-17]. In fact, possible
doubly charmed tetraquark states were also considered in
Refs. [18,19].

In 2003, the charmoniumlike state X(3872) was
observed by the Belle Collaboration [5], and more theo-
retical groups joined the discussion of whether the X(3872)
can be viewed as the DD* molecular state [20—-32], which
is involved in the depiction of the interactions between an
S-wave charmed meson and an S-wave anticharmed meson.
Later, the experimental collaborations reported the more
and more observations of charmoniumlike states with
higher mass [10], which results in the discussion of whether
they can also be regarded as the hidden-charm molecular
tetraquark states by checking the interactions of an S-wave
charmed meson and a P-wave anticharmed meson [3,4].
For example, the Z(4430) [33] can be interpreted as the
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FIG. 1. With a simple replacement of the charmed mesons,
studying the interactions between the charmed meson in H-
doublet and the charmed meson in 7-doublet is the natural
extension of former investigation of the interactions involving
two S-wave charmed mesons [12-14].

D*D\" molecular state [34,35], the ¥(4260) [36] as the
DD, molecular state was given in Refs. [37-39], the
Y(4360) [40] was interpreted as the 2S bound state in
the D*Dl system [41,42], and so on. Borrowing the
research experience of the hidden-charm molecular tetra-
quark states [3,4], we can make a realistic study of the
doubly charmed molecular tetraquark candidates composed
of the charmed meson in H-doublets and the charmed
meson in 7-doublets. Meanwhile, the study of the inter-
actions between the charmed meson in H-doublets and the
charmed meson in 7-doublets is the natural extension of
former studies of the interactions involving two S-wave
charmed mesons [12-14] (see Fig. 1), which has inspired
the observation of the doubly charmed T, state to some
extent [11]. Recently, these possible doubly charmed
molecular tetraquark states were considered with the light
vector meson exchange in Ref. [43].

Considering future experimental potential, we believe
that the doubly charmed molecular tetraquark states can be
accessible through the proton-proton collisions. In 2018,
the LHC Collaboration announced a white paper on the
future physics program [44], Run III will be carried out
with higher-statistical data accumulation in near future, and
the High-Luminosity-LHC will be upgraded for the physics
reach. Thus, it is possible that more doubly charmed
molecular tetraquark states will be found by LHCb in near
future. As an area full of opportunities and challenges,
exploring various types of the doubly charmed molecular
tetraquark states should be paid more attention by both
theorists and experimentalists.

In this work, we perform a quantitative calculation of
the S-wave interactions between the charmed meson in
H-doublets and the charmed meson in 7T-doublets. For
achieving this goal, we adopt the one-boson exchange
(OBE) model, which was extensively applied to study the
hadronic molecular states [3,4], to deduce the effective
potentials for these discussed S-wave HT systems. In our
calculation, the S-D wave mixing effect and the coupled

channel effect are taken into account. Based on the obtained
effective potentials, we may get the bound state properties
of these discussed S-wave HT systems, and further judge
whether these discussed new type of the doubly charmed
molecular tetraquark states exist or not, by which we hope
that these crucial information can encourage experimental
colleagues to focus on these predicted doubly charmed
molecular tetraquark states in near future. In addition, we
hope that the joint effort from both experimentalist and
theorist makes the family of the doubly charmed molecular
tetraquark states become more complete [12—14].

This paper is organized as follows. In Sec. II, we present
the detailed deduction of the S-wave interactions between
the charmed meson in H-doublet and the charmed meson in
T-doublet by adopting the OBE model, and the corre-
sponding bound state properties of the S-wave HT systems
will be presented in Sec. III. Finally, we will give a
summary in Sec. IV.

II. THE DETAILED DEDUCTION OF THE
HT INTERACTIONS

In the present work, we mainly want to answer whether
or not the charmed meson in an H-doublet and the charmed
meson in a T-doublet can be bound together to form new
type of the doubly charmed molecular tetraquark states.
Firstly, we study the S-wave effective interactions between
the charmed meson in H-doublet and the charmed meson in
T-doublet within the OBE model [3,4], including the
contribution from the o, 7, 5, p, and @ exchange inter-
actions in our concrete calculation, which is inspired by the
experience of the nuclear force [3,4]. Here, the 7, ¢/7, and
p/w exchanges provide the long-range, intermediate-range,
and short-range interactions, respectively.

In the following, the general procedure for deducing the
OBE effective potentials in the coordinate space for these
discussed HT systems is presented [45-51].

A. The scattering amplitude

In the framework of the OBE model, we first write
out the scattering amplitude .#(h h, — hs3h,) for the
scattering process hjh, — hzh, by exchanging allowed
light mesons. At the hadronic level, we usually adopt the
effective Lagrangian approach to express the concrete
scattering amplitude quantitatively. For the scattering
process HT — HT, the relevant Feynman diagrams are
given in Fig. 2. Here, we need to construct the correspond-
ing effective Lagrangians to describe these related inter-
active vertices.

By considering the heavy quark symmetry, the chiral
symmetry, and the hidden local symmetry [52-56], one
constructs the effective Lagrangians relevant to the
charmed mesons in the H/T-doublet and the light scalar,
pseudoscalar, or vector mesons, where the compact effec-
tive Lagrangians can be explicitly written as [37]
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FIG. 2. The relevant Feynman diagrams for the scattering
process HT — HT. Here, H and T stand for the D(D*) and
D (D3), respectively.

£, = g (HcHPY + g (T' 6T Q)
i _
+ 5 (70,602 + H.el (2.1)

for the light scalar meson exchange,

Lo =ig(HP AparsHE) + ik<T§,Q>"Abays i)

+[i<T§,Q>< DA+ DA) 7s (>>+Hc]
)( ba

(2.2)
for the light pseudoscalar meson exchange, and

Ly=(iH 2 (Br"(V,~p,) + 16" F,,(p)), AL
T (B (V= p,) + 416 F o (p)), T

TSP, (Vu=p) + 117 Fou(p)), HL) +H.c ]
(2.3)

for the light vector meson exchange. In the above effective

Lagrangians, the superfield HS;Q) is defined as a linear

combination of the pseudoscalar charmed meson D with
1(JP) =1/2(07) and vector charmed meson D* with
I1(J?) = 1/2(17). And, the superfield " is expressed
as a combination of the axial-vector charmed meson D,
with 7(J*) = 1/2(17) and tensor charmed meson D3 with
I1(J?) = 1/2(2") in the heavy quark limit [57], which are
defined by [37]

144, .
H2Q> :T(Da(g)ﬂh _DEJQ>7/5)’

1+¢ 3 , rit =t
T == (Dz,l y—\ébii% (gﬂ T,

(1,0) denotes the four-velocity
approximation, and their

respectively. Here, v* =
under the nonrelativistic

conjugate fields satisfy H'2 = yoH @y, and T'O¥ =
7T 9"y [37]. In addition, the covariant derivative D,,
the axial current Aw the vector current V,, the pseudo-
Goldstone field &, the vector meson field p,, and the vector
meson field strength tensor F**(p) can be defined as
D,=0,+V,, A, =(£0,6-80,60/2, V, = (£'0,&+

5)/2 ¢ = exp(iP/f4), py = igyV,/ V2, and F*(p) =
8",0 — Opt + [p#, p], respectively. Here, the matrices for
pseudoscalar mesons P and vector mesons V, are
expressed as [45,49,50]

Z4+L g K+
- o 0
P=| atvwe K|
K~ KO - %11
0
/7_\/5 + % p+ K*+
vV, = P~ _ /’702 + % K*0 , (2.5)
K I_(*O ¢

u

respectively. At the leading order of the pseudo-Goldstone
field ¢, the axial current A, and the vector current V, read
as [47]

A, ="a,p, (2.6)

fa "

respectively. By expanding the compact effective
Lagrangians, we can obtain the detailed effective
Lagrangians to describe the coupling involving the
charmed mesons in the H/T-doublet and the light scalar,
pseudoscalar, or vector mesons, which can be found in
Refs. [46-48].

As the important input parameters, the information about
the coupling constants is crucial when studying the
existence possibilities of the hadronic molecular states.
These coupling constants can be extracted from the
experimental data or calculated by the theoretical model
[46-48,51,53,58-63], and the corresponding signs for
several coupling constants can be determined by the quark
model [64]. For example, the coupling constant g is
extracted from the experimental width of the D** — D%z*
process [59], the coupling constant f can be determined
from the vector meson dominance mechanism [59], and the
coupling constant k can be estimated with the quark model
[64]. Here, we need to indicate that these coupling con-
stants are widely used to discuss the strong interactions
[46-48,51,60-63]. In addition, the masses of these
involved hadrons are taken from the Particle Data Group
[65]. In Table I, we collect these values of the coupling
constants and hadron masses.

and V, =0,
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A summary of the coupling constants and hadron masses. Units of the coupling constants 4’ =

hl + hz /A ,/1, /’{N, and[ll
X

are GeV~!, the coupling constant f, is given in unit of GeV, and the masses of the hadrons are given in unit of MeV.

TABLE L
g, = —0.76 g =0.76

k = —0.59 |W| = 0.55

B’ =0.90 A =—0.56
=0 gy = 5.83

m, = 547.86 m, = 775.26
mp = 2008.56 mp, = 2422.00

] =035 g=0.59
fn=0.132 B =—0.90

2 = 0.56 \gl| =0.20
m, = 600.00 =137.27
m, = 782.66 = 1867.24
mp: = 2463.05

In addition, we need the normalization relations for these
discussed charmed mesons to write out the concrete
scattering amplitude quantitatively, which include

(0[D[cg(07)) =/mp, (0|D*|cg(17)) =€"\/mp-,
(0[DYleq(17)) =e*\/mp,, (0D |cq(27)) =" /mp;.
(2.7)

Here, the polarization vector e),(m = 0,+1) describing
spin-1 field can be expressed as e, = (0,0,0,—1) and ¢/, =
(0,41,i,0)/+/2 in the static 11m1t and the polarization
tensor (% (m = 0,+1, £2) describing spin-2 field can be
constructed as C”":z:mlq,,a(l,m,;1,m2|2,m>e’,‘,,1€$n2 [66].

B. The effective potential in the momentum
(coordinate) space

For the effective potential in the momentum space
Vilh=hshi () we have

Phil=lishy gy M (hyhy = hshy) . (28)
\/2m1112mh22mh32mh4

in terms of the Breit approximation [67,68] and the non-
relativistic normalization.

In order to solve the coupled channel Schrédinger
equation in the coordinate sEace the effective potential
in the coordinate space V ~hsh “(r) should be given,
which can be obtained by performing a Fourier trans-
formation for the effective potential in the momentum
space Vh tho=>hshs (q). The general relation can be explicitly
expressed as

- d’q
Vi) = [ 24,

S VT () P (g ).
)

(2.9)

In the above Fourier transformation, ¢ and my, are the four-
momentum and mass of the exchanged light mesons,
respectively. Generally speaking, the monopole-type form
factor 7 (¢*, m%) = (A*> — m%)/ (A% — ¢?) is introduced in
each interactive vertex phenomenologically [69,70], which
describes the finite size effect of the discussed hadrons and
compensates the off-shell effect of the exchanged light

mesons. Here, A is the cutoff of the OBE potential [3]. The
more explicit forms of the relevant Fourier transformation
can be found on Ref. [48].

C. The flavor and spin-orbital wave functions

For the doubly charmed molecular tetraquark states
composed of the charmed meson in H-doublet and the
charmed meson in 7-doublet, their isospin quantum num-
bers are either / = 0 or 1. When discussing the concrete
effective potentials of these investigated doubly charmed
tetraquark systems within the OBE model, we take the
same form for the flavor wave functions as that given in the
former work [12,14,16]. In Table II, we summarize the
flavor wave functions |/, I3) for these discussed S-wave
doubly charmed tetraquark HT systems.

And then, the general expressions for the spin-orbital
wave functions [**!L;) are written as

|‘A0A1> - Zc‘l]nijmL m|YL mL> (210)
m,mp,

Ao Ay) = > Conli E0 1Y L, ) (2.11)
m,my,

AA) = D O O enel Y ) (2.12)
m,m’ mg,my,

Ardy) = D O G el Y L), (2.13)

m,m’ mg,my,

In the above expressions, the notations Ay, A, and A,
denote the charmed mesons D, D*(D,), and Dj, respec-
tively, while Cab « and |Y;,, ) stand for the Clebsch-
Gordan coefficient and the spherical harmonics function,
respectively.

As is well known, the deuteron is a loosely bound
state composed of a proton and a neutron, which may
be regarded as the well-established molecular state
[46,69,70,75]. The study of the deuteron shows that the
S-D wave mixing effect may play important role in forming
the loosely bound states [46]. Thus, we consider the S-D
wave mixing effect in our calculation, where the relevant
channels are summarized in Table III. Here, we use the
notation |>*1L ) to simply denote the total spin S, relative
angular momentum L, and total angular momentum J for
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TABLE II.

Flavor wave functions |1, I3) for these discussed S-wave doubly charmed tetraquark HT

systems. The factor (—1)7#7=/#='r is from the exchange of two charmed mesons [71-74]. Here,
H = (D,D*), T = (D, D3), I and I; represent their isospin and the third component of these discussed
doubly charmed tetraquark HT systems, respectively.

1.15) Configurations

1. 1) S (HTT) + (=1)/mr=Ia=Ir| T HT))

|1.0) LI(IHOT) + [HYTO)) + (=1)7ur~7n~I1(|T* HO) + |TOH))]
I1.-1) 5 (IHOT®) + (=1)/nr=Iu=Ir| TOHP) )

|0, 0) [(JHT) = [H*T0)) = (=1)/mr=u=/r(|TTHO) — |[T°HT))]

TABLE III. The quantum numbers J” and possible channels
[2S+1L,) for the S-wave HT systems. Here, “ - - means that the
S-wave components in the corresponding states do not exist.

Jr DD, DD; D*D, D*Dj3

0~ o 'So)/1°Dy)

1= Ps))/PDy) PSH/PDy) - PSh)/P'Dy)
27 o ’$2)/PD2)  I°$2)/1'39Ds)  1’S5)/1>7Dy)
3~ e e |’S3)/1>>"Ds)

the corresponding doubly charmed tetraquark systems, and
the detailed information of finding out the bound state
solutions for these S-wave HT systems can be found in
Ref. [46] when considering the S-D wave mixing effect and
the coupled channel effect.

Through the above procedure, we can obtain the general
expressions of the effective potentials in the coordinate
space for these investigated doubly charmed molecular
tetraquark HT systems, which are collected in the Appendix.

III. BOUND STATE SOLUTIONS FOR THESE
DISCUSSED S-WAVE HT SYSTEMS

Based on the obtained effective potentials in the coor-
dinate space for these discussed doubly charmed tetraquark
systems, we solve the coupled channel Schrodinger equa-
tion, where the obtained bound state solutions include the
binding energy E, the root mean square radius r,,, and the
probabilities for different components P;, which may
provide us with the critical information to judge whether
these discussed doubly charmed molecular tetraquark states
exist or not.

Before producing the numerical calculation, we want to
specify three points:

(1) Since there exists the repulsive centrifugal potential
£(¢ 4 1)/2ur?, a hadronic state with the higher
partial wave ¢ >1 is less likely to generate
the bound state [3,7]. Thus, we mainly focus on
the S-wave HT systems in the current work.

(2) Only the cutoff is a free parameter in the OBE model
[3]. In practice, the cutoff parameter cannot be
determined exactly without relevant experiment

data, and we attempt to find the loosely bound state
solutions by changing the cutoff parameter in the
following numerical analysis [47,50]. According to
the experience of studying the deuteron, a loosely
bound state with the cutoff parameter around
1.0 GeV can be suggested as the possible hadronic
molecular candidate [46,69,70,75], which is widely
regarded as a reasonable input parameter to study the
hadronic molecular states [3,4]. Generally speaking,
the loosely bound state with the cutoff value close to
1.0 GeV is more likely to be regarded as the possible
hadronic molecular candidate.

(3) In addition, when judging whether the loosely bound
state is an ideal hadronic molecular candidate, we
expect that the reasonable binding energy should be
at most tens of MeV, and the typical root mean
square radius should be larger than the size of all the
included component hadrons [3,76]. This is mainly
because that the hadronic molecular state is a loosely
bound state [3,4].

In the following, we analyze the bound state properties of
these investigated S-wave HT systems by performing the
single channel, S-D wave mixing, and coupled channel
analysis.

A. The S-wave DD, system

For the DD, system, we notice that there does not exist
the long-range 7z exchange, but the o, p, and @ exchanges
are allowed within the OBE model because of the spin-
parity conservation. In Table IV, we present the bound state
properties for the S-wave DD; system. In our numerical
analysis, we firstly get the bound state solutions with the
single channel analysis. Furthermore, we consider the
contribution of the S-D wave mixing effect and the coupled
channel effect, and repeat the whole procedure of finding
the bound state solutions of the S-wave DD, system.

For the S-wave DD, state with I(J¥) =1(17), we
cannot find the bound state solution when scanning the
cutoff parameter A = 0.8-2.2 GeV, even if we consider
the contribution from the S-D wave mixing effect and the
coupled channel effect. Therefore, there does not exist the
S-wave DD; molecular state with 1(J7) = 1(17).
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TABLE IV. Bound state solutions for the S-wave DD, system.
The cutoff A, the binding energy E, and the root mean square
radius rgys are in units of GeV, MeV, and fm, respectively. Here,
“x” indicates no bound state solutions when scanning the cutoff
parameter 0.8-3.0 GeV, and we label the major probability for the
corresponding channels in a bold manner.

Single channel analysis

2.30 —0.30 4.88
0(17) 2.65 —1.98 2.40
3.00 —4.32 1.70
1(17) X X x
S-D wave mixing analysis
I(JP) A E T'rms P(SSI/SDI)
2.25 -0.29 4.92 99.96,/0.04
0(17) 2.63 —2.45 2.19 99.87/0.13
3.00 -5.56 1.52 99.78/0.22
1(17) X X X X

Coupled channel analysis

I(JP) A E Trms P(DDI/D*DI/D*DE)
0.92 -0.77 345 93.74/6.24/0.02

0(17) 0.95 —4.53 1.51 85.65/14.32/0.03
0.98 —-11.03 1.00 78.87/21.08/0.05

117) 229  —208  1.88 85.63/8.72/5.65

2.30 -11.15 0.75 76.92/13.80/9.28

In contrast, we can obtain the bound state solution for the
S-wave DD state with I(J¥) = 0(17) by setting the cutoff
parameter A around 2.30 GeV when only considering the
contribution of the S-wave channel, and the bound state
solution can also be found when the cutoff parameter is
fixed to be larger than 2.25 GeV after adding the con-
tribution of the D-wave channel. Besides, we further
include the coupled channel effect for the S-wave DD,
coupled system with 7(J”) = 0(17). It is possible to find
the bound state solution when we tune the cutoff parameter
to be around 0.92 GeV, where the contribution of the D*D;
channel becomes obvious with increasing the cutoff value.
Here, we notice that this state is the mixture of the DD; and
D*D; channels, where their probabilities are all over
several tens of percents. Thus, our numerical results
indicate that the contribution from the coupled channel
effect may play an essential role in generating the S-wave
DD, bound state with 1(J¥) = 0(17). If the existence of
the S-wave DD; molecular state with I(J7) =0(17) is
possible, it can decay into the DD, DD*, and D*D*
channels through the P-wave interaction. In addition, the
three-body strong decay channels DDz, DD*z, and D*D*x
are also allowed.

The effective potentials in the coordinate space are
singular at the short distance because of the singular
5(r) terms which are from the Fourier transformation of

the >1— 2 o and ;’ ‘+’ > terms in the momentum space. We need

to introduce the form factor at each interaction vertex,
which plays the role of regularizing the effective potentials
by imposing a short distance cutoff to cure the singularity
of the effective potentials in theory. Thus, the cutoff
parameter encodes the information of the short range
interaction, and the components results from the singular
&(r) terms in the potentials make the results sensitive to the
value of the cutoff parameter, which has been discussed in
our previous work [46]. For the DD, system, we notice that
there does not exist the long-range = exchange interaction,
but the o, p, and @ exchange interactions are allowed within
the OBE model because of the spin-parity conservation.
Thus, the o, p, and @ exchange interactions give strongly
attractive forces at relatively short range, and there are
almost no attractive forces at the long range for the DD,
system, which makes the results more sensitive to the value
of the cutoff parameter compared with other discussed
systems. In addition, the contribution of the short-range
interaction increases with the cutoff parameter, which
can explain why the bound-state properties of the S-wave
DD state with I(J”) = 1(17) are more sensitive to the
cutoff values compared with the S-wave DD, state with
I(JP) = 0(17) from the coupled channel analysis.

B. The S-wave DD} system

In this subsection we present the cutoff parameter A, the
binding energy E, the root mean square radius r,,, and the
probabilities of the individual channel P; for the S-wave
DDj system in Table V.

For the S-wave DD} state with 1(J7) =0(27), there
exists the loosely bound state solution when the cutoff
parameter A is fixed to be around 1.66 GeV or even larger
values when performing the single channel analysis. If
making comparison of the bound state solutions with and
without the S-D wave mixing effect, it is obvious that the
S-D wave mixing effect is not obvious when generating
the S-wave DDj bound state with I(J¥) = 0(27), where
the D-wave contribution is less than 1%. After including
the contribution of the coupled channel effect, we can
obtain the bound state solution with the cutoff parameter A
above 1.25 GeV for the S-wave DD} coupled system with
1(JP) = 0(27), where the dominant channel is DD} with
probability 97% and the remaining channels have very
small probabilities. By including the S-D mixing effect and
the coupled-channel effect step by step, the cutoff value
becomes smaller when reproducing the same binding
energy. Thus, the coupled-channel effect plays a positive
role in the formation of the S-wave DDj; bound state with
1(JP) = 0(27), and we may conclude that the S-wave DD}
state with 7(J*) = 0(27) is the possible doubly charmed
molecular tetraquark candidate.

For the S-wave DDj state with I(J¥) = 1(27), there do
not exist the bound state solution until we increase the
cutoff parameter to be around 2.2 GeV, even if we take into
account the contribution of the S-D wave mixing effect and
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TABLE V. Bound state solutions for the S-wave DD} system.
Conventions are the same as Table IV.

Single-channel analysis

I(JP) A E rrms
1.66 -0.36 4.64
0(27) 1.77 -3.71 1.80
1.88 —-12.61 1.04
1(27) X X X
S-D wave-mixing analysis
I(‘]P) A E Ttms P(SSZ/SDZ)
1.64 -0.30 4.89 99.98/0.02
0(27) 1.75 -3.72 1.79 99.95/0.05
1.85 —-12.12 1.06 99.89/0.11
1(27) X X X X

Coupled-channel analysis

1(J7) A E Fms  P(DD3/D*D,/D*D3)
125  -058  3.89 96.66/0.10/3.24

02°) 129  -429 155 89.62/0.24/10.14
133 -1233 092 81.12/0.33/18.55

127) 223 —020  4.67 94.15/0.59/5.26
224 -1753 053 77.52/1.05/21.43

the coupled channel effect. Therefore, we conclude that our
quantitative calculation does not support the existence of
the S-wave DD} molecular state with 7(J7) = 1(27).

In the following, we also discuss the strong decay
channels for the possible S-wave D D3 molecular candidate
with 7(J¥) = 0(27). This state can decay into the DD* and
D*D* channels through the P-wave interaction, and the
DD, decay channel can be suppressed since it is a typical
D-wave decay process. Additionally, the three-body strong
decay modes are the DDz, DD*z, and D*D*rn channels.

C. The S-wave D*D; system

Different from the former S-wave DD and DD states,
the S-wave D*D,; states are more abundant due to the
possibility of different quantum number combination.
In Table VI we collect the bound state properties for the
S-wave D*D; system. In particular, we consider the
coupled channel effect for the S-wave D*D; system in
the present work, and find that the coupled channel effect
provides slight contribution in forming the S-wave D*D,
bound states, which is similar to the S-wave D*D1 system
[51] mainly determined by the nondiagonal matrix ele-
ments of the effective interactions [77].

For the S-wave D*D; states with I(J”) =0(07) and
0(17) we can obtain the bound state solutions when
choosing the cutoff parameters around 0.96 GeV and
1.19 GeV, respectively. Additionally, after considering
the contribution of the S-D wave mixing effect, the
bound-state solutions can also be found with the cutoff
parameters around 0.94 GeV and 1.16 GeV, respectively.

Since they have shallow binding energy and suitable root
mean square radius under the reasonable range of the cutoff
parameter, we conclude that the S-wave D*D; states with
I1(J?) =0(07) and 0(17) should be viewed as the ideal
doubly charmed molecular tetraquark candidates according
to the experience of studying the deuteron [46,69,70,75],
where the 7 exchange provides strongly attractive force at
the long range for the S-wave D*D; states with
I1(JP) =0(0=,17). For the S-wave D*D, state with
I(JP) = 0(27), there exists a weakly-bound state solution
when the cutoff parameter is taken around 2.30 GeV if we
only consider the contribution of the S-wave channel. Then,
we can also find weakly bound state solution with the cutoff
parameter around 2.05 GeV when adding the contribution
of the D-wave channels. However, such cutoff parameter is
away from the reasonable range around 1.0 GeV
[46,69,70,75]. By comparing the bound state properties
of the S-wave D*D; molecular candidates with
I1(J?) =0(07,17), it is obvious that the S-wave D*D;
state with (J7) = 0(27) as the doubly charmed molecular
tetraquark candidate is no priority. Based on the analysis
mentioned above, it is clear that the S-wave isoscalar D*D,
states with the lower spin may be bound more tightly
compared to those higher-spin states, which is related to the

obtained operator values (9,(!) for the S-wave D*D; states
with the difference total angular momentum J [72].

Contrary to the above situation, when only considering
the contribution of the S-wave channel, there does not exist
the bound state solution with the cutoff parameter restricted
to be below 3.0 GeV for the S-wave isovector D* D, states.
This situation almost keeps the same when the S-D wave
mixing effect is included. Thus, we exclude the possibilities
of the existence of the S-wave isovector D*D; molecular
states. This can be easily understood since the 7 exchange
potential provides the repulsive force for the S-wave
isovector D*D; states with the lower spin.

To summarize, we can predict that the S-wave D*D;
states with 7(J¥) = 0(07) and 0(17) can be viewed as the
ideal candidates of the doubly charmed molecular tetra-
quark states for their reasonable cutoff value, binding
energy, and root mean square radius [46,69,70,75]. In
the following, we also discuss their possible strong decay
behaviors. For the S-wave D*D; molecular candidates with
I(J?) = 0(07) and 0(17), the allowed two-body and three-
body strong decay channels include

0(07): DD*,D*D*,DD},DDx, DD*7t,D* D*x,
0(17): DD,DD*,D*D*,DD,,DD}.DDx,DD*x,D*D* 1,

respectively. Thus, we suggest the experiments should
firstly carry out the search for these suggested doubly
charmed molecular tetraquark candidates in the future.

In general, the loosely bound states are sensitive to
the details of the effective potentials. Because of the
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TABLE VI. Bound state solutions for the S-wave D*D, system. Conventions are the same as Table IV.
Effect Single channel S-D wave mixing effect
I(JP) A E Frms A E T'rms P(lg()/SIDO)
0.96 -0.36 4.52 0.94 -0.24 5.03 99.59/0.41
0(07) 1.02 —4.84 1.55 1.00 -3.87 1.74 99.29/0.71
1.07 -13.19 1.01 1.06 —-12.90 1.04 99.32/0.68
1(07) X X X X X X X
I(JP) A E T'rms A E Trms P(3§l/3D1/5|D1)
1.19 -0.26 4.92 1.16 -0.27 4.92 99.48/0.52/0(0)
0(17) 1.27 —4.47 1.61 1.24 -3.97 1.73 99.03/0.97/0(0)
1.34 —-12.73 1.02 1.32 —-12.66 1.05 99.00/1.00/0(0)
1(17) X X X X X X X
I(JP) A E T'rms A E Trms P(5§2/1D2/3D2/5D2)
2.32 -0.30 4.99 2.05 -0.30 5.00 99.03/0.11/0(0)/0.87
0(27) 2.59 -3.58 1.95 2.33 -3.39 2.03 97.84/0.24/0(0)/1.92
2.86 —-12.34 1.18 2.61 —-12.27 1.21 97.14/0.41/0(0)/2.45
1(27) X X X X X X X

uncertainties of the coupling constants, we should be
cautious when studying the existence possibility of the
hadronic molecular states with the OBE model. Here, we
need to admit that our discussions are at the qualitative
level, but the qualitative conclusion usually does not
change too much when considering the uncertainties of
the coupling constants. In the following, we will give an
example to illustrate this point. Usually, the pion exchange
interaction plays a dominant role in forming the loosely
bound states at the long range. Therefore, we consider the
uncertainty of the pion exchange interaction for the S-wave
D* D state with I(J*) = 0(0~). Here, we take three typical
coupling constants to present the bound state solutions for
the S-wave D*D; state with I(J¥) = 0(07) in Table VIL
From Table VII we can see that the numerical results will
change to some extent, but the qualitative conclusion does
not change when considering the uncertainty of the pion
exchange interaction. In other words, the S-wave D*D;
state with 7(J”) = 0(07) still can be viewed as the ideal
doubly charmed molecular tetraquark candidates when
considering the uncertainties of the coupling constants.

D. The S-wave D*D; system

For the S-wave D*D; system, the corresponding bound
state properties are collected in Table VIII for all possible

TABLE VII. Bound state solutions for the S-wave D*D; states
with I(J7) = 0(07). The cutoff A, the binding energy E, and the
root-mean-square radius rgys are in units of GeV, MeV, and fm,
respectively.

gk = —0.25 gk = —0.35 gk = —0.45
A E T'rms A E Trms A E Trms
1.04 —-0.28 485 096 -0.36 4.52 0.88 -0.29 4.75
1.10 —4.63 1.58 1.02 —4.84 1.55 094 —-423 1.64

1.15 -12.95 1.01

1.07 -13.19 1.01

1.00 —13.84 0.99

spin-parity configurations. In order to check the specific

roles of the S-D wave mixing effect, we present the

numerical results without and with considering the S-D

wave mixing effect.

From analyzing the bound state solutions for the S-wave
D* D3 system presented in Table VIII, we summarize the
following points:

(a) For the S-wave D*Dj state with 1(J7) =0(17), we
can obtain the binding energies around a few MeV, and
the root mean square radii around a few fm with the
cutoff parameter A larger than 1.06 GeV, when only
considering the contribution of the S-wave channel.
Besides, we can also get the bound state solution when
the cutoff parameter A is tuned larger than 1.04 GeV
after considering the S-D wave mixing effect. How-
ever, the contribution of the D-wave channels is very
small. Borrowing the experience of studying deuteron
[46,69,70,75], we may regard the S-wave D*Dj state
with 1(J¥) = 0(17) as the possible doubly charmed
molecular tetraquark candidate. For the S-wave D*D}
state with 1(J¥) = 1(17), we fail to find the bound
state solution with the cutoff parameter less than
3.0 GeV, even if the contribution of the S-D wave
mixing effect is introduced. Thus, the S-wave D*Dj
state with 7(J*) = 1(17) cannot be bound together to
form the hadronic molecular state.

(b) For the S-wave D* D} state with I(J”) = 0(27), when
the cutoff parameter A is slightly bigger than
1.26 GeV, we can obtain the bound state solution
with shallow binding energy and suitable root mean
square radius by performing single channel analysis.
When we further consider the S-D wave mixing effect,
the loosely-bound state solution can also be obtained if
we tune the cutoff parameter A larger than 1.23 GeV.
Thus, the S-wave D*Dj state with I(JF) =0(27)
seems to be the possible doubly charmed molecular
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TABLE VIII. Bound state solutions for the S-wave D*D? system. Conventions are the same as Table IV.
Effect Single channel S-D wave mixing effect
1(J7) A E Tms A E Tms P(’s, /D, /°D, /Dy )
1.06 -0.39 4.34 1.04 —-0.28 4.75 99.72/0.17/0(0)/0.11
0(17) 1.12 —4.08 1.63 1.11 —4.55 1.57 99.42/0.42/0(0)/0.16
1.18 —11.69 1.04 1.17 —12.45 1.03 99.33/0.54/0(0)/0.14
1(17) X X X X X X X
I(JP) A E Trms A E T'rms P(5§2/3D2/5D2/7D2)
1.26 —-0.44 4.26 1.23 -0.39 4.45 99.57/0(0)/0.43/0(0)
0(27) 1.33 —4.70 1.54 1.30 —4.16 1.65 99.16/0(0)/0.84/0(0)
1.39 -12.53 1.00 1.37 -12.68 1.01 99.05/0(0)/0.95/0(0)
1(27) X X X X X X X
I(JP) A E T'rms A E T'rms P(7§3/3D3/SD3/7D3)
X X X 2.66 -0.29 5.08 99.16/0.02/0(0)/0.02
0(37) X X X 2.83 —-0.86 3.59 98.78/0.10/0(0)/1.12
x X X 3.00 -1.78 2.65 98.46/0.13/0(0)/1.41
1.98 -0.12 5.26 1.98 -0.49 3.70 99.96/0.02/0(0)/0.02
1(37) 2.00 -3.33 1.48 2.00 -4.31 1.30 99.95/0.03/0(0)/0.02
2.02 -9.05 0.90 2.02 —10.44 0.84 99.95/0.04/0(0)/0.01

tetraquark candidate. For the S-wave D*D; state
with 7(JP) = 1(27), we cannot find the bound state
solution corresponding to the cutoff parameter
0.8 < A < 3.0 GeV, even if we consider the contri-
bution of the S-D wave mixing effect. Therefore, we
can exclude the possibilities of the S-wave D* D state
with 7(JP) = 1(27) as the doubly charmed molecular
tetraquark.

(c) For the S-wave D*Dj state with 1(J”) = 0(37), if the
contribution of the D-wave channels is not considered,
we should mention that the interactions are not
sufficient to form the bound state until we increase
the cutoff parameter A to be around 3.0 GeV. For the
S-wave D*Dj state with 1(J*) = 1(37), we find that
the binding energy can reach up to several MeV when
taking the cutoff parameter A to be around 2.00 GeV
with the single channel analysis. However, when we
further consider the contribution of the S-D wave
mixing effect, we can find that there exist the loosely-
bound state solutions for the S-wave D*Dj states with
I1(JP) =0(37) and 1(37) if setting the cutoff param-
eters A larger than 2.66 GeV and 1.98 GeV, respec-
tively. Comparing the numerical results with and
without considering the S-D wave mixing effect, we
notice that the S-D wave mixing effect is important in
the formation of the S-wave D*D; bound state with
I(J?) = 0(37). However, such cutoff parameters de-
viate from the reasonable range around 1.0 GeV
[46,69,70,75]. Thus, it seems that the S-wave D*D}
states with 7(J¥) = 0(37) and 1(37) as the doubly
charmed molecular tetraquark candidates are no
priority.

Additionally, we also provide the allowed two-body and
three-body strong decay channels for these predicted
doubly charmed molecular tetraquark candidates. For the
most promising S-wave D*D3 molecular candidate with
1(JP) = 0(17), the allowed two-body decay modes include
the DD, DD*, D*D*, DD, DD}, and D*D, channels, and
the possible three-body decay modes are the DDz, DD*x,
and D*D*x channels. For the ideal S-wave D* D} molecular
candidate with I1(J”) = 0(27), the allowed two-body and
three-body decay modes are the DD*, D*D*, DD,, DDy,
D*D,, DDz, DD*r, and D*D*x channels.

IV. SUMMARY

Exploring the exotic hadronic state is an interesting and
important research topic of the hadron physics. Very
recently, the LHCb Collaboration reported a new structure
T¢. when analyzing the D°D°z™" invariant mass spectrum
[11]. This doubly charmed tetraquark 7'/, can be assigned
as the isoscalar DD* molecular state with J© = 17 [12-17],
which is due to the mass of this doubly charmed tetraquark
state T, locates just below the DD* threshold. To some
extent, this new observation makes the study of the
interactions between two charmed mesons become an
intriguing research issue.

In this work, we attempt to explore new type of the
doubly charmed molecular tetraquark candidates composed
of the charmed meson in H-doublet and the charmed meson
in T-doublet. In our concrete calculation, the effective
potentials can be obtained by the OBE model when
including the contribution from the o, 7, 1, p, and @
exchanges, and we consider both the S-D wave mixing
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effect and the coupled channel effect. Our numerical results
show that the S-wave D*D; states with 1(J¥) = 0(0~,17)
and the S-wave D*Dj states with I(J7)=0(1",27)
should be viewed as the most promising doubly charmed
molecular tetraquark candidates, the S-wave DD, state
with I(JP) =0(1") and the S-wave DD} state with
I(JP) = 0(27) are the possible candidates of the doubly
charmed molecular tetraquark states, and other investigated
S-wave HT states as the doubly charmed molecular
tetraquark candidates are no priority (see Fig. 3). Here,
we need to emphasize that these possible doubly charmed
molecular tetraquark candidates have the typical exotic
quark configuration ccg g different from the conventional
meson states, which gives us a good opportunity to identify
the tetraquark hadronic states [51].

Similar to the observation of the T in the D°D°z*
invariant mass spectrum [11], these predicted doubly
charmed molecular tetraquark states can be searched in
these allowed two-body or three-body strong decay chan-
nels, since these predicted S-wave HT molecular candi-
dates can decay into the DD, DD*, D*D*, DD,
DD;,D*D,, DDz, DD*x, and D*D*x channels if the
kinetically allowed (see Fig. 3 for more details). These two-
body or three-body strong decay modes can provide
valuable information when searching for these predicted
doubly charmed molecular tetraquark states experimen-
tally. As a potential experimental research issue, we
strongly suggest the LHCb Collaboration to pay attention
to these possible two-body or three-body strong decay
channels from the proton-proton collisions with the

D'D; D'D;
s ettt xt AR e & D*D;[4472]

D*D,[4431]

. H pA HH =~ H{H*—|p D3 14330]
HH = = B = A== [}~ |pDy 142891

«‘ — = === ——|H[> - |p*D*r[4154]
H e e B {1 [D7D7[4017]
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|
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L
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oo t =2 ——.—.—.—.—|pD[3735]

FIG. 3. Summary of two-body or three-body strong decay
behaviors for these predicted new type of doubly charmed
molecular tetraquark states. Here, the dash-dotted lines denote
the thresholds of the possible decay channels, and the red and
blue thick solid lines represent these most promising and possible
doubly charmed molecular tetraquark candidates, respectively.

accumulation of experimental data. With more explorations
of these new types of the T, states being observed in future
experiment, the zoo of the doubly charmed molecular
tetraquark becomes booming.
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APPENDIX: THE EFFECTIVE POTENTIALS

Before presenting the effective potentials for these
investigated doubly charmed tetraquark systems, we first
define the function Y(A;, m;, r), i.e.,

S LA ¢
e Mi'—e i i~ =N
|Ql‘ <m, 4nr - éerl-' e,

(A1)
cos(mjr)—e™N"  AT4m? A,

|qi| > m, 4nr T 8aA;

Here, m;=+/m?>-¢q?,  mi=+\/¢?—m?  and
A; = \/A? — ¢?. Additionally, the operators are defined
as Z=L272 0 T=rf10 and {T.2} =TZ+ ZT.

For convenience, we define two functions
H(I)Y(A,mp,r) and G(I)Y(A,my,r) for these investi-
gated doubly charmed tetraquark systems, i.e.,

HO)Y (A, mp,r) = —%Y(A, My, 1) —|—éY(A, m,,r), (A2)

1 1
H()Y (A, mp,r) = EY(A’ My, r) + EY(A’ m,.r), (A3)

GO)Y (A, my,r)=— % Y(A,m,, r)+ % Y(A,my,,r), (A4)

GOV (A, my, r) = %Y(A, my, 1) +%Y(A, M. r). (A5

Here, H(I) and G(I) are the isospin factors for these
investigated doubly charmed tetraquark systems, and [
denotes the isospin quantum number.

With the above preparation, the expressions of the
effective potentials in the coordinate space for these inves-
tigated doubly charmed tetraquark systems are given by
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(a) For the process DD{ — DDy, (f) For the process D*D| — D D",
2 [Os+ O O + Oy
V=-—2 > Z STy
V=0t %y, i 2 DGy, (ae) 187:,,[ 2 T }
_6h;2 {011 ‘ZFOH zz 4 O —; %P TT
(b) For the process DD, — DD, "
O]g + O,
+%{T, Z}} A ()Y ps
202 [0, + O) 05 + O]
1Z 4 2T\Y, Os + O;
V=92 2 2 +Cigv S TS G ys. (A1)
2950, + O,
13 v =2 ) Q( Yy (A7) (g) For the process D*D3 — D*Dj,
014+014 2 Ol4+0/14
(¢) For the process DD} — DD3, V=904~ ) Y __ﬂ g 2 — 5 9y
(’)15—1—0152 (9164—0167 A
O7+O’ | O7+O 3f3r 2 2 :
ag” _Eﬂﬁ” 2 g( ) v (AS) 2 015+0 O](,‘l‘o/
- "2 ISZ 16/]' I Y .
a2 LT |y
(d) For the process DD} — DD, (A12)
h. For the process D*D; — D;D*,
V— h/2|:Og+OSZZ 09+09TT
fz 2 2 v h 017+017Z 018+OIST %
Oy + O 3f2 2 2 4
T, Z}| A ()Y py. (A9)
2 2
W [0 + Oy zz 4 Oy + Oy TT
f,[ 2 2
(e) For the process D*D, — D*D,, (’)21 + 05, (T, Z}} H)Y py
0, + O] O,+0, C gv O17 + O]
= 0t 25 Py, R P PGy, S G (1) Y. (A13)
1812 2 2 In the above expressions, the variables ¢;(i = 1,- - -,4) are
5 Os + O O + Oy written as 511 :le —Mmp, gy =Mp; —Np, g3 =Mp —Np-,

2
In the above OBE effectlve potentials, we also introduce

(A10) several operators (’)k involved in this work [51], i.e.,
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O, :e‘l-ez, Ozzeg-ez,
O, = (6-3r '€1>(€ji 1 €2),
Og = T(eg X el,ez X €,),

O; = Z(Glm '€2a)(€1n “€2),

2
Oy = EZ(egm '€2a)(€§n “€2p),

05 = T(€}.€,),
Os = (6; xerp)-(

£X€2)7

1 Pt 2
J— ] T T T
O =5 2 T €xmo€30)T(€x00€) + 37 D T (€ 2T (€3, €20).

2 . ]
O = E E (eém : €2a)T(€3rn’€2b)’
1 1 ;
On = —§(€§ -€1)(€} - €) +§(€§ r€,)(€1-€2),

2 . . 1 .
O, = gT(eé,el)T(ei,ez) +<T(el. €))T(ey.€),

3
1

1 1
O = g(€§ -e))T(e),€) +6(€1 ‘€2)T(€§7€D —g(eg -€)T (€}, €),

O = Z(ei '€l)(€1m ‘€2a)(€zn “€2),

Os = Z(GTW “e20)[(€ x €1) - (€], x €23)],
Oi6 = Z(elm “€2,)T(€} x €1, €}, x €33,
O = (e €1)(e} - €22)(€), - €2).
Ous =D _(eh, - €1)(€] - €2)T (€}, €25).

O = iZ[(eim x€p) - (61 x 620)](€§n “€2p)

1 T
+EZ[(€§m x €)) - ex[ed, - (€] X €2,)].

1 + + 1 +
Oy = EZT(GSm x €1,€5,)T (€} X €24, €2) + EZT(egm X €1,€) X €,)T (€}, €2)

1 . -
+ ﬁZT(G;m X €1,€2)T(€],, €} X €34),

1

O,y = —
275y

1 1
"’5_42(6;” <€) T(€],, X €1,€} X €3,) +5_42[ng (€] X €20)]T(€},, X €1, €2).

Here, we define > =3, ,,,Ciwi"Crét?, and
T(x,y) =3 -x)(#-y) —x -y with # =r/|r| is the tensor
force operator. For the operators O/, we just need to make
the change with the subscripts of the polarization vector ¢;
for the operators O, ie., 1 <2 and 3 < 4. In our

calculation, the corresponding matrices elements (f \(’),((/) |i)

1

Z[(egm X €1) ’ (6‘1 X €2a)]T(€;n7€2b) + 5_42[(6;11 X €1) '€2b]T(€§n’€I X €2u)

(A14)

are obtained by sandwiched these operators O,((O between
the relevant spin-orbit wave functions of the initial and final
states. In Tables IX and X, we collect the obtained operator
matrix elements (’),((0 [J](k=1,...,21), which will be used
in the calculation [51].
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TABLE IX. The relevant operator matrix elements (’),(J) V= \(9,({') liY(k=1,...,13).

OV = (FlOVliy(k = 1,---,13)

oV'[1] = diag(1,1) B 0'[0] = diag(1,1) o1 = diag(1.1,1)
O(’)[” _ (_?/E ﬁ) O(/)[O] _ ( 0 \/§>

s OV 1] = diag(1,1,-1)
O[1] = diag(1,1) L 000 = diag(2.-1) V2 2/
0 —V2 0 0\'[2] = diag(1,1,1,1) V2 N
) o 4 s Ly by 0 = 0 —_VIx
o1 = (—ﬁ 1 0) O'[2] = diag(~1.2,1,~1) " V2 f 0 %
oo 0] = diag(1, 1) R I
Og]2] = diag(Z, %) _Vii 2 _3
8 7°27 5 7 0 5
3 VA il D101 — dino(2 _ 1
oy 2] = 135 27V35 o) 2] = 27V10 011[0] = diag(3. -3)
S w24 10 - ul O[] = diag(~1, -1, -1
w2 27710 26 ) : A
011 2] = diag(-3.5.—3.—3)
V2 2 2v2
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